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Abstract
Background: Invasive species represent a major challenge for the conservation of 
biodiversity. The invasive ectoparasitic fluke Gyrodactylus salaris is considered one of 
the major threats to the Atlantic salmon (Salmo salar), and the parasite has so far been 
detected in 50 rivers in Norway.
Aims: We investigate environmental DNA (eDNA) as a tool for detecting and assess‐
ing relative abundance of G. salaris and Atlantic salmon, upstream and downstream of 
a recently constructed artificial migration barrier in the River Driva in Norway. In ad‐
dition, we also use eDNA to assess abundance of the less pathogenic G. derjavinoides 
and its main host, the brown trout (S. trutta).
Material & Methods: We filtered 1 L and 10 L of water through a 0.45 μm cellulose 
filter and a 2.0 μm glass fiber filter, respectively, at nine different localities along the 
river. Concentrations of eDNA were assessed using droplet digital PCR (ddPCR) and 
compared to parasite abundance based on conventional methodology using electro‐
fishing and the counting of individual parasites on juvenile salmon.
Results: All four species could successfully be detected from water samples using two 
different protocols varying in sample volumes, filter types, and DNA‐isolation meth‐
ods. However, eDNA‐occupancy modeling revealed that the probability of detecting 
the two gyrodactylid species was higher when filtering 10 L water through a 2.0 μm 
glass fiber filter (p > .99) than when filtering 1 L water through a 0.45 μm cellulose 
filter (p = .48–.78). The eDNA concentrations of the two fish species were markedly 
higher below the migration barrier, reflecting the expected higher biomass of fish. For 
the two gyrodactylid parasites, eDNA concentrations showed a peak upstream of the 
migration barrier and decreased below the migration barrier. The observed pattern 
was consistent with parasite abundance based on conventional methodology.
Discussion: Assessing abundance in rivers using eDNA is challenging and potentially 
influenced by downstream accumulation and dilution from tributaries, but our results 
suggest that G. salaris eDNA concentrations were indicative of parasite abundance.
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1  | INTRODUC TION

Invasive species pose a global challenge and represent an increasing 
threat to native biodiversity (Pyšek & Richardson, 2010). Invasive 
pathogens can potentially eradicate local or endemic species, and 
pathogenic strains of the ectoparasitic fluke Gyrodactylus salaris 
(Platyhelminthes; Monogenea) are considered one of the major 
threats to the conservation of Atlantic salmon (Salmo salar) in 
Norway (Forseth et al., 2017). Norway has more than 400 Atlantic 
salmon rivers and represent ca. 25% of the world's wild Atlantic 
salmon populations. Norwegian authorities have thus taken particu‐
lar responsibility in protecting the species.

Gyrodactylus salaris is native to watercourses draining into the 
Baltic Sea, and live fish carrying pathogenic strains of G. salaris were 
translocated from hatcheries in Sweden to Norway on several occa‐
sions (Hansen, Bachmann, & Bakke, 2003; Johnsen & Jensen, 1991; 
Johnsen, Møkkelgjerd, & Jensen, 1999). The first unintentional intro‐
ductions of the parasite started during the 1970s and stocking of in‐
fected Atlantic salmon from hatcheries to several rivers in western and 
northern Norway caused massive mortality of juvenile fish in the wild 
(Hansen et al., 2003; Johnsen & Jensen, 1991). From many of these 
rivers, migrating infected fish spread the parasite to neighboring rivers 
via brackish fjords (Jansen, Matthews, & Toft, 2007; Soleng & Bakke, 
1997). The spread of G. salaris was further exacerbated through the 
escape of non‐native rainbow trout (Oncorhynchus mykiss) from inland 
fish farms (Mo, 1991). Later, fish culling effectively eradicated G. sal‐
aris from all 39 infected Norwegian fish farms (Hytterød et al., 2018).

Pathogenic strains of G. salaris have been detected on juvenile 
Atlantic salmon in 50 Norwegian rivers (Hytterød et al., 2018). As the 
distribution of the pathogenic strains is restricted to the subsections 
of the watercourses with anadromous fish, eradication of G. salaris 
is considered possible and the goal of Norwegian authorities is to 
remove G. salaris in all rivers where possible (Miljødirektoratet 2014). 
The eradication of G. salaris in Norwegian rivers started in the early 
1980s. By the end of 2017, chemical treatment was completed in 43 
rivers. In all but one river, rotenone has been used as a piscicide to 
kill all the fish and associated parasites (Johnsen, Brabrand, Jansen, 
Teien, & Bremset, 2008). In the last river, a new method using acidi‐
fied aluminum was used to selectively kill the Gyrodactylus parasites 
but not the salmonid hosts (Hindar et al., 2015). Thirty‐two of the 43 
rivers are currently declared free from G. salaris while 11 rivers are 
in a five‐year monitoring period post‐treatment before they can be 
declared free of the parasite. In 2018, G. salaris remains present in 
seven Norwegian rivers (Hytterød et al., 2018).

Continued monitoring for the presence of G. salaris is an import‐
ant part of managing Norwegian salmon populations, especially for 
rivers in the five‐year post‐treatment period. Traditionally, monitor‐
ing of G. salaris is done by stereomicroscopic examination of juve‐
nile Atlantic salmon (Solem, Aalbu, & Mo, 2018). Juvenile fish are 
collected by electrofishing, killed, and preserved in ethanol for later 
examination. More efficient procedures are desirable because stan‐
dard sampling methods are based on lethal sampling and are labor‐
intensive and time‐consuming in both the field and laboratory.

Environmental DNA (eDNA) represents a new era of noninvasive 
monitoring, where filtration of water alone can detect minute remains 
of intra‐ and extracellular DNA in the freshwater environment (Rees, 
Maddison, Middleditch, Patmore, & Gough, 2014; Taberlet, Coissac, 
Hajibabaei, & Rieseberg, 2012; Thomsen & Willerslev, 2015; Valentini 
et al., 2016). eDNA is a promising tool for detecting and monitoring 
invasive species as well as rare or threatened species and has been 
successfully utilized in field studies on a range of different aquatic taxa 
including mollusks, fish, and amphibians (Ficetola, Miaud, Pompanon, 
& Taberlet, 2008; Goldberg, Pilliod, Arkle, & Waits, 2011; Jerde, 
Mahon, Chadderton, & Lodge, 2011; Thomsen et al., 2012; Valentini 
et al., 2016) and their pathogens and parasites such as the fungi 
Batrachochytrium dendrobatidis and trematode Ribeiroia ondatrae (Bass 
et al., 2015; Dorazio & Erickson, 2017; Huver, Koprivnikar, Johnson, & 
Whyard, 2015; Taugbøl et al., 2017). Screening of environmental sam‐
ples for eDNA of target species is a noninvasive method, less labor‐
intensive, and can be more sensitive for detecting rare species than 
traditional sampling methods (Valentini et al., 2016). A recent study 
demonstrated that eDNA of G. salaris and its hosts can successfully be 
detected in water samples (Rusch et al., 2018).

Rivers present an interesting environment for detecting occur‐
rence and estimating abundance of aquatic organisms using eDNA. 
The constant unidirectional flow could potentially transport eDNA 
downstream from where the organism actually is present. Invertebrate 
DNA has been documented as far as 12 km downstream from known 
locations (Deiner & Altermatt, 2014). Flowing waters in rivers may also 
lead to transport and accumulation of eDNA at downstream locations. 
Field studies of a river crayfish have reported increased eDNA con‐
centrations and overestimation of abundance of the target species in 
lower parts of a river (Rice, Larson, & Taylor, 2018). On the other hand, 
eDNA concentrations may degrade quickly in turbulent water and field 
studies of fish suggest that eDNA can also reflect local abundance at 
fine spatial scales (Doi et al., 2017; Tillotson et al., 2018).

In the River Driva, anadromous fish could until recently migrate 
about 100 km upstream of the river, including a remote canyon with 

Conclusion: We conclude that eDNA is an efficient way of monitoring gyrodactylid 
parasites and their salmonid hosts, and we suggest that eDNA should be incorporated 
into future monitoring of G. salaris.
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rocks, waterfalls, and rapids, up to a natural migration barrier at 580 
meters above sea level (m.a.s.l.). Based on this complexity, chemical 
eradication of G. salaris was considered challenging and risky, both for 
the success and for the personnel involved (Miljødirektoratet 2014). 
Therefore, an artificial fish migration barrier was built 25 km from the 
river outlet, at 110 m.a.s.l. The barrier became functional in June 2017 
and prevents migration and spawning by Atlantic salmon upstream of 
this point. Hence, only juvenile salmon from spawning in 2016 or ear‐
lier are currently found above the barrier and no anadromous adult 
salmon. Within 5–6 years, all juvenile salmon upstream of the barrier 
will have migrated to the sea as smolts or died from the epizootic or 
other causes. When no hosts or parasites are found above the barrier, 
a restricted chemical treatment of G. salaris can be carried out down‐
stream of the barrier to completely remove the parasite from the river.

The River Driva also holds a large population of anadromous brown 
trout (Salmo trutta), which have a high economic value for conserva‐
tion and sport fishing. To maintain local stocks of brown trout, fish are 
caught below the barrier and released upstream. Upstream populations 
of brown trout will also provide a source population for recolonization 
after eradication treatments have been completed at downstream lo‐
cations. Controlled trials have shown that G. salaris cannot survive on 
brown trout for long periods (Jansen & Bakke, 1995; Paladini et al., 
2014), and translocations of (genetically verified) trout upstream are 
not considered problematic for control or eradication of G. salaris.

In this study, we assess eDNA as a tool for estimating local abun‐
dance of the pathogenic G.  salaris and Atlantic salmon in the River 
Driva. In addition, we also use eDNA for detection of the less patho‐
genic G. derjavinoides and its main host, the brown trout. Gyrodactylus 
derjavinoides can also infect Atlantic salmon but it is not causing 
massive mortality in either species (Mo, 1997). The large‐scale con‐
servation effort of introducing an artificial barrier presents a unique 
opportunity for investigating eDNA as a monitoring tool in rivers. 
eDNA concentrations of Atlantic salmon and G. salaris are expected to 
decrease gradually at upstream locations while the barrier is in place, 
whereas eDNA concentrations of brown trout and G. derjavinoides are 
expected to remain relatively stable. Here, we present the results from 
the first year of eDNA monitoring, where we test two different filter 
types and use eDNA‐occupancy models (Dorazio & Erickson, 2017) 
to assess the efficiency of our sampling protocols and to investigate 
whether eDNA concentrations reflect local abundance of fish and par‐
asites under natural conditions in the River Driva.

2  | MATERIAL AND METHODS

2.1 | eDNA sampling

Samples were collected at nine localities on 8 November 2017 in 
the River Driva (Figure 1). Three localities were sampled below the 

F I G U R E  1  Map showing the eDNA sampling sites (A‐I) and electrofishing sites (1–21) in the River Driva in central Norway. Locality 1 in 
the east is near the upper natural limit for anadromous salmonids, and the river outlet is found at Sunndalsøra in the west
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barrier, and six were sampled above the barrier. The uppermost lo‐
cality was close to the natural migration barrier at 580 m.a.s.l.

For each locality, we filtered two replicate samples of 1 L water 
through a 0.45  µm cellulose filter (Pall MicroFunnel 300 ST; Pall 
Corporation), and two replicate samples of 10 L water on a 2.0 µm 
glass fiber filter (Merck Millipore). The water samples were filtered 
using a vacuum pump (Microsart e.jet; Sartorius GmbH) connected 
to a 3‐place filter funnel manifold (Pall Corporation). Filter holders 
and all collecting equipment were bleached in 10% chlorine between 
each sample to avoid contamination among stations. Negative field 
control samples were unfortunately not included in this study. 
However, several negative results suggest that contamination be‐
tween samples was not a systematic problem, and the distinct pattern 
of eDNA abundance of G. salaris conformed to results from conven‐
tional methodology and is unlikely to stem from contamination in the 
field. The 0.45 µm cellulose filters were immediately placed in 2‐ml 
plastic tubes with 1,440 µl ATL buffer (Qiagen), whereas the 2.0 µm 
glass fiber filters were placed in 5‐ml plastic tubes with 4,050 µl ATL 
buffer. All samples were stored at room temperature until further 
processing in the genetics laboratory at the Norwegian Institute for 
Nature Research in Trondheim.

2.2 | Laboratory analysis

In the laboratory, 160 or 450 µl (2 mg/ml) Proteinase K (Qiagen), re‐
spectively, was added to the sampling tubes collected in the field and 
incubated overnight at 56°C. DNA was isolated using DNeasy DNA 
blood & tissue kit (Qiagen) following the modified protocol of Spens 
et al. (2017) for the 0.45 µm cellulose filters, and using a FastDNA 
50 ml SPIN Kit for Soil (MP Biomedicals) for the 2.0 µm glass fiber 
filters. The FastDNA 50 ml SPIN Kit requires a high elution volume 
(2 ml), which results in low final DNA concentrations. Preliminary 
tests revealed low detection rates of the two gyrodactylid species, 
and we modified our initial protocol to use a centrifugal filter unit 
(Microcon DNA Fast Flow Filter, Merck Millipore) to concentrate the 
DNA eluate. We added 500 µl eluate to the Fast Flow Filter and 
gained on average 64 µl (range: 40–90 µl) of concentrated DNA. The 
measured volume of concentrated DNA was used in the calculations 
of DNA concentrations. All results relating to the 2.0 µm glass fiber 
filter are based on the concentrated DNA eluate.

Concentration of target DNA was assessed using droplet digital 
PCR (QX200 Droplet Digital PCR system with AutoDG™, Bio‐Rad 
Laboratories). All samples were analyzed using species‐specific prim‐
ers developed for G. salaris and G. derjavinoides (Collins et al., 2010), 
brown trout (Gustavson et al., 2015), and Atlantic salmon (this study, 
Table 1). For salmon, we developed a new species‐specific assay 
based on a part of the mitochondrial D‐loop. This part of the D‐loop 
is regularly used at the Norwegian Institute for Nature Research 
(NINA) for assessing species identity and levels of hybridization be‐
tween Atlantic salmon and brown trout (Karlsson et al., 2013). We 
used Primer Express 3.0.1 (Applied Biosystems) to design primers and 
TaqMan MGB probes (Table 1). Species specificity was assessed by 
testing cross‐amplification in other local fish species (Table S1), and TA
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the results showed no amplification in any of the tested species. We 
also tested cross‐amplification for the brown trout assay and found 
some positive results (Table S2). In particular, five out of seven Arctic 
char (Salvelinus alpinus) samples showed low levels of amplification, 
in addition to one sample each from Atlantic salmon and European 
perch (Perca fluviatilis). However, none of these samples were col‐
lected for this specific purpose, and it is possible that several species 
have been caught in the same gillnet, kept in the same transport con‐
tainer or dissected with the same knife. Hence, we cannot exclude 
the possibility of cross‐contamination in the field. The low levels of 
amplification using tissue samples suggest that cross‐amplification 
is unlikely to be a problem when analyzing water samples. For the 
two Gyrodactylid assays, we always included DNA isolated from both 
species as a positive control in addition to a regular PCR‐negative 
control sample based on RNase‐free water (Qiagen).

The ddPCRs consisted of 0.9 µM forward and reverse primers, 
0.25 µM of the probes, ddPCR™ Supermix for Probes (No dUTP) 
(Bio‐Rad Laboratories), dH2O, and 5 µl template‐DNA. We initially 
tested both 1 and 5 µl template‐DNA volume and found that the 
higher volume increased the concentration and detectability of the 
two Gyrodactylid species and with no signs of inhibition. For the test 
of cross‐amplification using tissue samples of various fish species, 
we used 1  µl template‐DNA. To generate droplets, an AutoDG™ 
Instrument (Bio‐Rad Laboratories) was used, with subsequent 
PCR amplification in a Veriti™ 96‐Well Thermal Cycler (Applied 
Biosystems). The following thermal cycling conditions were used: an 
initial denaturation step at 95°C for 10 min, 40 cycles of denatur‐
ation at 95°C for 30 s, annealing and extension at 60°C for 1 min, 
a final step of denaturation at 98°C for 10 min, and a final hold at 
4°C. PCR plates were transferred to a QX200™ Droplet Reader (Bio‐
Rad Laboratories) to automatically detect the fluorescent signal in 
the droplets. QuantaSoft software v.1.7.4 (Bio‐Rad Laboratories) 
was used to separate positive from negative droplets, according to 
manufacturer's instructions. PCR‐negative control samples revealed 
that one or two positive droplets sometimes occurred without the 
presence of DNA template. A low level of false positives is consistent 
with results using other assays for other species in our laboratory, 
and we have conservatively set a limit of minimum three positive 
droplets for assessing a sample as positive (Dobnik, Spilsberg, 
Bogožalec Košir, Holst‐Jensen, & Žel, 2015).

2.3 | Conventional monitoring

Conventional monitoring was conducted during the period from the 
end of August to start of October in 2017 and involved more locali‐
ties (N = 21) than were included in the eDNA study (N = 9). Juvenile 
salmon were sampled with a backpack electroshocker (Bohlin et al., 
1989). Electrofishing was repeated three times for seven localities 
and one time only for the remaining 15 localities. Juvenile densi‐
ties were estimated by the removal method of Zippin (1958) for the 
seven locations fished three times. Estimated catchability for those 
localities was then used to calculate mean density of juvenile salmon 
for all 21 localities (Solem et al., 2018). All juvenile salmon were killed 

with an overdose of anesthesia (Benzocaine) and stored in separate 
bottles with ethanol before being brought to the laboratory where 
the number of G. salaris on each fish was counted. An estimated total 
number of G.  salaris per locality was calculated as the product of 
mean density of juvenile salmon and mean number of G. salaris per 
fish, controlling both for fish density and infection rate at each local‐
ity (Table S3).

2.4 | Statistical analysis

Concentrations of target DNA were recalculated to a standardized 
measure of number of DNA copies per liter water, to control for 
different sample volumes and DNA‐isolation protocols in the labo‐
ratory. The DNA concentration based on the ddCPR analysis was 
calculated as:

using a drop volume of 0.00085 µl. A standardized measure of 
DNA copies per liter of water was then calculated as:

where PCR volume was 22 µl, Template volume was 5 µl and Eluate 
volume was 100 µl or 2 ml. Water volumes were either 1 or 10 L, de‐
pending on the type of filter used. Statistical modeling and graphics 
were conducted in R (R Core Team 2018). All plots were drawn using 
ggplot2 (Wickham, 2009), and the map was designed using ArcMap 
v10.6.

We modeled occupancy rates for G. salaris and G. derjavinoides 
eDNA using multilevel occupancy models in the eDNAoccupancy 
package in R (Dorazio & Erickson, 2017). Multilevel models esti‐
mated three probabilities: the probability of occupancy at a sampling 
site (psi or ψ), the probability of occupancy in a replicate water sam‐
ple (theta or θ), and the probability of detection in a replicate PCR (p). 
Models were fit using MCMC methods and run for a total of 11,000 
iterations. We assessed model convergence for estimated parame‐
ters with the plotTrace function of the eDNAoccupancy package. 
For most analyses, we used 11,000 iterations, including an initial 
burn‐in period of 1,000 iterations that was discarded, and 10,000 
iterations that were used for parameter estimation. For the analysis 
of G. salaris with glass fiber filters, we ran the model for 15,000 iter‐
ations, discarded a burn‐in period of 5,000 iterations, and again used 
10,000 iterations for parameter estimation. Data files and R scripts 
documenting our analysis are available as electronic supplements.

3  | RESULTS

We detected eDNA of G. salaris, G. derjavinoides, Atlantic salmon, 
and brown trout both downstream and upstream of the migration 
barrier (Figure 2). The concentration of eDNA had large variation 

(1)

DNAconc=
− log10 (numberofnegativedroplets∕total numberofdroplets)

dropvolume

(2)DNAcopies∕L=
(DNAconc∕PCRvolumeddPCR)∗Eluatevolume

Watervolume
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among species and localities, with the two salmonid species hav‐
ing five to ten times higher eDNA concentrations than their para‐
sites, and trout having higher concentrations than salmon. Both 
fish species showed an increasing eDNA‐concentration down‐
stream, with salmon also showing a distinct difference in eDNA‐
concentration downstream relative to upstream of the barrier 
(Figure 2). G.  salaris showed the highest eDNA concentration in 
the middle part of the river, above the barrier, whereas G. derjavi‐
noides appeared to have a more even eDNA concentration along 
the river (Figure 2).

The spatial pattern of eDNA concentrations of G. salaris did not 
match the eDNA concentrations of salmon (Figure 2), nor the esti‐
mated abundance of juvenile salmon (Figure 3) but appeared to be 
related to the estimated abundance of G. salaris based on electro‐
fishing along the river (Figure 3).

Results of eDNA‐occupancy modeling revealed a strong effect 
of the two different protocols on the likelihood of detecting the two 
parasite species (Table 2). The probability p of detecting the parasite 
in the PCR increased from .78 to .95 for G. salaris and from .49 to .94 
for G. derjavinoides (Table 2) when analyzing 10 L of water on the 
2.0 µm glass fiber filters compared with analyzing 1 L of water on 
the 0.45 µm cellulose filters. A small overlap in the 95% Bayesian 
Credible Interval (BCI) for G. salaris suggests that this increase was 
not statistically significant, whereas the likelihood of detecting 
G. derjavinoides was significantly different between the two proto‐
cols (Table 2). Estimates of the probability of the two species occur‐
ring at a sampling locality (psi = 0.84 and 0.84) or the probability of 
species‐specific eDNA from the two species being present in a water 
sample (theta = 0.93 and 1.0) did not differ significantly between the 
two protocols (Table 2).

4  | DISCUSSION

In our study, we demonstrate the suitability of eDNA as an efficient 
method for the simultaneous assessment of Atlantic salmon, brown 
trout, and their two gyrodactylid ectoparasites. All four species 
could successfully be detected in water samples filtered on site and 
eDNA concentrations of G. salaris appeared to reflect parasite abun‐
dance along the river. Thus, eDNA monitoring represents a nonin‐
vasive methodology for assessing infection of G. salaris in Atlantic 
salmon, and our results may have important implications for moni‐
toring ectoparasites in aquatic environments.

Spatial variation in eDNA concentrations indicates that the 
installation of an artificial migration barrier in the River Driva in 
2017 has been a successful management action. For the two sal‐
monid host species, eDNA concentrations increased downstream 
and were markedly higher below the migration barrier. For the two 
gyrodactylid species, and for G.  salaris in particular, eDNA con‐
centrations were highest in the middle part of the river and de‐
creased downstream of the barrier. Rivers may pose a challenge 
for assessing local species presence and abundance using eDNA, 
as intra‐ and extracellular DNA can be transported long distances 
downstream (Deiner & Altermatt, 2014). However, a recent study 
on sockeye salmon (Oncorhynchus nerka) found that eDNA de‐
grades below detectable levels within 1.5  km downstream and 
thus appears to reflect local abundance (Tillotson et al., 2018). 
The increasing fish eDNA‐concentration downstream in this study 
could indicate accumulation of eDNA, but a higher density of fish 
or the presence of larger fish downstream could also explain this 
pattern. For salmon, eDNA concentrations reflected the expected 
difference in biomass upstream of and downstream of the barrier 

F I G U R E  2  Number of DNA copies per liter of water for two gyrodactylid ectoparasites and their two salmonid hosts along the River 
Driva, Norway, 2017. Sampling protocols were based on analyses of 1 L water using a 0.45 μm cellulose filter (left panels) or 10 L water using 
a 2.0 glass fiber filter (right panels). The vertical line at ca. 25 km river distance indicates the position of the migration barrier separating the 
downstream (0–25 km) and upstream reaches (25–85 km). The green lines depict the smoothed conditional means with 95% confidence 
intervals in gray

F I G U R E  3  Density of juvenile salmon and estimated abundance of Gyrodactylus salaris based on conventional sampling using 
electrofishing at 21 localities in the River Driva, Norway, 2017. The estimated numbers were calculated as the product of mean density 
of juvenile salmon and mean number of G. salaris per fish, controlling both for infection rate and fish density at each locality. Data based 
on Solem et al. (2018) are listed in Table S3. The vertical line at ca. 25 km river distance indicates the position of the migration barrier that 
separates the downstream (0–25 km) and upstream reaches (25–85 km). The blue lines depict the smoothed conditional means with 95% 
confidence intervals in gray
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(Figure 2). No adult salmon, and no salmon‐by‐trout hybrids, were 
allowed to migrate past the barrier after 2017, and hence, only ju‐
veniles were present upstream of this point. Tributaries may pose 
another challenge, with supply of water either having higher or 
lower density of target DNA compared with the main river, thus 
affecting the final eDNA concentrations. An outlet from a local 
hydropower station below the barrier increases water flow in the 
River Driva and could potentially dilute eDNA concentrations in 
the main river below this point. Tributaries should be sampled in 
future studies to assess the amount of eDNA being introduced 
to the main river. Last, water temperatures often increase down‐
stream in rivers and could increase degradation rates of eDNA, 
as well as activity and eDNA shedding rate of target species 
(Lacoursière‐Roussel, Rosabal, & Bernatchez, 2016). The water 
temperature increased from 0.3 to 3.4°C from the highest to low‐
est locality in our study. DNA degradation is expected to be low 
within this range of temperatures.

Estimation of abundance based on eDNA concentrations can be 
hampered by catching entire specimens on the filter. Rusch et al. 
(2018) reported a single filter that had a 1,000‐fold higher concentra‐
tion of G. salaris than three other filters sampled at the same locality 
and presumed that the outlier was caused by catching one or more en‐
tire organism. We did not experience any such outliers in our data but 
making use of prefilters that would exclude entire specimens or larger 
fragments could be a possible solution in future studies.

The density of juvenile salmon and infection rates with G.  sal‐
aris were investigated using electrofishing one to three months 
before our eDNA survey. The electrofishing study included more 
localities (N  =  21) and surveyed different stretches of the river. 
However, despite different timing and localities, eDNA concentra‐
tions appeared to reflect levels of infection/abundance of G.  sala‐
ris in juvenile Atlantic salmon (Figure 3) and did not reflect either 
salmon eDNA concentrations (Figure 2) or juvenile salmon density 
(Figure 3). Hence, our results suggest that in this 100 km long river 
stretch, eDNA can be used for both detection and assessing local 
abundance of G. salaris. Future studies should also analyze infection 
rates of G. salaris in different rivers and compare eDNA concentra‐
tions with electrofishing to assess whether this methodology also 
can detect differences in infection rates between rivers. Challenges 
for between‐river comparisons include differences in water flow, 
temperature, turbidity, and acidity as well as differences in host–
parasite relationships between rivers, all factors that could influence 
the concentration of G. salaris eDNA.

The eDNA‐occupancy modeling revealed an effect of filter type 
and water volume on the probability of detecting the two parasite 
species, significantly so for G.  derjavinoides. Although the coarser 
2.0  µm glass fiber filter appeared to sample less DNA relative to 
the finer 0.45 µm cellulose filter, the possibility of filtrating much 
larger water volumes compensated for any potential loss. The num‐
ber of DNA copies per liter water was lower for the glass fiber fil‐
ter (Figure 2), but the probability of detection p was much higher 
(Table 2). Interestingly, neither the probability of species presence 
psi, nor the probability of eDNA present on the sample/filter theta, 
differed greatly between the two filter types. Hence, eDNA from 
the two gyrodactylid species is equally likely to be found in 1 L water 
as in 10 L water, but the limitation for detection seems to be found 
in the PCR analysis. The final species‐specific DNA concentration of 
the DNA eluate used in the PCR is likely to be lower for the 0.45 µm 
than the 2.0 µm filter, and this difference could possibly explain the 
contrast in detectability. In this study, we used two separate DNA‐
isolation methods for the two filter types, which also could have in‐
fluenced the final result. In addition, we also concentrated the eluate 
from the 2.0 µm glass fiber filter, as the isolation method using large 
50‐ml tubes requires an unusually large eluate volume (2 ml com‐
pared to 100 µl).

The genetic assay we used for G. salaris shows a low level of un‐
wanted amplification of G. derjavinoides (Collins et al., 2010). Rusch 
et al. (2018) developed a new G.  salaris eDNA assay, which also 
amplifies G.  derjavinoides at low levels. However, they discovered 
that cross‐amplification was not present when using ddPCR, and 
thus the issue should not be a problem for our analysis. Both assays 
also amplify G. thymalli, a parasite of grayling (Thymallus thymallus). 
Hence, detection of G. salaris may be problematic in river systems 
where Atlantic salmon co‐occur with grayling infected by G. thymalli. 
Grayling was discovered in a tributary lake to the River Driva in 2015 
after illegal release, but have not been detected in recent years. 
Positive amplification is thus indicative for G. salaris in our samples.

The artificial migration barrier in the River Driva presents an 
interesting case study for applied eDNA monitoring. We expect a 
gradual decrease over years in the eDNA concentrations of both 
Atlantic salmon and G.  salaris in the upstream reaches as juvenile 
salmon die or those that survive migrate as smolts downstream of 
the barrier. We aim to document the reduction and eventual disap‐
pearance of the two species using eDNA in this river, and we plan 
to compare eDNA with conventional surveys using electrofishing 
to see how infection rate of G.  salaris affects eDNA detectability. 

TA B L E  2  Parameter estimates from multilevel occupancy models for two species of gyrodactylid parasites in the River Driva, Norway, 
2017

Filter type

Gyrodactylus salaris Gyrodactylus derjavinoides

psi theta p psi theta p

0.45 µm 0.84 (0.56–0.98) 0.94 (0.74–0.99) .78 (.64–.89) 0.82 (0.50–0.99) 0.82 (0.52–0.99) .49 (.31–.67)

2.0 µm 0.84 (0.56–0.98) 0.97 (0.78–1.0) .95 (.84–.99) 0.85 (0.57–0.99) 0.90 (0.70–0.98) .94 (.82–.99)

Note: Model parameters included occupancy per sampling site (psi), occupancy per water sample (theta), and probability of detection in a PCR (p) with 
95% Bayesian credible intervals (BCI) in parentheses. Parameter estimates were taken from an intercept only model without covariates.
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Analyses of eDNA reduces both time and cost compared with tradi‐
tional monitoring and does not require lethal sampling. We conclude 
that eDNA is an efficient way of monitoring gyrodactylid parasites 
and their hosts, and we suggest that eDNA analyses should be in‐
corporated as part of the future monitoring for this invasive parasite 
species.
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