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ABSTRACT: Risk of mortality of wild salmon caused by salmon lice is used as an index for managing aquaculture production in Norway and is based on monitoring of lice attached to wild
salmonids and modelled concentrations of lice larvae in fjords. Direct sampling of lice from Norwegian waters to determine concentrations has never been published scientifically and has been
considered non-feasible for monitoring purposes. Here we tested 4 different methods for sampling
planktonic salmon lice copepodids. Salmon lice were found using all 4 methods with highly variable concentrations related to volume of filtered water with the different methods and patchy and
variable distribution of lice within the fjords. Comparison between modelled and sampled lice
concentrations showed variability within the same range and aspects of patchiness, and that the
modelled concentrations were mostly lower than observed. We conclude that planktonic salmon
lice can be sampled in Norwegian fjords with standard zooplankton sampling methods. Development of monitoring programmes of planktonic lice is possible but will demand a large amount of
resources if implemented along the entire coast, because extensive sampling programmes and
manpower for analysing samples are required to be able to capture the high spatiotemporal variability and patchy distribution of salmon lice. This calls for further development and use of modelling as a primary tool for national monitoring and management purposes. For further investigations of the effects of infestation pressure on wild salmonids, sampling combined with numerical
modelling can provide valuable information.
KEY WORDS: Lepeophtheirus salmonis · Copepodids · Sea lice · Aquaculture · Concentration ·
Numerical modeling · Sampling methods

1. INTRODUCTION
In many coastal areas and fjords with intensive
salmon farming activity, salmon lice Lepeophtheirus
salmonis (Krøyer, 1837) cause welfare issues for
farmed fish, significant economic losses for the aquaculture industry in general and threats to wild salmonid populations (Ashley 2007, Costello 2009, Taranger
et al. 2015, Forseth et al. 2017).
In Norway, there has been an increasing concern
for the preservation of wild salmonids, especially Atlantic salmon Salmo salar. In the last decade, this has
led to restricted increase of aquaculture production as
*Corresponding author: jofrid.skardhamar@hi.no

well as limited granting of new production licences
because the impact of the aquaculture industry, especially by salmon lice and escaped farmed salmon, has
been considered a severe threat for wild salmonids
(Taranger et al. 2015, Forseth et al. 2017). In a white
paper (Anonymous 2015), the Norwegian government
therefore suggested a new management solution for
the aquaculture industry, the traffic light system,
which was ratified 1 in January 2017. In this management system, the effects of salmon lice on wild salmonid populations are the basis for regulatory framework
governing the growth rate of farmed salmon production in defined production zones along the entire Nor© The authors 2019. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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wegian coastline. Based on hydrodynamic model estimates of dispersion and abundance of planktonic lice
stages along the Norwegian coast (Asplin et al. 2014,
Johnsen et al. 2014, 2016, Samsing et al. 2016,
Sandvik et al. 2016a, Myksvoll et al. 2018, Skarðhamar
et al. 2018), combined with field observations of
salmon lice prevalence and intensity on wild
salmonids captured in the national monitoring program (National salmon lice observation programme
[NALO]) (Grefsrud et al. 2018), the first regulatory assessment 2 was implemented in October 2017. Norway
is the only nation with an advanced salmon lice modelling system: a high-resolution ocean model for the
whole Norwegian coast, coupled with a state-of-theart salmon lice drift model including all known parameterisations of salmon lice development and behaviour and with realistic input data based on weekly
counts of lice reported to the authorities from all aquaculture farms. The NALO program provides observational data of salmon lice attached to wild-caught
salmonids (nets, traps and trawl) and to hatcheryreared post smolts kept in sentinel cages as a proxy
for salmon lice infestation pressure in fjords and
coastal water. This is logistically demanding, expensive and hampered by methodological difficulties and
uncertainty (Thorstad et al. 2015, Vollset et al. 2018).
Wild sea trout post smolts, for example, leave their
marine feeding areas and return prematurely to
freshwater when exposed to intensive salmon lice infestation pressure (Birkeland 1996, Serra-Llinares et
al. 2018). Direct sampling of salmon lice in seawater
has not been included in NALO. Sampling of salmon
lice is methodically more demanding than for other
and more abundant plankton because the abundance
of salmon lice is relatively low compared to other
holoplankton species of similar size range. For example, Calanus finmarchicus and Metridia spp. have
been found in concentrations of 10 000 to 100 000 ind.
m−3 on the Norwegian coast (Halvorsen et al. 1999),
while published concentrations of salmon lice are typically less than 1 ind. m−3 in Scottish and Faroese open
waters (Penston et al. 2004, 2011, á Norði et al. 2015,
2016, Salama et al. 2017).
Observational data on planktonic salmon lice can
potentially provide valuable additional information to

assess infestation pressure on wild salmonids, evaluate model estimates of lice concentrations, and develop a more functional relationship in time and
space between modelled concentrations of planktonic lice to the observations of lice attached to salmonid fish. The hydrodynamic dispersion model for
salmon lice used for the new management in Norway
is unique in a global context because real weekly
numbers for salmon lice are reported and available
from all farms along the coast. This dataset provides
realistic input data to the model of lice larvae to be
dispersed with the high-resolution modelled currents. We therefore expect the model to estimate realistic concentrations of lice in the water masses,
although this has not yet been proven directly as
observational data do not exist. However, the modelled lice levels have been shown to be well correlated with observed infestation pressure from NALO
(Sandvik et al. 2016a, Myksvoll et al. 2018).
A few attempts at lice sampling with horizontal
tows have previously been made in Norway without
success (Asplin et al. 2011), probably due to patchy
distributions and low concentrations of lice and
waves disturbing sampling near the surface. Sampling of planktonic salmon lice has therefore not
been considered feasible, for management and monitoring purposes. We therefore address the following
research questions: (1) Is it possible to sample and
identify pelagic salmon lice copepodids in Norwegian fjords and coastal waters, including first estimates of lice concentrations and vertical distribution?
(2) If so, can sampling of planktonic salmon lice be included in monitoring programs? (3) Can sampled
abundance of planktonic salmon lice be used for evaluation of hydrodynamic lice dispersion model systems
used as tools for management systems?
To address these questions, we sampled pelagic lice
with a suite of different methods, assessed the efficiency of these methods, and compared the sampled
lice concentrations with results from a high-resolution
hydrodynamic lice dispersion model.

2. MATERIALS AND METHODS
2.1. Study areas

1

https://www.regjeringen.no/no/dokumenter/forskrift-omproduksjonsomrader-for-akvakultur-av-matfisk-i-sjo-avlaks-orret-og-regnbueorret-produksjonsomradeforskriften/
id2527418/
2
https://www.regjeringen.no/no/aktuelt/regjeringen-skrurpa-trafikklyset/id2577032/

Sampling was conducted in 2 Norwegian fjords: a
pilot study in Hardangerfjorden on the west coast
(~59° N) in 2014 and 3 cruises in Altafjorden in
northern Norway (~70° N, Fig. 1) in 2015. Both
fjords are topographically complex systems with
several arms, bays and narrows. In Hardanger-
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Fig. 1. Study areas Altafjorden (upper
left panel) and outer part of Hardangerfjorden (lower right panel). Sampling
stations are marked with red dots and
station numbers, and thick blue lines
show the outer borders of the fjord areas protected as national salmon fjords
in Altafjorden and Etne

fjorden, the period of high surface layer temperatures in summer typically lasts 3 mo (July−September, 14−17°C at 10 m depth, Asplin et al. 2014),
while in Altafjorden the highest monthly mean temperature is 10.5°C in the upper 5 m in August (Eilertsen & Skarðhamar 2006, Mankettikkara 2013).
Both fjords host wild stocks of salmonids (Atlantic
salmon Salmo salar, sea trout S. trutta and migratory
Arctic char Salvelinus alpinus), and they are also
important for the aquaculture industry, with > 20
farm locations in Altafjorden and > 50 in Hardangerfjorden (see www.barentswatch.no). The inner part
of Altafjorden and the fjord arm Etnefjorden in
Hardangerfjorden are protected as national salmon
fjords (Fig. 1; Sønvisen 2003, Aasetre & Vik 2013),
where no aquaculture farms are allowed. Both
fjords receive large volumes of freshwater from
rivers. In Altafjorden, the discharge is dominated by
the large river Altaelva, from which the discharge
can exceed 1000 m3 s−1 in May and June (Røhr et al.
2003), producing a typically 5 to 10 m thick brackish
water layer in the main part of the fjord in summer
(Eilertsen & Skarðhamar 2006, Mankettikkara 2013,
Skarðhamar et al. 2018). Hardangerfjorden is af-

fected by several rivers, and the total discharge estimated from 70 rivers (Petterson 2008) is typically
1000 m3 s−1 in summer, often exceeding 1500 m3 s−1
in autumn and winter, affecting the stratification
and water exchange (Asplin et al. 2014).

2.2. Sampling approach
Low concentrations combined with patchy distributions near the surface make it challenging to collect
planktonic stages of salmon lice. In Hardangerfjorden, salmon lice were sampled on 4−6 September
2014, west of Halsnøy (Fig. 1). The salmon lice abundance was expected to be high in this area based on
reports from nearby farms and operational lice dispersion modelling (http://lakselus.no). In Altafjorden,
salmon lice sampling took place on 22−24 August,
18−20 September and 8−10 October 2015, in the 2
fjord arms Korsfjorden and Øksfjorden and in Talvik
within the protected part of the fjord (Fig. 1).
Four different sampling methods were used
(Table 1). The vertical distribution of lice was investigated by repeated sampling with Go-Flo water bot-
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2.3. Identification

Table 1. Sampling stations and methods
Date

Stn

Method

Depth
(m)

Hardangerfjorden
4−6 Sep 2014 1, 2, 6, 7, 11
Go-Flo
3, 5, 10
1, 2, 6, 7, 11 Horizontal tow
4
1, 2, 6, 7, 11 Vertical haul
0−10
3, 5, 9
Go-Flo
3
3, 5, 9
Vertical haul
10−0
Altafjorden
22−24 Aug 2015

18−20 Sep 2015
8−10 Oct 2015

1−9
1−9
1−9
1−9
1−9

Go-Flo
Pump
Vertical haul
Pump
Pump

3
1, 3
10−0
1, 3
1, 3

The preserved samples were analysed using a stereo microscope (Leica
MZ16, 40−100× magnification). Each
sample had to be analysed entirely (no
100
subsamples), and all sea lice copepo25 000
2500
dids were counted and identified us100
ing taxonomic descriptions by Schram
2500
(2004) and Danielsen (2013). In total,
for all cruises, 139 sea lice copepodids
were identified.
150
1000
Formaldehyde caused a loss of the
2500
characteristic pigmentations in the an1000
imals, making it difficult to distinguish
1000
Lepeophtheirus salmonis from Caligus
elongatus, another sea lice species occurring in northern Norway. Therefore, the sampled free-living copepodids were identified only to family, Caligidae (sea lice). To obtain
species identification based on pigmentation, fresh
unpreserved samples or ethanol-preserved samples
analysed within a few days from ethanol immersion
have to be used (Schram 2004). In the present study,
this approach for species identification was not possible due to the long travel times between sampling
area and feasible laboratory facilities and the time
needed to analyse the full field-based plankton samples. Lice naupliar stages are similarly challenging to
identify to species and also to tell apart from nauplii of
other copepod species in formaldehyde-preserved
samples, as use of pigmentation colour and distribution is considered a key factor (Schram 2004). Naupliar stages were therefore not identified in the present study. To obtain a measure of the size distribution
of the sampled copepodids, the prosome length of all
sea lice copepods was measured. In addition, the total
lengths of 15 individuals were measured to establish a
ratio between the 2 measurements to facilitate comparison with different traditions in literature, referring
to total length of sea lice, and prosome length of
planktonic copepods (Schram 2004, Skjoldal et al.
2013). The average ratio (prosome length/total length
± SD) in the present study was 0.65 ± 0.03.

Mesh size
(µm)

90
90
90
90
90

180
180
180
90
90

tles at selected depths (sampling volume 100−150 l)
and also by pumping large water volumes (1000 l)
with a provisional bilge pump (‘pump’ in tables) from
specific depths and sieved through a plankton net
(WP2). The vertically integrated abundance of lice
was sampled with a WP2 net, which is a ring net with
an opening of 0.25 m2 and a small mesh width. We
used 90 or 180 µm (tested to assure that no lice were
lost with 180 µm), the latter resulting in less clogging.
The net was pulled vertically at a speed of 0.5 m s−1
to ensure efficient filtration. The lower end of the net
was closed off at one end, with a cylinder collecting
the plankton. Vertical hauls with the WP2 net
through the upper 10 m gave a sampling volume of
2500 l. The WP2 net was also towed horizontally at
4 m depth over a distance of 100 m at a speed of
0.4 m s−1, obtaining a sampling volume of 25 000 l.
The depth of 4 m was the shallowest depth possible
to sample due to waves. All samples were concentrated using a sieve (90 or 180 µm) and preserved
with a formaldehyde mix to 4% final concentration
(formaldehyde buffered with hexamethylenetetramine and added propandiol, 20%).
Vertical profiles of temperature and salinity were
recorded at all stations using a CTD (SAIV SD204)
lowered manually and slowly (< 0.5 m s−1) to 10 m
depth in Hardanger and 20 to 50 m depth in Alta,
with sampling frequency 1 s−1, giving 2 to 3 measurements per meter. The upper bound of accuracy of the
SD204 is ± 0.01°C for temperature and ± 0.02 for
salinity, which is sufficient for fjord waters, where
variations in temperature and salinity are typically
large, i.e. ≈1 or larger on the unit scale. The CTD
measurements shown in Fig. 2 were binned to 0.5 m
intervals before plotting.

Volume
(l)

2.4. Numerical model
Dispersion and abundance of planktonic salmon
lice copepodids were modelled with a numerical
modelling system developed for the Norwegian coast
(Albretsen et al. 2011, Asplin et al. 2014, Johnsen et
al. 2014, 2016, Sandvik et al. 2016a, Myksvoll et al.
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Fig. 2. (a) Hydrographic profiles from
2 sampling stations in Hardangerfjorden, 5−6 September 2014. See Fig. 1
for positions. (b) Hydrographic profiles in Alta from 3 cruises in 2015,
20−24 August (upper panel), 18−20
September (middle panel) and 8−10
October (lower panel), and 3 stations
representing the 3 sampling areas
Korsfjord (left panel), Talvik (middle
panel) and Øksfjord (right panel).
See Fig. 1 for positions

2018, Skarðhamar et al. 2018) to simulate how the
lice abundance varied in time and space. The model
system combines the hydrodynamic ocean model
ROMS (Regional Ocean Modeling System, (Shchepetkin & McWilliams 2005, Haidvogel et al. 2008)
and the particle-tracking model LADIM (Lagrangian

Advection and Diffusion Model) for salmon lice
advection and growth (Ådlandsvik & Sundby 1994,
Ådlandsvik 2018). LADIM includes temperaturedependent growth and development of the lice, mortality and vertical migration (Stien et al. 2005, Johnsen et al. 2014, Samsing et al. 2016). The number of
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lice nauplii released from each salmon farm was calculated based on the lice numbers and fish biomass
reported to the authorities. In LADIM, 5 particles were
released hourly from every farm location throughout
the simulation period, and each particle represents
1/5 of the total nauplii number calculated for each
release. See Myksvoll et al. (2018) and Skarðhamar et
al. (2018) for details.
In the present work, we used the fine-scale model
setup for Altafjorden described in Skarðhamar et al.
(2018), covering the coast and fjords between 21.4°
and 26.0° E, with grid cells of 160 × 160 m. Boundary
conditions of currents, temperature, salinity and sea
level were obtained from the operational runs of
NorKyst800 (Albretsen et al. 2011) for the time period
10 July to 28 October 2015, available from the Norwegian Meteorological Institute at https://thredds.
met.no. For Hardangerfjorden, we applied the operational model setup described in Myksvoll et al.
(2018) for the time period 1 August to 30 September
2014 and grid cells 800 × 800 m. The simulation periods cover the field work periods.

3. RESULTS
3.1. Hydrography
The CTD measurements from the cruise in Hardanger in September 2014 showed stratified water
masses, with a 3 to 4 m thick surface layer of temperature 15 to 16.5°C and salinity 27 to 28 at all stations
(represented by Stn 9 in Fig. 2a) except Stn 2, where
the surface layer salinity was 24. Below the surface
layer, the temperature decreased to ~15.5°C at 10 m
depth at all stations, and the salinity increased to
29−31.
The hydrographic conditions in Alta in 2015
changed between the 3 cruises and sampling areas
(Fig. 2b). In Korsfjord and Talvik (Fig. 2b, left and
middle panels), the water masses were stratified in
August and September, with the pycnocline depth
varying between 3 and 12 m between stations and
with weak or no stratification in October. In Øksfjord (Fig. 2b, right panels), a pronounced pycnocline was evident at 12 m depth in August, below a
vertically mixed upper layer, while the profiles
showed homogeneous water masses in September
and October. The surface layer temperature decreased at all stations from between 12 and 14°C in
August to ca. 10°C in September and between 7.1
and 9.2°C in October. For all 3 cruises in Altafjorden, the surface salinity range was 30 to 33.7.

Salmon lice are known to avoid salinity lower than
20 (Stien et al. 2005). Since we did not measure salinity lower than 24 in Hardangerfjorden and 30 in Altafjorden, we do not expect freshwater avoidance to be
of importance here.

3.2. Salmon lice samples
In total, 105 samples were collected and analysed for
salmon lice: 31 in Hardangerfjorden and 74 in Altafjorden (Table 1); 139 lice copepodid individuals were
identified from the laboratory analysis: 16 from the
Hardangerfjorden samples and 123 from Altafjorden.
In Hardangerfjorden, lice were found at 6 of 8
stations and 7 of 31 samples, and the concentrations
of lice ranged between 0 and 30 ind. m−3 (Table 2),
with mean concentration 0.7 ± 8.8 ind. m−3. With
the Go-Flo-bottles, 1 to 3 lice were present in 3
samples from 3 m depth, or 10 to 30 ind. m−3, and
none in the samples from 5 and 10 m. The vertical
net hauls (WP2, 0−10 m) resulted in 1−3 lice per
haul at 4 stations, giving lice concentrations of 0.4
to 1.2 ind. m−3. By assuming that lice were present
only above 5 m depth, based on the Go-Flo-results,
the WP2-based concentrations can be doubled: 0.8
to 2.4 ind. m−3.
On the 3 cruises in Altafjorden in 2015, lice were
found at 8 of 9 stations in both August (19 out of 36
samples) and September (14 out of 18 samples) but
at only 1 station (a single louse in 1 sample) in October (Table 2). The number of lice in the samples
varied between the 3 parts of the fjord. The Talvik
stations had the lowest concentrations of lice on all
cruises, ranging from 0 to 0.8 ind. m−3 in August and
0 to 2.0 ind. m−3 in September and none in October.
In Korsfjorden and Øksfjorden, relatively high concentrations were found in August and September
(range 0−13 ind. m−3) and very low concentrations
in October, when only a single louse was found in 1
of the samples from Korsfjorden (Table 2).
The sampling efficiency of the different types of
gear is here defined as the mean number of
sampled lice copepodids per cubic meter filtered
water (see Table 1). This estimate facilitated comparison of the different approaches used on the
cruises in Hardanger in September 2014 and in Alta
in August 2015. On the cruises in September and
October 2015 in Alta, only 1 method was used
(pump) due to logistical priorities. For each gear, the
number of collected lice and its associated sampling
volume were pooled across all stations in each
cruise to estimate the sampling efficiency.

Skarðhamar et al.: Sampling planktonic salmon lice

707

Table 2. Sampled concentrations of salmon lice copepodids (ind. m−3) in (a) Hardangerfjorden and (b) Altafjorden (no lice
sampling at Stns 4, 8 and 10 in Hardanger)
(a)
4−6 Sep 2014
Go-Flo 3 m
Go-Flo 5 m
Go-Flo 10 m
WP2 horizontal
WP2 vertical

Stn 1

Stn 2

Stn 3

Stn 5

Stn 6

Stn 7

Stn 9

Stn 11

0.0
0.0
0.0
0.0
1.2

30.0
0.0
0.0
1.0
0.0

0.0
0.0
0.0
0.0
0.8

0.0
0.0
0.0
0.0
1.2

0.0
0.0
0.0
0.0
0.0

10.0
0.0
0.0
0.0
0.0

20.0
0.0
0.0
0.0
0.4

0.0
0.0
0.0
0.0
0.0

(b)
Stn 1

Korsfjord
Stn 2

Stn 3

Talvik
Stn 4
Stn 5

Stn 6

Øksfjord
Stn 7
Stn 8

Stn 9

22−24 Aug 2015
Go-Flo 3 m
Pump 1 m
Pump 3 m
WP2 0−10 m

0.00
0.00
1.00
1.20

6.67
0.00
1.00
1.60

6.67
2.00
0.00
1.60

0.00
0.00
0.00
0.80

0.00
0.00
0.00
0.00

0.00
2.00
1.00
12.80

0.00
6.00
5.00
0.00

0.00
1.00
0.00
0.80

6.67
0.00
2.00
1.20

18−20 Sep 2015
Pump 1 m
Pump 3 m

1.00
0.00

3.00
2.00

8.00
8.00

0.00
0.00

2.00
1.00

2.00
1.00

0.00
1.00

5.00
2.00

3.00
9.00

8−10 Oct 2015
Pump 1 m
Pump 3 m

0.00
0.00

0.00
0.00

0.00
1.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

40

0
42
0
43
0
45
0
46
0
48
0
49
0
51
0
52
0
54
0
55
0
57
0
58
0
60
0
62
0
63
0
65
0
66
0
68
0
69
0
71
0
72
0
74
0
75
0
78
0
80
0
85
0

Number of ind. per length interval

The horizontal net haul, using a WP2 net, is the most
The total length of all the collected lice copepodids
frequently reported method to obtain salmon lice conranged from 400 to 846 µm (Fig. 3). The lice sampled
centrations and distribution (Costelloe et al. 1998,
in Hardanger had a mean and median total length of
Penston et al. 2004, 2011, Penston & Davies 2009, á
530 and 480 µm, respectively, while the lice sampled
Norði et al. 2015). On our cruise in Hardangerfjorden,
in Altafjorden were larger, with a mean and median
only a single louse was found in 1 of 5 horizontal tows
total length of 580 and 570 µm, respectively.
(sampling efficiency of 0.01 ind. m−3 fil14
L. salmonis
tered water). We therefore considered
this method to be inefficient, and we
C. elongatus
12
did not use horizontal tows on the following cruises. Based on the sampling
10
in Hardangerfjorden, the Go-Flo samples from 3 m depth gave a sampling
8
efficiency of 7.5 ind. m−3, while no lice
were found in the samples from 5 and
6
10 m. The sampling efficiency of the
vertical net hauls in Hardangerfjorden
was 0.45 ind. m−3.
4
On the cruise in Altafjorden in
August 2015, the sampling efficiency
2
of both the vertical WP2 (0−10 m) and
the Go-Flo bottle (3 m) was 2.2 ind.
0
m−3, while the pump gave efficiency
1.2 and 1.1 ind. m−3 at 1 and 3 m
Estimated total length (µm)
depths, respectively. On the following
Fig. 3. Size distribution given as total body length measured on pelagic sea
2 cruises, only the pump was used for
lice copepodids (n = 123) from Altafjorden in 2015 (gray bars) and Hardangersampling, with sampling efficiency
fjorden in 2014 (black bars). For comparison, the published ranges of total
2.7 ind. m−3 on the September cruise
length scales, 580 to 810 µm for Caligus elongatus (Piasecki 1996) and 658 to
709 µm for Lepeophtheirus salmonis (Schram 1993), are shown with arrows
and 0.1 ind. m−3 in October.
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Fig. 4. Modelled abundance of salmon lice copepodids in Hardangerfjorden: mean concentrations (ind. m−3) of lice copepodids (cop) per grid cell (area 800 × 800 m2) at 0 to 3 m depth averaged over 3 d (left panel), corresponding to the cruise of
4−6 September 2014, and 24 h mean 3 d later (right panel), 9 September 2014

3.3. Modelled lice concentrations
In Hardanger, the simulations showed a patch of
high lice concentration being advected with the currents into the sampling area from the south, resulting
in daily mean concentrations up to 5 ind. m−3 south of
Halsnøy during the cruise period (Fig. 4, left panel).
Three days later, the patch was dissolved (Fig. 4,
right panel).

In Altafjorden, the modelled mean lice concentrations (Fig. 5) were typically 1 order of magnitude
lower than in Hardanger. The model results showed
large spatiotemporal variability of lice abundance
and concentrations in Altafjorden (Table 3, Figs. 5 &
6). In the grid cells representing the sampling stations in Talvik, lice copepodids were present 0 to 4%
of the time steps at Stn 4 and not at all at Stn 5. In
Korsfjorden (Stns 2 and 3) and the inner part of Øks-

Fig. 5. Modelled abundance of salmon lice copepodids in Altafjorden during the 3 cruise periods. Figures show the mean concentrations (ind. m−3) of lice copepodids (cop) per grid cell (area 160 × 160 m2) at 0 to 3 m depth over 3 periods corresponding
to each of the cruise periods. Blue dots in the right panel mark the positions for the time series shown in Fig. 6
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Table 3. Modelled concentrations of salmon lice copepodids (ind. m−3) in grid cells representing the sampling stations in
Altafjorden in 2015. Mean and maximum concentrations (n = 219) are given for the three 73 h periods representing the cruises,
based on hourly model output from 3 depth intervals (0−1, 1−2 and 2−3 m). Minimum values at all stations were 0 (ind. m−3).
The share of time with lice copepodids present in the upper 3 m at each station is given in percent of time (n = 73 h)

Stn 1

Korsfjord
Stn 2

Stn 3

Talvik
Stn 4
Stn 5

Stn 6

Øksfjord
Stn 7
Stn 8

Stn 9

22−24 Aug 2015
Mean
SD
Maximum
Lice present (%)

0.01
0.04
0.32
10

0.03
0.05
0.29
78

0.00
0.02
0.11
26

0.01
0.11
1.57
4

0.00
0.00
0.00
0

0.84
1.41
7.94
82

0.31
0.85
5.70
56

0.22
0.75
3.82
36

0.19
0.63
4.97
53

18−20 Sep 2015
Mean
SD
Maximum
Lice present (%)

0.01
0.04
0.24
16

0.09
0.14
0.81
95

0.03
0.07
0.43
60

0.00
0.13
0.19
1

0.00
0.00
0.00
0

7.56
6.56
28.76
100

0.26
0.80
6.05
36

0.01
0.11
1.51
5

0.01
0.05
0.50
4

8−10 Oct 2015
Mean
SD
Maximum
Lice present (%)

0.01
0.05
1.05
3

0.57
1.02
5.05
100

0.45
0.95
5.11
63

0.00
0.00
0.00
0

0.00
0.00
0.00
0

0.04
0.07
0.41
52

0.03
0.10
0.88
45

0.01
0.02
0.18
15

0.01
0.02
0.13
18

Copepodid m –3

30

Talvik, the modelled concentrations were
<1.6 ind. m−3 at Stn 4 (note: low presence).
25
The modelled temporal variability of lice
concentrations
at the sampling positions
20
was also large during the weeks between
the cruise periods (Fig. 6); the highest con15
centrations appeared in Øksfjord the week
after the first cruise period, during the sec10
ond cruise and the following week, with
low concentrations between these periods.
5
In Korsfjorden, the concentrations were
0
low compared to Øksfjord, with increased
16/08 23/08 30/08 06/09 13/09 20/09 27/09 04/10
11/10 levels (2 ind. m−3 at 2 m depth) appearing
Date (dd/mm)
at the end of August (between cruises) and
in October during the last cruise period
Fig. 6. Modelled (mod) and sampled (samp) lice copepodid concentrations at
(not shown). In Talvik, the modelled consampling Stns 6 and 7 in the inner part of Øksfjord (see Fig. 5), August to October 2015. Graphs show model estimates of the number of salmon lice copecentrations were low (< 0.1 ind. m−3 at 2 m
podids per cubic meter in grid cells (each of 160 × 160 m2) representing the
depth) the whole modelling period.
sampling positions at depth interval 1 to 2 m. Dots represent sampled lice
The modelled spatial distribution of lice
concentrations (Table 2) from the 3 cruise periods, marked with vertical lines
showed that the lice were distributed diffjord (Stns 6 and 7), lice copepodids were present in
ferently in the fjord system in the 3 cruise periods. In
26 to 100% and 36 to 100%, respectively, during the
the first period, Øksfjord had the highest concentra3 cruise periods (Table 3).
tions of lice copepodids. The lice field was less dense
The modelled lice concentrations were relatively
within Altafjorden, and lice were advected into the
high in Øksfjord in the first 2 cruise periods, with maxiTalvik area. In the second period, the most dense lice
mum values of 7.9 ind. m−3 in the first period and
field was in Langfjord and in the 2 sounds Stjernsund
28.8 ind. m−3 in the second period. In the third period,
and Rognsund, and in the inner part of Øksfjorden. In
the modelled concentrations were low in Øksfjord
the third period, Øksfjorden had low lice concentra−3
(< 0.9 ind. m ). The modelled concentrations were low
tions, and no lice copepodids were present in Talvik,
in Korsfjorden in the 2 first periods (< 0.3 and < 0.8 ind.
while Korsfjorden and all the 3 sounds had higher
m−3) and higher in the last period (< 5.1 ind. m−3). In
concentrations of lice (Fig. 5).
Stn 6 mod
Stn 7 mod
Stn 6 samp
Stn 7 samp
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4. DISCUSSION
This work presents the first successful field observational data on free-living salmon lice Lepeophtheirus salmonis copepodids in Norwegian fjords. We
sampled in areas and periods of expected elevated
amounts of lice in the water. We found that salmon
lice can be sampled with traditional plankton sampling gear, provided that sufficiently large volumes
of water are filtered. However, for obtaining sampling results that represent the actual lice concentrations in an area, a comprehensive survey design is
mandatory because the distribution of salmon lice in
fjords and coastal waters often is patchy and highly
variable in both space and time. Therefore, many
samples and large sampling volumes are necessary
to obtain representative observational data on planktonic salmon lice that can provide information to
assess infestation pressure from lice on wild salmonids and to evaluate modelled lice dispersion.
The modelling results show large variability of lice
distribution, in both space and time, caused by the
variable currents and eddies that lead to patchiness
and filaments (Skarðhamar et al. 2007, Lévy et al.
2018) of elevated lice concentrations, which is in
accordance with previous work (Asplin et al. 2014,
Johnsen et al. 2014, 2016, Sandvik et al. 2016a,
Skarðhamar et al. 2018). Such structures are challenging to sample representatively. To obtain sampling results that represent the actual lice distribution in an area, a comprehensive survey design is
therefore mandatory. Our sampling was not designed to capture the full variability of lice abundance. Still, by comparing sampling results with
modelled time series of lice concentrations representing the sampling locations, we found that the
modelled and observed values of concentrations are
within similar ranges.
Sampling of planktonic salmon lice has been considered non-feasible for monitoring the Norwegian
coast for salmon lice, due to low success in earlier
attempts (Asplin et al. 2011). Our findings show that
sampling can be done successfully with traditional
gear such as vertical net hauls and by pumping water
from specific depths with large water sample bottles
(Go-Flo). These methods remain robust during conditions with wind and waves, often a mandatory
aspect of coastal monitoring programs. We found GoFlo sampling less convenient and more time consuming than using net hauls and pumping because several repeated samples were needed to obtain
sufficiently large volumes of water. Horizontal tows
with the WP2 close to the surface, which has been

proved successful elsewhere (Costelloe et al. 1998,
Penston et al. 2004, 2011, Penston & Davies 2009, á
Norði et al. 2015), were not feasible in our first cruise
due to wind and waves and were therefore not
repeated on the other cruises. We consider use of
horizontal tows to be dependent on sea state (waves)
and therefore not reliable as the main method on
cruises of fixed dates and duration independent of
weather conditions.
The different sampling methods have different
qualities with regard to spatiotemporal resolution on
horizontal and vertical distribution or integrated vertical concentrations. The vertical net hauls provide integrated concentrations within a depth range, while
the Go-Flo bottles and bilge pump sample at specific
depths and can be used to assess the vertical distribution. Nelson et al. (2018) compared sampling results
from vertical nets hauls and submersible pumps and
found no significant difference in mean concentrations
of lice larvae, although the variation between samples
was high. They based this on vertical net hauls and integrated results of samples pumped from 6 depths at
the same station repeated 4 times. On our cruise in
Alta in August 2015, we sampled 9 stations and found
mean concentrations of 2.2 ind. m−3 sampled with
both the vertical net (± 4.0 ind. m−3 SD) and the GoFlo water bottles (± 3.3 ind. m−3 SD) and 1.2 ± 1.8 ind.
m−3 (mean ± SD) sampled with the pump. This may
seem like consistent results; however, the variability
was high between stations and methods. With the GoFlo bottles, we caught lice at 3 of 9 stations and only 1
copepodid per sample. Therefore, the Go-Flo-results
are burdened with very high uncertainty (e.g. Harris
et al. 2000), caused by the low sample volume (150 l,
Table 1) combined with vertical patchiness and risk of
missing fine-structured distributions. For the vertical
net results, Stn 6 contained 32 copepodids, giving a
concentration of 12.8 ind. m−3, while the concentrations varied between 0 and 1.6 ind. m−3 at the other
stations. The mean concentration of the stations, excluding Stn 6, was 0.9 ± 0.6 ind. m−3. The pump gave a
mean concentration of 1.2 ind. m−3 and between 0 and
6 lice per sample. For the pump results, we see that
the variations between the 2 depths are small within
each station (Table 2). On the 2 cruises in September
and October, only the pump was used for sampling,
resulting in mean concentrations of 2.7 ± 2.9 ind. m−3
in September and 0.1 ± 0.2 ind. m−3 in October. The
weather was rough during the October cruise, and
the absence of lice in the samples may have been
caused by winds and waves mixing the lice deeper
in the water column. The use of vertical nets would
be a more robust method, if lice were present. The
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model simulations (Fig. 5) showed that the currents
had transported the lice out of Øksfjord and Talvik,
while the modelled lice concentrations increased in
Korsfjorden, which was where the single louse was
found on the cruise. The modelled high concentrations near the surface can be related to the model
parameterisation of the vertical mixing of the particles which will be improved in future simulations.
Based on our results, we consider the 2 methods,
vertical net hauls and pumping water from specific
depths, feasible for sampling lice. They facilitate
large volumes of water to be filtered, and repeated
sampling should be carried out to obtain more robust
numbers on the actual lice concentrations. In future
sampling campaigns, we will therefore increase the
pumping volume and repeat the vertical net hauls
several times at each station.
Our sampling programme in 2015 was designed to
compare sampling methods with different gear and
not for proper mapping of the distribution and variability of lice in the fjord system. Such mapping requires a more extensive sampling programme because both the temporal and the spatial variability
are large (Asplin et al. 2014, Johnsen et al. 2014,
2016, Sandvik et al. 2016a, Skarðhamar et al. 2018).
However, we sampled at 9 stations at 3 widely separated localities and 3 time periods in Alta in 2015.
What we can conclude from our results is that higher
lice concentrations were present in Korsfjord and
Øksfjord, which are both active aquaculture areas,
than in Talvik within the protected part of the fjord.
However, lice were present also in Talvik, and in
September the concentrations found in Talvik were
within the lower end of the range of the other 2 localities. This is not surprising since lice from most farm
sites in the fjord are likely to be advected with the
currents into the protected part of the fjord (Skarðhamar et al. 2018).
The modelling results of lice concentrations at the
sampling locations showed large variability in both
time and space (Table 3). On the 2 first cruises in Alta
(August and September), lice were found at 8 of 9 stations (Table 2). The maximum modelled concentrations at each of these stations and cruise periods were
lower than sampled concentrations at 6 of these 8 stations and higher at 2 stations in both periods. Of the 2
stations with no sampled lice, the model estimated no
lice at one station and a minor concentration at the
other. Our results show that the modelled and sampled abundances varied within similar ranges, but
were partly shifted in time. The model overall estimated lower concentrations than observed, with a
few exceptions. In the cases where the difference be-
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tween sampled and modelled abundance was high,
the sampled values were generally higher than simulated (Table 3), with 1 exception (Stn 6 in September).
Based on this comparison, we state that the model estimates conservative lice concentrations. This holds
also if we assume that, for example, 50% of the sampled lice were Caligus elongatus.
The range of magnitudes of the concentrations estimated from the samples is similar to the modelled
range of concentrations; however, the variability may
not be accurate in time. For example, the highest
concentration was sampled at 1 station in Øksfjord
on the August cruise, while the model estimated concentrations of similar magnitude (and higher) at the
same position a few days later than the cruise period
(Fig. 6). The second cruise period (in September)
matched the modelled peak concentrations at the
same stations, but these peak values were not reflected in the sampled concentrations, which were of
similar magnitude as the modelled concentrations a
few days earlier and later. The period of the third
cruise, when no lice were sampled in Øksfjorden,
matched low lice concentrations modelled in that
part of the fjord (<1 ind. m−3).
The variability of lice concentrations in time and
space depends on the variability of the currents
transporting them and patchiness and filaments that
can cause large differences in concentrations of lice
and other plankton over short distances and time
(Skarðhamar et al. 2007, Lévy et al. 2018). Such
structures and variability are challenging to capture
in a sampling survey, requiring a dense sampling
programme and resources to analyse a large number
of samples in the laboratory. Numerical modelling
with sufficient spatial resolution resolves such structures and is therefore an unsurpassed tool for mapping distribution and variability of salmon lice. A
comprehensive discussion about the accuracy and
variability in the physics and salmon lice densities
can be found in Sandvik et al. (2016a,b) and references therein.
The accuracy of the model results also depends on
the quality of the input data on lice: the numbers of
lice released to the waters from the aquaculture
farms over time. This is based on weekly reports of
lice prevalence (no. of lice fish−1) and monthly reports
on biomass (no. of fish) reported by each farm. The
farms do not report exact date, only week number
and month. We therefore consider the uncertainty of
timing of the lice numbers to be about 2 wk. This can
be one factor affecting the timing of modelled peak
concentrations in certain areas. Biomass optimally
should also have been reported weekly with exact
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dates. Still, compared to other countries, the Norwegian reporting system provides unique and realistic
input data sets of lice larvae released from every fish
farm, making us able to model the lice abundance
and distribution with the currents relatively realistically. By including exact dates in the reporting system, our modelling results can be even more accurate in the future. In other countries facing
challenges with aquaculture and salmon threatening wild salmonid populations, full reporting systems
for the aquaculture farms have not yet been established; the management is based on treatment
thresholds of lice per fish (varying between countries) and allowed fish biomass, and reported numbers of both lice and fish per farm are not available.
Modelling studies are therefore used for connectivity
analysis between farms without realistic input data
on lice nauplii released from the farms (e.g. Adams et
al. 2016, Salama et al. 2016, Cantrell et al. 2018,
Kragesteen et al. 2019). By establishing open reporting systems for lice observed on farmed fish, and the
number of fish per farm (biomass), the management
systems can be improved.
The 2 sea lice species (L. salmonis and C. elongatus) are relatively similar in morphology and overlapping size and therefore hard to distinguish from each
other in their larval stages. In northern Norway
(Elvik et al. 2016), as well as in northern parts of Iceland (Karbowski et al. 2019), C. elongatus significantly contributes to sea lice abundance both in wild
sea trout as well as in sentinel caged salmon smolts.
Farmed salmon are also annually challenged with
autumn sea lice epizootics, in both Iceland and northern Norway (Karbowski et al. 2019). It is therefore
also important to be able to distinguish the 2 species
in pelagic monitoring programs, especially from
August to November. Schram (2004) recommends
using pigmentation characteristics for distinguishing
the 2 species from each other morphologically. However, pigment degradation is a challenge due to the
use of fixatives for preservation. Formaldehyde is the
preferred fixative for crustacean plankton (Harris et
al. 2000), but this induces fast decolourisation. Ethanol preserves the pigmentation better, but the pigmentation will fade in ethanol preservation after a
week (Schram 2004). The recommended identification prior to fixation, or within a week in ethanolpreserved samples, was not feasible in Altafjorden
due to field sampling occurring far from laboratory
facilities and the time required for analysis of entire
plankton samples to identify the salmon lice copepodids. Formaldehyde was therefore selected for better
general preservation. Even though we could not

identify the 2 species based on pigmentation characteristics, the frequency of total length distributions in
Alta (Fig. 3) indicates at least 2 peaks (510−540 and
600−630 µm) and therefore 2 potential populations or
species, although these lengths are shorter than literature values of total length (Schram 1993, Piasecki
1996). There is possibly a size difference in wild
copepodid sea lice (present study) compared to laboratory-reared copepodids used in the cited studies,
probably caused by growth at lower temperatures, or
length frequency distributions being impacted by
size-dependent predation in nature.
Our samples were analysed manually with a microscope in the laboratory. Given the low number of lice
in each sample, the whole sample had to be scrutinised; analysis of subsamples, which is a normal procedure for other plankton sampling, could not be
used here. Therefore, the analysis was time consuming, and more efficient analysis methods can be beneficial, such as image analysis and environmental
DNA and other molecular methods. Investigations of
such methods have been conducted in parallel with
this study, but although promising, a skilled microscope analyser still is the most accurate and precise
method (R. Skern-Mauritzen, Institute of Marine Research, pers. comm., S. Bui unpubl. data). The development of automatic analysis methods is advancing
rapidly, so we expect more efficient, but still accurate
and precise, analysis methods to be available in the
future.
The numbers of lice sampled during our cruises
were too low to allow robust statistical analysis, and
the uncertainty in concentrations is potentially high
(35−100% according to Harris et al. 2000). However,
since no previous direct observational-based information is available on concentrations and distribution of free-living salmon lice copepodids in Norwegian fjords, we consider our results valuable as a first
direct quantification (snapshot) of lice concentrations
in Norwegian fjords with aquaculture. The mostly
higher concentrations found in our samples compared to those in Nelson et al. (2018) and the literature (see references therein) also seem reliable,
based on the scale of the Norwegian aquaculture
industry and the role of farms as emission sources for
lice larvae in the fjords.

5. CONCLUSIONS
We have shown that sampling for salmon lice is
possible with conventional sampling equipment for
zooplankton, provided that sufficiently large water
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volumes (>1000 l) are filtered. Based on our experience, we consider vertical net hauls with WP2 nets
to be the most robust sampling method, independent of weather conditions, and time effective and
therefore especially suitable for monitoring programmes. Alternatively, pumping large volumes
from specific depths into a WP2 net for filtration can
also be feasible, especially if vertical distribution
is important.
Previous model results have shown a highly variable lice dispersion in time and space (Myksvoll et al.
2012, Asplin et al. 2014, Johnsen et al. 2014, 2016,
Skarðhamar et al. 2018), and our observations and
modelling results for Hardangerfjorden and Altafjorden support this. Therefore, to develop a field-based
monitoring program for free-living lice, the field sampling effort and survey design must be thoroughly
considered and extensively conducted to ensure that
the expected variability in time and space is covered
by the sampling programme. Such monitoring programmes require an extensive sampling programme
and manual resources for analysing the samples and
will demand large resources if implemented all along
the coast. But for targeted studies in selected regions,
sampling efforts can be valuable for research, and
observational data on planktonic salmon lice concentrations can provide valuable additional information
for assessing infestation pressures from sea lice on
wild salmonids. Such data can also be valuable for
evaluation of model estimates of lice concentrations
and to develop a more functional relationship in time
and space between modelled concentrations of
planktonic lice to the observations of lice attached to
salmonid fish. The present work indicates that the
model can be considered to estimate conservative
concentrations of free-living lice copepodids, within
the same order of magnitude as our sampling results
of free-living lice. Comparisons between modelled
lice abundance and available data on lice infestation
on wild-caught sea trout (Myksvoll et al. 2018) as
well as sentinel caged salmon smolts (Sandvik et al.
2016a) showed good agreement. Together, these are
arguments for further development and use of the
hydrodynamic lice model as a primary tool for governmental monitoring and management purposes.
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