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Noble crayfish is the most widespread native freshwater crayfish species in Europe.
It is threatened in its entire distribution range and listed on the International Union for
Concervation Nature- and national red lists. Reliable monitoring data is a prerequisite for
implementing conservation measures, and population trends are traditionally obtained
from catch per unit effort (CPUE) data. Recently developed environmental DNA
(eDNA) tools can potentially improve the effort. In the past decade, eDNA monitoring
has emerged as a promising tool for species surveillance, and some studies have
established that eDNA methods yield adequate presence-absence data for crayfish.
There are also high expectations that eDNA concentrations in the water can predict
biomass or relative density. However, eDNA studies for crayfish have not yet been
able to establish a convincing relationship between eDNA concentrations and crayfish
density. This study compared eDNA and CPUE data obtained the same day and
with high sampling effort, and evaluated whether eDNA concentrations can predict
relative density of crayfish. We also compared two analytical methods [Quantitative
real-time PCR (qPCR) and digital droplet PCR (ddPCR)], and estimated the detection
probability for eDNA monitoring compared to trapping using occupancy modeling. In
all lakes investigated, we detected eDNA from noble crayfish, even in lakes with very
low densities. The eDNA method is reliable for presence-absence monitoring of noble
crayfish, and the probability of detecting noble crayfish from eDNA samples increased
with increasing relative crayfish densities. However, the crayfish eDNA concentrations
were consistently low and mostly below the limit of quantification, even in lakes with very
high crayfish densities. The hypothesis that eDNA concentrations can predict relative
crayfish density was consequently not supported. Our study underlines the importance
of intensified sampling effort for successful detection of very low-density populations,
and for substantiating presumed absence, inferred from negative results. Surprisingly,
we found a higher likelihood of eDNA detection using qPCR compared to ddPCR.
We conclude that eDNA monitoring cannot substitute CPUE data, but is a reliable
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supplement for rapid presence-absence overviews. Combined with eDNA analyses
of alien crayfish species and diseases such as crayfish plague, this is a cost-efficient
supplement offering a more holistic monitoring approach for aquatic environments and
native crayfish conservation.

Keywords: noble crayfish Astacus astacus, eDNA, occupancy modeling, qPCR, ddPCR, CPUE, detection
frequency, relative density

INTRODUCTION

Freshwater crayfish are regarded as keystone species and shape
the littoral zone in both lotic and lentic environments (Creed,
1994; Momot, 1995). Their presence in aquatic environments,
influencing sediment dynamics and benefiting other animals,
has also led freshwater crayfish to be characterized as ecosystem
engineers and umbrella species (Usio and Townsend, 2001;
Reynolds et al., 2013). Furthermore, they are regarded as
indicator species for water quality (Sylvestre et al., 2002). In
addition, some species of freshwater crayfish are harvested and
regarded as delicacies, obtaining high prices in the market
(Ackefors, 1998). One of these prized species is the noble crayfish,
Astacus astacus, which is indigenous to Europe and the only
indigenous species of freshwater crayfish in Norway (Souty-
Grosset et al., 2006; Kouba et al., 2014). There are currently about
470 registered Norwegian populations of noble crayfish (Johnsen
and Vrålstad, 2017). Along with populations of other native
freshwater crayfish species indigenous to Europe, the number
of noble crayfish populations has declined dramatically in the
last decades. This is mostly due to introduced North-American
crayfish species that carry and transmit the crayfish plague
pathogen Aphanomyces astaci, but also due to anthropogenic
influences such as pollution and habitat loss (Holdich et al.,
2009; Kouba et al., 2014). Hence, the noble crayfish is both on
the international (Edsman et al., 2010) and the national red
list (Henriksen and Hilmo, 2015). The red list status and its
importance in freshwater ecosystems has led to the development
of surveillance programs aiming to monitor distribution and
relative density of noble crayfish (Johnsen et al., 2019). In
Norway, as in other countries, estimates of relative density
are obtained by trapping crayfish with baited traps (Johnsen
et al., 2014). This is relatively time consuming, and in order to
increase the number of monitored populations, environmental
DNA (eDNA) methodology has recently been included in the
Norwegian surveillance programs for both crayfish plague and
freshwater crayfish (Johnsen et al., 2019; Strand et al., 2020). The
methods are also used in crayfish monitoring studies in Europe
(Robinson et al., 2018; Mauvisseau et al., 2019b; Rusch et al., 2020;
Troth et al., 2020).

During the past decade, eDNA methods have been
increasingly used as monitoring tool for freshwater organisms
(Leese et al., 2016; Bylemans et al., 2019; Strand et al., 2019;
Goutte et al., 2020). These methods utilize DNA traces in the
environment originating from single-celled microorganisms or
cells shed from complex organisms in the form of propagules,
mucus, abraded epithelial cells and body fluids (Thomsen and
Willerslev, 2015). These sources of eDNA are easily caught on

a filter or pelleted from a water sample, from which DNA can
be extracted and analyzed. Thus, from a water sample, it is
possible to detect specific species or even whole communities
(Deiner et al., 2017; Bylemans et al., 2019; McElroy et al., 2020).
Quantitative real-time PCR (qPCR) or digital droplet PCR
(ddPCR) are commonly used for species-specific detection
(Rusch et al., 2018; Capo et al., 2019; Mauvisseau et al., 2019a;
Strand et al., 2019), and for relative or absolute quantification of
target DNA, respectively (Demeke and Dobnik, 2018; Quan et al.,
2018), while high-throughput sequencing and metagenomics
is used to study whole communities (Thomsen et al., 2012;
Hänfling et al., 2016; McElroy et al., 2020). While qPCR is
currently the most common platform to analyze eDNA samples
using species-specific assays, recent studies suggest that the
detection rate of eDNA in environmental samples is higher when
using ddPCR compared to qPCR technology (Doi et al., 2015a;
Mauvisseau et al., 2019a; Wood et al., 2019; Brys et al., 2020).
With ddPCR there is no need for standard curves and ddPCR
allows for absolute quantification, even at low levels of DNA
copies. Additionally, ddPCR appears to be more robust against
PCR inhibition (Doi et al., 2015a; McKee et al., 2015; Mauvisseau
et al., 2019a; Brys et al., 2020).

Environmental DNA methods allow for rapid detection of
targeted species and are considered a promising monitoring tool
for aquatic species surveillance and inventories (Lodge et al.,
2012; Thomsen and Willerslev, 2015), including monitoring and
discovery of endangered and invasive species (Dejean et al., 2012;
Laramie et al., 2015; Strand et al., 2019). Additionally, eDNA
methodology is non-invasive compared to more traditional
methods where the species itself is caught (Thomsen and
Willerslev, 2015). An increasing number of studies show that
eDNA monitoring is suitable for acquiring presence/absence
information of targeted species (Hempel et al., 2020; Mason
et al., 2020; Villacorta-Rath et al., 2020), although “not-detected”
data cannot be taken as absolute proof of absence (Rusch et al.,
2020). For marine and freshwater fish species, it has also been
suggested that eDNA concentrations can be used to estimate
population density or biomass of a species (Takahara et al.,
2012; Thomsen et al., 2012; Lacoursière-Roussel et al., 2016). For
freshwater crayfish, several studies demonstrate the use of eDNA
to determine the presence or absence of species (Tréguier et al.,
2014; Agersnap et al., 2017; Harper et al., 2018; Strand et al., 2019;
Rusch et al., 2020), which is very useful for verification of species
presence and species distribution. A few studies have investigated
the relationship between population density of targeted crayfish
species and eDNA concentration, but so far no or only weak
correlations have been reported (Dougherty et al., 2016; Cai et al.,
2017; Larson et al., 2017; Rice et al., 2018; Troth et al., 2020). More
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studies are thus needed to evaluate whether eDNA concentrations
can somehow reflect the relative population density of freshwater
crayfish species.

Goal of Study
We aimed to make a direct comparison between the
traditional monitoring of noble crayfish using baited traps,
and targeted eDNA monitoring by means of species-specific
qPCR and ddPCR. This will help assess if eDNA yields valid
presence/absence data for noble crayfish. We further use
occupancy modeling to estimate the probability to detect eDNA
of noble crayfish at various population densities, ranging from
very low to high density populations. We also explore whether
eDNA concentrations in the water correlates with observed
relative density of noble crayfish. Finally, we compared the
qPCR and ddPCR results and efficiency for eDNA detection
of noble crayfish.

MATERIALS AND METHODS

Study Sites
In total eight lakes in the south-eastern part of Norway were
included in this study (Figure 1A and Table 1). These study
sites were selected according to an expected range of crayfish
abundance, based on results from other projects such as the
National surveillance program for noble crayfish (Johnsen et al.,
2019). Here, we have available data from several years of trap
catches, including estimates of relative density from catch per
unit effort data (CPUE). To avoid larger molting periods, which
would influence both the catchability of crayfish (Westman and
Pursiainen, 1982) and possibly the eDNA concentrations in the
water (Laurendz, 2017), six of the locations were sampled after
mid-August. Due to the high fishing pressure in Lake Einafjorden
and Steinsfjorden, we surveyed these two localities from the 7 to
9th of August 2016.

Crayfish Trapping
In each lake, 50 funnel LiNi traps with two entrances and 14 mm
mesh size were set along the shoreline in the depth interval 0.5–
5 m (Table 1 and Figure 1B), in accordance with the methods
used in the national monitoring program for noble crayfish
(Johnsen et al., 2019). The traps were baited with raw chicken,
set in the evening and emptied the next morning. The relative
density or CPUE is given as the number of crayfish per trapnight.
The number of crayfish caught per trapnight is regarded as a
reliable measure of crayfish density with sufficient effort, and even
at efforts as low as 15 trapnights (Zimmerman and Palo, 2011;
Johnsen et al., 2014).

Water Samples
A total of 8–12 water samples were collected for eDNA analysis
from each lake, along the same transect in which the traps were
placed (Figure 1B). We filtered up to 5 L per sample, but in
some cases less if the filter clogged. In order to avoid any possible
contamination or influence of eDNA results from the trapping
activity, the water samples were collected and filtered prior to

setting the traps, but still on the same day. The samples were
filtered directly from the boat using a battery driven peristaltic
pump (ES portable sampler, Masterflex, Cole-parmer, Vernon
Hills, United States) with tygon tubing (Masterflex) and a 47 mm
inline filter-holder (Millipore, Billerica, United States) (Strand
et al., 2019). Glass-fiber filters (AP2504700, Millipore) with an
effective pore size of 2 µm were used, as in previous studies
(Agersnap et al., 2017; Strand et al., 2019; Rusch et al., 2020).
The inlet of the tube was attached to a small plastic box weighed
down with lead in order to collect water∼5 cm above the bottom,
between 1 and 3 meters depth depending on the shoreline and
lake. After filtration, each filter was transferred to a 15 ml falcon
tube and stored on ice until return to the laboratory where the
filter samples were frozen awaiting DNA extraction.

Extraction of gDNA and eDNA
In order to obtain reference DNA for positive controls
and standard dilution series, genomic DNA (gDNA) was
extracted from noble crayfish tissue (abdominal muscle)
using QIAmp R© DNA mini kit with the QIAcube automated
DNA extractor (Qiagen) following the manufacturer’s protocol.
The DNA concentration was measured using the Qubit 1x
dsDNA HS Assay Kit and Qubit 4 Fluorometer (Invitrogen,
life technologies) according to the manufacturer’s protocol.
Environmental DNA was extracted from the glass fiber filters
using an extraction protocol as described in Strand et al. (2019).
In short, eDNA samples were lysed in cetyltrimethylammonium
buffer (CTAB) and proteinase K at 65◦C for 60 min,
cleaned and separated using chloroform, precipitated using
isopropanol and re-suspended in TE-buffer (pH 8). Due
to the large volume of eluate (4 ml) from each sample,
the eluates were divided into two subsamples to bypass
the volume restrictions caused by centrifuge size. These
subsamples were then merged after re-suspension in TE-
buffer. During the extraction of DNA, an environmental blank
control and an extraction blank control were incorporated in
order to measure potential contamination during the DNA
extraction step.

qPCR and ddPCR Protocols
gDNA and eDNA extracts were analyzed with a species-specific
assay targeting the cytochrome c oxidase subunit I (COI) of
noble crayfish published in Rusch et al. (2020): forward primer
5′-CCC CTT TRG CAT CAG CTA TTG-3′, reverse primer
5′-CGA AGA TAC ACC TGC CAA GTG T-3′ and probe
FAM-5′ CTC ATG CAG GCG CAT-MGBFNQ. This assay was
specifically designed and optimized for both the qPCR and
ddPCR platforms. A total of six technical replicates (three
undiluted and three 5x diluted) were analyzed from each sample
on both platforms (qPCR and ddPCR). The qPCR analysis was
performed on a Bio-Rad CFX96 Touch (Bio-Rad, Hercules,
CA, United States) in a 25 µL reaction volume. Each reaction
consisted of 12.5 µL TaqMan Environmental Master Mix 2.0
(Thermo Fisher Scientific, Waltham, United States), 500 nM
of each primer, 250 nM probe, nuclease free water and 5 µl
DNA sample. The thermocycling protocol consisted of an initial
warming at 95◦C for 10 min followed by 50 cycles of 95◦C for
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FIGURE 1 | (A) Location of the monitored lakes in Norway. Black dots indicate the lakes and numbers identify the lakes, referring to Table 1. (B) Illustration of
sampling transect of crayfish trapping and eDNA sampling at location 8. Here, 50 traps were set along the shoreline in the gray shaded area, and 8–10 filtrated water
samples (black dots) were collected from each lake.

TABLE 1 | Lake and lake size with sample dates and effort of eDNA samples and traps.

Lake (number) Lake size (ha) Sample date # eDNA samples Trap effort (trapnights)

Baereia (3) 138 01.09.2015 12 50

Baereia (3) 138 23.08.2017 10 50

N. Billingen (2) 176 02.09.2015 9 50

N. Billingen (2) 176 24.08.2017 10 50

S. Billingen (1) 136 02.09.2015 10 50

S. Billingen (1) 136 25.08.2017 10 50

Skårillen (4) 46 03.09.2015 10 50

Skårillen (4) 46 22.08.2017 8 50

Harestuvatnet (5) 206 10.09.2015 9 50

Gjerdingen (6) 300 09.09.2015 9 50

Steinsfjorden (7) 1384 09.08.2016 8 48

Einafjorden (8) 1382 07.08.2016 10 50

Lake number (within parenthesis is related to the number seen in Figure 1).

15 s and 60◦C for 60 s. Four known concentrations of 10-fold
diluted genomic DNA (noble crayfish) were run in duplicates as
a positive control and standard with known DNA copy numbers
(based on absolute quantification of ddPCR) in order to calculate
the DNA copies in each reaction (relative quantification) using
the manufactures software (CFX Manager v. 3.1.1517.0823).

The ddPCR analysis was performed on a QX200 AutoDG
Droplet Digital PCR System (Bio-Rad) in a 22 µl reaction
volume. Each reaction consisted of 11 µl ddPCR supermix for
probes (no dUTP, Bio-Rad), 900 nM of each primer, 300 nM
of probe, 0.6 µl bovine serum albumin (BSA), nuclease free
water and 5 µl DNA. Droplets were generated using AutoDG
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instrument (Bio-Rad), where an emulsion is created with 20 µl
of the 22 µl reaction volume, resulting in a 10% loss of DNA
template and supermix. After droplet generation, the plates
were transferred to a TM100 thermocycler (Bio-Rad) with the
following cycling conditions: an initial warming at 95◦C for
10 min followed by 45 cycles of 94◦C for 30 s and 60◦C for 60 s
and a final step at 98◦C for 10 min to inactivate the enzyme.
Ramp rate was set to 2◦C/s. The plate was thereafter transferred to
the QX200 droplet reader (Bio-Rad) for final analysis. A known
concentration of genomic DNA (noble crayfish) was run in
duplicate as a positive control. The DNA copies in each reaction
were calculated (absolute quantification) using the manufactures
software (Quantasoft v.1.7.4.0917).

The environmental blank control and extraction black control
from each batch of extracted DNA were included in both the
qPCR and ddPCR analysis. Negative blank controls (MilliQ
water) were also included on each plate analyzed.

Limits of Detection and Quantification
For the qPCR approach, the limit of detection (LOD) had been
established by Rusch et al. (2020) as five copies/qPCR reaction,
and followed the criteria that LOD is the lowest concentration
that yields a detection probability of 95%, ensuring <5% false
negatives (Berdal et al., 2008; Vrålstad et al., 2009). Likewise,
the limit of quantification (LOQ) for the qPCR assay has been
established as 10 DNA copies/qPCR reaction (Rusch et al., 2020),
using the same acceptance level as set for qPCR quantification of
the crayfish plague pathogen A. astaci (Vrålstad et al., 2009), with
observed standard deviation <0.5 for the Ct-values. Following
previous recommendations, a cut-off was set at Ct 41 for the
qPCR assay (Agersnap et al., 2017; Strand et al., 2019; Rusch
et al., 2020), implying that amplification at or above this value was
not considered a positive detection. For each eDNA sample, the
following criteria for a positive sample were used: if three or more
of the six technical qPCR replicates for a sample were positive
below Ct 41, the sample was considered positive.

The same standard dilutions used to estimate the LOQ and
LOD for the qPCR assay in Rusch et al. (2020) were analyzed
with the ddPCR assay in order to estimate the absolute limit
of quantification (aLOQ) and LOD. The aLOQ for ddPCR can
be estimated as the lowest copy number of a target within
the dynamic range with a relative standard deviation (RSD)
of the measured copy number ≤25% (Dobnik et al., 2015).
The theoretical LOD, i.e., the lowest concentration that yields a
detection probability of 95%, is estimated to be 0.29 copies/µl
for ddPCR in the case 17,000 accepted droplets and corresponds
to ∼5.8 copies in a 20 µl reaction (Pecoraro et al., 2019). The
standard used had a starter concentration of 50 ng/µl of noble
crayfish gDNA, and was four-fold diluted to create a dilution
series ranging from 12.5 ng/µl (4−1) to 0.00000075 ng/µl (4−13).
As ddPCR offers absolute quantification, the ddPCR results from
the 3rd fourfold-dilution of gDNA were used as a baseline for the
qPCR standard in order to estimate the relative DNA copies in
each qPCR reaction. There is no consensus on the number of
positive droplets that are required to score a ddPCR replicate
as positive, but the threshold is commonly set at 2, 3, or 5
droplets (Dobnik et al., 2015). Since we analyzed six replicates

for each sample, and all analyzed blank controls were negative
(N = 81), we scored a sample positive when three or more of
the six technical ddPCR replicates of the sample had one or
more positive droplets. Reactions with total droplet count below
8,000 were excluded.

We estimated the DNA copy numbers per liter water from
each sample for both qPCR and ddPCR according to Agersnap
et al. (2017) using the equation: CL = [Cr

∗ (Ve/Vr)]/Vw. Here
CL = copies of eDNA per liter lake water, Cr = copies of eDNA
in reaction volume, Ve = total elution volume after extraction,
Vr = volume of eluded extract used in the qPCR/ddPCR reaction,
Vw = volume of filtered lake water.

Statistical Analysis
The statistical analyses were performed using RStudio
(v.1.3.1073) and R (v.4.0.2). We compared the qPCR and ddPCR
reaction estimates of DNA copies from gDNA using a spearman
correlation test, and used a generalized linear model (GLM)
with the binominal family with logit link logistic to compare
detection (TRUE/FALSE) against method (qPCR/ddPCR) and
dilution series. We compared the detection frequency of qPCR
and ddPCR of DNA from the field samples using a GLM with
the binominal family with logit link logistic to compare detection
(TRUE/FALSE) against method (qPCR/ddPCR) and CPUE.
We used the R package eDNA occupancy to run multiscale
occupancy modeling in order to estimate the detection
probability of crayfish using the targeted eDNA approach
(Dorazio and Erickson, 2018). The multiscale occupancy model
estimates (1) the probability of species occurrence at the location
(psi or ψ), (2) the conditional probability of occurrence in a
water sample given that the species is present at that location
(theta or θ), and (3) the conditional probability of detection in a
PCR reaction given that the species is present in the sample (ρ)
(Dorazio and Erickson, 2018). The models were run separately
for the qPCR and ddPCR data sets. For samples with less than
three positive technical replicates all replicates were scored as
negative, as described above. We first tested the occupancy
models with assumed constant parameters. Then we included the
factor CPUE into the occupancy modeling in order to investigate
how relative crayfish densities influence the detection probability
in a water sample (θ). We assumed constant parameters for
eDNA occurrence in lakes (psi) and in PCR replicate (p) while
the conditional probability of eDNA occurrence in water samples
(theta) was assumed to be a function of CPUE. The models
were run for a total of 11,000 iterations. We used the equation
1− (1− θ)n

≥ 0.95 to calculate the number of water samples
to achieve a 95% detection probability, where θ is the estimated
probability to detect crayfish eDNA in a water sample. We also
compared (spearman correlation) the mean DNA copies from
each field sample from both qPCR and ddPCR with CPUE.

RESULTS

Comparisons of qPCR and ddPCR Assay
Both the qPCR and ddPCR amplified the gDNA standard and
there is a significant correlation (R2 = 0.9, p < 2.2e-16) between
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FIGURE 2 | (A) Correlation plot of the estimated DNA copies per reaction of qPCR and ddPCR analysis of gDNA from crayfish tissue using spearman correlation
(R2 = 0.9, p < 2.2e-16). (B) Logistic regression curve showing probability of gDNA detection against the dilution series number using ddPCR. (C) Logistic regression
curve showing probability of detection against the gDNA dilution series number using qPCR.

TABLE 2 | The qPCR and ddPCR results for the analysis of the standard dilution used to estimate LOQ and LOD for qPCR (Rusch et al., 2020) and ddPCR (this study)
using the same assay.

qPCR ddPCR

Standard DNA
(ng/µl)

N Cq Cq
Std

DNA copies SD** Detection RSD*** N Pos.
Drops*

DNA
copies

SD** Detection RSD***

Undiluted 5.00E + 01

S4∧1 1.25E + 01 6 18.00 0.07 3046534.65 139026.71 100% 5% 6 17101.3 >200000 NA NA NA

S4∧2 3.13E + 00 8 19.95 0.06 798995.10 34118.09 100% 4% 8 18460.0 >200000 NA NA NA

S4∧3 7.81E-01 8 22.01 0.04 194510.60 5600.27 100% 3% 8 18258.1 167000.00 7618.77 100% 5%

S4∧4 1.95E-01 8 24.08 0.07 47080.87 2210.02 100% 5% 8 15028.3 40677.50 736.98 100% 5%

S4∧5 4.88E-02 8 26.11 0.05 11668.85 377.37 100% 3% 8 6326.5 10017.50 226.89 100% 2%

S4∧6 1.22E-02 8 28.09 0.07 3006.44 138.10 100% 5% 8 1890.1 2548.00 50.55 100% 2%

S4∧7 3.05E-03 8 30.13 0.08 740.64 38.82 100% 5% 8 486.6 650.00 33.87 100% 5%

S4∧8 7.63E-04 8 32.14 0.17 186.55 21.18 100% 11% 8 123.1 171.50 13.26 100% 8%

S4∧9 1.91E-04 20 34.20 0.32 46.23 9.18 100% 20% 20 33.9 43.25 3.01 100% 7%

S4∧10 4.77E-05 20 36.22 0.39 11.62 2.62 100% 23% 20 6.7 9.54 3.43 100% 36%

S4∧11 1.19E-05 20 38.83 1.01 2.35 1.55 100% 66% 20 1.7 1.98 1.42 85% 72%

S4∧12 2.98E-06 20 39.71 0.56 0.39 0.60 35% 156% 20 1.0 0.69 0.80 45% 115%

S4∧13 7.45E-07 20 39.96 0.03 0.17 0.36 20% 205% 12 1.0 0.25 0.59 17% 234%

*Average number of positive droplets, negative droplets excluded. **Standard deviation. ***Relative standard deviation.

the estimated DNA copies from the two methods (Figure 2A).
There was no significant difference (z = 0.492, p = 0.623,
logistic regression) in detection rate between the two methods
on the dilution series (Figures 2B,C). The aLOQ for the ddPCR
was estimated to be ∼ 40 copies, the last standard dilution
where the RSD was ≤25% (Table 2). In the initial ddPCR run
several of the positive field samples showed signs of inhibition
and lower amplitude of the positive droplets compared to the
positive control. Adding BSA to the reaction or diluting the
sample (1:5) appeared to improve this issue by increasing the
amplitude enough to separate negative from positive droplets.
A total of 690 reactions were run both for qPCR and for ddPCR.
Here, 33 ddPCR reactions were excluded due to total droplet
count below 8,000. Of the remaining 657 ddPCR reactions,
28.5% of the reactions had one or more positive droplets, while

42.6% of the 690 qPCR reactions had a positive amplification
below the set cut-off (Cq 41). Both for the qPCR and ddPCR
results, most of the reactions were below the LOQ (Figure 3)
indicating low concentration of noble crayfish eDNA. None of
the environmental blank controls or extraction blank controls
displayed any amplification or produced positive droplets.
Neither did the negative blank controls display amplification or
produce positive droplets.

Relative Density of Crayfish Compared
to eDNA Presence/Absence Data
The CPUE of noble crayfish in the different localities ranged
in mean values between 0.08 and 17.52 (Figure 4 and
Supplementary Table 1). According to the classification system
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FIGURE 3 | A scatterplot of the estimated DNA copies per reaction of qPCR and ddPCR analysis of eDNA. The stippled line indicates a 1:1 ratio, while the horizontal
line and vertical line indicates the LOQ for ddPCR and qPCR, respectively.

of the national surveillance program of noble crayfish in
Norway (Johnsen et al., 2019), the crayfish populations cover
all categories, ranging from “very low density” populations
to “very high density” populations (Figure 4). We detected
eDNA from noble crayfish in all lakes, but in 2015 we failed
to detect noble crayfish eDNA in one of the sampled lakes
(Lake Skårillen). In this case, there was very heavy rainfall
before and during the sampling. Noble crayfish eDNA was
detected in this lake in 2017 (Figure 4). Even in lakes with
very low crayfish densities (Figures 4, 5), noble crayfish eDNA
had been reliably detected with a qPCR detection frequency
ranging from 0.3 to 0.7. The detection frequency of noble
crayfish eDNA was significantly higher (z = 4.27, p = 1.93e-05,
logistic regression) for qPCR compared to ddPCR (Figure 5A),

and the detection frequency increased (z = 4.55, p = 5.46e-06,
logistic regression) for both qPCR and ddPCR with increased
CPUE (Figure 5B).

Occupancy Modeling
The occupancy models with constant parameters (Table 3)
also showed that it is more likely to detect eDNA of crayfish
using qPCR compared to ddPCR. Including the CPUE as a
factor in the occupancy models gives an estimate of detection
likelihood in water samples at different relative densities of
crayfish, and the likelihood to detect eDNA of noble crayfish
in water samples increases with relative densities, both for
qPCR and for ddPCR (Figure 6). At all but the highest relative
density (CPUE ∼17.52) estimated occurrence of eDNA in a
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FIGURE 4 | Boxplot showing the number of noble crayfish per trapnight (CPUE) in the eight localities. The plots are based on the number of crayfish caught in the
individual traps within the lake. The box contains 50% of the individual trap values, the median and the average values are shown as black and stippled red lines,
respectively. The whiskers indicate the 5 and 95 percentiles and the dots (•) show values outside this interval. The pie charts depict the qPCR detection frequency
(black part being positive) from the water samples. ddPCR detection frequency is not included. Exact values are given in Supplementary Table 1.

FIGURE 5 | (A) A comparison of the observed detection frequency (proportion of positive eDNA samples in a lake) between qPCR and ddPCR. The dotted line
shows the 1:1 ratio. (B) A comparison of the observed detection frequency between CPUE against ddPCR and qPCR.

water sample is lower using ddPCR analysis compared to qPCR
(Figure 6). For qPCR, the probability of eDNA occurrence
is relatively high (around 0.5) even at the CPUE estimates
below 1 (Figure 6). At very low to low densities five water

samples are sufficient to detect eDNA of noble crayfish with
95% likelihood using qPCR, while 11 to 14 water samples
are needed to detect noble crayfish with 95% likelihood using
ddPCR (Figure 7).
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TABLE 3 | The estimated likelihood of occurrence at the location (ψ), in the water
sample (θ) or PCR replicate (p) for qPCR and ddPCR using fixed parameters.

psi (ψ ) theta (θ ) P

qPCR 0.876 (0.645–0.981) 0.542 (0.447–0.634) 0.706 (0.655–0.753)

ddPCR 0.814 (0.563–0.965) 0.318 (0.225–0.419) 0.737 (0.671–0.799)

FIGURE 6 | The estimated probability of eDNA occurrence in water samples
(θ) using occupancy models where the probability of eDNA occurrence in lakes
was assumed to be constant, the conditional probability of eDNA occurrence
in water samples was assumed to be a function of CPUE and the conditional
probability of eDNA detection in PCR replicate was assumed to be constant.

Relative Density of Crayfish Compared
to eDNA Copy Numbers
The copy numbers estimated from the qPCR and ddPCR
reactions in our study were very low and most of the numbers
were below the LOQ (Figure 3). The estimated DNA copy
numbers that are below LOQ are unreliable due to high variation
when the copy numbers in a sample are low, and thus not suitable
for statistical analysis. However, it is not uncommon to see studies

FIGURE 7 | Estimated number of water samples needed to achieve 95%
detection likelihood at different relative densities of crayfish (CPUE) for qPCR
and ddPCR.

where eDNA copy numbers calculated below LOQ are correlated
with density (or biomass) estimates. We did a correlation test
(spearman) in order to compare DNA concentration in water
(DNA copies per liter) to relative density of crayfish (CUPE),
and the test showed a very weak positive correlation between
eDNA concentrations and CPUE data, both for qPCR and ddPCR
results (Figure 8). This result is highly uncertain and interpreted
with great caution.

DISCUSSION

Populations of native European noble crayfish are currently being
lost at an alarming rate, largely because of North-American
invasive crayfish that carry and transmit the crayfish plague
pathogen (Holdich et al., 2009; Kouba et al., 2014). There is
therefore an urgent need for better, powerful and dedicated
conservation and management strategies. This requires solutions

FIGURE 8 | (A) A scatterplot with correlation (Spearman) of the mean DNA copies per liter for each sample from ddPCR plotted against CPUE of crayfish. The
horizontal line indicates the LOQ of ddPCR adapted to fit the copies per liter values. (B) A scatter plot with correlation (Spearman) of the mean DNA copies per liter
for each sample from qPCR plotted against CPUE of crayfish. The horizontal line indicates the LOQ of qPCR adapted to fit the copies per liter values.
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derived from understanding, knowledge and measures related
to biology, socioeconomics and legal frameworks. Here, efficient
monitoring strategies play a key role. In the past decade,
eDNA monitoring has emerged as a promising, cost-effective
tool for monitoring of endangered and invasive species (Jerde
et al., 2011; Lodge et al., 2012) and disease pathogens (Strand
et al., 2011, 2014; Gomes et al., 2017) with the potential to
simplify and streamline species surveillance (Kelly et al., 2014;
Leese et al., 2016). High expectations have been connected
to eDNA data as predictors for species distribution, relative
density and biomass estimates (Bohmann et al., 2014; Kelly
et al., 2014; Doi et al., 2017). However, with the growing body
of reports and research, the first optimistic prospects regarding
the applicability of eDNA prediction have encountered reality,
turning out to vary for different groups of organisms, habitats and
choice of methods. Several proof-of-concept studies have shown
that eDNA monitoring yields adequate presence-absence and
distribution data for crayfish, with a high potential for crayfish
surveillance. But, in contrast to some studies focusing on fish
(Lacoursière-Roussel et al., 2016; Doi et al., 2017), there are so far
few if any studies on crayfish that have established a convincing
quantitative relationship between eDNA concentrations in the
water and crayfish biomass or density. We have systematically
compared traditional trapping methods and eDNA monitoring
with a thorough sampling effort. In concordance with other
studies (Dougherty et al., 2016; Cai et al., 2017; Larson et al.,
2017; Strand et al., 2019; Troth et al., 2020), our results support
the assumption that eDNA yields valid presence-absence data,
even at very low population densities. However, lakes with
low-density crayfish populations require higher sampling effort
than commonly used in comparable studies and monitoring
programs. We found that the probability of detecting noble
crayfish from eDNA samples increased with increasing relative
crayfish densities, corroborating similar studies (Dougherty et al.,
2016; Larson et al., 2017). However, no significant correlation
between noble crayfish eDNA concentrations in the water and
relative crayfish density could be established. Thus, our eDNA
data does not support the hypothesis that eDNA concentrations
can predict relative crayfish density.

Efficiency for eDNA Detection of Noble
Crayfish – qPCR Versus ddPCR
It is commonly reported that ddPCR overcomes the challenges
connected to inhibitory substances to a higher extent than qPCR,
and displays both higher sensitivity and higher quantification
accuracy (Dingle et al., 2013; Rački et al., 2014; Zhao et al.,
2016), and several studies have highlighted the benefits of ddPCR
for eDNA detection (e.g., Doi et al., 2015a; Hunter et al., 2017;
Hamaguchi et al., 2018; Mauvisseau et al., 2019a; Brys et al.,
2020). However, while ddPCR offers absolute quantification, the
variation in estimated copy numbers increases at low numbers,
therefore the LOQ of ddPCR is often within the same range as
LOQ for qPCR (Dobnik et al., 2015). In our study, the estimated
LOQ for qPCR was lower than for ddPCR applying a RSD of
25% for estimated copy numbers. While we observed similar
detection sensitivity for qPCR and ddPCR on DNA extracted

from crayfish tissue, we had lower detection sensitivity for
ddPCR compared to qPCR for the eDNA samples. This contrasts
other studies where ddPCR appears to be more sensitive than
qPCR for eDNA detection (e.g., Doi et al., 2015b; Hamaguchi
et al., 2018; Mauvisseau et al., 2019a; Wood et al., 2019; Brys
et al., 2020). In some eDNA samples we observed a reduced
amplitude for the ddPCR indicating some inhibition. Although
ddPCR is robust against inhibition, high concentrations of PCR
inhibitors like humic acids may also inhibit ddPCR. Several qPCR
mastermixes are robust against inhibition, including Taqman
Environmental Mastermix 2.0 (Strand et al., 2011; Uchii et al.,
2019). Thus, the type of qPCR mastermix and its ability to deal
with inhibition will highly influence the results in a comparison
to ddPCR. Strand et al. (2011) found that Taqman Environmental
Mastermix removed close to 100% of the observed inhibition
in DNA extracts for different natural water samples including
water with high content of humic substances. For ddPCR, we
experienced that the relevant ddPCR chemistry (Bio-Rad) had no
specific mastermix developed to deal with inhibitory substances
in the ddPCR other than the inherent property of ddPCR
(partitioning the samples into droplets), making it less sensitive to
inhibition. Since noble crayfish habitats in the Northern countries
commonly are within or in close vicinity to boreal coniferous
forests, the water is commonly rich in humic substances. We
believe this could have negatively influenced the detectability for
ddPCR in this study. Though we did not include an internal
PCR control (IPC), it would be beneficial to use in this type of
comparison (Goldberg et al., 2016).

eDNA Detection Probability Compared to
Crayfish Population Density
While we reliably detected noble crayfish eDNA in all localities
with very low crayfish densities, the detection frequency was often
very low. To achieve a 95% detection likelihood, low-density
lakes required an estimated five filter samples, corresponding to
∼25 L of water. Thus, the anecdotal “cup of water” (Lodge et al.,
2012) or rapid, low-volume sample effort seems insufficient for
monitoring low-density crayfish populations. Many other studies
have also reported successful eDNA detection of freshwater
crayfish at very low densities (Dougherty et al., 2016; Larson et al.,
2017; Strand et al., 2019), but often with low detection frequency.
Poor detection efficiency can in some studies also be associated
with very small water volumes per sample (Tréguier et al., 2014;
Dougherty et al., 2016) or the use of ethanol precipitation instead
of filtration, which has been shown to be less efficient (Spens et al.,
2016; Hinlo et al., 2017; Troth et al., 2020). For several crayfish
eDNA studies, consistent comparisons to CPUE data are also
deficient or missing (Agersnap et al., 2017; Harper et al., 2018;
Mauvisseau et al., 2018; Rusch et al., 2020).

Environmental DNA detection frequency compared to CPUE
data, and occupancy modeling, clearly shows a correlation
between the eDNA detection probability and crayfish population
densities. Very low densities required high sampling effort while
the few monitored high-density lakes had a very high detection
frequency and required only two samples for a 95% detection
probability. Dougherty et al. (2016) also observed that the eDNA
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detection probability increased with crayfish population density.
However, they also found that a cumulative probability of 95%
varies with water clarity, where an increase in Secchi disk
values drastically lowered the detection probability of Faxonius
rusticus eDNA. Rice et al. (2018) found poor relationship
between Faxonius eupunctus eDNA-detection probability and
crayfish density in a large river system. Instead, they showed
a strong relationship between eDNA detection probability and
upstream river distance, implying that the probability of detecting
F. eupunctus eDNA increased downstream. Downstream eDNA
transport may therefore increase the detection probability more
than the crayfish population density at the sampling site.

eDNA Concentrations Compared to
Observed Relative Density of Noble
Crayfish
Stewart (2019) emphasizes that the factors influencing both
the eDNA sources (amount of eDNA released from focal taxa)
and eDNA sinks (removal of eDNA from the environment)
for individual species and aquatic habitats, are manifold and
complex, both in space and time. Meaningful comparisons
between eDNA concentrations and species density will therefore
depend on in-depth knowledge of species biology and habitat,
combined with complex modeling (Stewart, 2019). A prerequisite
is nevertheless a minimum of correlation in eDNA concentration
and density of the target species. We aimed to explore whether
eDNA concentrations in the water correlate with observed
relative density of noble crayfish. However, even at the highest
noble crayfish densities we had very few samples where the
eDNA copy number exceeded the LOQ both for qPCR data and
for ddPCR data. If the highly uncertain DNA copy numbers
obtained below the LOQ are plotted against CPUE, a weak
positive correlation is found. Also in other studies where a week
positive correlation between eDNA concentrations and crayfish
density estimates is observed (Dougherty et al., 2016; Cai et al.,
2017; Larson et al., 2017), the eDNA data is rarely above what
would be the recommended LOQ (Klymus et al., 2020). Such
data must be interpreted with great caution, and we argue that
our data is not suited for statistical correlations between eDNA
concentrations and relative density of noble crayfish. With our
rather intensive sample effort in terms of sample replicates
and water volumes, our study is a strong documentation on
the missing correspondence between noble crayfish density and
noble crayfish eDNA concentrations in the water, at least for the
time-window where we did the sampling.

Several factors contribute to why crayfish eDNA copy
number is a poor predictor of crayfish density. Abiotic and
environmental factors (Stewart, 2019) combined with persistence
and degradation of eDNA in the lake (Dejean et al., 2011;
Barnes et al., 2014) are universal challenges in eDNA studies.
High water flow, heavy rain, clay particles and water turbidity
reduce the eDNA detection likelihood (Roussel et al., 2015;
Dougherty et al., 2016), which probably explains our failure to
detect noble crayfish eDNA after heavy rainfall in one of the
lakes. Sampling techniques of crayfish eDNA, including choices
of season, depths, volume and filters, and downstream choices of

molecular techniques, and ultimately LOD/LOQ stringency, also
impact on the results (Hinlo et al., 2017; Hunter et al., 2017, 2019;
Strand et al., 2019; Klymus et al., 2020; Troth et al., 2020). Our
results might also be prone to downstream analytical issues, e.g., a
recent report found that using the same filter type, but a different
DNA extraction procedure than we used increases DNA yield and
detectability of crayfish and fish eDNA (Fossøy et al., 2020).

Biotic factors, such as seasonality, life cycle and behavioral
traits of crayfish (Dunn et al., 2017; Stewart, 2019) are
particularly important in the context of why crayfish eDNA
concentrations seemingly correlate poorly with crayfish densities.
Many biological features might impede eDNA detectability
of crayfish compared to for example fish, where correlations
between population density and eDNA concentrations are seen
(e.g., Doi et al., 2017; Salter et al., 2019; Stewart, 2019).
A recent study report from Norway found significantly more
DNA from fish compared to crayfish in the same eDNA samples
(Fossøy et al., 2020). Crayfish commonly stay buried or hide
under rocks during daytime, and their hard carapace emits
little if any superfluous mucus or epidermal cells, suggesting
reduced emission of DNA to the ambient water compared
to many other aquatic organisms (Dougherty et al., 2016;
Forsström and Vasemägi, 2016; Mauvisseau et al., 2019b).
Spawning and reproduction events are known to increase eDNA
signals markedly from aquatic species groups such as fish and
amphibians (Stewart, 2019 and references therin). For crayfish,
molting periods and spawning periods with elevated aggressive
behavior (Moore, 2007), have been found to elevate DNA copy
numbers in the water column (Dunn et al., 2017; Laurendz,
2017; Harper et al., 2018). In tank experiments, Dunn et al.
(2017) found a correlation between eDNA concentration and
abundance of egg-bearing females. Thus, the ovigerous period in
the late autumn could be a good period for eDNA correlations
to crayfish density. However, in cooler climate such as the
Nordic countries, the proportion of egg-bearing females may
vary considerably annually, both between and within populations
(Taugbøl et al., 1988), which may bias the results. Furthermore,
if trying to compare eDNA concentrations and CPUE data
during the ovigerous period, possible correlations will probably
be biased, as both low temperatures and trap avoidance from
berried females will affect the catches (Abrahamsson, 1983).
Nevertheless, compared to relatively short-term molting and
reproduction events, the relatively long-lasting ovigerous period
may at least be a recommendable period for eDNA sampling for
confirming presence/absence of freshwater crayfish. In our study,
we monitored the crayfish after the molting season and prior
to the reproduction- and ovigerous season. In this respect, we
might have selected a time window that was recommendable for
achieving CPUE data that takes the crayfish biological needs into
account, but where crayfish eDNA shedding from the crayfish
population was very low.

The Use of eDNA in Monitoring and
Conservation of Freshwater Crayfish
Environmental DNA methods are moving toward the stage of
being ready for, and sometimes also employed for, biodiversity
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inventories and monitoring of native or invasive species
(Leese et al., 2016; Stewart, 2019; Sepulveda et al., 2020). In
Norway, comparative data obtained with eDNA monitoring and
traditional methods (cages and trapping) of native noble crayfish,
introduced signal crayfish and the crayfish plague pathogen
A. astaci, convinced the authorities to include eDNA as a
monitoring method (Strand et al., 2019). In 2016, eDNA was
officially integrated into the national crayfish plague monitoring
program commissioned by the National Food Safety Authorities
(Vrålstad et al., 2017), and replaced a controversial cage-
surveillance strategy with live, naïve noble crayfish for the
monitoring of crayfish plague from 2017 and onward. From
2018, the national surveillance program on noble crayfish also
included eDNA monitoring methods, both for noble crayfish
and the invasive signal crayfish. With an integrated synergistic
approach, including joint fieldwork and sharing of results, the
two monitoring programs now focus on the pathogen (A. astaci),
and its hosts and carriers [noble crayfish and signal crayfish, see
Johnsen et al. (2019)], resulting in a more holistic monitoring
approach for noble crayfish and its threats.

Monitoring programs are usually put out to tender, which
to varying degrees request and emphasize competence and
quality versus costs. If cost-effectiveness is regarded as important,
compromises with the number of samples, water volumes and
number of sites must often be made to deliver a competitive
offer. Consequently, the monitoring programs might not be
able to afford a sufficient sampling effort that ensures high
probability of detection at very low densities of crayfish, or
any other rare or elusive target organism. eDNA monitoring is
often promoted as a cost-saving method. These savings might
be at the expense of precision and the ability to provide reliable
presence-absence data. In cases where the sampling effort is
deficient, it must be expected that the absence data covers a large
portion of false negatives, and that the prospects of uncovering
rare threatened species or the early invasion phase of invasive
species will diminish. It is therefore of great importance to
develop smarter sampling methods, identify time windows for
sampling with elevated eDNA detection probabilities, identify the
molecular methods recovering the highest eDNA concentrations
from various environmental samples, and at the same time build
up acceptance and understanding among the stakeholders and
authorities that quality and reliability come at a cost. Saving
Europe’s crustaceans, cannot be achieved by saving money on
insufficient and cost-effective eDNA sampling strategies.

CONCLUSION

The use of eDNA in ecological research, monitoring and
conservation has grown tremendously in recent years.
However, there are several scientists requesting a more
balanced appreciation of this method’s strengths and limitations
(Thomsen and Willerslev, 2015; Cristescu and Hebert, 2018;
Beng and Corlett, 2020). Among the several mentioned aspects
requiring more examination is the use of eDNA concentrations
to predict relative density or biomass of species (Beng and
Corlett, 2020). We found no evidence for a correlation between

eDNA concentrations and relative crayfish density with the
chosen methods for field sampling, DNA extraction protocol
and period of sampling. Combined with previous studies, it
seems increasingly clear that eDNA concentrations of a target
species cannot replace CPUE data or serve as a proxy for relative
crayfish density estimates. Conventional methods are still needed
to monitor changes in population size and densities over time,
and for providing additional information on length and weight
distribution, sex ratio, fecundity, and maturation. However, as
eDNA monitoring has proven to detect crayfish reliably even
at very low densities, this method is a powerful supplement to
monitor the presence or absence of crayfish in a larger number of
localities than feasible with the traditional trapping methods. If
the eDNA samples are exploited for the monitoring of multiple
target species, for example alien crayfish species and diseases that
threaten the native crayfish species (Strand et al., 2019; Rusch
et al., 2020) it is also possible to implement a more holistic and
cost-efficient monitoring approach.
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