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1 Department of Biology, Norwegian University of Science and Technology (NTNU), Trondheim, Norway, 2 SINTEF Ocean,
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The objective of the current study was to determine the extent to which planktonic sea
lice (Lepeophtheirus salmonis Krøyer, 1838 and Caligus elongatus Nordmann, 1832)
were present in the biofouling on open-sea net pens used for commercial rearing of
Atlantic salmon (Salmo salar L.), and to assess if biofouling organisms on nets act
as barriers similar to salmon lice skirts. We have examined two possible interactions
of biofouling and planktonic sea lice, the first was if biofouling could function as a
microhabitat for planktonic sea lice, with resuspension of sea lice during net cleaning
operations. The second interaction was if biofouling may cause a retaining effect on the
transport of planktonic stages out of the net pen. These interactions were investigated at
different commercial salmon farms. With only one sea louse found among the biofouling
on nets and cleaner fish shelters, we found no indication that sea lice utilized biofouling
as a reservoir. This was further supported by the lack of impact on the proportion of
samples with sea lice and the average density of sea lice in the water following the
release of biofouling material during in situ net cleaning. Furthermore, the presence
of biofouling had no effect on the proportion of samples with sea lice or the average
density of planktonic sea lice in the net pens. The presence of a lice skirt resulted,
however, in a significantly higher proportion of samples with planktonic sea lice inside
the net pen in one of the two sites utilizing lice skirts. The results of our study suggested
that the presence of biofouling has no influence on the average density and proportion
of samples with planktonic stages of sea lice and that planktonic sea lice do not
inhabit biofouling.

Keywords: sea lice, biofouling, Lepeophtheirus salmonis, Caligus elongatus, lice skirts, sea cage, net pen

INTRODUCTION

The ectoparasitic salmon louse (Lepeophtheirus salmonis, Krøyer, 1837) continues to constitute
major problems for the Norwegian Atlantic salmon (Salmo salar L., Linnaeus, 1758) aquaculture
industry, affecting fish health and the economy of salmon farming, while causing public concerns
(Costello, 2006; Liu and Bjelland, 2014). Costs of salmon lice control were estimated at US$436

Abbreviations: BCa, bias-correlated and accelerated; OR, odds ratio.
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million in 2011 (Abolofia et al., 2017) and newer estimates are
even higher (US$550 million, Iversen et al., 2017).

Caligus elongatus (von Nordmann, 1832) is a second species of
sea louse that commonly infests salmon in the northern Atlantic
(Pike and Wadsworth, 1999; Johnson et al., 2004; Boxaspen,
2006). Hereafter, the term ‘sea lice’ refers to both species. The
salmon louse embryos hatch directly from the egg strings while
still attached to the female (Schram, 2000). The life cycles of both
species begin with three planktonic larval stages, of which the
copepodite, which follow the two nauplius stages, is the infestive
stage (Boxaspen, 2006). The planktonic stages of sea lice are
naturally transported with the water currents for long distances
in the upper mixed water layer, which enables dispersion between
adjacent farms (Asplin et al., 2014; Salama et al., 2016). The
planktonic larval stages are small, and the larvae have limited
swimming capacity; they perform vertical migrations that can
optimize their chances of encountering a host. Planktonic larvae
are positively phototactic, thus staying in the upper water masses
under conditions of low water mixing (Bron et al., 1993; Heuch
et al., 1995; Nordi et al., 2016). Nauplii have been shown to prefer
higher temperatures, that optimize and accelerate development
time to the copepodite stage (Johnson and Albright, 1991; Pike
et al., 2006; á Norði et al., 2015), but have also been shown to
aggregate underneath thermoclines if the upper water layer is
> 12◦C (Crosbie et al., 2020). Both nauplii and copepodites of
salmon lice avoid low salinities and will aggregate at or under the
halocline, if present (Bricknell et al., 2006; Crosbie et al., 2019).
The infestive stage needs to find a host before it exhaust the
energy reserves from the yolk, because salmon lice do not feed
until they attach to a salmon (Piasecki and MacKinnon, 1995;
Tucker et al., 2000).

To monitor the level of infestation of salmon lice, and
thus the infestation pressure in salmon farms in Norway,
the number of lice must be registered on a minimum of
10 fish per net pen (Forskrift om lakselusbekjempelse, 2020a;
Thorvaldsen et al., 2019). The farmer must ensure that the
mean number of adult female lice per salmon does not exceed
0.5, although during spring, the limit is further lowered to
0.2 in order to protect the migrating wild salmon smolt
(Forskrift om lakselusbekjempelse, 2020b).

The target of many preventive measures against salmon
louse infestation is to effectively hinder the copepodites in the
surrounding water from reaching the salmon maintained in open
net pens. One measure is to cover the net pens with tarpaulins
(e.g., lice skirt, snorkel cages, Stien et al., 2016, 2018; Oppedal
et al., 2017; Wright et al., 2017), which are generally installed
around the upper 5 or 10 m parts of the net pen (Stien et al.,
2018) and can restrict the copepodites from entering the net
pen. Planktonic lice are most abundant in the upper water layer
(Heuch et al., 1995; Hevrøy et al., 2003), but have also been found
down at a depth of 30 m (Nelson et al., 2018). A considerable
amount of literature has been published on the preventative effect
of lice skirts and snorkel technologies, and these studies have
suggested that skirts can effectively reduce the number of lice
on the salmon (Stien et al., 2016, 2018; Oppedal et al., 2017;
Wright et al., 2017). Lice skirts thus aims to have a shielding
effect, reducing the copepodites entering the net pen. One of the

concerns regarding the use of lice skirts is that it can reduce the
horizontal flow inside a net pen, which may result in a reduction
of water exchange (Frank et al., 2015) and thus lower oxygen
levels (Stien et al., 2012).

Reduction of water exchange in net pens may also be caused
by biofouling of the net by macro-algae and marine invertebrate
organisms such as mussels, ascidians and hydroids (Gormican,
1989; Delauney et al., 2010; Fitridge et al., 2012). By reducing
the exchange between surrounding water (Gormican, 1989; Swift
et al., 2006; Bi et al., 2018), both lice skirts and biofouling may
increase retention times of planktonic sea lice inside the net pen,
thus increasing infestation risk. Increased levels of planktonic
sea lice on the inside of net pens with dense biofouling growth
have been observed (Costelloe et al., 1996). Lice skirts and dense
biofouling might therefore also have a retaining effect on the
planktonic sea lice exiting the net pen.

It has been suggested that sea lice larvae may have a
mechanism to stay close to a salmon farm (Nelson et al.,
2018), and that they may utilize biofouling as a microhabitat
to maintain their position close to the salmon farms (Floerl
et al., 2016) or alternatively, they may be passively transported
into the biofouling. Studies have shown salmon sites to be a
source of salmon louse nauplii as nauplii have been found in
the samples taken downstream of a net pen when no nauplii
were found in samples taken upstream (Nordi et al., 2016). The
retention of nauplii produced inside of a net pen could lead to
a higher internal infestation pressure than expected for that net
pen or salmon site if the nauplii are given time to develop into
copepodites. A higher proportion of infestations from internal
sources compared to external sources of planktonic sea lice might
require a new mindset when managing salmon lice.

If sea lice larvae inhabit the biofouling communities, this
may not be limited to the biofouling on the net but may also
include other fouled structures, such as moorings and cleaner fish
shelters, that are placed inside the net pens as a refuge for cleaner
fish (Imsland et al., 2015). The most common cleaner fish species
used in the salmon industry today are lumpfish (Cyclopterus
lumpus Linnaeus, 1758) and wrasse species (Labridae spp.), which
are co-cultured with the salmon as biological sea lice control
agents (Powell et al., 2018). The natural diet of lumpfish and
wrasse includes biofouling organisms, and they can therefore
feed on biofouling of the net pens (Deady et al., 1995; Kvenseth,
1996; Imsland et al., 2015; Eliasen et al., 2018). Salmon farmers
therefore aspire to keep nets free of biofouling at all times in order
to increase the delousing efficacy of the cleaner fish (Bannister
et al., 2019). The nets are therefore either regularly changed or
cleaned. In Norway, net cleaning by in situ pressure washing
are undertaken as often as every 14 days during peak biofouling
seasons (July–November; Guenther et al., 2009; Bannister et al.,
2019). During cleaning, the biofouling community are removed
from the net and released into the water (Bannister et al., 2019).
If net biofouling harbors planktonic sea lice stages, net cleaning
could cause resuspension of louse larvae, which could spread
to neighboring net pens and hence increase infestation risks
on-site. Preventive measures could be developed if there are
found indications of sea lice dwelling in biofouling, and thus
investigating this hypothesis is highly relevant.
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FIGURE 1 | Map over study area. Circles indicate salmon farms. Rough placement of sites is given in the small map. Map created by Tale Skrove. © Kartverket ©
Europa wms.

The objective of this study was to assess, by different
methods, the extent to which planktonic sea lice utilize biofouling
on submerged structures on salmon farms as a microhabitat
and to determine if biofouling on net pens may create a
retaining effect. These objectives were investigated through three
experiments. Experiment A investigated the interaction between
biofouling and planktonic sea lice, through analysis of the
biofouling community on the cage-net and cleaner fish shelters.
Experiment B investigated the interaction of biofouling and
planktonic sea lice through possible resuspension after in situ
net cleaning. Experiment C investigated if biofouling on the
cage-nets could produce a retaining effect on the dispersal of
planktonic sea lice.

MATERIALS AND METHODS

In Experiment A, the sampling method captures sea lice
that are directly associated with the biofouling and would
not be dislodged by water currents, while Experiment B
(Impact of net cleaning on sea lice abundance in water)
captures a possible looser association between the sea lice
and biofouling. Experiment C investigates the possible
influence of biofouling on dispersal of planktonic sea lice
through the cage-net.

Three of the five salmon farm sites studied were without
lice skirts and are called NoskirtA, NoskirtB, and NoskirtC.
Two sites had lice skirts that were placed around the upper

part of the net pen. These sites are called Liceskirt7 (7-m deep
lice skirts) and Liceskirt10 (10-m deep lice skirts). All the sites
were located in Frøya municipality (63◦44-51 N 8◦ 28-32 E) in
Central-Norway, except for NoskirtC (Kvarøy Fiskeoppdrett AS,
Nordland) which was located in northern Norway (66◦25 N,
13◦00 E, Figure 1).

Experiment A: Biofouling as a Sea Louse
Habitat
The first interaction between biofouling and planktonic sea lice
studied was the possibility of biofouling harboring planktonic
stages of sea lice (L. salmonis and C. elongatus). This interaction
was studied through a case study assessing the sea lice content
in the biofouling on structures at the NoskirtC site. NoskirtC
is located in the municipality Lurøy in northern Norway, and
consisted of 16 net pens (90 m circumference, 29 m diameter,
26 mm net size1).

A total of 12 impregnated net panels (50 cm × 50 cm,
26 mm net size) were attached to the outside of the net pen
using cable ties. Four net panels were placed at each of three
depths (1.5, 5, and 8 m) evenly spread around the net pen.
Both net panels and the net were coated with non-biocidal
coating (Netpolish NP45, NetKem, Norway). The net panels were
deployed at sea in May (week 18) and sampled by divers in
October (week 40), which is the heart of the biofouling season.

1Net opening x 2.
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During the time in sea, the net panels were subjected to the
same regular in situ net cleaning (approximately every 10 days
with high pressure, Guenther et al., 2010) as the net pens. The
net panels were collected before biofouling removal of that net
pen by in situ net cleaning later that day. The net panels were
removed from the cage-net by divers and transferred carefully
into zip-lock bags (120-µm mesh size) before transport to the
surface. Each panel was stored in 96% ethanol, together with
the content of the zip-lock bags. In addition, parts of the 5-
m long cleaner fish shelter were collected. The cleaner fish
shelter consisted of a series of plastic strands (approximately
0.5 m × 0.15 m, length × width) attached to a central rope
(of a similar design of the single strand cleaner fish shelters
produced by OK Marine, installed at 2–7 m depth). Ten strands
from the top and 10 from the bottom of the shelter were
collected in a similar manner as the net panels and fixed in 96%
ethanol, in separate containers. Samples were stored at room
temperature until analysis.

Samples were rinsed with freshwater on a filter (120 µm,
49% light opening) prior to handling in order to wash off
the ethanol. Samples were thereafter placed in a glass Petri
dish (15 cm diameter) filled with water and analyzed using
dissecting microscopes. All samples were analyzed in its entirety
by meticulously examining the net panels square by square.
A tweezer was used to part the epifauna for panels which
contained high amounts of larger biofouling organisms (i.e.,
Mytilus edulis Linnaeus, 1758, and Bryozoa sp.), and in instances
where these organisms could not be separated sufficiently, a
tweezer was used to gradually pick the biofouling piece by
piece until the net panels became visible. The remains in the
Petri dish were carefully examined prior to analyzing subsequent
panels. Thereafter, the remains contained in the sieve used
to rinse the panels were transferred to the Petri dish and

examined. Finally, the associated organisms from each panel were
examined microscopically in its entirety. The cleaner fish shelter
samples had less biofouling in general, which made them easy to
examine microscopically, and was inspected in the same manner
as the net panels.

Experiment B: Impact of Net Cleaning on
Sea Lice Abundance in Water
Plankton sampling (vertical plankton tows) was used as a second
method to study whether biofouling on the cage-net could harbor
planktonic sea lice or not. In situ net cleaning was done with high
pressure (Guenther et al., 2010).

Plankton samples from the sites NoskirtC and Liceskirt10
were analyzed to assess if sea lice would resuspend to the
water during in situ net cleaning, and therefore potentially
increase infestation pressure. The site Liceskirt10, located on
the eastern side of the island Frøya, had five net pens (135-m
circumference, 43-m diameter, 45 mm net size, see Experiment
A for description of NoskirtC). Plankton samples from the
NoskirtC site were taken downstream, outside the net pen
before and during in situ net cleaning. The plankton samples
were taken after sampling for Experiment A. Vertical plankton
samples (10-0 m) were taken with a WP2 plankton net (150-
µm mesh size, 50-cm mouth opening, 2 m length), giving a
sample volume of 1.96 m3 per tow (20 plankton tows before
and during net cleaning, Table 1). The content of each tow was
collected on a filter (120 µm, 49% open area), and transferred
to separate sample bottles by flushing with ethanol (96%) and
thereafter stored at 10◦C until they were analyzed. The stored
samples were washed with filtered seawater on a filter (120 µm,
49% open area) to remove the ethanol prior to laboratory
analysis. Samples were then analyzed in full under a dissecting

TABLE 1 | Number of sampled net pens (replicates) for each site each sampling time or in each biofouling (BF) category (High BF: > 30% coverage, Low BF: ≤ 30%
coverage, High BFL: lice skirt).

Site Biofouling Score
or Sample Time

Inside or Outside
Cage-Net

Replicates (Number of Samples
Taken for Each Replicate)

Replicates With
Planktonic Sea Lice

NoskirtC Before Outside 1 (18) 5b

NoskirtC During Outside 1 (20) 9b

Liceskirt7 High BFL Inside 24 (2) 16

Liceskirt7 High BFL Outside 24 (2) 12

NoskirtA High BF Inside 13 (2) 7

NoskirtA High BF Outside 13 (2) 8

NoskirtA Low BF Inside 9 (2) 6

NoskirtA Low BF Outside 9 (2) 5

NoskirtB High BF Inside 3 (2a) 2

NoskirtB High BF Outside 3 (2a) 2

NoskirtB Low BF Inside 20 (2a) 7

NoskirtB Low BF Outside 20 (2a) 5

Liceskirt10 Before Inside 11 (2) 8

Liceskirt10 Before Outside 11 (2) 1

Liceskirt10 After Inside 14 (2) 10

Liceskirt10 After Outside 14 (2) 2

Number of replicates with at least one planktonic sea lice. a In 2017 only the first sample was counted at NoskirtB, see “Materials and Methods” section. bFor NoskirtC
replicates with planktonic sea lice, shows samples with planktonic sea lice.
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microscope, and the stage of each planktonic sea louse was
identified (nauplius I, nauplius II, or copepodite). Two of the
samples from before in situ net cleaning were not analyzed due
to time constraints.

Plankton samples at the Liceskirt10 site were taken prior to
in situ net cleaning (n = 11 net pens), directly after in situ net
cleaning (n = 7 net pens), and 1 day after in situ net cleaning
(n = 7 net pens). At Liceskirt10 vertical plankton samples (7-0 m)
were taken downstream both inside and outside the net pen with
a WP2 plankton net (200-µm mesh size, 50-cm mouth opening,
2 m length). The choice of a 200-µm plankton tow was based
on suggestions by an earlier study in order to reduce clogging
of the plankton net (Schram, 2004). The later studies all utilized
plankton tows with a mesh size of 150 µm, as clogging was not a
problem, and 150 µm is smaller than the width of all planktonic
stages of sea lice (Schram, 2004).

The plankton net was equipped with a digital flow meter
with back-run stop (KC Silkeborg, Denmark), placed inside the
mouth of the plankton net (centered, 10 cm inside) to detect
water flow through the net and ensure that potential clogging
of the net could be adjusted for in calculations of sample
volume. The sample volume was calculated according to the
product specifications. Two plankton tows (7-0 m) were taken
for each plankton sample. Two plankton samples were taken
on the outside and on the inside at each sampled net pen each
sampling time. Each plankton sample were treated as technical
replicates, the results were pooled during calculations to give
a replicate from the inside and one replicate from the outside
of each net pen.

The content of each plankton tow was filtered on a
coarse filter (1,300 µm) in order to remove large debris.
The filtered sample were then stirred by pouring them back
and forth into two beakers before a sub-sample consisting
of half the volume was transferred to bottles and fixated in
buffered formaldehyde (formaldehyde 4% buffered with sodium
tetraborate, Na2[B4O5(OH)4]·8H2O, 20 g L−1 formaldehyde).
Samples were stored at 10◦C until analysis.

In the laboratory the samples were sieved through a 500-µm
filter in order to remove coarser material but let the planktonic
sea lice through (width < 300 µm, Schram, 2004). This method
was based on what had been done in a study by Costelloe et al.
(1996). The filtering step was eliminated during the subsequent
studies, due to the possibility of planktonic sea lice also being
filtered out (length can be > 500 µm). The sample was then
collected on a 70 µm filter and washed in filtered seawater
to remove formaldehyde before analysis. The later experiments
collected samples on 120 and 140-µm filters to reduce clogging
at this stage. Samples were then analyzed under a dissecting
microscope. Planktonic sea lice larvae were identified as either
nauplii or copepodites, but the species were not identified.
However, they were likely L. salmonis or C. elongatus as these
were the main species present on the salmon at the sites (see
Supplementary Material).

No significant difference was found between the average
density (see section“Statistical Methods”) in replicates from after
and 1 day after net cleaning, and results of the two sample times
are presented together.

Experiment C: Impact of Retention by
Lice Skirts or Biofouling on Lice
Concentration
The last interaction between planktonic sea lice and biofouling
investigated was the possible influence of biofouling on dispersal
of planktonic sea lice out through the cage-net. This possible
retention effect of the biofouling was investigated by comparing
differences in planktonic sea lice concentrations inside and
outside of the net pens related to the biofouling coverage
on the cage-net. Because the cage-nets at the experiment
sites (NoskirtA and NoskirtB) were changed when biofouling
got too high, finding a fully biofouling-covered cage-net was
not expected. Plankton samples were therefore also taken
inside and outside of net pens with lice skirts (Liceskirt7).
The lice skirts hinder the movement of planktonic sea lice
through the cage-net and were used as an approximation
of full biofouling coverage. The Liceskirt7 site used in situ
net cleaning.

NoskirtA, NoskirtB, and Liceskirt7 had 9, 7, and 15 net
pens, respectively (all 157 m circumference, 50 m diameter).
Net sizes were 31, 35, and 35 mm for NoskirtA, NoskirtB, and
Liceskirt7, respectively. Plankton tows were taken at three net
pens (n = 3) at each site once in May, June, July, and September
in 2017, and May, June, July, and August in 2018. All three
sites stocked salmon from February to March 2017. Plankton
tows were taken as described for the Liceskirt10 site, with the
following exceptions: the coarser filter was 1,000 µm, and the
entire sample was filtered on a 140-µm filter and the sample
remaining on the filter were stored in 96% ethanol at 10◦C until
analysis. In the laboratory the sample was again collected on a
140-µm filter to remove the ethanol, and then investigated under
a stereomicroscope (at 0.78–16.0×).

Samples containing large amounts of plankton organisms
were divided into two sub-samples after mixing the sample
volume by pouring it back and forth three times. One half was
analyzed and the other stored for possible re-examination. This
resulted in three types of replicate categories, Category 1 all
samples from the pen were analyzed completely, Category 2 all
samples from the pen were divided in two sub-samples and
one half of each sample was analyzed and Category 3 (A) two
samples were analyzed in their entirety and (B) the other two
samples were divided with one half of each of the two analyzed.
The coefficient of variation was calculated and compared for the
three categories, to assess the impact of splitting samples. The
same three sites from Experiment C were sampled in the same
manner as described above during the rest of the production
cycle (between May 2017 and August 2018), and the data used
for the calculation of the coefficient of variation was taken from
this larger dataset. Coefficient of variation Category 1, N = 65,
1.26; Category 2, N = 12, 1.04; and Category 3, N = 6, (A) 1.12,
(B) 1.15. The coefficients of variation for all three cases were
high but comparable.

Based on the low lice levels on the site (≤ 0.3 adult female lice
per salmon during this period) and in the samples counted, the
second sample from NoskirtB was not counted in 2017 due to
time constraints.
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Biofouling abundance (% coverage) in the vicinity of the
plankton sample site was registered with a waterproof camera
(KitVision Escape HD5W action camera) for each net pen. Films
of the net were taken at a depth of 1.5 m at approximately
1 m distance to the net. Still images were captured from
the film, and for each image (n = 3), biofouling coverage
(%) was quantified by determining the presence or absence
of biofouling at 60 random spots selected by overlaying the
image with a grid. If a spot landed on a mesh opening, the
mesh strand to the immediate left was scored instead. For
six of the sampled net pens (NoskirtA and NoskirtB, August
2018), the films were lost before multiple pictures could be
taken and biofouling was analyzed on one picture only. In
order to assess the effect of biofouling relative to its abundance,
net pen biofouling was characterized either as low (≤ 30%
coverage) or high (> 30% coverage). This threshold was chosen
in order to give enough observations in the high biofouling
category. The same biofouling assessment was done for the
Liceskirt7 site, however, as this site was used as an approximation
of full biofouling coverage, the biofouling coverage is only
given as a reference.

A CTD (conductivity, temperature, density: SAIV STD/CTD,
model SD204) was used to record hydrography profiles (0–25 m,
conductivity, temperature, pressure) at one of the outer floating
buoys of the salmon farm sites (17–53 m from the closest net
pen) on sample days from July 2017 onward. The CTD was
lowered three times. Measurements were inspected visually, and
obvious measurement errors were excluded (e.g., when one of the
three profiles reported lower salinities in the surface water than
the others). Because density is influenced by both temperature
and salinity (Helber et al., 2012), we choose to show the density
profiles in this paper.

Comparing the Three Experiments
Although direct comparison across studies with different
methodology is questionable, the present study compares samples
taken inside the net pen with samples taken with the same
gear and method outside the same net pen. Because the bias
from the sampling method should be the same for the two
samples, comparing the difference between the inside samples
and the outside samples across methods should be less affected
by the different gears than comparing samples directly. It is
the difference between the inside and outside samples which is
compared across the different methods in this study.

Statistical Methods
The data were tested for normality using a Shapiro–Wilks test,
and for homogeneity of variance by a Levene’s test. The data
were in almost all cases not normally distributed. Transforming
the data did not make them normally distributed, and non-
parametric tests were chosen to analyze the data. For the same
reason, descriptive statistics are given by median ± median
absolute deviation (MAD) rather than by mean ± standard
deviation (SD), unless specified otherwise. The significance
level was set at 0.05 unless specified otherwise. A Kruskal–
Wallis test, denoted as H (degrees of freedom), was used to
compare group medians, with multiple comparisons done using

the Mann–Whitney–Wilcoxon test with Bonferroni adjustment
of the p-value. The distribution of planktonic sea lice is
patchy (Skarðhamar et al., 2019). This paper defines the terms
“proportion-non-zero” as the percent of replicates containing
sea lice larvae, and “average density” as the mean number of
sea lice larvae m−3 seawater in the non-zero-replicates. In the
calculation of correlation (Spearman’s rho) between planktonic
sea lice and abundance of biofouling on the cage-net, it was
important to have all the samples represented by one variable
and therefore mean abundance (ind. m−3 seawater all replicates)
was utilized. A contingency table was used to find odds ratios
(OR), 95% confidence intervals (CI) by Fisher’s exact test
for count data, and the significance was found by Pearson’s
chi square test, denoted as χ2 (degrees of freedom, Warnes
et al., 2018). Bias-correlated and accelerated (BCa) bootstrap
(iterations = 2000) 95% CIs were calculated for both percent-
non-zero and density-non-zero (Reiczigel et al., 2019; Salvatore,
2019). Mean density-non-zero between groups were compared
by a bootstrap t-test (iterations = 1000, Rozsa et al., 2000). R
version 3.6 (R Core Team, 2019) was used for all data processing
and calculations.

RESULTS

Biofouling as a Sea Louse Habitat
Only one single sea louse nauplius was found among all net
biofouling samples analyzed from the NoskirtC site (found on
one of the net panel from 5 m depth). Moreover, no sea louse
was detected among the biofouling on the cleaner fish shelter.
With only one louse found, the effect of depth could not be
investigated. Lice counts for all net pens at the site at the week
of sampling averaged 0.12 adult female lice per salmon, and the
sampled net pen had been between 0.09 and 0.15 adult female
lice per salmon and between 1.45 and 1.95 Caligus elongatus per
salmon the three last weeks (data from Kvarøy and database,
BarentsWatch, 2020, June 22)2.

Impact of Net Cleaning on Sea Lice
Abundance in Water
Net cleaning had no significant effect on average density of
planktonic sea lice, outside the net pen, at the site NoskirtC
[before: 0.92 ± 0.43 (SD) lice m−3, during: 0.85 ± 0.36 lice m−3;
bootstrap two-sample t-test = 0.82, p = 0.45, Figure 2E]. The
proportion-non-zero increased during net cleaning (0.45, n = 20,
BCa 95% CI = 0.20–0.65), but was not significantly different
from before net cleaning (0.28, n = 18, BCa 95% CI = 0.6–0.44,
Figure 3D). Only nauplii were found in the plankton samples
from this site (Table 2).

Net cleaning had no significant effect on the average density
of planktonic sea lice, inside the net pen at the site Liceskirt10
(before: 4.78 ind. m−3 seawater, BCa 95% CI = 2.08–12.40,
after: 1.68 ind. m−3 seawater, BCa 95% CI = 1.18–2.57;
bootstrap two-sample t-test = 1.27, p = 0.38, Figure 2D).
Samples from the outside showed even lower differences

2https://www.barentswatch.no/en/download/fishhealth/lice
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FIGURE 2 | Average density of planktonic sea lice (individuals m-3, is based on only those replicates containing at least one sea louse) for samples taken from the
inside (black bar) and outside (gray bar). Divided for experiment and site [NoskirtA (A), NoskirtB (B), Liceskirt7 (C), Liceskirt10 (D), NoskirtC (E)], and biofouling
category [Hight biofouling (BF): biofouling ≥ 30%, Low BF: biofouling < 30%, Lice skirt ∼High BF: site has lice skirt and it is assumed to act as High BF] Total
number of replicate net pens in each category is shown under the bars. Error bars show Bias-corrected and accelerated bootstrap (2000) 95% confidence intervals
for (A–D), and standard deviation for (E).

TABLE 2 | Total number of nauplii and copepodites of sea lice found in plankton samples (vertical plankton tows) from the five sites.

Licestage NoskirtC Liceskirt10 NoskirtA NoskirtB Liceskirt7

Nauplii 15 77 239 59 173

Copepodites 0 1 4 1 1

(In which samples) (Inside net pen, before
in situ net cleaning)

(Outside, at both high and
low biofouling)

(Inside, low
biofouling)

(Inside)

(Figure 2D). For Liceskirt10, the proportion-non-zero data did
not allow the calculation of individual odds ratios for each
sample time due to a violation of the minimum expected
frequency assumption. Differences between sample times were,
however, rather small compared to differences between sample
points (inside vs. outside, Figure 3C). When all inside samples
were compared with all outside samples at Liceskirt10, there
was a significantly higher likelihood of finding planktonic
sea lice in samples from the inside than in samples from
the outside (Table 3). For plankton samples from this site,
only one copepodite was found (inside the net pen, before
in situ net cleaning).

Impact of Retention by Lice Skirt or
Biofouling on Lice Abundance
Density profiles of the seawater, for the sites showed no clear
stratification of the water masses above 20 m for all sampling days
(Figure 4), there was found no clear thermoclines or haloclines
either (data not shown).

Biofouling coverage at the time of sampling varied between 0
and 99% and differed significantly only between sites NoskirtA
and Liceskirt7 (NoskirtA: 47 ± 42%, the median of all
sampled net pens ± median absolute deviation, MAD, NoskirtB:
12% ± 15%, Liceskirt7: 3 ± 5%, H(2) = 10.23, p = 0.006).

Planktonic sea lice were found in 44% of the samples, with
16% of all samples containing one planktonic sea louse. The
mean abundance of adult female lice on salmon, for all months
sampled, were 0.08 ± 0.22 (mean ± SD) and 0.14 ± 0.41 for
NoskirtA and NoskirtB, respectively. The median ± MAD for the
same localities were both 0.00 ± 0.00. No significant correlation
was found between biofouling abundance and mean abundance
of planktonic sea lice (Spearman’s rho = 0.10, p = 0.23, Figure 5).

The odds ratio (OR) for the proportion-non-zero of samples
taken on the inside and samples taken on the outside were

TABLE 3 | Odds ratios (OR) for proportion-non-zero of planktonic sea lice found in
the inside samples and outside samples.

Site n OR Lower 95% CI Upper 95% CI p

NoskirtAB

Low BF 58 1.53 0.47 5.10 0.42

High BF 32 0.78 0.15 3.93 0.72

All 90 1.19 0.48 2.97 0.67

Liceskirt7 48 2.02 0.54 8.08 0.23

Liceskirt10 25 17.4 3.6 120.4 <0.001

Upper and lower 95% confidence interval (CI) found by Fisher’s exact test for count
data. P-value was found by Pearson’s chi square test.
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FIGURE 3 | Proportion-non-zero (proportion of replicates with at least one sea louse) for samples taken from the inside (black bar) and outside (gray bar). Divided for
experiment and site [(column panels, NoskirtA and NoskirtB (A), Liceskirt7 (B), Liceskirt10 (C), NoskirtC (D)], and biofouling category [row panels, Hight biofouling
(BF): biofouling ≥ 30%, Low BF: biofouling < 30%, Lice skirt ∼High BF: site has lice skirt and it is assumed to act as High BF]. Total number of replicate net pens in
each category is shown by n = x under the bars. Error bars show Bias-corrected and accelerated bootstrap (2000) 95% confidence intervals.

FIGURE 4 | Density (σ) profiles of the seawater with depth (m) at the time of sampling for each sample site. Shade and symbol illustrate which month the profile was
taken from, in addition the number of the month is given next to the profile.
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FIGURE 5 | Mean abundance of planktonic sea lice per m3 seawater as a boxplot (Liceskirt7) or as a function of the biofouling on the cage-net (NoskirtA and
NoskirtB). Results are shown for the three net pens on each of the three sites, taken inside and outside of the pen. Fill color indicates if the number of adult female
lice in the sampled net pen were above or below 0.5 the same week, or the prior week. Liceskirt7: individual points categorized as outliers in the boxplot (more than
1.5 times the interquartile range from the box).

not significant for both the high and low biofouling categories
(Table 3 and Figure 3A). There was, moreover, no difference
found for the average density on either the inside or outside
of net pens between these two categories (bootstrap t-test
p > 0.05, Figure 2). There were no significant differences
between the inside and outside when comparing average
density on the NoskirtA and NoskirtB sites (bootstrap two-
sample t-test = 0.927, p = 0.37). No significant differences
were found for the proportion-non-zero (Table 3 and Figure
3B) or average density (bootstrap two-sample t-test = 0.26,
p = 0.81) of planktonic sea lice between samples found
on the inside and outside of the Liceskirt7 site. Nauplii
represented the majority of the life stages found for all
sites (Table 2).

DISCUSSION

Biofouling as a Sea Louse Habitat
No evidence was found in this study for any association
between the biofouling community on salmon cage-nets and
planktonic sea lice. This lack of association cannot be attributed
to a lack of sea lice in the environment as they were
present on the salmon at the NoskirtC site and in the
plankton tow samples. Our observations revealed only one
single nauplius of sea lice in the biofouling samples. Other
individuals of copepod species, mainly of the orders Calanoida
and Harpacticoida, were observed in large abundance among
the biofouling on the cage-net, the cleaner fish shelter and
the associated fauna. The harpacticoid copepods, which are
mainly associated to benthic substrates, were usually found deep
in the biofouling, and were similar to the copepodite stages
of sea lice both in terms of morphology and size. Hence,

special attention was paid to the inspection of harpacticoid
copepods during sampling to ensure that they were not
mistaken for sea lice. Although there is always an inherent
risk of plankton escaping the notice of the observer during
microscopic analyses, the sampling method nonetheless had a
high enough resolution to detect sea lice. Others have found
copepods in association with biofouling communities (Jelic-
Mrcelic et al., 2006) and similar to other associated macro-
organisms, these are most likely attracted to the cage-nets due
to easily accessible food (Davenport et al., 2009). A similar
attraction is unlikely for planktonic sea lice stages as they are
non-feeding lecithotrophic species (Tucker et al., 2000). Despite
the limited temporary resolution and challenging sampling
methodology, our present finding makes us conclude that there
is a lack of association between planktonic sea lice and the
biofouling on the net.

Impact of Net Cleaning on Sea Lice
Abundance
Net cleaning did not lead to an increase in proportion-non-
zero replicates or average density of sea lice in the water
column in NoskirtC or Liceskirt10, indicating that there was
no resuspension of sea lice from the biofouling on the net, or
that they were destroyed in the process. Net cleaning conducted
with high-pressure washers removes all biofouling from the
net, and often fracturing larger particles in that process (Carl
et al., 2011). It is therefore unlikely that any sea lice potentially
attached to the net or biofouling could have remained on the
net just after cleaning. This provides further evidence that sea
lice are not associated with the net biofouling community. If
they were destroyed to such an extent that they unidentifiable
under a microscope, they are unlikely to be able to infest a
salmon afterward. Based on all these observations, we conclude
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that sea lice unlikely utilize biofouling on the salmon farm as a
microhabitat, whether actively or passively.

Impact of Retention by Lice Skirt or
Biofouling on Lice Abundance
This study did not reveal any evidence for a change in larval
dispersal over the net between the cage-nets that had low and high
biofouling (NoskirtA and NoskirtB). No significant difference
was found between the inside samples and outside samples for
the Liceskirt7 site. This contrasts with the findings from the
Liceskirt10 site, where a higher proportion-non-zero replicates
was found for the inside samples (Table 3). This difference is in
accordance with earlier observations where some studies reports
a higher concentrations of planktonic sea lice inside net pens
compared to outside (Costelloe et al., 1996) and others report
no difference (Nelson et al., 2018). A possible retaining effect
by lice skirts or biofouling might be linked to the same factors
that that make a lice skirt effective in shielding the salmon
from copepodites.

The effectiveness of the lice skirts can be reduced by
environmental conditions like the presence of a cline deeper
in the water than the lower edge of the lice skirt, which have
been shown for the presence of a halocline (Samsing et al.,
2016; Oppedal et al., 2019). We investigated the water profile
for haloclines, thermoclines, and pycnoclines (only the latter is
shown in this paper, because the density of seawater is a function
of salinity and temperature, Helber et al., 2012); however, we
found no clines for the Liceskirt7 site. This lack of a cline might
suggest that that the water could mix down below the depth of
the lice skirt. If mixing did occur that could explain the lack of
significant differences in both proportion-non-zero and average
density of planktonic sea lice between the samples taken on the
inside and outside of the Liceskirt7 site. Flow around a cage is
affected by both flow conditions on the site and local topography
in addition to the structures on the farm (Klebert et al., 2013;
Frank et al., 2015). The different results between the two sites
with lice skirts could therefore be due to the deeper lice skirts
at Liceskirt10, but also because of differences in the environment
they are situated in. The dispersal of planktonic stages of sea lice
out of the cage are likely affected by such differences, and the
low proportion-non-zero in the outside samples from Liceksirt10
might be a result of a retaining effect by the lice skirt, the sampling
place not capturing the plankton stages dispersing out of the net
pen or perhaps a combination of both. The higher proportion-
non-zero on the inside could still be of concern if it allows the
nauplii produced inside the net pen to remain inside the net
pen or close to the site for the time it needs to develop into a
copepodite. This could increase the internal infestation pressure
in the net pen or on the site. The observed differences between
the two sites emphasize the need for further studies to better
understand the relationship between skirt depths, environmental
conditions, and degree of protection offered by lice skirts.

The subsampling involving splitting of samples did not have
any impact on sample quality. The high coefficients of variation
indicated a high variability in the number of planktonic sea
lice found in samples taken from the same net pen at small
time intervals. Sampling one net pen usually took 50 ± 12 min,

depending on the weather conditions and the experience of
the persons doing the sampling. High variation in numbers of
planktonic sea lice found in the plankton tows is consistent
with the corresponding results in earlier reports (Byrne et al.,
2018; Nelson et al., 2018). This study utilized the traditional
light microscope, however, there are other methods that could
have been utilized. Molecular methods have been used to detect
salmon lice in plankton samples (McBeath et al., 2006), and real-
time PCR can be used in combination with light microscope
to identify the species after planktonic sea lice are found in a
light microscope (á Norði et al., 2015). Other methods such
as fluorescence microscope (Thompson, 2020), digital droplet
PCR (Alsvik, 2019) are being looked into for utilization in
enumeration of planktonic sea lice.

CONCLUSION

Our study revealed that sea lice, and therefore salmon lice, did
not use net biofouling as a microhabitat in their planktonic
stages. The presence of biofouling did not appear to have any
influence on the dispersion of planktonic sea lice. Lice skirts,
in contrast, can have an impact on the dispersion and may
create a retaining effect, depending on skirt depths and the
environmental conditions. Further research is needed to fully
understand the mechanisms for the exchange of planktonic
sea lice between a salmon net pen with a lice skirt and the
surrounding water, the infestation dynamics of salmon lice, and
the efficiency of deploying skirts for combatting sea lice problems
in salmon farms.
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