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Abstract 

Invasive sea lamprey (Petromyzon marinus Linnaeus, 1758) are currently managed by the Great Lakes Fishery Commission 
in an effort to reduce pest populations below levels that cause ecological damage. One technique to improve stream 
population assessments could be molecular surveillance in the form of environmental DNA (eDNA) monitoring. We 
developed and validated four probe-based quantitative polymerase chain reaction (qPCR) assays, then used two probes (cytb, 
nd1) to determine whether eDNA concentration was correlated with adult and larval sea lamprey density in the lab. We found 
a strong positive correlation between adult sea lamprey densities of 2, 20, and 200 individuals/2000L and eDNA 
concentrations in tanks using both assays (cytb, nd1). For larval laboratory tank density trials, eDNA concentrations were 
generally near our limit of quantification and there was no significant difference in copy numbers detected between larval sea 
lamprey densities of 1, 5, and 25 individuals/28L. Therefore, we examined detection probability rather than concentration with 
laboratory tank densities. We observed a trend of increasing detection probabilities with increased larval sea lamprey density 
that approached significance suggesting that when DNA copy numbers are low, detection rates may be more informative in 
predicting varying densities of larval sea lamprey. The ability to assess sea lamprey densities from a water sample could be a 
powerful tool to improve traditional assessment and stream ranking techniques. Further refinement of this method in the field 
may make eDNA surveillance of sea lamprey a reliable part of stream assessments. Rapid eDNA analysis from many streams 
may help focus traditional assessment efforts, thereby improving the efficiency of invasive sea lamprey control efforts. 
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Introduction 

Sea lamprey (SL) Petromyzon marinus invaded the 
Great Lakes upstream of Niagara Falls presumably 
following the improvements made to the Welland 
Canal in 1920. First reported in Lake Erie in 1921, 

SL subsequently spread to the upper Great Lakes and 
established spawning populations in all of the upper 
Great Lakes by 1947 (Applegate 1950). Following 
their introduction, SL devastated the commercial and 
recreational fisheries of the Great Lakes (Lawrie 1970). 
Sea lamprey populations are currently managed by 
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various control techniques employed by the Great 
Lakes Fishery Commission (GLFC) including che-
mical control, trapping of adults, as well as physical 
barriers to prevent upstream migration (Siefkes et al. 
2013). 

Sea lamprey exhibit adfluvial, semelparous beha-
vior in which they leave the open water of the Great 
Lakes for tributaries, swim upstream, spawn, and die 
shortly after spawning. A single female SL lays 
between 30,000 and 100,000 eggs into a nest while 
the male simultaneously fertilizes the eggs. The 
fertilized eggs hatch into ammocoete larvae about 
18–21 days post fertilization. The ammocoetes spend 
approximately 4–6 years burrowed in the sediment 
of the stream where they filter feed on detritus and 
algae (Applegate 1950). This sedentary filter-feeding 
stage makes ammocoetes a prime target for chemical 
control, which has effectively reduced SL populations 
(Smith and Tibbles 1980). However, due to limitations 
in budget, personnel, and overcoming geographic 
logistics it is not feasible to treat every SL-infested 
stream of the Great Lakes. Therefore, the GLFC must 
prioritize streams according to estimated SL abun-
dance, known treatment costs, available personnel, 
and budget (Siefkes et al. 2013). 

Individual stream treatment priorities are currently 
determined using a variety of assessment techniques 
which include semi-quantitative surveys of suitable 
ammocoete habitat as well as SL ammocoete abun-
dance through electrofishing efforts (Christie et al. 
2003; Slade et al. 2003). These surveys are combined 
with expert judgment of streams gained by managers 
through years of SL control. This information is then 
used by managers to prioritize streams for treatment. 
The aim of the assessments is not to obtain actual 
population densities, but rather to prioritize streams 
for treatment to achieve the maximum return on 
investment of SL killed per dollar spent. Occasionally, 
assessing streams and ranking them for treatment 
can be difficult because stream conditions including 
high water, few access points, and other local factors 
make it dangerous for the assessment crew to gain 
access. Also, traditional assessment techniques can 
have low precision based on the population size and 
distribution of the organism of interest (MacKenzie 
et al. 2005; Darling and Mahon 2011). Providing a 
quantitative assessment using environmental DNA 
(eDNA) could assist management with stream priori-
tization by supplementing traditional assessment 
techniques. 

Molecular surveillance techniques are increasing 
in use to detect aquatic invasive species with resource 
agencies beginning to use eDNA as a surveillance 
technique (Darling and Mahon 2011; Jerde et al. 2013). 
One example of a molecular surveillance technique 

is the analysis of water samples for eDNA using 
polymerase chain reaction (PCR) (Rees et al. 2014). 
Some species of carp are easily detected using eDNA 
due to their life history, distribution, and DNA shed-
ding characteristics (Jerde et al. 2011, 2013). The 
first use of eDNA to survey for invasive species was 
in detecting the American bullfrog (Lithobates cates-
beianus Shaw, 1802) in various ponds in France 
(Ficetola et al. 2008). Detection assays for eDNA are 
now developed for numerous terrestrial and aquatic 
species of native or exotic origin (Ficetola et al. 2008; 
Goldberg et al. 2011; Takahara et al. 2012; Thomsen 
et al. 2012b; Dejean et al. 2012; Foote et al. 2012; 
Thomsen et al. 2012a; Takahara et al. 2013; Pilliod et 
al. 2013; Goldberg et al. 2013; Egan et al. 2013; 
Piaggio et al. 2014; Carim et al. 2017). 

A previous study has shown that SL eDNA can be 
detected in streams and distinguished from DNA of 
native lamprey (Gingera et al. 2016). Although the 
conventional PCR (cPCR) assay was effective at 
routinely detecting spawning SL in a stream, eDNA 
of larvae was detectable in only two of the four 
streams with medium to high larval density, and not 
in the two streams with low larval density (Gingera 
et al.  2016). Detection frequency of eDNA, even at 
higher densities, decreased with higher stream flow 
rates. Therefore, cPCR analysis of eDNA samples is 
not sufficiently sensitive in high flow systems or 
when larval densities are relatively low which could 
lead to a false negative error. In addition to the 
challenge of low sensitivity, cPCR analysis requires 
the additional step of sequence confirmation to rule 
out non-specific amplification, which increases cost 
and time for analysis and adds contamination risk to 
the eDNA laboratory. While it is still likely advisable 
to sequence a few quantitative PCR (qPCR) amplicons 
periodically to confirm positive results, this is still 
far less than sequencing all positives as is required 
by cPCR. 

Development of eDNA methods to quantify SL 
abundance at multiple life stages may enable rapid 
and cost-effective stream assessments of SL abun-
dance (Darling and Mahon 2011; Jerde et al. 2013). 
These rapid assessments could assist traditional 
assessment techniques in looking for infestation of new 
streams, checking barrier effectiveness, quantifying 
adult spawning runs in streams presently not trapped, 
and helping to prioritize lampricide applications 
among Great Lakes tributaries. 

Probe-based qPCR can provide additional sequence-
specificity over cPCR, because both the probe and 
the primer are required to be complementary, whereas 
in cPCR only the primer is required to complement 
the template DNA. Additionally, qPCR assays are 
more sensitive for eDNA detection than cPCR (Wilcox 
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Table 1. Oligonucleotide sequences that were used for sea lamprey specific primers and probes. The coi primers are those used by Gingera 
et al. (2016), all other primers and probes were developed for the present study. The cytb and coi probes were tagged with the FAM 
fluorophore. The nd1 and nd4 probes were tagged with the HEX fluorophore. All used the ZEN-3 Iowa Black FQ double quenched probes. 
All oligos were manufactured by Integrated DNA Technologies; Coralville, IA (IDT) and purified by standard desalting. 

Oligonucleotide Sequence Size (bp) 
P.mar-cytb-F GGTTTTGTTATTCTACTGGGCAT 154 
P.mar-cytb-probe FAM/TTCCCTTTT/ZEN/AGCCCCTAATGCACT/3IABkFQ  
P.mar-cytb-R GTAGAATGGCATAGGCAAATAGA  
P.mar-nd1-F CTTACTCTCAAGTTGGCCTT 119 
P.mar-nd1-probe HEX/TCGAACTCC/ZEN/ATTTGATTTAACTGAAGGA/3IABkFQ  
P.mar-nd1-R CTACGTTAAAGCCAGAAACTAG  
P.mar-coi-F GGCAACTGACTTGTACCMCTAATACTTGGT (Gingera et al. 2016) 225 
P.mar-coi-probe FAM/TCCCTTAGC/ZEN/CGGAAACCTAGCCCACA/3IABkFQ  
P.mar-coi-R GGCTAAGTGTAAGGAAAAGATTGTTAGGTCGAC (Gingera et al. 2016)  
P.mar-nd4-F AACACACCTTGATCTGAAACCT 122 
P.mar-nd4-probe HEX/AATCGCCTG/ZEN/TTTCCTGGCCTTTT/3IABkFQ  
P.mar-nd4-R AGCCTGCGATGGGAGCCT  

P.mar-gBlock 

GGTTTTGTTATTCTACTGGGCATTCTTTTCATAATTTCCCTTTTAGCCCCTAATGCACTAGG
TGAACCAGACAACTTTATTTATGCTAATCCTCTTAGTACCCCTCCCCATATTAAACCAGAA
TGATACTTTCTATTTGCCTATGCCATTCTACATGCATCTTACTCTCAAGTTGGCCTTTAGCA
GCAATATGATTTGTTTCTACTTTAGCAGAAACAAATCGAACTCCATTTGATTTAACTGAAG
GAGAGTCAGAACTAGTTTCTGGCTTTAACGTAGATGCATGGCAACTGACTTGTACCCCTA
ATACTTGGTGCTCCTGATATGGCCTTCCCTCGTATAAACAACATAAGTTTTTGACTACTTC
CGCCCTCTTTACTTTTACTCTTAGCCTCTGCAGGAGTTGAAGCTGGGGCAGGAACAGGAT
GAACTGTATATCCTCCCTTAGCCGGAAACCTAGCCCACACCGGGGCCTCTGTCGACCTAA
CAATCTTTTCCTTACACTTAGCCATGCATAACACACCTTGATCTGAAACCTTATGATGAAT
CGCCTGTTTCCTGGCCTTTTTAATCAAAATACCCCTATATATCTTTCACTTATGATTACCAA
AAGCTCACGTAGAGGCTCCCATCGCAGGCT 

 

 

et al. 2013; Piggott 2016). Furthermore, some studies 
suggest that qPCR can correlate species density and 
distribution with eDNA quantity (Takahara et al. 2012, 
2013; Lacoursière-Roussel et al. 2016). Therefore, we 
developed a SL-specific qPCR probe that could be 
coupled with the previously described SL cPCR 
primers designed by Gingera et al. (2016). We also 
developed additional SL-specific qPCR assays for 
comparison or to be used in concert with the cyto-
chrome c oxidase subunit 1 (coi) marker. We then 
used a duplex reaction to evaluate how SL eDNA 
levels (detection probability and eDNA copy number) 
correlate with larval and adult SL abundance under 
controlled laboratory settings. 

Methods 

Marker development 

A Taqman hydrolysis probe was designed to target 
the 225-bp region of the SL (coi) gene amplified 
using the SL-specific primers developed by Gingera 
et al. (2016) (Table 1). We designed additional SL-
specific primers and Taqman probes targeting three 
other mitochondrial genes: cytochrome b (cytb), 
NADH dehydrogenase subunit 1 (nd1), and NADH 
dehydrogenase subunit 4 (nd4). The new markers 
were developed by aligning sequences of mitochondrial 

DNA of SL and closely related lamprey species using 
BioEdit Sequence Alignment Editor and by selecting 
areas for primers and probes that were identical 
across all targets for SL and maximized base-pair 
mismatches with non-target species (Table 2). Acces-
sion numbers for the sequences used are located in 
Table 2. American brook lamprey, chestnut lamprey, 
silver lamprey, and Northern brook lamprey are all 
found in waters where invasive SL are managed. All 
oligonucleotide components designed each have at 
least two mismatches to all non-target species 
sequences compared, and most have at least four. 
Mismatches to non-target species were abundant and 
occurred throughout the entire length of the oligo-
nucleotides including 1 or more near the 5’ end of 
each primer. 

Candidate primer sequences were tested in-silico 
using Primer-BLAST software (Ye et al. 2012). All 
three primer pairs aligned with SL DNA as expected 
in the Primer-BLAST output. One of the three markers 
tested (cytb) also aligned with the far Eastern brook 
lamprey (L. reissneri Dybowski, 1869). However, 
because far Eastern brook lamprey are not expected to 
inhabit the waters used in our experiments, we 
proceeded with the cytb marker along with the rest. 
See Table 1 for primer and probe sequences deve-
loped in this study. We tested a variety of fish 
species (Table 3) in-vitro with all four qPCR assays as 
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Table 2. Accession numbers for DNA sequences used for comparison when designing oligos. 

Species Sequence Locus 
Number of Sequences 

Compared 
Accession Numbers 

sea lamprey (Petromyzon 
marinus) 

Mitochondrion 1 U11880 
cytb 3 EU404058,EU404057, GQ206148 
coi 5 KF930255, KC015795, KC015794, EU524271, KJ128573 

Arctic lamprey  
(Lethenteron camtschaticum) 

Mitochondrion 3 KJ866209, KJ866208, KF701113 

American brook lamprey 
(Lethenteron appendix) 

Mitochondrion 2 NC_025583, KM267719 
cytb 1 GQ206179 

Northern brook lamprey 
(Ichthyomyzon fossor) 

Mitochondrion 2 KM267716, NC_025552 
nd4 3 DQ889824, DQ889823, DQ889822 
nd1 3 DQ889759, DQ889758, DQ889757 

silver lamprey (Ichthyomyzon 
unicuspis) 

Mitochondrion 2 NC_025553, KM267717 
cytb 1 GQ206171 
nd4 3 DQ889818, DQ889817, DQ889816 
nd1 3 DQ889755, DQ889754, DQ889753 

chestnut lamprey 
(Ichthyomyzon castaneus) 

cytb 1 GQ206168 
nd4 1 DQ889829 
nd1 1 DQ889760 
coi 3 EU524089, EU524088, EU524087 

Table 3. Fish species for which tissue-derived DNA was tested for specificity using the four newly developed sea lamprey qPCR assays. 
Native lamprey species are in bold. Amp (Y/N): Y = positive amplification, N = negative amplification. 

Species Amp (Y/N) Species Amp (Y/N) 

American brook lamprey (Lethenteron appendix) N 
lake trout (Salvelinus namaycush Walbaum in 
Artedi, 1792) 

N 

bighead carp (Hypophthalmichthys nobilis Richardson, 
1845) 

N 
largemouth bass (Micropterus salmoides Lacepède, 
1802) 

N 

bigmouth buffalo (Ictiobus cyprinellus Valenciennes in 
Cuvier and Valenciennes, 1844) 

N 
mosquitofish (Gambusia affinis Baird and Girard, 
1853) 

N 

bluegill (Lepomis macrochirus Rafinesque, 1819) N Northern brook lamprey (Ichthyomyzon fossor) N 
bluehead sucker (Catostomus discobolus Cope, 1871) N paddlefish (Polyodon spathula Walbaum, 1792) N 

brook trout (Salvelinus fontinalis Mitchill, 1814) N 
pallid sturgeon (Scaphirhynchus albus Forbes and 
Richardson, 1905) 

N 

brown trout (Salmo trutta Linnaeus, 1758) N 
rainbow trout (Oncorhynchus mykiss Walbaum, 
1792) 

N 

channel catfish (Ictalurus punctatus Rafinesque, 1818) N sea lamprey (Petromyzon marinus) Y 

chestnut lamprey (Ichthyomyzon castaneus) N 
silver carp (Hypophthalmichthys molitrix 
Valenciennes in Cuvier and Valenciennes, 1844) 

N 

common carp (Cyprinus carpio) N speckled dace (Rhinichthys osculus Girard, 1856) N 
fathead minnow (Pimephales promelas Rafinesque, 
1820) 

N spotfin shiner (Cyprinella spiloptera Cope, 1867) N 

gizzard shad (Dorosoma cepedianum Lesueur, 1818) N tilapia (Tilapia nilotica x aurea hybrid) N 
golden shiner (Notemigonus crysoleucas Mitchill, 
1814) 

N walleye (Sander vitreus Mitchill, 1818) N 

grass carp (Ctenopharyngodon idella Valenciennes in 
Cuvier and Valenciennes, 1844) 

N yellow perch (Perca flavescens Mitchill, 1814) N 

 

described below using 1uL of 1ng/uL genomic DNA 
as the template. We also viewed completed reactions 
on 2% agarose gels so we could be aware of any non-
specific amplification that is not detected by the probe 
which may influence post-reaction sequencing analysis. 
Genomic DNA used for specificity testing was extrac-
ted from fin clips similarly to our eDNA samples as 
described below. The SL used for in-vitro testing were 
captured from Great Lakes’ streams in Michigan, U.S. 

Limit of detection and limit of quantification 

We defined our limit of quantification (LOQ) as the 
lowest concentration of the linear range covered by 
our standard curves (10 copies per reaction). We 
calculated the limit of detection (LOD) for all four 
assays independently using methods similar to 
Agersnap et al. 2017 and Ellison et al. 2006. We 
defined LOD as the number of DNA copies that can 



Correlating sea lamprey density with environmental DNA detections in the lab 

487 

 

Figure 1. Dose response curve 
showing proportion of positive hits 
detected out of 48 replicate reactions 
across a series of 5 dilutions for each 
assay. Solid line represents the 
proportion of positive hits required to 
have 95% confidence that one in four 
reactions had a positive detection. 
This is defined as our Limit of 
Detection (LOD). 
 

be detected within at least one of four replicate 
reactions with 95% confidence. Serial dilutions (5, 
2.5, 1.25, 0.625, and 0.3125 copies per reaction) of 
gBlock template DNA were assayed in 48 replicates. 
We fit a dose-response curve to this data, and we set 
our LOD as the concentration expected to result in at 
least one positive detection per four replicates. While 
we analyzed the data for each assay independently, 
the qPCRs were carried out in duplex as described 
below. The dose-response curve was fitted to the 
data for each assay using DRC package (Ritz 2005) 
in R (R Core Team 2016) (Figure 1, Table 4). 

Laboratory density trials 

Experimental animals 

Laboratory density trials utilized larval and adult SL 
that were housed at Hammond Bay Biological Station 
(HBBS) in Millersburg, MI. Sea lamprey were housed 
and cared for in accordance with HBBS SOP No. 424 
(Standard Operating Procedures for Sea Lamprey 
Housing and Care). Additionally, this protocol was 
reviewed by the Upper Midwest Environmental 
Sciences Center (UMESC) Animal Care and Use 
Committee and approved as AEH-15-GLFC-eDNA-01. 
All larval SL (n = 93 used in the test) were collected 
by U.S. Fish and Wildlife Service (USFWS) assess-
ment personnel via backpack electroshockers from 
the Pentwater River, Oceana County, MI according 
to methods described in Weisser and Klar (1990). 
Approximately 1000 adult SL were collected in traps 
on the Manistique River, Alger County, MI. Adult SL 
were transported to the HBBS by truck approximately 

Table 4. Limit of detection (LOD), standard error and 95% 
confidence intervals for 4 qPCR assays. LOD is defined as the 
number of DNA copies that can be detected within at least one of 
four replicate reactions with 95% confidence. 

 
LOD 
(copies/reaction)

Std. Error 95% CI upper and lower

coi 2.0765 0.8772 0.1652 3.988 
cytb 1.9619 1.1904 -0.6318 4.556 
nd1 1.4623 0.6504 0.0452 2.879 
nd4 1.5798 0.4656 0.5653 2.594 

1 month prior to the start of the test and were held in 
holding tanks prior to being distributed to the test 
tanks. Of these, n = 666 were initially introduced into 
tanks, and additional individuals were used to replace 
moribund individuals throughout the course of the 
experiment. All water used in the density trials was 
sourced from Lake Huron. Aeration was provided to 
larval and adult SL during testing, but they were not 
fed. All dead and moribund test animals were remo-
ved daily from the test chambers and surviving fish 
were euthanized by tricaine methanesulfonate (MS-
222) overdose at the termination of the study and 
disposed of in accordance with HBBS SOP No. 424. 

Sample filtration 

Filtration was performed at a suitable clean location 
in the lab where the samples were collected. A 
Masterflex peristaltic pump-head (Cole Parmer 07015-
21) was used with Masterflex #15 silicon tubing (Cole 
Parmer 96410-15). Upstream of the pump-head, 
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a  Pall 47-mm filter holder (VWR 28144-257) was 
loaded with a glass microfiber filter (1.5 µm pore 
size, Whatman 934-AH, CAT No. 1827-047). One 
47-mm filter was placed in the filter holder grid-to-
grid and the filter holder was assembled, ensuring 
the O-ring was properly seated. The 30.5-cm tubing 
was attached to the other side of the filter holder. 
One end of the 61-cm tubing was placed into the 
sample bottle. The other end of the 61-cm pump-
head tubing was placed into the filtrate bottle. 
Operating the drill in forward (clockwise) motion 
pulled water out of the sample container, through the 
filter, and finally through the pump-head tubing and 
into the filtrate container. Once a sample was filtered, 
the filter holder was dis-assembled and the filter 
carefully rolled using clean forceps and transferred 
to a labeled 15-mL centrifuge tube pre-filled with 
approximately 10 mL absolute ethanol. The tube was 
capped and placed in a tube rack which was then 
placed in a zip-top bag and stored on ice in a cooler. 
When switching to a different tank density, the filter 
tubing that was in contact with the pre-filtered 
sample was replaced with clean tubing, and the filter 
holder assembly was rinsed with DI water. Once 
filtration was complete, total volume filtered was 
recorded, and the filtrate discarded. Most samples 
consisted of exactly 1 L of filtered water; however, 
if more than 1 L was filtered, the recorded volume 
allowed for a standardized calculation of DNA copies 
per L of water. All ethanol-preserved filters were kept 
on wet-ice in a cooler for approximately 24 hours 
until return to UMESC, where they were stored at 
−80 °C until further processing. 

Adult SL laboratory density trials 

Adult male SL were stocked in 2000-L tanks in 
triplicate treatments with densities of 0, 2, 20, and 
200 per tank. The inflow water was supplied from 
Lake Huron at a rate of 16.67 L/min, a turnover rate 
of once every 2 hours. 

Previous research on common carp (Cyprinus 
carpio Linnaeus, 1758) has shown that eDNA levels 
were relatively high in the water on the first 1–2 days 
after transfer to the tank and reached equilibrium on 
about day six (Takahara et al. 2012). Maruyama et al. 
(2014) found a similar trend in bluegills (Lepomis 
machrochirus), but that eDNA concentrations stabi-
lized around days 3–4. Although we cannot assume 
that SL have the same shedding rates, eDNA in the 
water likely persists similarly so we collected 
samples 8 days after tanks were stocked with the SL. 
Temperature and mortality were recorded daily in 
each tank and moribund animals were replaced daily 
as needed to maintain the desired number of lamprey 
in each tank. Of the 666 adult SL initially stocked in 

the tanks, 142 animals died over the 8-day holding 
period. This relatively high mortality was expected 
because the semelparous SL were captured on their 
way upstream to spawn where they would have died 
shortly after spawning. We collected triplicate 1 L 
samples from each tank along with one field blank (1 L 
of deionized water from UMESC). We also utilized 
a cooler blank to catch possible cross-contamination 
during storage and transport of the samples in the 
cooler. The cooler blank consisted of a 15-mL centri-
fuge tube containing ethanol and a filter used to filter 
1 L of deionized water prior to any sampling. To 
minimize our risk of contamination, we collected 
samples in order of increasing SL density and con-
ducted filtering in the same order. Only 0.5 L of 
water from the tanks with 200 animals could be 
passed through a single filter before the filter began 
to clog, 1 L of water could easily pass through a 
single filter from all other tanks. Each sample filter 
was extracted for DNA and assayed in four qPCR 
replicates (n = 36 for each density). The data were 
modeled for each target (cytb and nd1) separately. 
We ran linear mixed models of log-transformed copy 
numbers using tank as the random effect and density 
as the fixed effect (log10(copies) ~ log10(density) + 
(1|Tank)) (Bates et al. 2015). The slopes and the  
p-values were obtained from the model estimates. 
We did not include control tank data in the model 
because most reactions (21 cytb, 22 nd1) did not detect 
any SL DNA, and the ones that did could not be 
accurately quantified as they were below our LOQ. 

Larval SL laboratory density trials 

Aquaria (28 L) were filled with 6.3 L of sand from 
Lake Huron to an approximate depth of 5 cm and 
were set up with a flow-through design using water 
from Lake Huron with a turnover rate of once every 
two hours (0.23 L/min). Larval lamprey were stocked 
in triplicate treatment densities of 0, 1, 5, and 25 per 
aquarium. Temperature of the source water was 
recorded daily and water samples were collected 
after 6 days of holding. Because larval lamprey were 
burrowed in the sediment it was impossible to look 
for mortality among the test animals, but mortality 
was checked at the end of the test. 

Water samples were filtered as they were in the 
adult study using an in-line filter attached to 
Masterflex #15 silicon tubing. This tubing was 
attached via suction cup to the tank with the intake 
halfway down into the water column. Samples (1 L) 
were filtered from the aquaria in order of increasing 
density (larval SL per tank), and included a field blank. 

Each sample was analyzed for SL eDNA in quad-
ruplicate qPCR reactions and results were recorded 
as mean copy number and were analyzed with a linear 
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model to look for trends between copy number and 
SL densities. Results were also analyzed as 
presence/absence data with a generalized linear mixed 
model with binomial distribution family with logit 
link function using the glmer function in the lme4 
package (Bates et al. 2015) in R (R Core Team 2016) 
to look for any trends between detection probabilities 
with SL densities. We had detections predicted by 
SL density and target gene as fixed effects and tank 
as a random effect using the formula: detection 
probability ~SL density + gene target + (1|tank). 

DNA extraction 

In the laboratory, each filter was removed from its 
conical tube and folded in half and the unused outer 
ring of the filter ripped off by hand, wearing fresh 
gloves for each sample. Most of the ethanol was 
blotted off the folded filter using clean paper towels 
before the filter was folded twice more and placed 
into an Investigator Lyse & Spin basket (Qiagen; 
Valencia, CA) for DNA extraction. DNA was extracted 
from the filters using the gMax mini genomic DNA 
extraction kit following the manufacturer's guidelines 
(IBI Scientific; Peosta, IA) with a final elution volume 
of 100 µL. Each extraction batch included a negative 
control which consisted of a clean filter wetted with 
500 µL of molecular grade nuclease/nucleotide free 
water treated the same as all other samples. 

Quantitative PCR 

Quantitative PCR was carried out for all DNA samples 
collected in each of the studies. Samples were run in 
96-well skirted twin.tec PCR plates (EppendorfNA; 
Hauppage, NY) on Bio-Rad CFX96 Touch™ thermo-
cyclers (Bio-Rad Laboratories; Hercules, CA) in 
quadruplicate reactions, and this level of replication 
is comparable to what others have done (Carim et al. 
2017; Ostberg et al. 2018; Rice et al. 2018; Eiler et 
al. 2018). We analyzed amplification plots with CFX 
Manager software version 3.1. Cycle of quantification 
(Cq) values were determined using the single thres-
hold method. Plates were set up manually or using 
an epMotion5075 robot (EppendorfNA; Hauppage, 
NY) with 20 µL reactions containing 1 µL of 
template DNA, 500 nM each forward and reverse 
primers, 125 nM each probe, and 1x environmental 
master mix (Life Technologies; Carlsbad, CA). All 
four assays performed equally well in sensitivity and 
specificity to SL (Tables 2, 4). We found that the 
markers were able to be duplexed together in the 
same reaction, because 1) there was no loss of 
efficiency when duplexed, 2) cytb and nd1 had 
similar annealing temperatures (60 °C) and coi and 
nd4 had similar annealing temperatures (63 °C), and 

3) the probes had compatible fluorophores (Table 1). 
While all four assays performed equally well, we felt 
it was adequate to continue analysis only using two 
markers and therefore we used cytb and nd1 markers 
(Table 1) for analyzing our tank samples. 

All probes used the ZEN-3 Iowa Black FQ double-
quenched probes from Integrated DNA Techno-
logies; Coralville, IA (IDT). Reactions were subjected 
to an initial denaturation step at 95 °C for 2 min, 
followed by 45 cycles of 95 °C for 15 s, 60 °C for 15 s, 
70 °C for 20 s, followed by a final extension at 70 °C 
for 5 min for the cytb/nd1 duplex reaction. The 
coi/nd4 duplex reaction was run with the same condi-
tions but with an annealing temperature of 63 °C. 
Annealing and extension temperatures were chosen 
based on temperature gradient optimizations shown 
in Supplementary material Figure S1. Briefly, we 
assayed the same concentration of SL genomic DNA 
in four replicates at each gradient temperature and 
compared the Cq values obtained. We determined 
optimal annealing and extension temperatures to be 
as stringent as we could without loss of efficiency 
(evidenced by obtaining higher Cq values with the 
same starting concentration of target DNA). Appro-
ximately 100 copies of a synthetic gBlock gene 
fragment (IDT) containing the targeted SL sequences 
(Table 1) was spiked into each of three additional 
reactions as an internal positive control to detect 
PCR inhibition. Samples were determined to be 
inhibited if any of the three spiked replicates failed 
to amplify or if they resulted in a higher Cq value 
than a threshold set for each plate. The inhibition Cq 
threshold was set as the mean Cq value for four 
replicate 100 copy standards plus 1. We determined 
that there were no inhibited samples in either the 
adult or larval SL density trials. Each qPCR plate 
had duplicate 4-point standard curves for quanti-
fication of the SL targets using the same synthetic 
gBlock gene fragments at 10, 100, 1,000, and 10,000 
copies. Plates were considered as acceptable if the 
standard curves had efficiencies between 80–120% 
(Shanks et al. 2012) and R2 values above 0.93. All 
plates had a range of efficiencies between 111.5%–
93.5% and a range of R2 values between 0.984–0.998. 

Results 

Validation of assays and limit of detection 

All four qPCR assays successfully detected SL and 
did not detect any non-target species tested. Addi-
tionally, the gels indicated that no non-target species 
tested produced any amplification that was not 
detected by probe hydrolysis. The LOD values for 
the four individual assays showed similar sensitivity 
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Figure 2. Adult sea lamprey DNA copies vs sea lamprey densities (Both axes are log scale, except log[+0.2] for the 0 lamprey tanks). Slope 
for the cytb assay is 1.28, the slope for the nd1 assay is 1.27. Jittering was used to reduce over-plotting. There were 43 qPCR reps (21 cytb, 22 
nd1) that were negative among the control tanks which aren’t included on the plot. Control tanks were included on the plot to show base-line 
DNA copies. However, they were all below our limit of quantification (LOQ) and were not used to calculate the regression lines. Red solid 
line represents the limit of quantification (10 copies); black dashed line represents the limit of detection (1.9619 copies). 
 

among all four assays with a limit of detection of 
2.0765 copies/reaction for the coi assay, 1.9619 
copies/reaction for the cytb assay, 1.4623 copies/reac-
tion for the nd1 assay, and 1.5798 copies/reaction for 
the nd4 assay. We report the higher of cytb/nd1 LOD 
of 1.9618 copies per µL template for adult and larval 
density (Figure 1, Table 4). 

Adult laboratory density trials 

Data indicate that DNA concentration increased 
significantly with increasing SL density (cytb and nd1 
P < 0.01, Figure 2). All qPCR replicates from tanks 
containing SL were positive except one replicate for 
one of the 20 SL tank samples (i.e., SL eDNA was 
detected in 11 of the 12 qPCR replicates). In the 0 SL 
tanks, 21/36 of the cytb reactions had no detection 
and 22/36 of the nd1 reactions had no detection. The 
remaining positive reactions in the 0 SL tanks all 
were below our LOQ of 10 copies. The slope of the 
line for the cytb assay was 1.28 and the slope of the 
line for the nd1 assay was 1.27. The 2 SL tanks had 
mean copy numbers of 5,260 copies/L (cytb) and 
3,700 copies/L (nd1), the 20 SL tanks had 138,000 
copies/L (cytb) and 95,000 copies/L (nd1), and the 
200 SL tanks had 1,480,000 copies/L (cytb) and 
984,000 copies/L (nd1) (Figure 2). 

Larval laboratory density trials 

There was no significant correlation between log 
copies of SL eDNA copy numbers and SL density 

(cytb R2: 0.01091 p-value = 0.60, nd1 R2: 0.1126  
p-value = 0.065, Figure 3). In addition, most of the 
values are close to our limit of quantification (10 
copies). The 0 lamprey tank on the graph was included 
on the graph to show the base eDNA concentrations 
observed in the source water, but it was not used to 
create the line. There were no mortalities in the larval 
SL trials. 

Detection probability increased as SL density 
increased. However, the trend was not significant  
(p = 0.11). Mean detection probabilities for each 
density were: 0 lamprey – 20.8%, 1 lamprey – 66.7%, 
5 lamprey – 83.3%, 25 lamprey – 91.7% (Figure 4). 
The assay used (cytb or nd1) had no significance in 
detection probability (p = 0.22). 

Discussion 

Like all fisheries techniques to assess population 
density, limitations exist with eDNA. The DNA that 
is sloughed into the environment can be diluted, 
degraded, or might settle out of the water column 
into the sediment (Strickler et al. 2015; Turner et al. 
2015). However, it has been shown that eDNA 
sampling can have higher detection rates than 
traditional sampling techniques (Pilliod et al. 2013). 
Our study suggests that DNA copy numbers provide 
little value to quantifying population density of SL 
when eDNA concentrations are low. However, if the 
sampling protocol can be refined by methods such as 
increasing the sample size or increasing the amount 
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Figure 3. Larval sea lamprey DNA copies vs larval sea lamprey per tank (0, 1, 5, and 25 lamprey per 28 Liters). Both axes are log scale, 
except log[+0.2] for the 0 lamprey tanks. The 0 lamprey tank on the graph was included on the graph to show the base eDNA concentrations 
observed in the source water, but it was not used to create the line. Error bars represent 95% confidence intervals of the mean copy numbers, 
cytb R2 = 0.01091 p-value = 0.60, nd1 R2 = 0.1126 p-value = 0.065; LOQ = limit of quantification (10 copies); LOD = limit of detection 
(1.9619 copies). 

Figure 4. Larval sea lamprey (0, 1, 
5, and 25 per tank) and detection 
probability (detection probability 
~ SL density + gene target + 
(1|tank)) (P = 0.11). Error bars 
represent 95% credible interval. 
 

of replicate samples taken, the use of detection 
probability may provide a qualitative measure (i.e., 
low, medium, and high) for these populations. 
Analyzing larger volumes of water or extracted DNA 
may also be optimized to increase sensitivity, although 
more is not always better as increasing these volumes 
can also increase PCR inhibitor concentrations and 
modify reaction buffer concentrations to suboptimal 
conditions. Reliable qualitative population measures 
could provide valuable information to resource 
managers to consider along with the expert judgments 

and traditional assessment data to maximize the 
efficiency and success of the SL control program. 
Although these metrics of low, medium, and high 
would have to be defined by the management of the 
Sea Lamprey Control Program. 

Our analysis determined that our LOD is 1.9619 
copies per µL.  We do not expect amplification of 
partial DNA copies, because on a partial strand 1 or 
more of the oligonucleotide recognition sequences 
would be absent.  At least 1 full copy must be 
present in a reaction to result in positive detection. 
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We would expect that when aliquotting template at 
such a low concentration, many reactions would get 
2 copies of target DNA but some would get 3 or 
more and others would get 1 or 0.  Our ability to 
detect is likely more dependent on the likelihood of 
transferring at least 1 copy of SL DNA into one of 
the replicate reactions rather than our assay's ability 
to amplify the DNA within the reaction if present.  If 
the target DNA concentration is less than 1 copy per 
unit volume, then it should be expected that multiple 
unit volumes must be tested to achieve successful 
detection.  This likely is one reason why not all 
replicates of a qPCR analysis detect when there is at 
least 1 positive detection among them, and it is also 
how one could detect concentrations lower than 1 
copy per µL by testing multiple 1 µL subsamples. 
The LOD of 1.9619 copies per µL also does not 
indicate that this is the lowest DNA concentration 
we can detect.  Quantitative PCR is a very sensitive 
technique and will most likely result in positive 
detection most times when at least 1 target copy of 
template DNA is in the reaction regardless of 
starting concentration. Instead, this number indicates 
that given our level of effort (testing 4 reactions with 
1 µL of template each), we could reasonably expect 
(with 95% confidence) that we would achieve 
successful detections on any sample with higher than 
1.9619 copies per µL of target DNA.  Lower 
concentrations could still be detectable if at least 1 
copy of target DNA was transferred into the reaction 
well, although this would occur at a lower rate. 

In our study, we used a combination of copy 
numbers and detection probability to analyze our 
results. Our findings indicate that at low concentra-
tions (near our LOQ), DNA copy numbers are not 
useful for analyzing the data but rather detection 
rates might be. When DNA copy numbers are high, 
we observed 100% detection rates and the variability 
between copy numbers was useful. There is presu-
mably a threshold of DNA copy numbers in a sample 
that might determine if eDNA data should be 
analyzed using copy numbers or detection probability. 
This constitutes an area for further research. 

The strong positive correlation between SL density 
and copy numbers provided by the adult trials shows 
a proof of concept for our sampling technique as 
well as our qPCR assays. The slopes for both assays 
(cytb = 1.28, nd1 = 1.27) show a similar increase in 
DNA copies with increasing SL density between the 
two assays. A very strong linear relationship exists 
between numbers of SL and eDNA concentrations 
across two orders of magnitude range in SL density. 

Adult SL were captured during the spring spawning 
run and were in poor condition, as would be expected. 
During their spawning migration, SL stop feeding 

and induce autophagy. This results in blindness and 
sloughing of epidermis as their bodies break down 
(Applegate 1950). This high amount of sloughed 
skin and mucus may explain the high levels of DNA 
found in the water samples from the tanks. Our 
procedure of replacing dead and moribund animals 
could also increase the amount of DNA being shed 
into the tanks as additional stress was put on the SL 
by handling them, however we suggest that this likely 
had an insignificant impact. No SL were replaced in 
the 2 SL tanks, only 4 SL were replaced in the 20 SL 
tanks (with no replacements for 2 days prior to 
sampling), and less than 10% of SL were replaced in 
the 200 SL tanks on any given day with less than 5% 
being replaced on most days. There was so much 
eDNA in the 200 SL tanks that eDNA introduced by 
the replacement SL would likely be unnoticed. A 
detailed summary of mortality is available in Table S1. 
Similarly increased skin sloughing and mucus 
production for SL likely occurs in animals that have 
already spawned within streams; thus, making them 
easier to detect because only a few animals will 
likely produce large quantities of DNA. Additionally, 
actively spawning adults release gametes that could be 
collected in a water sample possibly increasing the 
probability of detection. It’s possible that the SL used 
were releasing gametes into the water as they were 
sexually mature males that had already spermiated, 
yet had been trapped prior to their ability to spawn. 

No statistical difference (cytb p-value: 0.6, nd1  
p-value: 0.065) in the copies of SL DNA between 
tanks containing 1, 5, and 25 ammocoetes was found, 
but much less DNA was present in water containing 
ammocoetes than water holding adult SL. For 
example, the adult SL tanks that contained 200 SL 
per 2000 L had mean concentrations of approximately 
1 million copies of DNA per Liter, whereas the larval 
SL tanks that contained 25 SL per 28 L had mean 
concentrations of approximately 20–30 copies per Liter. 
The larger body size, increased surface area, possible 
release of gametes, and decaying bodies of adult SL 
would likely result in greater amounts of cells and 
increased amounts of SL DNA in the water (Merkes 
et al. 2014). Also, ammocoetes are primarily burrowed 
and defecate in the sand. Feces may be the primary 
source of DNA detected in the water (Klymus et al. 
2015; Barnes and Turner 2016). This burrowing 
behavior might significantly limit the amount of 
DNA present in a water sample taken near burrowed 
ammocoetes. Much of the DNA shed in the burrow 
of the ammocoetes is likely bound to the sediment as 
it has been shown to have a strong sorptive affinity 
to sediment (Lorenz et al. 1981; Turner et al. 2015). 

When looking at biomass, the mean mass of a 
single larval SL used in the tank trials was 0.59 g. 
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This gives us a biomass concentration of 0.021 g/L 
for the 1 lamprey tanks, 0.105 g/L for the 5 lamprey 
tanks, and 0.52 g/L for the 25 lamprey tanks. While 
we didn’t collect biomass information for the adult 
SL used in our study we calculated biomass estimates 
using 203 g as the mean adult spawning SL mass 
(Jorgensen and Kitchell 2005). This gives us a biomass 
concentration of 0.203 g/L for the 1 lamprey tanks, 
2.03 g/L for the 20 lamprey tanks, and 20.3 g/L for 
the 200 lamprey tanks. There is an order of magnitude 
increase in the biomass estimates of the adult SL 
tanks when compared with the larval SL tanks. This 
could be another explanation for the increased copy 
numbers found in the adult SL tanks. 

We observed higher eDNA detection rates in tanks 
with greater numbers of larval SL. However, because 
the credible intervals on our detection probabilities 
were so large, we did not have enough statistical 
power to achieve significance. We would expect that 
if more samples had been collected, our credible 
intervals would be tighter and therefore might 
observe a significant relationship. Previous research 
on common carp has shown that eDNA detection is 
more closely correlated with an increase in indivi-
duals rather than an increase in biomass (Doi et al. 
2015). This would be interesting to investigate 
further with SL. For example, do twenty SL with a 
combined mass of 10 grams shed a similar amount 
of DNA as ten SL of the same mass? Biomass might 
be an important variable in the release of eDNA and 
would presumably vary between species. Another 
thought to consider is expanding the density intervals 
of the larval SL in an effort to refine the resolution 
of our eDNA and detection rate relationship. Further 
research into how SL density affects eDNA detection 
rates would help to refine this relationship and lead 
to more meaningful interpretation of eDNA data 
when concentrations are low. 

The detection of SL DNA in the control tanks was 
likely caused by SL DNA contained in the source water 
or sand used during the study. Water was sourced 
from Lake Huron which is known to harbor a large 
SL population. For the adult SL laboratory density 
trials, this did not appear to be a problem, because 
the background contribution of SL eDNA in the 
system was less than 1/10,000th of the total SL eDNA 
contributed by only 2 individuals in our lowest density 
experimental tanks. Sand was from a common tank 
at HBBS that was used for other SL-related testing. 
Because eDNA persists longer through binding to 
sediment (Lacoursière-Roussel et al. 2016; Buxton 
et al. 2017), the sand is a likely additional source of 
the SL DNA detected in these tanks. For the larval 
SL laboratory density trials, the background eDNA 
is slightly more problematic, because the background 

contribution of SL eDNA in the system was closer to 
1/10th of the total SL eDNA contributed by having 
SL present. However, the eDNA concentrations we 
detected were so low (some below our LoQ) that no 
inference could be made based on copy numbers in 
this situation regardless. The background SL eDNA 
detections could have contributed to the lack of 
statistical significance in our analysis of detection 
rates for the larval SL laboratory density trials. The 
background SL eDNA detections we observed de-
monstrate the sensitivity of eDNA and highlights the 
importance of clean sampling procedures and proper 
study design when conducting eDNA studies. Another 
potential source of variation would be if eDNA 
washed off of the filters into the ethanol preservative. 
We did not observe any material coming off the filters 
into the tubes we kept them in, and given the decreased 
solubility of DNA in ethanol compared to water we 
would expect eDNA to adhere to the filter better in 
the ethanol preservative. However, some eDNA-
containing cells could have physically washed off 
the filters during sample handling that could have 
contributed to greater variability and decreased our 
likelihood of observing statistical significance. This 
should also be a consideration for future studies. 

Testing for inhibition is important for eDNA 
analysis (Wilson 1997; Green and Field 2012). Most 
commonly, an internal positive control is used to 
assay for inhibition. Deciding on a concentration that 
is appropriate for use in inhibition testing can be a 
delicate balancing act, because you want to accura-
tely determine inhibition but also not influence the 
thermodynamics of the actual eDNA analysis of 
interest. We spiked our samples at 100 copies and this 
is a low enough concentration that cross-contamination 
as well as thermodynamic influences are minimal 
concerns. This is also a good concentration for 
testing inhibition on low copy number samples as 
most environmental samples are expected to be. 
However, when eDNA samples have very high target 
concentrations this can overwhelm the inhibition test 
and invalidate it for assaying partial inhibition which 
can affect quantification results but not detection 
results. Because we used the same source water for 
all tanks and zero lamprey tanks were determined to 
not be inhibited we considered all tanks to not be 
inhibited despite the very high eDNA concentrations 
in the adult lamprey tanks. 

The use of eDNA for SL would most likely be 
utilized as a supplement to the traditional assessment 
techniques that are currently used. The SL are 
already assumed to be present in the streams and any 
assessment that is done looks at populations of SL 
relative to each other between rivers. When used in 
the field, researchers should include known SL 
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positive sites and known SL negative sites along 
with unknown sites that they are interested in 
monitoring. This will help provide confidence that 
the assays are performing as expected. Though rare, 
there may be a few occurrences of using eDNA 
technology to investigate rivers that are thought to 
be “new producers” of SL. These “new producer” 
rivers might be historically negative SL producing 
rivers due to poor water quality but could eventually 
attract the attention of spawning SL as the water 
quality of the river is improved through clean-up 
efforts. In this situation, the use of eDNA as an early 
detector of the presence of SL might be suitable and 
could lead to a more rigorous assessment. 

Acknowledgements 

Any use of trade, firm, or product names is for descriptive purposes 
only and does not imply endorsement by the U.S. Government. 
The Great Lakes Fishery Commission provided funding for this 
research (GLFC Project ID – 2015_REE_54033). The authors 
would like to thank Matt Symbal, Jessica Barber, Nick Johnson, 
Scott Miehls, Tim Gingera and Lisa Walter for their assistance 
and helpful insight with the project. Thanks to Craig Jackson and 
Justin Smerud for help with the extractions. Thanks to Richard 
Erickson for assistance with statistically modeling the LOD. I 
would also like to thank staff at the Hammond Bay Biological 
Station for providing the animals and laboratory space to run the 
laboratory density trials. 

References 

Applegate VC (1950) Natural history of the sea lamprey, Petromyzon 
marinus, in Michigan. Special Scientific Report - Fisheries 55, 
1950, 252 pp 

Barnes MA, Turner CR (2016) The ecology of environmental DNA 
and implications for conservation genetics. Conservation 
Genetics 17: 1–17, https://doi.org/10.1007/s10592-015-0775-4 

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software 
67: 1–48, https://doi.org/10.18637/jss.v067.i01 

Buxton AS, Groombridge JJ, Zakaria NB, Griffiths RA (2017) 
Seasonal variation in environmental DNA in relation to 
population size and environmental factors. Scientific Reports 7: 
46294, https://doi.org/10.1038/srep46294 

Carim KJ, Dysthe JC, Young MK, McKelvey KS, Schwartz MK 
(2017) A Noninvasive Tool to Assess the Distribution of Pacific 
Lamprey (Entosphenus tridentatus) in the Columbia River 
Basin. PLOS ONE 12(1): e0169334, https://doi.org/10.1371/journal. 
pone.0169334 

Christie GC, Adams JV, Steeves TB, Slade JW, Cuddy DW, Fodale 
MF, Young RJ, Kuc M, Jones ML (2003) Selecting Great Lakes 
streams for lampricide treatment based on larval sea lamprey 
surveys. Journal of Great Lakes Research 29: 152–160, 
https://doi.org/10.1016/S0380-1330(03)70484-5 

Darling JA, Mahon AR (2011) From molecules to management: 
Adopting DNA-based methods for monitoring biological 
invasions in aquatic environments. Environmental Research 
111: 978–988, https://doi.org/10.1016/j.envres.2011.02.001 

Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, Miaud C 
(2012) Improved detection of an alien invasive species through 
environmental DNA barcoding: the example of the American 
bullfrog Lithobates catesbeianus: Alien invasive species 

detection using eDNA. Journal of Applied Ecology 49: 953–
959, https://doi.org/10.1111/j.1365-2664.2012.02171.x 

Doi H, Uchii K, Takahara T, Matsuhashi S, Yamanaka H, Minamoto 
T (2015) Use of Droplet Digital PCR for Estimation of Fish 
Abundance and Biomass in Environmental DNA Surveys. 
PLOS ONE 10(3): e0122763, https://doi.org/10.1371/journal.pone. 
0122763 

Egan SP, Barnes MA, Hwang CT, Mahon AR, Feder JL, Ruggiero 
ST, Tanner CE, Lodge DM (2013) Rapid invasive species 
detection by combining environmental DNA with light 
transmission spectroscopy: eDNA-LTS species detection. 
Conservation Letters 6: 402–409, https://doi.org/10.1111/conl.12017 

Eiler A, Löfgren A, Hjerne O, Nordén S, Saetre P (2018) 
Environmental DNA (eDNA) detects the pool frog (Pelophylax 
lessonae) at times when traditional monitoring methods are 
insensitive. Scientific Reports 8: 5452, https://doi.org/10.1038/ 
s41598-018-23740-5 

Ficetola GF, Miaud C, Pompanon F, Taberlet P (2008) Species 
detection using environmental DNA from water samples. 
Biology Letters 4: 423–425, https://doi.org/10.1098/rsbl.2008.0118 

Foote AD, Thomsen PF, Sveegaard S, Wahlberg M, Kielgast J, Kyhn 
LA, Salling AB, Galatius A, Orlando L, Gilbert MTP (2012) 
Investigating the potential use of environmental DNA (eDNA) 
for genetic monitoring of marine mammals. PLoS ONE 7: 
e41781, https://doi.org/10.1371/journal.pone.0041781 

Gingera TD, Steeves TB, Boguski DA, Whyard S, Li W, Docker MF 
(2016) Detection and identification of lampreys in Great Lakes 
streams using environmental DNA. Journal of Great Lakes 
Research 42: 649–659, https://doi.org/10.1016/j.jglr.2016.02.017 

Goldberg CS, Pilliod DS, Arkle RS, Waits LP (2011) Molecular 
detection of vertebrates in stream water: a demonstration using 
Rocky Mountain tailed frogs and Idaho giant salamanders. PLoS 
ONE 6: e22746, https://doi.org/10.1371/journal.pone.0022746 

Goldberg CS, Sepulveda A, Ray A, Baumgardt J, Waits LP (2013) 
Environmental DNA as a new method for early detection of New 
Zealand mudsnails (Potamopyrgus antipodarum). Freshwater 
Science 32: 792–800, https://doi.org/10.1899/13-046.1 

Green HC, Field KG (2012) Sensitive detection of sample 
interference in environmental qPCR. Water Research 46(10): 
3251–3260, https://doi.org/10.1016/j.watres.2012.03.041 

Jerde CL, Chadderton WL, Mahon AR, Renshaw MA, Corush J, 
Budny ML, Mysorekar S, Lodge DM (2013) Detection of Asian 
carp DNA as part of a Great Lakes basin-wide surveillance 
program. Canadian Journal of Fisheries and Aquatic Sciences 
70: 522–526, https://doi.org/10.1139/cjfas-2012-0478 

Jerde CL, Mahon AR, Chadderton WL, Lodge DM (2011) “Sight-
unseen” detection of rare aquatic species using environmental 
DNA: eDNA surveillance of rare aquatic species. Conservation 
Letters 4: 150–157, https://doi.org/10.1111/j.1755-263X.2010.00158.x 

Jorgensen JC, Kitchell JF (2005) Growth potential and host mortality 
of the parasitic phase of the sea lamprey (Petromyzon marinus ) 
in Lake Superior. Canadian Journal of Fisheries and Aquatic 
Sciences 62(10): 2343–2353, https://doi.org/10.1139/f05-144 

Klymus KE, Richter CA, Chapman DC, Paukert C (2015) Quanti-
fication of eDNA shedding rates from invasive bighead carp 
Hypophthalmichthys nobilis and silver carp Hypophthalmichthys 
molitrix. Biological Conservation 183: 77–84, https://doi.org/10. 
1016/j.biocon.2014.11.020 

Lacoursière-Roussel A, Côté G, Leclerc V, Bernatchez L (2016) 
Quantifying relative fish abundance with eDNA: a promising 
tool for fisheries management. Journal of Applied Ecology 53: 
1148–1157, https://doi.org/10.1111/1365-2664.12598 

Lawrie AH (1970) The Sea Lamprey in the Great Lakes. Transactions 
of the American Fisheries Society 99: 766–775, https://doi.org/ 
10.1577/1548-8659(1970)99<766:TSLITG>2.0.CO;2 

Lorenz MG, Aardema BW, Krumbein WE (1981) Interaction of 
marine sediment with DNA and DNA availability to nucleases. 
Marine Biology 64: 225–230, https://doi.org/10.1007/BF00397113 

https://doi.org/10.1371/journal.pone.0169334
https://doi.org/10.1016/S0380-1330(03)70484-5
https://doi.org/10.1371/journal.pone.0122763
https://doi.org/10.1038/s41598-018-23740-5
https://doi.org/10.1016/j.biocon.2014.11.020
https://doi.org/10.1577/1548-8659(1970)99<766:TSLITG>2.0.CO;2


Correlating sea lamprey density with environmental DNA detections in the lab 

495 

MacKenzie DI, Nichols JD, Sutton N, Kawanishi K, Bailey LL 
(2005) Improving inferences in population studies of rare 
species that are detected imperfectly. Ecology 86: 1101–1113, 
https://doi.org/10.1890/04-1060 

Maruyama A, Nakamura K, Yamanaka H, Kondoh M, Minamoto T 
(2014) The Release Rate of Environmental DNA from Juvenile 
and Adult Fish. PLoS ONE 9(12): e114639, https://doi.org/10.1371/ 
journal.pone.0114639 

Merkes CM, McCalla SG, Jensen NR, Gaikowski MP, Amberg JJ 
(2014) Persistence of DNA in carcasses, slime and avian feces 
may affect interpretation of environmental DNA data. PLoS 
ONE 9: e113346, https://doi.org/10.1371/journal.pone.0113346 

Ostberg CO, Chase DM, Hayes MC, Duda JJ (2018) Distribution and 
seasonal differences in Pacific Lamprey and Lampetra spp 
eDNA across 18 Puget Sound watersheds. PeerJ 6: e4496, 
https://doi.org/10.7717/peerj.4496 

Piaggio AJ, Engeman RM, Hopken MW, Humphrey JS, Keacher 
KL, Bruce WE, Avery ML (2014) Detecting an elusive invasive 
species: a diagnostic PCR to detect Burmese python in Florida 
waters and an assessment of persistence of environmental DNA. 
Molecular Ecology Resources 14: 374–380, https://doi.org/10. 
1111/1755-0998.12180 

Piggott MP (2016) Evaluating the effects of laboratory protocols on 
eDNA detection probability for an endangered freshwater fish. 
Ecology and Evolution 6: 2739–2750, https://doi.org/10.1002/ece3. 
2083 

Pilliod DS, Goldberg CS, Arkle RS, Waits LP, Richardson J (2013) 
Estimating occupancy and abundance of stream amphibians 
using environmental DNA from filtered water samples. 
Canadian Journal of Fisheries and Aquatic Sciences 70: 1123–
1130, https://doi.org/10.1139/cjfas-2013-0047 

R Core Team (2016) R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, 
Austria 

Siefkes MJ, Steeves TB, Sullivan WP, Twohey MB, Li W (2013) 
Sea lamprey control: past, present, and future. Great Lakes 
Fisheries Policy and Management. Second ed. Michigan State 
University Press, East Lansing, pp 651–704 

Rees HC, Maddison BC, Middleditch DJ, Patmore JRM, Gough KC 
(2014) REVIEW: The detection of aquatic animal species using 
environmental DNA - a review of eDNA as a survey tool in 
ecology. Journal of Applied Ecology 51: 1450–1459, https://doi. 
org/10.1111/1365-2664.12306 

Rice CJ, Larson ER, Taylor CA (2018) Environmental DNA detects 
a rare large river crayfish but with little relation to local 
abundance. Freshwater Biology 63(5): 443–455, https://doi.org/10. 
1111/fwb.13081 

Ritz C (2005) Bioassay Analysis using R. Journal of Statistical 
Software 12: 1, https://doi.org/10.18637/jss.v012.i05 

Slade JW, Adams JV, Christie GC, Cuddy DW, Fodale MF, 
Heinrich JW, Quinlan HR, Weise JG, Weisser JW, Young RJ 
(2003) Techniques and methods for estimating abundance of 
larval and metamorphosed sea lampreys in Great Lakes 
tributaries, 1995 to 2001. Journal of Great Lakes Research 29: 
137–151, https://doi.org/10.1016/S0380-1330(03)70483-3 

Smith BR, Tibbles JJ (1980) Sea lamprey (Petromyzon marinus) in 
Lakes Huron, Michigan, and Superior: History of invasion and 
control, 1936–78. Canadian Journal of Fisheries and Aquatic 
Sciences 37: 1780–1801, https://doi.org/10.1139/f80-222 

Strickler KM, Fremier AK, Goldberg CS (2015) Quantifying effects 
of UV-B, temperature, and pH on eDNA degradation in aquatic 
microcosms. Biological Conservation 183: 85–92, https://doi.org/ 
10.1016/j.biocon.2014.11.038 

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z (2012) 
Estimation of fish biomass using environmental DNA. PLoS 
ONE 7: e35868, https://doi.org/10.1371/journal.pone.0035868 

Takahara T, Minamoto T, Doi H (2013) Using environmental DNA 
to estimate the distribution of an invasive fish species in ponds. 
PLoS ONE 8: e56584, https://doi.org/10.1371/journal.pone.0056584 

Thomsen PF, Kielgast J, Iversen LL, Møller PR, Rasmussen M, 
Willerslev E (2012a) Detection of a diverse marine fish fauna 
using environmental DNA from seawater samples. PLoS ONE 
7: e41732, https://doi.org/10.1371/journal.pone.0041732 

Thomsen PF, Kielgast J, Iversen LL, Wiuf C, Rasmussen M, Gilbert 
MTP, Orlando L, Willerslev E (2012b) Monitoring endangered 
freshwater biodiversity using environmental DNA: species 
monitoring by environmental DNA. Molecular Ecology 21: 
2565–2573, https://doi.org/10.1111/j.1365-294X.2011.05418.x 

Turner CR, Uy KL, Everhart RC (2015) Fish environmental DNA is 
more concentrated in aquatic sediments than surface water. 
Biological Conservation 183: 93–102, https://doi.org/10.1016/j. 
biocon.2014.11.017 

Weisser JW, Klar GT (1990) Electric fishing for sea lampreys 
(Petromyzon marinus) in the Great Lakes region of North 
America. Developments in electric fishing Cambridge 
University Press, Cambridge, UK: 59–64 

Wilcox TM, McKelvey KS, Young MK, Jane SF, Lowe WH, Whiteley 
AR, Schwartz MK (2013) Robust detection of rare species using 
environmental DNA: The importance of primer specificity. 
PLoS ONE 8: e59520, https://doi.org/10.1371/journal.pone.0059520 

Wilson IG (1997) Inhibition and facilitation of nucleic acid 
amplification. Applied and Environmental Microbiology 63(10): 
3741–3751 

Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL 
(2012) Primer-BLAST: A tool to design target-specific primers 
for polymerase chain reaction. BMC Bioinformatics 13: 134, 
https://doi.org/10.1186/1471-2105-13-134 

 
 

Supplementary material 

The following supplementary material is available for this article: 

Figure S1. Annealing and extension temperature graphs for all four assays (coi, cytb, nd1, and nd4). 

Table S1. Detailed mortality summary of adult sea lamprey during adult SL density trials. 

This material is available as part of online article from: 
http://www.reabic.net/journals/mbi/2018/Supplements/MBI_2018_Schloesser_etal_Figure_S1.pdf 

http://www.reabic.net/journals/mbi/2018/Supplements/MBI_2018_Schloesser_etal_Table_S1.xlsx 
 
 
 

https://doi.org/10.1371/journal.pone.0114639
https://doi.org/10.1111/1755-0998.12180
https://doi.org/10.1002/ece3.2083
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1111/fwb.13081
https://doi.org/10.1016/S0380-1330(03)70483-3
https://doi.org/10.1016/j.biocon.2014.11.038
https://doi.org/10.1016/j.biocon.2014.11.017


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


