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1.  INTRODUCTION

Atlantic salmon Salmo salar aquaculture has devel-
oped into a significant industry in several countries
since its start in the early 1970s. However, the rapid
expansion of this industry has not been without sev-

eral challenges linked with environmental sustain-
ability (Taranger et al. 2015, Forseth et al. 2017). Of
these challenges, farmed escapees causing genetic
interactions with wild conspecifics (Glover et al.
2017) as well as infestations of salmon lice Lepeo -
phtheirus salmonis on wild and farmed salmonids
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ABSTRACT: Atlantic salmon Salmo salar aquaculture is based on the use of open-pen sea cages,
with the consequence that farmed fish are both recipients and sources of pathogens from surround-
ing waters. Currently, the parasitic salmon louse Lepeophtheirus salmonis represents the most crit-
ical biological challenge for salmonid aquaculture in the Atlantic Ocean. This has, in part, been
driven by the emergence of resistance to the few delousing agents available to the industry. In the
present study, we investigated resistance to pyrethroids. Lice sampled in 2014 from wild Atlantic
salmon and sea trout Salmo trutta hosts from Norway were genotyped using the genetic marker
associated with pyrethroid resistance and compared to data from lice sampled on farmed hosts in
the same regions and period. The resistant genotype was observed in lice from both wild hosts in all
regions of Norway. In all regions, frequencies of the resistant genotype were similar for lice from sea
trout and farmed salmon, approaching fixation in some areas. In most regions, lice from wild salmon
displayed lower frequencies of the resistant genotype than lice from both wild sea trout and farmed
salmon. Lice are only directly exposed to chemical selection within aquaculture. Therefore, these
data demonstrate an extensive gene flow and exchange of lice between farmed and wild salmonid
hosts. It is also suggested that the observed lower frequency of the resistant genotype in lice from
wild salmon returning to the coast is due to a dilution effect mediated by infestation with lice origi-
nating from outside farming areas while in the oceanic feeding grounds.
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(Torrissen et al. 2013, Thorstad & Finstad 2018) rep-
resent two of the most significant challenges experi-
enced in the North Atlantic.

Production-related challenges caused through in -
festation with the parasitic salmon louse are almost
as old as modern salmonid aquaculture itself (Hastein
& Bergsjo 1976, Gjedrem 2007) and occur in farms in
both the Pacific and Atlantic where the 2 sub-species
of this parasite are endemic (Skern-Mauritzen et al.
2014). The life history characteristics of this parasite
permit it to adapt quickly to new conditions. For
example, at 10°C, it only takes ~40 d from egg hatch-
ing until male offspring are sexually mature and 45 d
for females (Stien at al., 2005). Furthermore, fecun-
dity is high in this species, and each pair of egg
strings contains ~500 to 600 eggs at temperatures
between 5 and 15°C (Samsing et al. 2016). In labora-
tory trials, fe males have been reported to produce up
to 11 pairs of egg-strings (Heuch et al. 2000). Of fur-
ther importance for the evolutionary success of this
parasite is its ability to disperse. Population genetic
and genomic studies have revealed a high level of
genetic connectivity among lice sampled throughout
the North Atlantic (Todd et al. 2004, Tjensvoll et al.
2006, Glover et al. 2011, Besnier et al. 2014). Despite
the observed gene tic homogeneity throughout the
Atlantic, a spatial–temporal mosaic of allele frequen-
cies is observed in the mutations causing resistance to
delousing chemicals or in the genes in close proximity
to the causative mutations (Besnier et al. 2014, Fjørtoft
et al. 2017, Kaur et al. 2017, Jacobs et al. 2018). How-
ever, given the lack of any geographical population
genetic structuring (Besnier et al. 2014), this probably
reflects differences in the use of chemicals in time and
space, rather than a temporally stable population
genetic structure, as was also suggested by Jacobs
et al. (2018).

The salmon louse’s developmental stages immedi-
ately after hatching are planktonic and are thus
spread by water currents. Simulations have pre-
dicted that larvae can drift up to 200 km before their
energy reserves are spent (Asplin et al. 2011). How-
ever, the transport of lice over very large distances is
through the migratory behavior of their wild hosts.
Sea trout Salmo trutta and Arctic char Salvelinus al -
pinus, both hosts for the salmon louse, typically uti-
lize coastal areas for feeding during the summer and
may therefore contribute to dispersal of lice within
and between fjord and coastal systems (Thorstad
et al. 2016, Jensen et al. 2018). In addition, wild At -
lantic salmon, also a major host of this parasite,
undertake long-distance migrations to open oceanic
areas where salmon from multiple countries and con-

tinents meet (Bradbury et al. 2016, Olafsson et al.
2016, Gilbey et al. 2017). The presence of all stages of
salmon lice on fish captured on the high seas, as well
as upon return to the coastline, demonstrates that
infestations with salmon lice may occur in the open
ocean (Jacobsen & Gaard 1997, Todd et al. 2000,
2006). As a result, returning wild Atlantic salmon
may serve as a vector for salmon lice originating from
different parts of the North Atlantic.

The salmonid aquaculture industry has tried to
control the salmon louse using a variety of methods
over the past 4 decades. These include the wide-
spread use of chemotherapeutants (Brandal & Egid-
ius 1979, Jakobsen & Holm 1990, Denholm et al.
2002), cleaner fish (Bjordal 1990), and, more recently,
warm-water treatments (Grøntvedt et al. 2015) and
the implementation of closed or semi-closed sea pens
(Nilsen et al. 2017, Oppedal et al. 2017). However,
the species’ ability to adapt has reduced the effi-
ciency of most chemotherapeutants in use (Aaen et
al. 2015). For more than a decade, chemical treat-
ment based on organophosphates was the domi -
nating method to control salmon lice in European
salmon farms (Denholm et al. 2002). When this treat-
ment started to lose its effect due to the development
of resistance, pyrethroids were gradually phased
in. In Norwegian aquaculture, pyre throids were first
used commercially in 1994 (Denholm et al. 2002).
However, treatment failures were reported already
by 1998, and resistance was confirmed in 2000 (Se -
vatdal & Horsberg 2000, 2003). In 1999, emamectin
benzoate was introduced to Norwegian aquaculture
for the first time as an ‘in-feed’ treatment and imme-
diately became the preferred method for delousing
(Denholm et al. 2002). However, within 11 yr after its
introduction, resistance to this chemical was also
documented (Espedal et al. 2013, Ljungfeldt et al.
2014), and a mutation(s) causing resistance had been
dispersed throughout the North Atlantic after origi-
nating from a single source (Besnier et al. 2014).

Selection for mutations that cause reduced sensi-
tivity or resistance to chemotherapeutants occurs at
aquaculture sites that are repeatedly treated with
the same compound over time (Denholm et al. 2002).
Previously, it was postulated that as salmon lice
found on wild salmonids are not directly exposed to
chemicals, wild salmonids could serve as a refuge for
chemical-sensitive lice (Murray 2011, McEwan et al.
2015). However, a recent study on the prevalence of
the mutation Phe362Tyr, which is responsible for
organophosphate resistance (Kaur et al. 2016, 2017),
revealed that lice collected from wild sea trout dis-
played the same frequency of the resistant allele as
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lice sampled from farmed salmon in the same region
(Fjørtoft et al. 2017). That study also reported high
frequencies of the resistant allele on lice collected
from wild Atlantic salmon returning to the Norwe-
gian coast, albeit at a slightly lower frequency than
on the sea trout and farmed salmon. It was then con-
cluded that a major reason for the lower frequency of
the mutation Phe362Tyr in lice collected from wild
salmon was due to dilution (Fjørtoft et al. 2017).
While in the open ocean, wild salmon was infected
with lice originating from both farming and non-
farming areas, i.e. from areas both with and without
selection for organophosphate resistance.

Reduced sensitivity to pyrethroids is associated
with genetic variation in the mitochondrial genome
(mtDNA) of the salmon louse (Nilsen & Espedal 2015,
Carmona-Antoñanzas et al. 2017, Bakke et al. 2018).
In contrast to nuclear DNA, where one allele is inher-
ited from the mother and one from the father, mtDNA
is inherited solely from the mother. The exact mech-
anism of mitochondrial resistance remains elusive,
and it is also suggested that more than one mutation,
also nuclear, act together (Carmona-Antoñanzas et
al. 2019). However, C14064T, a silent mutation in the
mtDNA cytB gene that is non-causatively but tightly
linked with pyrethroid resistance (due to the lack of
recombination in mtDNA), has been identified and
validated as a resistance marker for pyrethroids in L.
salmonis (Nilsen & Espedal 2015). From this, a high
through-put assay has been developed to identify
individual lice carrying the resistance marker (Nilsen
& Espedal 2015). The patented method
(Nilsen & Espedal 2015), which is
based on a TaqMan assay to identify a
sensitive and resistant genotype asso-
ciated with resistance, has been used
to screen for pyrethroid resistance in
~15 000 lice collected from fish farms
throughout the entire North Atlantic in
the period 2000 to 2017 (H. B. Fjørtoft
et al. unpubl.). These data, together
with the ability to genotype lice from
wild salmonid hosts, provide a unique
opportunity to address the following
questions: (1) Do lice collected from
wild salmonids display the same fre-
quency of the resistant genotype as
lice collected from farmed salmonids
in the same region? (2) Are there dif-
ferences in the frequency of the resist-
ant genotype between lice collected
on wild salmon and wild sea trout in
the same region? To address these

questions, we genotyped ~800 lice from wild Atlantic
salmon and sea trout hosts collected throughout Nor-
way with the pyrethroid resistance marker and com-
pared the frequency of the resistant genotype with
that observed in lice collected on farmed salmonids
from the same regions and time-frame.

2.  MATERIALS AND METHODS

2.1.  Sampling salmon lice from wild sea trout
and salmon

A total of 826 salmon lice were collected from wild
Atlantic salmon Salmo salar and sea trout Salmo
trutta hosts along the entire Norwegian coastline in
2014 (Fig. 1). All necessary permits and permissions
were obtained before samples were collected using
gill nets, bag nets and at one location a fish trap
(Fjørtoft et al. 2017). From each host, the fish weight,
fish length and total number of lice were registered.
In addition, a scale sample was taken from each host
to determine sea age. Scales were also read to ex-
clude escaped farmed salmon, based on differences
in growth zones between wild and reared fish (Lund
et al. 1991). Scale samples were not taken for the wild
salmon collected in northern Norway (Finnmark).

For most regions studied, 50 salmon lice from
each of the available wild host species were se -
lected for genotyping (Table S1 in the Supplement at
www. int-res. com/ articles/ suppl/ q011 p459 _ supp. pdf).
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Fig. 1. Sampling locations for salmon lice from wild sea trout and wild Atlantic
salmon. The corresponding regions based on data from fish farms are identi-
fied by colour. The background map is derived from Global Administrative Ar-
eas (2012) and R packages (Becker & Wilks 1993, 1995, Pebesma & Bivand 

2005, Bivand et al. 2013)
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In cases where a host fish had >10 lice, the total num-
ber of lice collected for genetic analysis did not exceed
10. This was done to spread the lice collection among
multiple hosts. In 3 of the regions, different numbers
of lice were collected. In Romsdalsfjord, 200 salmon
lice from sea trout were sampled, and from Rogaland
and Sørlandet, only 45 and 12 salmon lice from wild
Atlantic salmon were available.

2.2.  Genetic analysis of lice from wild hosts

All samples of lice collected from wild hosts were
genotyped for the recently developed genetic marker
associated with pyrethroid resistance (Nilsen &
Espedal 2015). Genotyping was performed by Pato-
Gen AS in their ISO certified laboratory according to
their patented TaqMan assay for detection of this
resistance marker (Nilsen & Espedal 2015). In short,
the assay used the following primers and probe: for-
ward primer: 5’-TTC TTA CAG ACA AAG CTA AAG
CCA CTA-3’, reverse primer: 5’-AGT AAC TCC TGC
TCA CAT TCA ACC T-3’, probe: 5’-CCC CCC (C/T )
AA CTT AT-3’. A 1-step amplification (45 cycles) was
performed on their Applied Biosystems 7500 Real-
Time PCR System. Genotypes arising from the
marker were thereafter categorized as resistant or
susceptible because this is a mtDNA marker without
heterozygotes as is the case for nuclear DNA mark-
ers. All raw data are available (Table S1).

2.3.  Data from aquaculture

Data on the prevalence of the resistant genotype in
>10 000 lice sampled from fish in farms along the
entire Norwegian coast are presented by H. B.
Fjørtoft et al. (unpubl.). The same dataset was used in
the present study in order to compare the prevalence
of resistant lice sampled from wild and farmed hosts
within regions. The genotype of the lice sampled
from farmed salmon was obtained from the same
method as for the lice from wild salmonids). To select
the relevant sub-sets of data from the farms, a 50 km
perimeter was set around the borders of the munici-
pality where wild salmonids had been sampled.
Thereafter, data on the frequency of the resistant
genotype from all farms within this region were aver-
aged to compare to the data from the lice collected on
wild fish. The only exception to this rule was the
region Sørlandet, where aquaculture activity is less
intensive. Here, the distance between the wild sea
trout sampling site and the closest farm that had

been screened with the genetic marker is ~190 km.
All lice from wild salmonids were sampled in 2014;
thus, only results from fish farms in 2014 were used
for comparison, except from Finnmark. Here, no data
from 2014 were available, but as a proxy, 30 salmon
lice from 1 location in 2013 and 89 salmon lice from 3
locations in 2015 were used for comparison (Table
S1). Genotyping results from a total of 2304 lice sam-
pled from farmed salmon throughout the Norwegian
coast were included in this study (Table S1).

All delousing treatments are reported to the Nor-
wegian food safety authorities and are publicly avail-
able (BarentsWatch 2017). The standing biomass of
salmonids in Norwegian aquaculture is reported at
county level for each month (Directorate of Fisheries
2018). The average yearly biomass was used to esti-
mate the treatment intensity at county level (Fig. 2).
As a measure of pyrethroid treatment intensity, the
number of pyrethroid treatments in a county and year
was divided by the average biomass in thousand tons.
This proxy was used to compare between years and
counties and to test the relationship between treat-
ment intensity and the prevalence of resistant salmon
lice on the available host species within each county.

2.4.  Statistics

All statistical analyses were performed in the soft-
ware and programming language R (R Core Team
2017). The frequency of the resistant genotype was
modeled as a binary response to host type, sea-age,
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Fig. 2. Pyrethroid treatment intensity on Norwegian fish
farms in the period 2012 to 2015. Treatment intensity is given
by number of treatments per thousand tons of standing bio-
mass at county level. Data collected from BarentsWatch 

(2017) and Directorate of Fisheries (2018)
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treatment intensity and sampling regions in a GLM
framework. The significance of each covariate was
obtained from chi-squared tests implemented in the
glm.anova function in R. Differences in frequencies
of the resistant genotype between lice from the 2 host
species within each region were tested using a chi-
squared test. As each region was tested separately,
21 tests were performed, giving a Bonferroni cor-
rected threshold for significance of 0.002, corrected
from 0.05.

For the wild Atlantic salmon with known sea age,
the frequencies of the resistant genotype in the sam-
pled salmon lice were compared between the
cohorts, both at the regional level and for the total
sample. Differences in frequencies between regions
were also tested for each host type separately. Corre-
lations between host species and the treatment index
of each region was tested both for the year 2014 and
for the accumulated treatment index for the years
2012 to 2014.

For all statistical tests, a significance level of 0.05
was used. The maps in the figures were made using
the ‘maps’ package in R along with freely available
data from Global Administrative Areas (2012) (https:
// cran.r-project.org/web/packages/maps/ maps. pdf)

(Becker & Wilks 1993, 1995, Pebesma & Bivand 2005,
Bivand et al. 2013).

3.  RESULTS

The genotype associated with pyrethroid resist-
ance was detected in salmon lice collected from wild
salmonids along the entire Norwegian coast (Fig. 3,
Table S1). The highest frequency in lice from wild
salmonids (95.8%) was found in a sample taken from
sea trout Salmo trutta in the Sognefjord, while the
lowest frequency (10%) was found in a sample from
sea trout captured at Sørlandet. The frequency of the
resistant genotype in salmon lice sampled from wild
Atlantic salmon Salmo salar ranged from 14.9%
(Nams fjord) to 44% (Hard anger fjord). In salmon lice
sampled from farmed salmon, the frequency ranged
from 15.1% at Sørlandet to 96.2% in the Hardanger-
fjord.

There was no significant difference in the fre-
quency of the resistant genotype between salmon
lice collected from sea trout and farmed salmon in
any of the regions (Fig. 4, p-values in Table S2). In
contrast, the frequency of the resistant genotype in
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Fig. 3. Genotype (resistant or sensitive) frequency of the pyrethroid resistance marker in salmon lice sampled from wild At-
lantic salmon, wild sea trout and farmed salmon along the Norwegian coast in 2014. These data are based on analysis of 826
lice from wild and 2304 lice from farmed salmonids. The number of salmon lice tested from each host within each region is
given in parenthesis. The accumulated treatment index for the years 2012 to 2014 is given in parenthesis after the name of
each region. The background map is derived from Global Administrative Areas (2012) and R packages (Becker & Wilks 1993, 

1995, Pebesma & Bivand 2005, Bivand et al. 2013)
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lice collected from wild Atlantic salmon was signifi-
cantly lower than in salmon lice from farmed salmon
in all regions except Sørlandet (Fig. 4, Table S2). In
the regions Finnmark and Sørlandet, there was no
significant difference in frequencies of the resistant
genotype between salmon lice collected from wild
Atlantic salmon and sea trout, but in the other re -
gions that were tested (Rogaland, Hardangerfjord,
Romsdalsfjord and Namsfjord), resistant genotype
frequency was higher in lice from wild sea trout than
from wild salmon (Fig. 4, Table S2).

Across all of the salmon lice sampled on wild
Atlantic salmon, no significant correlation between
the sea age of the salmon host from which the lice
were collected and frequency of the resistant geno-
type in the lice was observed (p = 0.17). The same
was found when testing within each geographic
region separately (p-values in Table S3), with the
exception of Romsdalsfjord (p = 0.009). In this region,
there was a higher frequency of the sensitive geno-
type in lice collected from fish of older sea age; how-
ever, the number of samples for both 1 sea winter old
fish and 3 sea winter old fish was low (6 and 9,
respectively) and therefore needs to be treated with
caution.

The frequency of the resistant geno-
type in lice collected from sea trout was
strongly correlated with geographic re-
gion (p < 0.0001). The correlation be-
tween region and frequency of the re-
sistant genotype in salmon lice from
wild Atlantic salmon was also signifi-
cant (p = 0.04), albeit much weaker
than for the relationship observed in
sea trout. When the treatment index of
the different regions was considered,
the trend was similar: there was a
strong correlation between the fre-
quency of the resistant genotype in
salmon lice from sea trout and the treat-
ment index for 2014 (p < 0.0001), while
the correlation was marginally insignif-
icant for the frequency of the resistant
genotype in salmon lice from wild At-
lantic salmon (p = 0.06). When the accu-
mulated treatment index for 2012 to
2014 was used, the result was the same
for lice from sea trout (p < 0.0001), while
the correlation between frequency of
resistance in salmon lice from wild At-
lantic salmon and accumulated treat-
ment index was weaker but significant
(p = 0.008).

4.  DISCUSSION

This is the first study to investigate the distribution
and prevalence of pyrethroid resistance in salmon
lice sampled from wild Atlantic salmon Salmo salar
and sea trout Salmo trutta hosts. The most significant
results are: (1) The genotype associated with pyre -
throid resistance was found in lice collected from
wild salmon and sea trout in all regions of Norway;
(2) The frequency of the resistant genotype was very
similar in lice collected from wild sea trout and
farmed salmon within the same regions, and in some
regions this approached fixation; (3) The frequency
of the resistant genotype was higher in lice collected
from farmed salmon than in lice from wild salmon
returning from their oceanic migration to regions of
intensive aquaculture.

All of the main findings of this study are in strong
accordance with the results of a similar study in -
vestigating the distribution and prevalence of the or -
gano  phosphate-resistant mutation Phe362Tyr (Kaur
et al. 2016, 2017) in wild salmon and sea trout in Nor-
way (Fjørtoft et al. 2017). Therefore, based on the
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Fig. 4. Frequencies of the pyrethroid resistant genotype compared between host
types. In each region, the frequencies of the resistance marker from each host
group are compared to the other available host groups. Where there is no signif-
icant difference between 2 host groups, they are connected with a line. If there
are significant differences, there is no line between the 2 groups. The back-
ground map is derived from Global Administrative Areas (2012) and R packages
(Becker & Wilks 1993, 1995, Pebesma & Bivand 2005, Bivand et al. 2013)
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results of the present study, and that of the earlier
study on organophosphate resistance, we conclude
that there is extensive gene flow and exchange of
lice between farmed and wild salmonid hosts in
aquaculture-dense regions of Norway. We further
conclude that wild salmon returning to Norway from
their oceanic migration display a slightly lower fre-
quency of the resistance to chemotherapeutants in
part due to infection with lice from salmon originat-
ing from outside farming areas where there is no
selection for resistance.

Results from the present study and Fjørtoft et al.
(2017) showed the same tendencies using 2 different
genetic markers that are associated with 2 different
delousing chemicals and mechanisms of resistance,
i.e. that wild sea trout and farmed salmon share the
same pool of lice in aquaculture-intense regions of
Norway. The frequency of the genotype associated
with pyrethroid resistance varied in time and space,
and was dependent on the local use of the relevant
chemo therapeutants, as demonstrated in the present
study by comparing the frequencies of the resistant
genotype with treatment intensity. In areas where
pyre thro ids have been used extensively over time,
there is a very high frequency of the resistant geno-
type, both in lice collected from sea trout and farmed
salmon. Because salmon lice re siding on wild sea
trout are not directly exposed to pyrethroids, the high
frequency of the resistant genotype found in lice from
sea trout can only be ex plained by a high level of
cross-infestation of lice from aquaculture. This does
not mean that all resistant lice sampled from sea trout
in the present study were hatched in a fish farm, but
over time, the re peated use of pyrethroids in an area
has almost eradicated lice carrying the sensitive geno-
type. As a re sult, primarily resistant lice have been able
to re produce and disperse to both farmed and wild
salmonids.

Wild Atlantic salmon typically spend 1 to 3 yr on the
oceanic feeding grounds where salmon originating
from different countries and continents may meet
(Bradbury et al. 2016, Gilbey et al. 2017). Upon return
to their rivers of origin, wild salmon may bring back
salmon lice that have settled during the oceanic stage
(Jacobsen & Gaard 1997, Todd et al. 2000, 2006). The
origin of these lice might be both regions of intensive
aquaculture and regions hosting only wild salmonids.
Lice originating from areas outside aquaculture-
intense regions have not been under direct selection
for resistance to delousing chemicals. The observed
lower frequency of the genotype associated with
pyre throid resistance on wild salmon returning to the
coastline could also be due to higher mortality or

lower fecundity of lice carrying this marker, i.e. a fit-
ness cost. However, if this was the primary driver of
that observation, one may have expected a lower fre-
quency of the resistant genotype also in lice collected
from wild sea trout. This was not observed. In addi-
tion, the observed lack of correlation between the sea
age of the salmon host and the frequency of the re-
sistant genotype excludes the possibility that the fre-
quency in lice collected on wild salmon reflects the
situation of resistance in that area in the year that the
fish went to sea (i.e. 1 to 3 yr earlier). The fact that the
frequencies found on the returning salmon were
lower than what was observed in most Norwegian
fish farms back to 2012 supports this result (H. B.
Fjørtoft et al. unpubl.). Thus, we believe that the pri-
mary reason for the lower frequency of pyrethroid
(and organo phosphate) resistant lice on wild salmon
returning to the Norwegian coastline is due to cross-
 infestation and dilution at the high seas with lice from
salmon that originate from outside aquaculture-
intense regions and thus display a lower frequency of
resistance. This suggested mecha nism of connectivity
is in accordance with studies that have demonstrated
little population-genetic structuring in salmon lice
throughout the Atlantic (Todd et al. 2004, Tjensvoll et
al. 2006, Glover et al. 2011, Besnier et al. 2014), with
the exception of temporary pockets of divergence
linked with time–space variations in extent and type
of chemical delousing usage (Besnier et al. 2014,
 Jacobs et al. 2018).

As was the case for the study conducted on wild
salmonids (Fjørtoft et al. 2017) on the frequency of
the mutation Phe362Tyr that conveys resistance to
organo phosphates (Kaur et al. 2016), we conclude
that sea trout cannot be regarded as a refuge of
pyrethroid-sensitive lice. Returning wild salmon, on
the other hand, may have a delaying effect when
pyrethroids are used actively and a diluting effect
when the usage has stopped (due to the cross-
infection mechanisms in the open ocean as described
above). However, the magnitude of contribution from
wild salmon is modest in Norway, as farmed salmon
outnumber returning adult wild salmon ~100-fold
(Forseth et al. 2017). Thus, even with the strict regula-
tions that are currently in place, only allowing 0.5
adult female lice per fish in each fish pen, the high
number of farmed salmon still results in a much
higher production of salmon lice compared to the
contribution from wild salmonids (Heuch & Mo 2001).

Wild hosts of salmon lice are numerous in the fjords
in the spring, summer and autumn when wild salmon
migrate between the native river and the oceanic
feeding grounds, and sea trout and Arctic char
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Salvelinus alpinus feed in the fjords (Jensen et al.
2018). During winter months, fjords are empty of wild
Atlantic salmon and Arctic char. Some sea trout
remain in the fjords after their first summer in sea
and have been recorded in the sea during the winter
months in both southern and northern areas (see
Thorstad et al. 2016 and references therein). In aqua-
culture-dense regions, however, large numbers of
farmed salmon are continuously accessible for lice
in open net-pens throughout the year. Wild fish mi -
grating out of the rivers in the spring have no lice
attached. Therefore, the primary source of salmon
lice copepodids in the spring is local fish farms, with
some contribution from wild Atlantic salmon return-
ing to the coastline and some sea trout remaining in
sea during the winter period. For sea trout in aqua-
culture regions, it is highly likely that especially the
first salmon lice infestations in the spring originate
from lice having overwintered on farmed salmon in
the surrounding region. In turn, these salmon lice
will follow the host in the fjords and coastal areas
and produce offspring that can infest both wild and
farmed salmonids.

A practical consideration from the results of the
present study investigating pyrethroid resistance and
those based upon organophosphate resistance (Fjør -
toft et al. 2017) is that the aquaculture industry cannot
rely upon lice infestations from wild sal mo nids to re-
duce the frequency of resistance in lice on farmed
fish. As long as there are wild sea trout or Arctic char
in coastal regions or fjords, it is unlikely that fallow -
ing an entire region will greatly reduce the frequency
of resistance in lice in that area, as wild salmonids
will infest the new farmed salmon with lice carrying
the same frequencies of resistance as before. By
fallow ing during winter, when the fjords have re-
duced numbers of wild salmonids, the returning wild
salmon in the early summer may be a significant
source of salmon lice recruits. This could theoretically
lead to a slight reduction in the levels of resistance in
lice on both farmed and wild salmonids in the fjords.
However, introduction of salmon lice from neighbor-
ing regions through water currents or migrating
salmonids and new treatments with the relevant
chemotherapeutants could result again in the rapid
development of higher frequencies of resistance .
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