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Summary
Managing diseases is crucial in any farming activity. The vast majority of Atlantic

salmon consumed today are raised in an open sea environment where ectoparasitic
copepods or sea lice have been a persistent plague for more than half a century. Sea
lice and especially the species Lepeophtheirus salmonis or salmon lice are the main
obstacle for further growth of the salmon farming industry in the northern hemisphere
because high lice levels have a negative impact on wild salmonid stocks and increases
cross-farm infection pressure. Controlling lice levels requires treatments which are
harmful for the local environment and are expensive.

There have been numerous studies assessing the impact of salmon lice on wild
salmonid stocks using bio-physical models and several studies on salmon lice popula-
tion dynamics. However, research on how to optimally manage lice from a farmers
perspective has been limited. Therefore, I developed a bio-economic model framework
capable of analysing the economic profitability of lice management strategies. Using
this model framework I address the central aim of this thesis which is to identify
optimal lice management strategies.

To add confidence in the proposed modelling approach salmon lice growth must
be simulated to a sufficient degree of accuracy and therefore our second aim is to
model salmon lice growth using Faroe Islands as a study site. The order of papers
included in the thesis is reflected by the presented aims: a bio-economic model of an
idealized farm network (Paper I), hydrodynamic connectivity between Faroese salmon
farms (Paper II) and estimation of crucial salmon lice population dynamic parameters
(Paper III).

Paper I shows, using the bio-economic model of an idealized farm network, that
isolated farms profit most by applying a relatively high treatment threshold (5-10
gravid lice salmon�1) while farm networks profit most by applying a low treatment
thresholds (⇡ 0.1 gravid lice salmon�1). In addition, managing lice with a low
treatment thresholds places salmon farms in a tragedy-of-the-commons environment
where individual farmers may have an incentive to disregard legislation at the expense
of others in the network. This suggests that strong enforcement is needed to achieve
optimal management of salmon lice infections.

Paper II addresses the hydrodynamic lice connectivity between salmon farms in
Faroe Islands. Simulations of planktonic lice show that they are able to disperse up
to 120 km away from their source, more than the length of the Faroese archipelago.
Further, Faroese farms form a complex connectivity network. In some cases, as many
as 10% of the infectious salmon lice released at one farm site enter a neighbouring
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fjord containing another farm site. Farms were characterised as emitters, receivers
or isolated. In addition, two clusters of farms networks were identified. These farm
characteristics are a valuable input for the development of management strategies for
the Faroese salmon aquaculture industry.

Paper III estimates two crucial salmon lice population dynamics parameters for
each active Faroese farm site based on an extensive lice count time-series: the external
infection pressure and salmon lice growth rates. In addition, the study shows the
development of total salmon lice in Faroe Islands from 2011 to 2018 and that external
infection pressure at most farm sites increases with 0.001 to 0.004 lice salmon�1 d�1

for every million gravid lice. And finally, a salmon lice model forced with the obtained
parameters showed that decreasing treatment threshold and production length may
lead to a scenario where no or very few treatments are needed to control lice levels.

In summary, this modelling approach does show promise, however, further work
is needed before salmon lice population growth can be accurately simulated which
would give authorities and farmers the capacity to optimally manage lice on national,
regional or farm level.



Dansk resumé
Titel: Håndtering of lus is lakseopdræt - med Færøerne som et case studie sted

Håndtering af sygdomme er af afgørende betydning i fiskeopdræt så vel som i landbrug.
Størstedelen af atlantisk laks, der konsumeres i dag, stammer fra fiskopdræt i åbent
havmiljø, hvor ectoparasitiske copepoder eller havlus har været en vedvarende plage
i mere end et halvt århundrede. Havlus og især arten Lepeophtheirus salmonis eller
lakselus er den største hindring for yderligere vækst af lakseopdræt på den nordlige
halvkugle på grund af det faktum, at høje lus-niveauer har en negativ indvirkning på
vilde laksebestande og øger infektionspresset mellem geografisk separate opdrætsteder.
Det er nødvendigt med aflusninger for at kunne håndtere lusen, men bekæmpelsen er
skadelig for det lokale miljø og er tilmed en bekostelig affære.

Der er udført mange undersøgelser med bio-fysiske modeller for at finde frem til,
hvordan lakselusen påvirker vildlaks, og flere studier af lakselus populations dynamik
er også lavet. Forskning i, hvordan man optimalt kan håndtere lus fra et opdrætterper-
spektiv har været begrænset. Derfor udviklede jeg en bioøkonomisk modelramme, der
var i stand til at analysere den økonomiske profitabilitet af lusehåndteringsstrategier.
Ved hjælp af denne modelramme adresserer jeg det centrale mål med denne afhandling,
som er at identificere optimale lusestyrings-strategier.

For at tillægge den foreslåede modelleringsmetode øget troværdighed skal lakse-
lusvækst simuleres med tilstrækkelig nøjagtighedsgrad. Derfor var vores andet mål at
modellere lakselusvækst, hvor Færøerne blev brugt som studiested. Rækkefølgen af
artiklerne inkluderet i afhandlingen afspejles af de præsenterede mål: en bioøkonomisk
model for et idealiseret landbrugsnetværk (Artikel I), hydrodynamisk forbindelse
mellem færøske lakseopdrætsteder (Artikel II) og estimering laksebestandes afgørende
dynamiske parametre (Artikel III).

Artikel I viser ved at bruge den bioøkonomiske model af et idealiseret opdræt-
snetværk, at isolerede opdrætssteder får mest ud af at anvende en relativt høj be-
handlingstærskel (5-10 gravid lus�1), mens netværk af opdrætsteder får mest ud af
at anvende lave behandlingstærskler (⇡ 0,1 gravid lus laks�1). Derudover illustrerer
dette studie, at håndtering af lus med en lav behandlingstærskel placerer lakseop-
dræt i et “tragedy-of-the-commons”-miljø, hvor individuelle opdrættere kan have et
incitament til at se bort fra lovgivningen på bekostning af andre i netværket. Dette
betyder, at det er nødvendigt med stærk håndhævelse for at opnå optimal håndtering
af lakselusinfektioner.

Artikel II vedrører den hydrodynamiske luseforbindelse mellem lakseopdrætssteder
på Færøerne. Vi bruger en koblet barotropisk tidevandsdrevet hydrodynamisk og
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partikelsporingsmodel for at simulere lusespredningen i færøske farvande. Simuleringer
af planktoniske lus viser, at de er i stand til at sprede sig op til 120 km væk fra
deres kilde, hvilket er mere end længden af den færøske øgruppe. Endvidere danner
færøske opdrætsteder et komplekst netværk. I nogle tilfælde kommer op til 10 % af
de smitsomme lakselus, der frigives på et opdrætsted, ind i en nærliggende fjord, der
indeholder et andet opdrætsted. Opdrætsteder blev karakteriseret som udsendere,
modtagere eller isoleret. Derudover blev to grupper af opdræt netværk identificeret.
Disse opdrætskarakteristika er et værdifuldt input til udvikling af håndteringsstrategier
for den færøske akvakulturindustri.

Artikel III estimerer to afgørende parametre for lakselusbestandsdynamik for
hvert aktivt færøsk opdrætssted baseret på en omfattende færøsk lusetællings tidsserie:
det eksterne infektionspres og væksten i lakselus. Derudover viser studiet hvorden
udviklingen av den samlede lakselusebestnd har været lakselus på Færøerne fra 2011
til 2018, og at eksternt infektionspres på de fleste laskeopdrætsteder stiger med 0,001
til 0,004 lakselus laks�1 d�1 for hver million kønsmoden lakselus. Og endelig viste en
lakselusmodel, baseret på de opnåede parametre, at en formindsket behandlingsgrænse
og formindsket produktionslængde kan føre til et scenario, hvor der kræves meget få
eller slet ingen behandlinger for at håndtere luseniveauet.

Sammenfattende kan siges, at modelleringsmetoden har et potentiale, men der
er behov for at arbejde videre med metoden, før væksten af lakselus kan simuleres
nøjagtigt, hvilket vil give myndigheder og opdrættere forudsætninger for den optimale
håndtering af lus på nationalt eller regionalt niveau samt på det enkelte opdrætssted.
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CHAPTER 1

Introduction
The ocean has always supplied the human population with protein and for a

long time this protein procured by capturing of wild animal. Currently, there is
an annual capture of ⇡ 90 million tonnes (FAO, 2017) from marine and freshwater
environments. However, the amount of captured aquatic animals has not increased
since the 1980’s (Fig. 1.1a). On the contrary, global aquaculture has increased from
an annual production of under 1 million tonnes in 1950 to just over 80 million tonnes
in 2017 and will soon likely surpass capture production (Fig. 1.1a). Aquaculture is
also considered by the UN to be an important factor in feeding a growing human
population. Farmed Atlantic salmon represents a small portion of global aquaculture
(⇡ 3%) with a current annual production of 2.3 million tonnes (Fig 1.1b). Although
relatively small in production volume in a global context, farmed salmon is a high value
product (6.60 e/kg in 2017, Fig. 1.1b) and is by far the most dominating aquaculture
industry at higher latitudes (Norway, Canada, Scotland, Ireland and the Faroe Islands)
and, consequently, it is important for the economy in these regions.

As in all other farming practices, salmon farming is subjected to a variety of
diseases, all the way from viruses to multicellular parasites. The majority of salmon
aquaculture takes place in the open sea environment where there have been two main
disease agents with a significant impact on the industry: The ISA (Infectious Salmon
Anemia) virus and sea lice. The ISA virus forced the salmon farming industry to
lay almost completely fallow in many farming regions around the world between
1995 and 2010 (Jacobsen, 2011), however due to improved farming practices and
vaccination programmes the virus is currently under control. Sea lice have been a
persistent problem in salmon aquaculture for more than a half century as the first
outbreaks of sea lice infection caused by L. salmonis occurred during the 1960s on
Norwegian Atlantic salmon farms soon after cage culture began (Pike and Wadsworth,
1999). In addition, there is a clear correlation between sea lice infections and infection
susceptibility of ISA (Barker et al., 2019), emphasizing the importance of the relation
between sea lice and other diseases.

Sea lice is a common name for a range of marine ectoparasitic copepods belonging
to the family Caligidae. Two sea lice species cause by far the greatest challenge
in salmonid aquaculture in the northern hemisphere: Lepeophtheirus salmonis and
Caligus elongatus. L. salmonis is a parasite only found on salmonids fish. Although
salmon lice is a widely used name, a more accurate name would be salmonid lice.
C. elongatus is a more opportunistic parasite, and has been found on 80 different
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Figure 1.1: a) Global capture (gray line) and aquaculture (black line) excluding aquatic plants and
mammals. b) Global salmon aquaculture of Atlantic salmon (black line) and production value (blue
line). Global capture of wild Atlantic salmon, dotted black line (FAO, 2017)

fish species (Kabata, 1979). Of the two species, L. salmonis has by far the largest
economic impact on the salmonid aquaculture industry due to its damaging effect on
its host (Boxaspen, 2006). A widely used estimate of the cost of sea lice is 0.1-0.2 e/kg
harvest salmon (Costello, 2009) while a more recent estimate is 0.42 e/kg (Abolofia
et al., 2017). The global cost of sea lice is therefore estimated to be between e230 to
e966 million, which suggest that efficient and sustainable control of the parasite can
produce considerable economic benefits. L. salmonis feed on the mucus, scales and
blood of their host (Pike and Wadsworth, 1999). It is estimated that lice levels higher
than 0.3 lice/g salmon is lethal to <150 g salmon and lice levels higher than 0.15
lice/g salmon is lethal to >150 g salmon (Taranger et al., 2014). However, before this
limit is reached salmon will experience lower growth rate due to increased stress and
osmoreglatory problems as well as making the salmon more susceptible to secondary
infections (Barker et al., 2019; Pike and Wadsworth, 1999).

Sea lice are controlled by treatments either chemical or non-chemical or by using
cleaner fish. Other preventive measures such as louse skirts are also being tested and
used (Bui et al., 2019). Authorities in salmon farming countries have implemented
legislation where farmers are obligated to intervene when lice levels reach a certain
threshold. The level of this threshold varies from country to country, however the
legislation is mainly driven by the desire to protect wild fish stocks as the artificially
increased infection pressure on wild salmonids (Kristoffersen et al., 2018; Krkošek et al.,
2007) have been shown to pose a serious risk to wild salmonid stocks (Krkošek et al.,
2013). E.g., Norway has implemented a national operational salmon lice monitoring
system, also known as the "traffic light system" (Vollset et al., 2017). In essence,
the monitoring system determines whether a production zone in Norway is allowed
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to grow, keep current production or is forced to decrease production based on an
estimated that impact lice from farmed salmon have on wild fish. Farmed salmon are
minimally affected at lice levels where farmers normally operate. Therefore, a salmon
farmer may have little incentive too keep lice at a low level e.g. <0.5 or 0.2 gravid lice
salmon�1 in Norway (Anon, 2012) or 1.5 in the Faroe Islands as, intuitively, a lower
treatment threshold seemingly leads to a higher treatments frequency, although, this
is not the case in connected farm networks (Kragesteen et al., 2019).

L. salmonis is likely the most studied marine parasite to date and substantial
research has been dedicated to model salmon lice growth (Adams et al., 2015; Revie
et al., 2005; Stien et al., 2005) and estimate lice larvae dispersion (Asplin et al., 2014;
Johnsen et al., 2016; Samsing et al., 2017) motivated by the issues mentioned above
and seek to answer how to optimally manage salmon lice in salmon aquaculture, see
Chapter 3 for a more elaborate litterateur review. There have been - to my knowledge
- no economic analysis of the optimal treatment threshold from a farmer’s perspective.
This thesis aims to add knowledge in this regard using the Faroe Islands as a case
study.

1.1 Salmon lice in the Faroe Islands

The Faroe Islands are a spatially isolated archipelago with complicated coastlines,
multiple fjords, and connecting straits with a relatively high farm density in a tidally
energetic area surrounded by open ocean. The Faroe Islands are located in the path
of the North Atlantic Current, causing the sea around the islands to be dominated by
relatively warm and saline waters with fairly stable conditions. Water temperature
varies from 6°C in February to approximately 10-11°C in August and September, while
the variation in salinity is confined to 35.05 to 35.25%� on the shelf (Gaard et al., 2011;
Larsen et al., 2008) but drops towards 32%� in the fjords due to freshwater runoff
(Gaard et al., 2011).

Aquaculture in the Faroe Islands started with trout in the 1950’s but eventually
turned to farming salmon in sea cages in the early 1980’s (Jacobsen, 2011). Salmon
aquaculture has since expanded and the current the annual production is around
70x103 tonnes with an export value of e450 million (2018) or almost half of the Faroese
export value (Fig. 1.2).

In the first couple of years of Faroese salmon aquaculture there were no reports of
any diseases. However, in 1984 there was an invasion of salmon lice, and for the first
time lice treatments (Neguvon) were needed in Faroese salmon aquaculture (Jacobsen,
2011). There are no official lice counts from this period but some claim that up
to 2000 lice could be on a badly infected salmon if no treatments were preformed
(Jacobsen, 2011). In the second half of 1980’s at least four diseases were confirmed:
Vibrio salmonicida, IPN (Infectious Pancreatic Necrosis), Furunculosis and Costia
(Ichthyobodosis). The most renowned Faroese aquaculture scientist, late Reinert, A.
states (translated from Faroese):
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Figure 1.2: Faroese salmon aquaculture export in tonnes (black line) and production value (blue line).
Value of total Faroese export (blue dotted line).

"With few farmers all worked well for a while. But in 1984 we had to

delouse Við Streymin for the first time. The year after we had to delouse

about four times... A major reason for the diseases, I think, was that all

the fish were overburdened with lice. They got bitten so badly by lice that

they had open wounds."

This assertion is in line with findings of Barker et al. (2019) and emphasises that
controlling sea lice in an intensive farming area is crucial. In 2000 ISA was confirmed
in Faroe Islands and by 2003 the virus was on outbreak (Jacobsen, 2011) and in
2006, due to ISA, the Faroese salmon farm industry almost collapsed, exporting less
than 10 thousand tonnes which had been 40 thousand tonnes less than three years
earlier (Fig. 1.2). After this period the industry and regulators implemented new
protocols and in 2009 the industry had rebounded. Also, in 2009 regular lice counts
were implemented by law and reported to the authorities. Average lice abundance has
fluctuated a lot since 2011 and high abundances are typically seen in winter ⇡ 90 days
after the warmest sea water period which occurs in early September (Fig. 1.3, Paper
III).
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1.2 Aim

There is general agreement that lice should be kept at a low level both to reduce
the negative impact that high lice levels have on local wild salmonid stocks (Krkošek
et al., 2013; Vollset et al., 2017) and to avoid extensive cross-farm infection. However,
research on how farmers optimally manage salmon lice is lacking. The central aim
in this thesis is therefore to identify optimal lice management strategies in salmon
farming networks, focusing on which strategies from a farmer’s perspective yield the
highest profit. The predominant focus has been to develop a model framework with
the capability of simulating, with in a salmon farming network, salmon lice growth on
a farm site level and to couple this with a bio-economic model capable of analysing the
profitability of management strategies. This has been done by expanding a previously
developed salmon lice population dynamic model (Adams et al., 2015) and driving it
with lice connectivity estimates based on input from bio-physical models. The main
question this thesis will seek to answer is:

• What are the optimal lice management strategies in salmon farm networks?

To gain confidence in the proposed bio-economic modelling approach accurate
simulation of salmon lice growth on a farm level basis is necessary and here Faroe
Islands was used as a case site. The Faroe Islands are well suited for this purpose
due to the isolated nature of the Faroese archipelago having constant high salinity
and relatively stable water temperature (Gaard et al., 2011). Further, there is an
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substantial time-series of lice counts going back to 2009 where regular lice counts have
been performed on all active farm sites since 2012. Thus, a secondary question this
thesis aims to answer is:

• How can salmon lice growth be modelled in Faroe Islands?

Salmon lice biology (Chapter 2), population dynamic and dispersion (Chapter 3)
will first be explained in more detail. Then, an overview is presented on how we help
to fill in some of the knowledge gaps to better model lice growth on salmon farm level
and how these models can be used to explore treatment strategies (Chapter 4-5). Last,
the main body is presented, where Paper I explores optimal treatment thresholds for
different simplified idealized salmon farm networks, while Paper II aims to estimate
the connectivity between Faroese salmon farm and Paper III estimates the crucial
external infection pressure and salmon lice population growth rate parameters for each
active Faroese salmon farm since 2009.

Bibliography

Abolofia, J., Asche, F., Wilen, J.E., 2017. The cost of lice: quantifying the impacts of
parasitic sea lice on farmed salmon. Marine Resource Economics 32, 329–349.

Adams, T., Proud, R., Black, K.D., 2015. Connected networks of sea lice populations:
dynamics and implications for control. Aquaculture Environment Interactions 6, 273–284.

Anon, 2012. Forskrift om bekjempelse av lakselus i akvakulturanlegg. URL: https://lovdata.
no/dokument/SF/forskrift/2012-12-05-1140#KAPI\TTEL_1.

Asplin, L., Johnsen, I.A., Sandvik, A.D., Albretsen, J., Sundfjord, V., Aure, J., Boxaspen,
K.K., 2014. Dispersion of salmon lice in the hardangerfjord. Marine Biology Research 10,
216–225.

Barker, S.E., Bricknell, I.R., Covello, J., Purcell, S., Fast, M.D., Wolters, W., Bouchard, D.A.,
2019. Sea lice, lepeophtheirus salmonis (krøyer 1837), infected atlantic salmon (salmo salar
l.) are more susceptible to infectious salmon anemia virus. PloS one 14, e0209178.

Boxaspen, K., 2006. A review of the biology and genetics of sea lice. ICES Journal of Marine
Science: Journal du Conseil 63, 1304–1316.

Bui, S., Oppedal, F., Sievers, M., Dempster, T., 2019. Behaviour in the toolbox to outsmart
parasites and improve fish welfare in aquaculture. Reviews in Aquaculture 11, 168–186.

Costello, M.J., 2009. The global economic cost of sea lice to the salmonid farming industry.
Journal of fish diseases 32, 115–118.

FAO, 2017. Fisheries and aquaculture department [online]. rome. URL:
http://www.fao.org/figis/servlet/SQServlet?file=/work/FIGIS/prod/webapps/
figis/temp/hqp_3310080681821032850.xml&outtype=html.

http://www.fao.org/figis/servlet/SQServlet?file=/work/FIGIS/prod/webapps/figis/temp/hqp_3310080681821032850.xml&outtype=html
http://www.fao.org/figis/servlet/SQServlet?file=/work/FIGIS/prod/webapps/figis/temp/hqp_3310080681821032850.xml&outtype=html


7

Gaard, E., Norði, G.Á., Simonsen, K., 2011. Environmental effects on phytoplankton
production in a northeast atlantic fjord, faroe islands. Journal of Plankton Research 33,
947–959.

Jacobsen, H., 2011. Ringar á sjónum.

Johnsen, I.A., Asplin, L., Sandvik, A.D., Serra-Llinares, R.M., 2016. Salmon lice dispersion
in a northern norwegian fjord system and the impact of vertical movements. Aquaculture
Environment Interactions 8, 99–116.

Kabata, Z., 1979. Parasitic copepoda of British fishes. Ray Society.

Kragesteen, T.J., Simonsen, K., Visser, A.W., Andersen, K.H., 2019. Optimal salmon lice
treatment threshold and tragedy of the commons in salmon farm networks. Aquaculture
512, 734329.

Kristoffersen, A.B., Qviller, L., Helgesen, K.O., Vollset, K.W., Viljugrein, H., Jansen, P.A.,
2018. Quantitative risk assessment of salmon louse-induced mortality of seaward-migrating
post-smolt atlantic salmon. Epidemics 23, 19–33.

Krkošek, M., Ford, J.S., Morton, A., Lele, S., Myers, R.A., Lewis, M.A., 2007. Declining wild
salmon populations in relation to parasites from farm salmon. Science 318, 1772–1775.

Krkošek, M., Revie, C.W., Gargan, P.G., Skilbrei, O.T., Finstad, B., Todd, C.D., 2013.
Impact of parasites on salmon recruitment in the northeast atlantic ocean. Proc. R. Soc.
B 280, 20122359.

Larsen, K.M.H., Hansen, B., Svendsen, H., 2008. Faroe shelf water. Continental Shelf
Research 28, 1754–1768.

Pike, A., Wadsworth, S., 1999. Sealice on salmonids: their biology and control. Advances in
parasitology 44, 233–337.

Revie, C.W., Robbins, C., Gettinby, G., Kelly, L., Treasurer, J., 2005. A mathematical model
of the growth of sea lice, lepeophtheirus salmonis, populations on farmed atlantic salmon,
salmo salar l., in scotland and its use in the assessment of treatment strategies. Journal of
fish diseases 28, 603–613.

Samsing, F., Johnsen, I., Dempster, T., Oppedal, F., Treml, E.A., 2017. Network analysis
reveals strong seasonality in the dispersal of a marine parasite and identifies areas for
coordinated management. Landscape Ecology 32, 1–15.

Stien, A., Bjørn, P.A., Heuch, P.A., Elston, D.A., 2005. Population dynamics of salmon lice
lepeophtheirus salmonis on atlantic salmon and sea trout. Marine Ecology Progress Series
290, 263–275.

Taranger, G.L., Karlsen, Ø., Bannister, R.J., Glover, K.A., Husa, V., Karlsbakk, E., Kvamme,
B.O., Boxaspen, K.K., Bjørn, P.A., Finstad, B., et al., 2014. Risk assessment of the
environmental impact of norwegian atlantic salmon farming. ICES Journal of Marine
Science 72, 997–1021.

Vollset, K.W., Dohoo, I., Karlsen, Ø., Halttunen, E., Kvamme, B.O., Finstad, B., Wennevik,
V., Diserud, O.H., Bateman, A., Friedland, K.D., et al., 2017. Disentangling the role of sea
lice on the marine survival of atlantic salmon. ICES Journal of Marine Science 75, 50–60.



CHAPTER 2

Biology of L. salmonis
A prerequisite of modelling salmon lice population growth is basic biological

knowledge and in this chapter we go through the most important aspect of salmon
lice biology with regard to modelling.

2.1 Life cycle

The life cycle of L. salmonis consists of 4 phases and 8 stages (Hamre et al. (2013);
Schram (1993), Fig. 2.1). Eggs hatch from gravid female egg strings and are released
as larvae in the first phase (nauplius I) into the surrounding environment where it
moults into nauplius II, and subsequently, into the second, and infective, phase, as
a copepodite. Lice larvae have a limited time to locate and attach to a host, as the
larvae in the planktonic phase are non-feeding.After attachment, copepodids moult
into immobile chalimus I. The chalimus phase consists of 2 stages (chalimus I and II),
where the latter moulds into the first mobile pre-adult stage. It is generally difficult
to distinguish the gender before the louse enters the mobile phase. After the pre-adult
stages (pre-adult I and II), the louse moults into the adult and final stage. Fertilized
adult females produce egg strings which protrude from their genital complex and
when matured, eggs are hatched and release larvae into the surrounding environment.
Temperature has a significant impact on the duration of attached and nauplii stages
and the infection window of the copepodid stage (Fig. 2.2). Development time as a
function of temperature (T) of the attached (⌧1�4), nauplii (⌧n) and copepodid (⌧c)
stages can be calculated with the following Bělehrádek functions (Samsing et al., 2016;
Stien et al., 2005):

⌧1�4(T ) = [�1/(T � 10 + �1�2)]
2 (2.1)

⌧n(T ) = exp[�1 + �2 log(
T

10
)] (2.2)

⌧c(T ) = exp[�1 + �2 log(
T

10
) + �3 log(

T

10
)2] (2.3)

where �1, �2 and �3 are shape parameters and are given in table 2.1. Mortality differs
between salmon lice stages (2.1). Attached lice stage mortality has been estimated by
laboratory experiments (Bjørn and Finstad, 1998; Finstad et al., 2000; Grimnes and
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Adult Female

Adult Male

Nauplius 1 & 2

Copepodid

Chalimus I

Chalimus 2
Pre-adult 1 &2

Figure 2.1: L. salmonis life cycle (Hamre et al., 2013; Schram, 1993).

Jakobsen, 1996; Tucker et al., 2002). Generally mobile males have a higher mortality
than females likely as a result of higher willingness to move between host in order to
reach for potential mates (Pike and Wadsworth, 1999). Knowledge of the mortality
at planktonic stages is very limited. Most model use a estimate by (Stien et al.,
2005) which calculated the nauplii and copepodid mortality to be 0.17/d and 0.22/d,
respectively, based on (Johnson and Albright, 1991). However, Gillibrand and Willis
(2007) adopted a mortality of 0.1/d based on typical copepodid mortality (Hirst and
Kiørboe, 2002).

2.1.1 Reproduction

Males develop faster than females L. salmonis and search for pre-adult II or adult
females to fertilize (Pike and Wadsworth, 1999). The male places spermatophores
into the genital orifices of the female, which is filled with sealing cement before he
leaves the female (Hull et al., 1998; Ritchie et al., 1996). Females then produce egg
strings where the development time, length and number of eggs per string decreases
with increases temperature (Samsing et al., 2016; Stien et al., 2005), except with
extreme temperatures (3 and 20 °C). Egg size does not seem to significantly vary
with temperature (Samsing et al., 2016). After the minimum development time is
reached first to last egg hatch within 18-65 h (Johnson and Albright, 1991). Egg or
larvae production rate per female (↵) can be estimated with the following equation
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Figure 2.2: a) Development time of nauplii (black line) and infection window of copepodid (black
dotted) (Samsing et al., 2016). b) Development time of chalimus male (black line) and female (black
dotted line), pre-adult male (gray line) and female (gray dotted line) and the development time egg
strings (blue line) (Stien et al., 2005).

(tabel 2.2):

↵ =
egg pr string

development time+ hatching time
(2.4)

where development times are found from Stien et al. (2005) and a hatching time of 42 h
was assumed (Johnson and Albright, 1991). An estimation of the a in situ production
rate was found to be 26-68 larvae/d at 7.8 °C (á Norði et al., 2016) and corresponds
well with the laboratory estimates represented in table 2.2.

2.1.2 Vertical movement

Nauplii and copepodid larvae have been shown to be phototactic (Heuch et al.,
1995) and to be able to avoid low salinity (Amundrud and Murray, 2009; Johnsen
et al., 2016, 2014) and they may seek higher temperatures in the water column to
reduce the nauplii stage duration (á Norði et al., 2015). Lice do tend to reside in the
upper surface layers (0-10 m) (á Norði et al., 2016) where their horizontal distribution
is likely more influenced by fresh water input and strong winds.

In summary, fundamental biological knowledge of lift history parameters are crucial
in any attempt to model salmon lice population growth. Better estimates, especially
of mortality of planktonic stages would increase the quality of salmon lice models
substantially. We will elaborate on this later.
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Table 2.1: Development and mortality for attached mobile lice stages (Stien et al., 2005) using Eq.
2.1 and planktonic stages (Samsing et al., 2016) using Eq. 2.2–2.3

Stage �1 �2 �3 Minimum
mortality(d�1)

Maximum
mortality(d�1)

Nauplii(tn) 1.4 (±33.64) -1.48 NB 0.01 0.17

Copepodid(tc) 2.6 (±33.64) -0.26 -1.03 0.01 0.22

Chalimus female(t1) 74.70 (±33.64) 0.246 (±0.007) NB 0.002 0.01

Chalimus male(t1) 74.70 (±33.64) 0.246 (±0.007) NB 0.002 0.01

Pre-adult female(t1) 67.47 (±20.36) 0.177(±0.006) NB 0.03 0.07

Pre-adult male(t1) 67.47 (±20.36) 0.177(±0.006) NB 0.02 0.18

Adult female(t3 & t4) 41.98 (±2.85) 0.338 (±0.012) NB 0.02 0.04

Adult male(t3 & t4) 41.98 (±2.85) 0.338 (±0.012) NB 0.03 0.06

Table 2.2: Table of larvae production rate.

Temperature
(°C)

Eggs per string
(Samsing et al.,
2016)

development +
hatching time
(d) (Stien et al.,
2005)

Larvae production
rate ↵ (#/d)

3 150 35.8 8.4

5 300 22.6 26.6

7 275 15.8 34.8

10 250 10.5 47.8

15 230 6.5 70.8

20 140 4.7 59.3
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2.2 Salmon lice data

In most salmon farming countries there are now monitory programs reporting
sea lice counts on a regular basis. In Norway, Scotland and Ireland the farmer
is responsible for training staff to conduct lice counts where as in Faroe Islands
Fiskaaling (a government own independent aquaculture service and research entity)
has a designated trained lice unit responsible for all lice counts. However, Heuch
et al. (2011) found no evidence of bias between farm staff counting sea lice compared
with designated lice counting teams. Typically a minimum of 10 fish have to be
counted for a set amount of cages at the farm site. However a farm site may have
up to 2 million salmon and a cage can have up to 200 thousand salmon. Further,
the number of lice counted on each salmon may vary greatly. The sample variation
decrease significantly for sample size up to 10 fish and the reduction in the variation
is negligible for sample size larger than 20 fish (Jimenez et al., 2011). Jimenez et al.
(2011), therefore, recommend that the mean abundance should be based on lice counts
for 10 to 20 fish per cage and in all the cages. Further, they state that sample size of
10 fish per cage can be used to determine whether the level of sea lice has exceeded the
allowable threshold. Revie et al. (2005) found that it was better to have a procedure
that randomly samples a large number of cages using a small number of fish from
each. Thorvaldsen et al. (2019) emphasised the importance of documenting actual lice
counting practices at the fish farms so to optimize lice counts and should be considered
by the aquaculture industry, industry regulators, and technology developers in the
future.

Our lice data is based on a the Faroese lice count program which started in 2009
where the Faroese government legislated that farmers had to count lice every 14 days
from 1 May to 31 December and 1 time a month from 1 January to 30 April. However,
after 2016 this was changed to every 14 days all year (Faroese Ministry of Foreign
Affairs and Trade, 2016). From 2009 to 2016 a minimum of 10 fish were counted from
4 cages. The farmer chose 2 cages, where one cage was the first to get farmed salmon
and the second cage was the one, which by the farmer, based on prior experience, was
estimated to establish the highest sea lice load. The two other cages were chosen at
random by between cages which had not been counted previously (per. com. Eliasen
K.). After 2016 a minimum of 10 fish are counted for all cages at each farm site. Mean
lice abundance for each count was used, however the raw data for each counted fish
does exist and in further work the variance of for each count should be included. A
lice count includes the number of gravid female, mobile stages (not including Gravid
females) and the chalimus stages. We did not include the number of chalimus in our
work due to poor data quality.
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CHAPTER 3

Salmon lice dispersion

and growth
Two main aspects are fundamental for modelling salmon lice population growth:

Dispersion of planktonic lice larvae and salmon lice population dynamics. Below is a
short review of these models and its application to solve the addressed questions.

3.1 Salmon lice bio-physical models

Planktonic sea lice larvae rely on ocean currents for horizontal transportation.
Although parts of the industry aims to move the grow out phase either on land or to
off shore open waters, most of the sea caged based production still takes place along
the cost line. Farm sites are typically located in fjords, lochs and sounds, which all
have unique complex circulation and is not easily described in a general manner, but
requires relatively advanced hydrodynamic numerical simulation tools. To estimate
lice dispersion particle tracking models are forced by hydrodynamic input and where
particles representing lice can be assigned biological properties e.g. their ability to
influence their vertical position due to their swimming capabilities. Examples of
bio-physical models from areas with intensive salmon farming are in Norway (Asplin
et al., 2014; Johnsen et al., 2016, 2014; Samsing et al., 2017; Skarðhamar et al., 2018),
Scotland (Adams et al., 2012; Amundrud and Murray, 2009; Salama et al., 2013),
Canada (Cantrell et al., 2018) and Faroe Islands (Paper II) and one model of an
idealized coastal inlet (Gillibrand and Willis, 2007) (Table 3.1 for details).

The above mentioned models aim, in broad terms, to add knowledge to two central
questions; 1) what is the level of infection pressure on wild fish stocks due to lice from
salmon farming and 2) what is the level of self and cross-farm infection.

Here, we focused more on the latter question as we aim to model lice population
dynamics of salmon farm networks. And we are therefore particularly interested in
estimates of how many lice reinfect a farm site and how many lice infect other farm
sites or in other words connectivity.
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3.1.1 Faroese ocean circulation

Ocean currents are generally generated by wind, fresh water input and tides.
Generally circulation in fjords and large narrow straits is dominated by freshwater
input and wind forcing while coastal water are dominated by tidal currents.

The classical fjord circulation is that river run off creates a fresher and lighter
surface layer which is advected out of the fjord pulling up saltier water from deeper
layers of the fjord and dragging deeper heavier saltier water landward at the fjord
mouth (Burchard et al., 2018; Knudsen, 1900). Fjord exchange rate purely based on
fresh water input divided by fjord volume was found generally to be low (<0.002 d�1)
in Faroese fjords (Patursson et al., 2017).

The atmosphere influences fjord circulation through the transfer of momentum
from winds and heat fluxes. Fjords in Faroese Islands are typically surrounded by
steep mountains sides where wind is channeled along the fjord. Along-fjord winds can
either enhancing or retarding fjord outflow or create large salinity gradients across
the fjord (Ingvaldsen et al., 2001; Skarðhamar and Svendsen, 2010; Svendsen and
Thompson, 1978). The fjords in the Faroe Islands are generally weakly stratified all
year round. In summer the surface layer is heated, while in winter most fjords are
stratified in calm periods due to larger precipitation, but frequent episodes with strong
wind and cold weather makes this period highly variable (Gaard et al., 2011; Simonsen
et al., 2018).

Tides are important for fjord circulation as they generate currents and influence
the hydrography. Tidal exchange rate can be estimated by the tidal range divided by
the fjord depth and tidal period. The tidal exchange rate in many Faroese fjord was
estimated to <0.03 d�1 or <33 days (Patursson et al., 2017). Strong tidal currents
outside fjords can drive residual eddies in the fjord and effect an exchange of water
through tidal dispersion also know as "tidal pumping" (Geyer and Signell, 1992;
Nguyen et al., 2008). The tidal generated eddies are most energetic at the fjord mouth
and decrease in strength landward. The width of the fjord mouth may also be related
to the size and strength of these eddies (Nguyen et al., 2008).

The currents outside Faroese fjords are predominately influenced by tides and
as a result currents are generally vertically uniform (Simonsen and Niclasen, 2011).
However, Faroe Islands are notoriously windy and are subjected to strong wind episodes
which influence water currents predominately in the upper layers.

There is currently no operational fully forced hydrodynamic model of the Faroe
Islands. Therefore, our hydrodynamic model relies on a tidal circulation model
which is an implementation of the barotropic mode of the regional oceanic modeling
system (ROMS) (Shchepetkin and McWilliams, 2005) on a half nautical mile grid
resolution covering a larger area, and on a 100 m resolution grid for the coastal
region (Simonsen and Niclasen, 2011). Generally currents out side Faroese fjords are
accurately represented in the model while fjord circulation is much less accurate. E.g.
particles released in the center of one Faroese fjord did not leave the fjord within 30
days in our simulations, however the average exchange rate in this fjord is estimated
to be 10-14 days based on the Knudsen relation (Gaard et al., 2011).
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In summery, our applied hydrodynamic model only includes tidal forcing and
therefore lacks the dynamics of wind and freshwater input, however as tides dominates
currents between fjords we argue that our model is representative of lice dispersion
between fjords.

3.1.2 Particle tracking model

Lice dispersion is simulated by using particle tracking models where the trajectory
of particles representing lice is calculated in the (x,y,z) direction for a given time step
based on hydrodynamic input. Our applied particle tracking model used a basic Euler
forward scheme for discretization satisfying the CLF condition (Courant et al., 1928),
although the fourth order Runge Kutta method is applied in most models, in spite
of the fact that the gain accuracy by the Runge Kutta method is omitted by adding
diffusion or random walk. Particles are confined within the surface, bottom, land
and the boundaries of the model domain. There are several conditions which can be
applied when a particle approaches or crosses a boundary: Particles can slow down
when approaching a boundary (sticky), they can cross the boundary and be taken out
of the model (stranded), they can be reflected or particles can keep their previous
position if they cross a boundary until a trajectory doesn’t take it a cross a boundary.
Here, we implemented particles to strand when crossing the model domain boundary
and be reflected of other boundaries.

Particles representing planktonic salmon lice larvae were assigned three biological
properties: Development time, mortality and swimming ability.

In Paper II constant 10 °C water temperature was assumed and therefore all lice
older than ⇡ 4 days were considered infectious. However, the development time can
be model to vary with water temperature (Cantrell et al., 2018; Johnsen et al., 2016,
2014).

Mortality of planktonic lice is the summation of natural mortality, diseases or
predation (Hirst and Kiørboe, 2002). Most lice dispersion models have adopted a
mortality between 0.17-0.22d�1 based on a study by Stien et al. (2005), with the
exception of Gillibrand and Willis (2007) which assumed a typical copepodid mortality
of 0.1d�1 (Hirst and Kiørboe, 2002). More elaborate knowledge of the mortality at
the planktonic stage has a significant impact on lice distribution models and must be
studies further. Paper II assumed a constant 0.17d�1 mortality.

Behaviors that induce small vertical movement have been shown to significantly
effect horizontal lice dispersion patterns (Adams et al., 2012; Amundrud and Murray,
2009; Gillibrand and Willis, 2007; Johnsen et al., 2016, 2014). Amundrud and Murray
(2009) found wind to be the dominant influence of on the dispersion patterns of the
particles in Loch Torridon, Scotland. A bio-physical model of Loch Fyne, Scotland
found that the general pattern of lice abundance was replicated reasonably well,
although with some notable discrepancies (Adams et al., 2012). Johnsen et al. (2016)
found that lice fit observations better when lice simulated dynamic mixing (lice sink
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then water turbulence is high) being less light sensitive and fast swimmers in contrast
to random walk and slow swimmers simulations.

As our applied model is barotropic, lice swimming behavior is omitted and lice were
assumed to be passive leaving out the position in the z direction. However, lice could
be able to reside within the relatively small Faroese fjord by sinking/swimming down
from the surface outflow and get advected back into the fjord with landward deeper
currents, increasing internal infection. Lice could also swim upwards and remain in the
surface layers and be dispersed out of the fjord and into the tidally driven dispersion
highway (Kragesteen et al., 2018) increasing connectivity between farms.

In summary estimating particle or lice dispersion is difficult as the dispersion is
based on complex hydrodynamic models with the additional complexity by louse’s
ability to interact with the environment.

3.1.3 Lice dispersion and connectivity

Planktonic lice larvae can survive between 2-3 weeks depending on the temperature
before their energy reserves are depleted (Fig. 2.2). How far they will disperse is highly
dependant on local or regional water currents. In Loch Linnhe, Scotland, lice could
disperse up to 30 km away from their source and the greatest accumulation of lice was
found away from the source (Salama et al., 2013). Lice simulated in Hardangerfjord,
Norway, were able to disperse up to 100 km away from their source (Asplin et al.,
2014) and they also found that highest densities of lice were found away from the
source. In tidal dominated Faroe Islands lice could disperse up to 120 km from their
source while in the majority of salmon farms 50 % of lice dispersed more that 40
km away from their source within their life span (Paper II). It is therefore hard to
generalize the extent of how far lice disperse as this is highly dependant on local or
regional hydrodynamics, however these result indicate that lice are able, under the
right conditions, to disperse far beyond their original source.

Connectivity is estimated by releasing a number of particles from a source and
recording how they may re-infect and infect other farm sites. Modelled lice are
considered infectious when they enter a defined receiving area around a farm site in
their copepodid stage. The first attempt to estimate lice connectivity was done by
Adams et al. (2012) based on a FVCOM hydrodynamic model of Loch Fyne, Scotland.
They defined a receiving area of 500 m radius around a farm site to be infectious. An
overview of the defined receiving area and connectivity by other studies is seen in
Table 3.1. Connectivity can be expressed in several ways and exactly how and when
lice particles should be recorded is still an open question. Particles can be recorded
and taken out of the simulation if they enter a receiving area (Adams et al., 2012;
Johnsen et al., 2016; Samsing et al., 2017; Skarðhamar et al., 2018) or re-infect the
same area several times. The time particles spend in an area can also be accounted for
by taken total density experienced by the receiving area (Salama et al., 2013) or the
relative infection pressure or connectivity between farms can be estimated (Cantrell
et al., 2018).
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Re-infection probability or internal connectivity is reported to be between 0.1 to
1.15 % (Adams et al., 2012) and the average across the entire Norwegian coast was
0.18 % (spring:April-July) and 0.26 % (winter:November-February) (Samsing et al.,
2017). Skarðhamar et al. (2018) reported internal connectivity to be at least 3.7 %
(400/10800·100%). The highest internal connectivity is reported to be 2% (Adams
et al., 2012) and at least 3.7 % (Skarðhamar et al., 2018).

Because our model did not resolve fjord circulation we defined the whole fjord as
a receiving area. And due to the fact that particles in many fjords did not leave a
receiving area before becoming infectious particles were allowed to continue in the
simulation and potentially infect other farm sites. However, a particle was only allowed
to infect a given farm site once. Owing to the fact that the whole fjord is defined as a
receiving area and our model does not resolve estuarine circulation we found internal
connectivity to be up to 54 % and connectivity between two farms to be up to 10 %
(Kragesteen et al., 2018). These estimates are considerably higher than reported by
Adams et al. (2012); Samsing et al. (2017); Skarðhamar et al. (2018) because of they
way we defined the receiving area.

To our knowledge the only studies reporting connectivity estimates feasible for
salmon lice population dynamic models are Adams et al. (2012) and maybe Skarðhamar
et al. (2018) with some additional calculations. How connectivity should ideally be
estimated if they are to be used in salmon lice population dynamic models is taken up
in the perspective section (Chapter 5).



2
1

Table 3.1: Overview of bio-physical models.

Source Location Hydrodynamic
model

Resolution Larvae
mortal-
ity

Larvae
beha-
viour

Internal
connectiv-
ity(%)

External
connectiv-
ity (%)

Internal/
External
ratio

Receiving
area
(km2)

(Gillibrand
and Willis,
2007)

Idealized
coastal inlet

3D free-surface
z-coordinate
primitive
equation model

Horizontal:
100x100m Ver-
tical: 4m

0.1d�1 Seek
light
avoid
low
salinity

NB NB NB NB

(Amundrud
and Mur-
ray, 2009)

Loch Tor-
ridon, Scot-
land

GF8 Horizontal:
100x100m Ver-
tical: 15 layers

0.01h�1 Passive NB NB NB NB

(Adams
et al., 2012)

Loch Fyne,
Scotland

FVCOM Horizontal:variable
Vertical: 10layers

0.01h�1 Passive Max:1.15
min:0.01
mean:0.42

max:1.97
min:0
mean:0.31

max:0.41
min:0.02
mean:0.17

0.79

(Salama
et al., 2013)

Loch Linnhe,
Scotland

POLCOMS Horizontal:
100x100m Ver-
tical: ?

0.01h�1 Passive NB NB NB NB

(Johnsen
et al., 2014)

Hardangerfjord,
Norway

NorKyst800 Horizontal:
200x200m Ver-
tical: 35 layers

0.17d�1 Active NB NB NB NB

(Johnsen
et al., 2016)

Folda fjord,
Norway

NorKyst800 Horizontal:
200x200m Ver-
tical: 35 layers

0.17d�1 Active NB NB NB 0.36

(Samsing
et al., 2017)

western fjords
of Norway

NorKyst800 Horizontal:
800x800m Ver-
tical: 35 layers

0.17d�1 Active Max:NB
min:NB
mean:0.22

max:NB
min:NB
mean:2.95

max:NB
min:NB
mean:0.24

0.64

(Cantrell
et al., 2018)

Broughton
Archipelago,
Canada

FVCOM Horizontal: vari-
able Vertical: 21
layers

0.22d�1 Passive NB NB NB NB

(Skarðhamar
et al., 2018)

Loch Linnhe,
Scotland

NorKyst800 Horizontal:
160x160 mm
Vertical: 35 layers

0.17d�1 Active Max:3.7
min:NB
mean:NB

max:3.7
min:NB
mean:NB

max:NB
min:NB
mean:0.24

0.026
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3.2 Salmon lice population growth

Salmon lice growth on farmed salmon is fundamentally determined by the number
of larvae coming from internal production and from external sources.

There have been many proposed models to simulate salmon lice growth such as
advection-diffusion models (Krkošek et al., 2005), system dynamic models or Anderson
and May (1978) host-macroparasite model (Frazer et al., 2012; Krkošek et al., 2010),
stochastic Monte Carlo simulation models (Stormoen et al., 2013) and individual-based
models (Groner et al., 2013). And perhaps the most widely used and cited are the
delay stage structured models by (Revie et al., 2005; Stien et al., 2005), see also
Kragesteen et al. (2019) for a more detailed overview of relevant salmon lice growth
models.

How internal production and external sources are defined depends on how the
modelled population unit is defined. Considering a whole fjord or fjord system as the
population unit (Frazer et al., 2012; Revie et al., 2005) then infection or connectivity
between farm sites is defined as internal infection while if the population unit is a
single farm site then infection between farm sites is considered external infection. In
this thesis we aim to model population growth on a farm level basis and consider a
population unit as a farm site. External sources are here, therefore, divided into larvae
originating from other farm sites or regions and larvae originating from wild salmonid
stocks also referred to as natural background infection. The ratio between farmed
salmon and wild salmonid stocks is in most salmon farming regions considered to be
high ((Anon, 2018, e.g.) and therefore natural background infection is assumed to be
low (Karbowski et al., 2019). This is supported by Frazer et al. (2012) who stated:

"Two observations motivate this paper. One is that sea lice are seldom a
problem in areas with low production even when lice are present on local
wild hosts (Costello, 2009). The other is that lice are seldom a problem
when sea-cage aquaculture is new to an area."

External infection pressure, when modelled, is often assumed to be constant or
have some sinusidal variance or have some single infection pulse (Gettinby et al., 2011;
Revie et al., 2005; Robbins et al., 2010; Stien et al., 2005). However, Adams et al.
(2015) provided a model framework which resolved this external infection pressure by
accounting for the hydrodynamic connectivity between farms.

Internal infection is considered as the amount of viable larvae that re-infect a farm
site. A farm site normally consist of several cages having a horizontal area less than
1 km2. Planktonic larvae can disperse almost 20 km in 4 days (duration of naupulii
phase at 10 °C) at moderate velocities (0.05 m s�1). Therefore, lice infection will not
spread from one cage to the nearest cage within farms sites which also can explain
why there is a large variability in infection intensity between cages within farms (Pike
and Wadsworth, 1999).

In the following section we will go through some practical examples to highlight
important aspects of salmon lice population growth. First, using a relatively simple
host-macroparasite model Anderson and May (1978) proposed by Frazer et al. (2012),



23

the difference between internal and external driven dynamic is illustrated. Second,
using our applied delayed stage structured model, we elaborate on how external
infection pressure, population size and temperature will effect salmon lice growth rate.

Frazer et al. (2012) provided a simple mathematical model representing infectious
planktonic copepodids (L) and attached adult lice (P ):

dP

dt
= � (L+ L0)F � (µ+ h)P

dL

dt
= �P � �L� �LF,

(3.1)

where � is the attachment rate of copepodites per salmon,  is the probability of
attached larvae to survive to the adult stage and F is the number of host or stocking
level. µ is the natural mortality of attached lice while h is mortality by either treatment
or harvest events. � is the fecundity or production of larvae per gravid female times an
egg-to-copepodite survival and a sex ratio of 0.5 while � is the mortality of planktonic
larvae. L0 is the external infection. We illustrate the main difference between internal
and external driven dynamics with a practical example using Eq. 3.1. Here we set
F = 1 to get lice per salmon and h = 0 as we assume no treatment or harvest events.
Population growth solely driven by constant external infection pressure (Fig. 3.2) is
exemplified by setting L=0. This reduces Eq. 3.1 to:

dP

dt
= � L0 � µP, (3.2)

Parameters are assigned with realistic estimates to get a reasonable simulation output.
�L0 or external infection is set to 0.1 lice/salmon/day (Bjørn et al., 2011; Pert et al.,
2014; Sandvik et al., 2016) and survival probability ( ) is set to 0.8 (Gettinby et al.,
2011) while mortality (µ) of the adult stage is set to 0.02d�1 (Stien et al., 2005).
Solving for dP

dt = 0 we get P = � L0

µ = 4 lice salmon�1 (Fig. 3.2). A farm driven by
external dynamics will, therefore, initially grow fast where subsequently the growth
rate will converges to zero at P = � L0

µ . Second we calibrate Eq. 3.1 with parameters
such that the growth rate is ⇡ 4 %d�1 which is a relative high growth rate found from
literature (Krkošek et al., 2010; Patursson et al., 2017) and a low background infection
(�L0) of 0.001 lice d�1 (see parameters in caption text , Fig. 3.2). This results in a
farm reaching 10 lice/salmon after ⇡ 170 days. Third we look at population growth
when background infection is (�L0) = 0.1 lice d�1 and growth rate is ⇡ 4 % d�1.
Here, the external growth rate dominates the first 50-70 days where after internal
growth rate takes over. These three examples based on a simplified model illustrate
how salmon lice growth rate will, in brad terms, progress on a salmon farm.

Two delayed stage structured models were proposed in 2005 (Revie et al., 2005;
Stien et al., 2005). In this thesis we took basis in Revie et al. (2005) model which was
later modified to account for the connectivity between farms (Adams et al., 2015). We
further expanded the model by Adams et al. (2015) in Paper I with a mate limitation
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Figure 3.2: Salmon lice population growth as function of time. External dynamics based on Eq. 3.2,
black line. Dominating internal dynamics based on Eq. 3.1, black dotted line and both dominating
internal and external dynamics based on Eq. 3.1, gray line. �L0 = 0.1 lice d�1 in black and gray line
and 0.001 lice d�1 black dotted line. Other parameters: F = 1, h = 0  = 0.8, µ = 0.02, � = 0.17

for fertilization parameter and specified the production rate and attachment success:

d⇢1.i(t)

dt
= �i(t)� �i(t� t1)e

�µ1t1 � µ1(t)⇢1.i(t) (3.3)

d⇢2.i(t)

dt
= ⌘�i(t� t1)e

�µ1t1 � ⌘�i(t� t1 � t2)e
�µ1t1�µ2t2 � µ2(t)⇢2.i(t) (3.4)

d⇢3.i
dt

(t) = ⌘�i(t� t1 � t2)e
�µ1t1�µ2t2

� ⌘�i(t� t1 � t2 � t3)e
�µ1t1�µ2t2�µ3t3 � µ3⇢3.i(t) (3.5)

d⇢4.i(t)

dt
= ⌘�i(t� t1 � t2 � t3)e

�µ1t1�µ2t2�µ3t3 � µ4(t)⇢4.i(t). (3.6)

⇢1.i, ⇢2.i, ⇢3.i and ⇢4.i are the chalimus, pre-adult female, adult female and egg/larvae
producing gravid female, respectively, at time t and farm number is indicated by i.
µ1�4 are the mortality rates at the 4 stages and t1�4 are lengths of each stage. ⌘ is
the proportion of lice being female. �i(t) is the amount of viable larvae entering a
farm from 3 sources: Self-infection, from other farms in the network and from the
background or environment.

�i(t) =
1

Ni(t)

nX

j=1

CijFij(t) + L0 (3.7)

where Ni is the number of fish at farm i and Cij defines the connectivity between the
emitting farm j and receiving farm i. Fij(t) is the number of viable larvae that can
potentially be transmitted from farm j to farm i and L0 is the natural background
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infection pressure. Fij(t� ⌧ij) is the amount of viable larvae and defined as:

Fij(t) = ⇢4.j(t� tji)Nj(t� tji)fs(⇢4.j(t� tji)) (3.8)

⇢4,j(t� tji) is the amount of gravid lice salmon�1 at time t� tji, where tji is the time
it takes larvae to disperse from farm j to i. f is the amount of viable larvae produced
per gravid female:

f = ↵✏, (3.9)

where ↵ is the number of eggs produced per day per female lice and ✏ is the attachment
success. Production rate at different temperatures is seen in Table 2.2. Attachment
success or infestation success has been found to be 22 % of 1 day old copepodids
and 18 % for 7 day old (Gravil, 1996) while Samsing et al. (2016) found infection
success to be around 2, 50 and 40 % with temperatures of 5, 10 and 20 °C, respectively.
(Samsing et al., 2014) found a 14 % infection success at 13 °C. In Paper I we adapted
a 25 % attachment success, however in hindsight we could argue for a considerably
higher attachment rate when regarding fully stocked salmon farms. Because, if a
viable copepodid larvae were to pass through a farm or even through a single cage at
the right depths it will potentially encounter thousands of host’s and therefore even
with a low infection success per host the probability for successful attachment would
be very high. This will have a significant impact on the range of connectivity’s which
can cause a lice population to grow.

We extended the model with a fertilization parameter s(⇢4,j(t)), which is the
proportion of females fertilized as a function of the amount of gravid lice salmon�1 at
time t (Stormoen et al., 2013), essentially creating an Allee effect:

s(⇢4,j(t)) =
↵f⇢4.j(t)

1 + �f⇢4.j(t)
(3.10)

↵f and �f are both set to 10 salmon/(gravid lice) to sufficiently fit to the proposed
fertilization curve by Stormoen et al. (2013) and Krkošek et al. (2012) where fertilization
success is close to zero at near zero abundances and close to 100 % at around 2 gravid
lice salmon�1. An Allee effect or mate limitation is very likely present in salmon lice
growth dynamics based on the argument that the probability of both a male and a
female lice being on the same fish is low at low lice abundances (Groner et al., 2014;
Krkošek et al., 2012; Stormoen et al., 2013). We did an attempt to identify the presence
of an Allee effect from Faroese lice data, however this attempt was unsuccessful. An
explanation to why this is the case is likely that the growth rate at low lice abundances
is dominated by the relatively high external infection pressure.

Next, we will elaborate on some of the parameters included in this model. For
this purpose we will simplify Eq. 3.6 by assuming an isolated farm with a constant
external infection pressure and number of salmon and exclude the Allee effect:

d⇢4(t)

dt
= ⌘(C⇢4(t� te � t1 � t2 � t3)f + L0)e

�µ1t1�µ2t2�µ3t3 � µ4⇢4(t) (3.11)
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Lice growth rate can be found by dividing with ⇢4(t) where d ln(⇢4(t))
dt = d⇢4(t)

dt
1

⇢4(t)
.

For cosmetic reasons we say that  = ⌘e�µ1t1�µ2t2�µ3t3 which is than the survival of
female lice to adulthood and � = Cf which are how many larvae per female reattach
to a host at a farm site and ttot = te + t1 + t2 + t3:

d ln(⇢4(t))

dt
=  �

⇢4(t� ttot)

⇢4(t)
+  

L0

⇢4(t)
� µ4 (3.12)

From Eq. 3.12 we can derive that in order for the population to grow  � ⇢4(t�te�ttot)
⇢4(t)

+
L0 
⇢4(t)

> µ4. Although temperature is not considered in Eq. 3.11 we can derive that
increasing temperature which decreases development time (Fig. 2.2) will have a positive
effect on lice growth rate, keeping all other parameters constant. To see this effect the
average population growth rate of the total number of gravid lice was calculated in
Faroe Islands from 2011 to 2018. Population growth rate was calculated per day by
log transforming (Eq. 3.12) the total number of gravid lice (Paper III) and finding the
slope of a straight line fitted with 90 consecutive days. Each calculated growth rate was
pulled into the day of year and averaged between all years (Fig. 3.3). Here, we see that
average population growth rate is negative approximately the first 160-170 days of the
year where after the average growth rate turns positive until approximately day 350
in the year. And average annual lice population growth rate is highly correlated (0.95)
with average annual temperature highlighting the importance of including temperature
in the salmon lice population dynamic model.
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Figure 3.3: Salmon lice population growth rate in day of the year of total Faroese gravid lice averaged
over 90 days (blue line) from 2011 to 2018. Average annual temperature (Black dotted line) in day of
year from 2011 to 2018. Gray color indicates 95 % confidence interval of growth rate.

Finally, we will elaborate on external infection pressure. From Eq. 3.12 we can
derive that external infection pressure has a large effect on lice population growth rate
when ⇢4 is low and the effect decreases with increasing ⇢4 (Fig. 3.4). If then take take
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Figure 3.4: The effect external infection pressure has on lice growth rate for L0 = 0.01 (black solid
line), L0 = 0.1 (Black dotted line) and L0 = 1 (Black dotted punctuated line) with a constant
mortality of 0.03d�1. Gray color indicates mortality between 0.02 and 0.04d�1.

another example from Faroese lice data and again assume that internal connectivity is
zero, which may be the case for two Faroese farms (Fig. 3.5, farm 5 and 9 Fig. 3.1)
based on Paper II and calculate the external infection pressure based on (Eq.3.3-3.7)
by finding ⇢4 when d ln(⇢4(t))

dt = 0:

⇢4(t) =
L0 

µ4

(3.13)

The difference between Eq. 3.13 and 3.2 is that we now explicitly defined  with
mortality and development time at the different life stages and the male/female ratio.
Number of gravid lice salmon�1 from these two highly exposed farms does not stabilize
(Fig 3.5) but the number of gravid lice salmon�1 does not exceed 4 gravid lice salmon�1

occurring during or after a period of warm sea water temperature and relatively high
average gravid lice salmon�1. Number of salmon remains fairly stable after the initial
stocking period. Assuming a very limited internal infection, then in order for these
farms to achieve 4 gravid lice salmon�1 the external infection pressure (L0) must have
at least been:

L0 =
⇢4(t)µ4

 
(3.14)

L0 =
4 · 0.02

0.5e(�0.002·15�0.03·27�0.02·7.6) = 0.43 lice salmon�1 d�1 (3.15)

assuming a Faroese "worst case" scenario with highest water temperature (11°C) and
minimum mortality (Stien et al., 2005).  = ⌘e(�µ1t1�µ2t2�µ3t3) and can be calculated
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Figure 3.5: Gravid lice salmon�1 (red line) and total gravid lice in the Faroe Islands (purple line),
number of salmon (green line) and temperature (blue dotted line, right y-axis) for farm 5 (lower)
and 9 (upper) from 2011 to 2018. Vertical dark gray lines indicate treatment events and red circles
indicate a lice count.

based on values from literature (Table 2.1) and assuming a 0.5 female/male ratio.
Development time (t1�3) is a function of temperature and is calculated with Eq. 2.1
(see table 2.2). The external estimates from Paper III for these two farms are 0.05
and 0.04 lice salmon�1 d�1 which is considerably lower than the estimated 0.43 lice
salmon�1 d�1. This mean that either external infection pressure from Paper III is
underestimated or there is a higher internal infection pressure than anticipated from
Paper II. In summary population dynamic equations can aid in understanding how
different biological and physical parameters effect salmon lice growth and highlights
the difficulties of disentangling internal and external dynamics.

3.2.1 Modelling salmon lice in Suuroy

I did try to model salmon lice growth at three connected Faroese farms which are
relatively isolated from the the rest of the Faroese farm network (Farm 1-3, Fig. 3.1
Kragesteen et al. (2018)) in the period between 2013 and 2019, where the time and
type of treatment as reported by the operating companies were used in simulations
with the connectivity and external infections was set according

1. to the connectivity estimates from Paper II with a relative low external infection
pressure.
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Table 3.2: Specification of the parameters used in the model for simulating the farms in Suðuroy. L0

is the background infection, T is temperature, ↵ is production rate, and ✏ is the attachment success.
Receiving and emitting farms on the vertical and emitting axis, respectively. Internal connectivity is
diagonal from upper left to lower right.

Trial Farm Connectivity L0 T ↵ ✏

% % % lice salmon�1 d�1 °C larvae d�1 %

Farm 1 2 3

1 1 37.0 0.5 0.4 0.002 10 40 100

2 2.8 5.3 7.0

3 0.2 3.7 34.3

2 1 6 0 0 0.011 10 40 100

2 0 3.5 0 0.018

3 0 0 3.5 0.003

2. salmon lice growth rate estimates from Paper III, but with no infection between
farms.

The model parameters are given in Table 3.2 and the efficiency of each type of treatment
is given in Table 3.3. To prevent lice levels growing infinitely an automatic treatment
did occur when lice levels reached 27 gravid lice salmon�1.

Data of which and when treatments are performed (Fig. s 3.6-3.7) was kindly
provided by the salmon company running these farms sites. Setting connectivity para-
meters according Paper II results in a highly overestimation of gravid lice growth and
a very poor model which was expected. Because as previously mentioned, connectivity
estimates from Paper II are not very well suited for a salmon lice population dynamic
model as the receiving area is defined as the entire fjord and the hydrodynamic model
simulating lice dispersion does not resolve estuarine circulation. Further the model
does not handle well the relation between connectivity and number of fish. Salmon
lice growth is substantially better simulated compared to trial 1 when setting external
infection and salmon lice population growth parameters according Paper III. Note
here connectivity between farms is included as a constant external infection pressure.
The simulation is far from accurate, however it does capture some of the dynamic from
Farm 1 and 2. How to improve the salmon lice population dynamic model and achieve
more accurate lice development simulations is taken up in the future perspective
section.



30

Table 3.3: Natural mortality and treatment efficiency in (% d�1) assumed in trial 1 & 2

Stage Natural Azametiphos Difluben-
zuron

H2O2 Optilicer Pyretroid/
Azameti-
phos

Slice Fresh
water

⇢1 0.6 60 4 20 40 55 10 70

⇢2 3 60 4 70 80 55 10 70

⇢3 2 60 4 70 80 55 10 70

⇢4 2 50 4 70 80 55 4 70
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Figure 3.6: Trial 1. Average gravid lice salmon�1 lice counts (red line) and modelled (black line) for
Farm 1-3 3.1 in the period from year 2013 to 2019. Parameters are set according to table 3.2 and 3.3.
Treatment occurs automatically when gravid lice reach 27 gravid lice salmon�1.
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Figure 3.7: Trial 2. Average gravid lice salmon�1 lice counts (red line) and modelled (black line) for
Farm 1-3 3.1 in the period from year 2013 to 2019. Parameters are set according to table 3.2 and 3.3.
Treatment occurs automatically when gravid lice reach 27 gravid lice salmon�1.
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CHAPTER 4

Lice management

and treatments

4.1 Economic model

In order to study management strategies whom are economically optimal from a
farmer perspective we developed a bio-economic model which was coupled to a salmon
lice model (Kragesteen et al., 2019). The bio-economic model quantifies profit of
salmon production per unit time. The profit, ⇧, is the difference between revenue
from the sale of salmon and the production and treatment costs:

⇧ =
1

ttot

✓ nHX

j=1

(⇡ � C)W (tH,j)P (tH,j)�
nHX

j=1

ntreat(tH,j)X

i=1

CtreatW (tT,i,j)P (tT,i,j)

◆
,

(4.1)

where ⇡ is price per kg salmon and C is production cost, excluding treatment costs.
ntreat is number of treatments and Ctreat is the treatment cost. W and P are the
weight and survival of salmon through time and tH and tT represent time of harvest
and time of treatment, respectively. ttot is the total time from production start to last
harvest.

Somatic growth of salmon is expressed with a standard von Bertalanffy growth
function (Von Bertalanffy, 1938) augmented with a reduction, k, due to effects of
salmon lice salmon lice (⇢4):

dW

dt
= asalmonW

2/3(1� (W/w)1/3)k(⇢4(t)), (4.2)

where W is weight of salmon and w is asymptotic (maximum) weight where growth
stops. The growth and survival of salmon is anticipated to decrease when they are
infected by sea lice, depending largely on the lice density and size of the fish. We
approximate the effect of sea lice on salmon growth by a hyperbolic tangent function
and for simplicity salmon size is excluded and only gravid lice are considered:

k(⇢4) = (0.5� 0.5 tanh(
⇢4 � 20 gravid lice salmon�1

8 gravid lice salmon�1
), (4.3)
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which implies little affect of salmon lice until the level reaches around 10 gravid lice
per fish, but hereafter the growth gradually drops and reaches 0 when the gravid lice
salmon�1 levels reaches 40 (Fig. 4.1).
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Figure 4.1: a) Salmon growth as function of time (day) with different levels of constant gravid lice
salmon�1 based on Eq. 10. b) Effect on salmon growth (k(p4)) as a function of gravid lice salmon�1

based on Eq. 11.

Salmon mortality tends to decline with fish size (Soares et al., 2011), but here a
constant mortality is assumed:

dP

dt
= �µsalmonP (t). (4.4)

In summary farm profit (Eq. 4.1) links salmon lice population dynamics, salmon
weight and survival. See Kragesteen et al. (2019) for details how parameters were set.

The most uncertain aspects of this bio-economic model is somatic growth of salmon
and how sea lice effects their growth. Here, salmon growth is simplified and does
not depend on temperature but applying the bio-economic model in a specific farm
region then salmon growth should also depend on temperature. Further, 0.1 kg
salmon currently tolerate the same level of gravid lice as 5 kg salmon which is an
oversimplification (Kragesteen et al., 2019). In any revised model the level of lice
tolerance should vary with salmon size according to e.g. Taranger et al. (2014). The
proposed bio-economic model is a useful tool as it allows for an economic analysis
of profitability of different lice management strategies e.g. setting the treatment
threshold, decreasing production length and/or increase or decrease the fallowing
period.



37

4.1.1 Treatments and management

To control lice levels farmers have traditionally used medicinal or chemical based
treatments either as in feed or bath treatments. The most commonly used bath
treatments in Faroe Island has been hydrogen peroxide, however other bath treatments
such as Salmosan, Alpbamax, betamax, Pyretroid and Azametiphos are also used.
There are mainly two in feed compounds used: SLICE (Emamectin benzoate) and
Diflubenzuron (Fig. 1.3, Paper III). Over the years salmon lice have evolved/developed
resistance against most chemical based treatments (Aaen et al., 2015) and since
around 2014-2015 salmon farmers have moved from chemical based treatments to more
environmental friendly treatments such as fresh water treatments and mechanical
treatments such as termolysers, optiliser, flushing. Further, there is a large increase in
biological control by stocking cleaner fish (lumpfish or wrasse) together with farmed
salmon and preventive measures as louse skirts are also being tested and used (Bui
et al., 2019).

The cost of a treatment depends on three factors:

1. The cost of the treatment itself e.g. the cost of the chemical substance or renting
a well boat to mechanically delouse the farmed fish and the wages and labour
associated with preforming a treatment. The various kinds of treatments have
different cost/kg salmon (Holan et al., 2017). Therefore, treating smaller fish is
less expensive than treating larger fish.

2. Normally, before a treatment is conducted salmon are fasted for a period of time
in addition to getting stressed by the treatment itself and therefore potential
growth is lost or a longer production period is required.

3. Treatments are associated with mortality and especially physically handling of
the fish can cause high mortality which has obvious economic consequences.

The three cost’s should be estimated for each treatment type in order to investigate
which treatments are most economically beneficial as some treatments may be cheaper
while inducing a high mortality and/or stress the salmon, decreasing or stopping
somatic growth rate for a period of time and vise versa. Management of lice is im-
plemented differently in the respective salmon faring countries. Chile has salmonid
aquaculture neighbourhoods (Kristoffersen et al., 2013) and British Columbia’s has a
coordinated action management plan (CAMP) for sea lice (Murray, 2014). Scotland
uses two different management areas: disease management areas (DMAs) and produc-
tion management areas (PMAs) (Murray, 2014) where DMA is used for government
control and enhanced surveillance in the event of notifiable disease out break such as
ISA while PMAs (Anon, 2015) are used by industry to define areas for coordinated
management activities on an ongoing basis, such as sea lice treatments or area based
stocking. Salmon farming in Norway is now defined into 13 production zones which
are either allowed to increase, decrease or keep current production based on the the
estimated mortality salmon lice from farmed salmon impose on wild salmonid stocks
(Vollset et al., 2017). In Faroe Islands there is a "clip" system where farm sites get a
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clip each time exceed the set lice treatment threshold and based on the number of
clips they may be forced to reduce production (Faroese Ministry of Foreign Affairs
and Trade, 2016). In Paper II we showed that isolated farms yield optimal profit
by applying a relatively high treatment threshold, although this may be problematic
as it will likely have a negative impact on local wild salmonid stocks. Most farming
regions do form connected farm networks and will, in contrast to the isolated farms,
achieve optimal profit with a low treatment threshold. Further, the study showed
that managing lice with a low treatment threshold places farms in a tragedy of the
commons (Hardin, 1968) environment indicting the need for strict regulation and that
a badly regulated farm network are less profitable than when there is no regulation
(Kragesteen et al., 2019).

How lice management should be implemented in a farming area or region is an
open discussion and beyond the scope of this thesis. But management protocols should
take into account that managing with a low lice treatment threshold requires high
compliance of the farmers it regulates.
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CHAPTER 5

Conclusion and

Future perspectives

5.1 Conclusion

The main aim of the thesis was to identify optimal lice management strategies in
salmon farm networks. Overall, I addressed this aim by developing a bio-economic
model framework capable of analysing the economic profitability of different man-
agement strategies (Paper I). The bio-economic model couples three components or
models: 1) The hydrodynamic dispersion of salmon lice (Chapter 3), 2) the salmon
lice population dynamics (Chapter 3) and 3) the economic component, estimating the
profitability of management strategies (Chapter 4).

To gain confidence in such a model, salmon lice growth rate must be simulated to
a sufficiently accurate degree, and here I used the Faroese salmon farm network as the
case site. First by estimating the connectivity between farms (Paper II) and then by
estimating crucial salmon lice population dynamic model parameters (Paper III).

The backbone of this model framework is the hydrodynamic dispersion of salmon
lice estimating the connectivity between and within salmon farms. The connectivity
in a salmon farm network is ultimately determined by local or regional hydrography
and requires relatively advanced hydrodynamic numerical simulation tools. However,
to surpass the need for accurate hydrodynamic models of a specific farm region
we constructed an idealized symmetric salmon farm network where connectivity
was estimated within a realistic range (Paper I). Here, we investigated the optimal
treatment threshold and showed that a salmon farm network will yield the highest
profit by applying a low treatment threshold (>⇡ 0.1 gravid lice salmon�1), given
that the natural background infection is sufficiently low and the Allee effect, or mate
limitation, is significant. In contrast, an isolated farm will yield the highest profit with
a treatment threshold of around 5-10 gravid lice salmon�1. In addition, managing
farm networks with a low treatment threshold indicates that strict regulation is needed,
as individual farmers in a tragedy of the commons environment have an incentive to
disregard legislation while increasing their own profit at the expense of the remaining
farms in the network.

I asked the question how salmon lice growth can be modelled in Faroe Islands. I took
a mechanistic approach to answer this question by first estimating the hydrodynamic
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connectivity between Faroese salmon farms (Paper II) and using these inputs to run the
salmon lice population dynamic model. Unfortunately, the connectivity estimates were
not feasible for driving a Faroese salmon lice population dynamic model (Fig. 3.6), due
to how we defined the receiving area, and the inability of the tidally driven barotropic
model to resolve estuarine circulation. Nonetheless, we showed that Faroese salmon
farms are highly connected and form two clusters of farm networks, and that salmon
lice are capable of dispersing more than the length (120 km) of the Faroese archipelago
within their planktonic lifespan.

A method to obtain salmon lice model parameters without explicitly modelling
the connectivity between farms is to estimate parameters from salmon lice counts.
Two crucial parameters were estimated for each active Faroese farm site since 2009
based on an extensive time-series of lice counts: The external infection pressure and
salmon lice population growth rate (Paper III). Average external infection pressure
was found to range from 0.002 to 0.1 lice salmon�1 d�1 in Faroese farm sites, which is
considerably lower than external estimates from Norway and Scotland (Bjørn et al.,
2011; Pert et al., 2014; Sandvik et al., 2016), using sentinel cages. This likely due to
treatments effecting our estimates or the dilution effect (Samsing et al., 2014). Further,
a correlation between the total number of Faroese gravid lice and external infection
pressure was identified, indicating that external infection pressure roughly increases
between 0.001 to 0.004 lice lice salmon�1 d�1 for every million gravid lice (with the
exception of a few farms). Salmon lice growth rate was also estimated for each farm
site and ranges on average between 1.7 to 5.4 %/d and is similar to Krkošek et al.
(2010) and Patursson et al. (2017). Using these inputs to run a salmon lice simulation
of an isolated farm, showed that decreasing production length or grow out phase and
external infection pressure by setting a lower treatment threshold, will significantly
decrease the number of treatments needed to control salmon lice levels. These results
also indicate that with a sufficiently low production length and external infection
pressure, there is a scenario where no or very few treatments are needed to control
salmon lice. These results substantiate the general trend in the salmon industry of
producing larger smolts on land, reducing the length of the grow out phase in sea and
reducing the lice treatment threshold.

Using parameter estimates from Paper III as input to simulate three farms which
are internally connected and fairly isolated from the rest of the Faroese farm network
produced a substantially better simulation (Fig. 3.7) compared to simulating lice
growth with connectivity estimates from Paper II (Fig. 3.6). Especially, some of the
lice dynamics in farm 1 and 2 (Fig. 3.1) were fairly well captured in trial 2 (Fig. 3.7).
We did not manage to simulate lice development to a satisfying degree, however trial
2 indicates that this modelling approach is promising. Although we must acknowledge
that a caveat of our modelling approach is that it will end up too complex and contain
too many parameters which need fitting with uncertain lice counts and thereby lose
its explanatory power.

In conclusion there are several factors to consider regarding optimal lice management
strategies. One of these strategies is setting a salmon lice treatment threshold. Work
presented in this thesis implies that farm networks profit most by applying a low
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treatment threshold. Further, our work indicates that with sufficient production length
and treatment threshold, there could by a scenario where a given farm network requires
no or very few treatments to control the level of salmon lice. Faroese salmon lice
growth was not simulated with sufficient accuracy, although it showed some promise.
In the following section we will elaborate on where and how the model could be
improved and what the limitations of this modelling approach are and, finally, provide
a perspective on applications to evaluate alternative management strategies.

5.2 Future perspectives

The modelling framework proposed here can analyse the economic profitability
of different lice management strategies. However, in order to utilize the constructed
bio-economic model to evaluate lice management strategies in a given salmon farming
region, accurate simulations of salmon growth must be accomplished. The Faroe
Islands were used as a study case and the simulation attempt of three fairly isolated
farms revealed several weak aspects of the current model regarding 1) salmon lice
data, 2) salmon lice model, and 3) lice dispersion.

5.2.1 Salmon lice data

The accuracy of the salmon lice model is measured by its ability to simulate salmon
lice counts and therefore reliable salmon lice counts are crucial. Current counting
practise is sufficient for determining whether a treatment threshold has been reached
(Jimenez et al., 2011) but may not be suitable to evaluate the accuracy of simulations
of salmon lice growth. Currently in Faroe Islands 10 fish are counted per cage in all
cages in a farm. The average number of lice salmon�1 for a farm site is calculated
by taking the mean of the average lice salmon�1 per cage (pers. comm. Eliasen, K.)
without any regards to the actual number of fish in each cage. This method is sufficient
as long as there is approximately equal amount of fish in each cage. On the other
hand, if cages have unequal number of fish the estimated average lice salmon�1, will
be subjected to error. A more correct method would be to estimate the total number
of lice per cage and then calculate the average lice salmon�1 by dividing the estimated
total number of lice with total number of fish at a given farm site. In our study
the variance of each salmon lice count was not calculated as we did not have access
to the raw counting data. The variance of each lice count should be included when
revising the lice data. As salmon lice will likely be a persistent problem as long as
farming occurs at sea or near coastal areas, better lice counts should be demanded.
Standardized automatic lice counters using image or laser technology could be a way
to substantially increase sample size and frequency of lice counts. In summary, the
quality of the Faroese salmon lice data could improve, and overall lice data could
increase substantially in the future with standardised automatic lice counts.



43

5.2.2 Lice dispersion and connectivity

Reliable estimates of lice dispersion and connectivity is fundamental for this
model approach to achieve success. Our connectivity estimates from Paper II were
not sufficient for simulating the three farms at the southernmost island, Suðuroy,
and resulted in a highly overestimated salmon lice growth (Fig. 3.6). As previously
mentioned, the applied hydrodynamic model in Paper II did not resolve estuarine
circulation and therefore we defined the receiving area as the entire fjord. This results
in a significant overestimation of both internal and external infection pressure. Further,
the way the connectivity in relation to stocking level is currently defined poses a major
issue with the model and results in an unrealistic infection pressure in the initial
stocking phase. Below, I elaborated on dealing with this issue.

How to estimate connectivity, that is feasible for a potential salmon lice model
is still an open question. Connectivity should – in my opinion – ideally be based on
the probability or percentage of lice (particles) that are dispersed from one farm to
another, or to itself. And if my argument that attachment success can effectively be
set to 1 holds true, then a particle entering a receiving area should be taken out of
the simulation. The receiving area should correspond to the effective size of a salmon
farm, which, however, requires highly accurate hydrodynamic models.

Another aspect of the connectivity, which could be improved, is the temporal
resolution. Connectivity is normally averaged over a long period from months to
several years (Adams et al., 2012; Kragesteen et al., 2018; Samsing et al., 2017;
Skarðhamar et al., 2018). However, Cantrell et al. (2018) estimated the relative
connectivity based on particles released per day. This approach could be adopted for
the connectivity estimates used for a salmon lice population dynamic model allowing for
a higher temporal resolution. In any case, a robust fully forced Faroese hydrodynamic
model is crucial if this aspect of the model is to be improved.

One method of testing the lice connectivity of a bio-physical model is to calculate
how well they predict the estimated external infection pressure from Paper III. This
was done for the connectivity in Paper II and as expected, external infection pressure
was highly overestimated compared to external infection pressure from Paper III
(Appendix Fig. B.6-B.7).

Currently, a highly uncertain parameter when estimating the connectivity between
farms is the mortality of planktonic larvae. Most models have adopted a mortality
similar to what Stien et al. (2005) estimated (Table 3.1) with the exception of Gillibrand
and Willis (2007), adopting an almost twice as low mortality based on Hirst and
Kiørboe (2002). Stien et al. (2005) based his planktonic mortality on a laboratory
experiment by Johnson and Albright (1991) where ⇡ 50% of hatched eggs survive
to become active copepodids at 30%� salinity and 10°C temperature and with a 4 d
development time resulting in –log(0.5)/4d = 0.17/d mortality. Hirst and Kiørboe
(2002) estimated the global copepod mortality to be 0.11/d for sac spawners, where
predation mortality accounts for 3/4 of the total mortality. In summary, mortality of
planktonic salmon lice larvae is currently based on very limited scientific knowledge and
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this parameter should be studied further as it has a significant impact on connectivity
and thereby salmon lice population dynamics.

5.2.3 Salmon lice population model

There are several aspects in the current salmon lice population dynamic model
(Eq.3.12) which could improve the model substantially: Temperature, the relation
between number of fish and connectivity and last, treatment efficiency. Temperature
affects the development time on all salmon lice stages (table 2.1 and 2.2, Samsing et al.
(2016); Stien et al. (2005)) and Rittenhouse et al. (2016) found sea lice abundance to
be more sensitive to variation in mean annual water temperature and salinity than to
variation in life history parameters.

In Paper III we showed that gravid lice abundance in Faroese farms is normally
at the highest in December-January which is significantly correlated (0.52) with
temperature with a time lag of -95 days. The reason for the highest lice abundance
in December-January is likely because the net growth rate of Faroese salmon lice
turns from positive to negative around 90 days after peak temperature in September
(Appendix B, Fig. B.5). In any case, temperature effects will have a significant impact
on lice population dynamics and should be included in the salmon lice population
dynamic model.

The second aspect or issue in the way the current salmon lice model is defined is the
relation between connectivity and number of fish at a farm site. Keeping connectivity
constant means that 10 fish will receive equal amounts of lice as a fully stocked farm
site, resulting in unrealistically high population growth rates in the initial stocking
phase. This issue is visible in trial 1 (Fig. 3.6) as lice salmon�1 becomes unrealistically
high in the first period of the production cycle. This could be solved by expressing
connectivity as probability per area or volume and converting fish number to biomass
and retrieving the stocking density at the farm site. This solution would adjust the
connectivity to number and density of fish keeping the dilution effect intact (Samsing
et al., 2014). The same principle could be implemented for the natural background
external infection pressure.

Trial 1 and 2 highlight that there is a lot to be gained by correctly estimating
treatment efficiency. In this numerical experiment, treatment efficiency was roughly
estimated for each attached lice phase and for each treatment type. Treatment efficiency
remained constant for a given type of treatment. However, in reality a treatment
type can change depending on resistance, how many cages or fish were treated at
the farm site or how well the staff execute the treatment etc. The efficiency of a
given treatment event for a given time could, therefore, be fitted by an optimization
algorithm optimizing for the lowest difference between model and lice count data. Here
we did not include cleaner fish in the model as this data is currently not available.
But cleaner fish can be included by adding an extra "natural" mortality, where the
strength of which will depend on the amount of stocked cleaner fish and time of the
year as the effectiveness of cleaner fish varies annually, e.g. lumpfish.
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In conclusion there are currently many aspect of this modelling approach which call
for attention and could potentially greatly improve the model framework. First of all, a
robust fully forced hydrodynamic model must be established for, in our case, the Faroe
Islands and the connectivity be estimated as I proposed above. How connectivity
and natural background infection pressure is defined in relation to stocking level
must be solved in order to simulate salmon lice growth in a real environment. In
addition, lice development time as a function temperature must be implemented in
the model. Estimating treatment efficiency correctly for each treatment event would
increase salmon lice growth simulations substantially. Finally, salmon lice data should
be revised and include variance of the mean lice salmon�1 and alternative counting
methods which increase sample size and frequency should be explored.

5.2.4 Application to alternative management strategies

Here, focus regarding lice management has here primarily been on a lice salmon�1

treatment thresholds as most salmon farming countries have adopted this approach.
However, it would be more meaningful to move towards lice quotas instead (Skarðhamar
et al., 2018). The objective of keeping lice levels low is either to protect wild salmonid
stocks or to prevent extensive cross-farm infection and therefore the total output of
larvae produced by a farm site should be the real threshold. This may e.g. allow
farmers to skip a possible expensive treatment in the last phase of the production
cycle when there are relatively few fish left in the cages and larvae production output
is limited even though they may have a high lice salmon�1 level. For ethical reasons,
the health of the fish should always come first which could be accomplished with an
upper limit of permitted lice salmon�1.

There are still a lot of interesting questions which could be studied further with
the proposed bio-economic model, even without accurate hydrodynamics and salmon
lice counts, e.g. what is the optimal production and fallowing length in a farm
network regarding lice management? What is the optimal level of lice when using
biological control, such as cleaner fish? Can a scenario be achieved where no or very
few treatments are needed if production length, fallowing length, number of farms,
amount of cleaner fish and treatment thresholds are set appropriately?

Lastly, if the salmon lice model can simulate lice development, the implications is
that the underlying hydrodynamic model simulating lice dispersion is robust. This
would suggest that the dispersion of other disease agents or contaminants, such as fecal
pellets, could be modelled and thereby provide a holistic modelling tool, capable of
evaluating how salmon aquaculture impacts its surrounding environment. The salmon
lice population dynamic model could be improved substantially by implementing the
changes mentioned above. The bottleneck of this modelling approach is developing
sufficiently accurate hydrodynamic models and sampling reliable salmon lice data,
which improvements requires resources and time. However, with the prospect of
increasing accuracy of hydrodynamic models and more frequent and reliable salmon
lice data, this bio-economic modelling approach shows great promise as a valuable



46

tool, capable of evaluating and identifying optimal lice management strategies, which
can contribute to ensuring a more robust and sustainable aquaculture in the future.
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A B S T R A C T

The ectoparasite Lepeophtheirus salmonis has for decades plagued salmon aquaculture by decreasing profits and
impacting wild salmon stocks. To protect migrating wild salmon stocks and avoid excessive cross-farm infec-
tions, authorities require treatments when sea lice level reach a given threshold. The treatment threshold is set to
protect wild salmonid stocks but also to avoid costly lice infections on neighboring farms. Here we make a bio-
economic estimation of optimal treatment thresholds. We are particularly interested in identifying conflicts
between the optimal threshold of the entire system of farms and for the individual farmer. We show that isolated
individual farms can maximize profit by operating with a high threshold, while the maximum profit for an entire
network of farms occurs with a threshold about 0.1 gravid female lice/salmon. These findings substantiate the
Norwegian policy of lowering the lice treatment threshold below 0.5 gravid lice/salmon. The results also de-
monstrate that too low a treatment threshold results in high treatment rates. The difference between the optimal
treatment strategy of individual farmers and that for the total system demonstrates that management of salmon
lice infections operates in a tragedy-of-the-commons environment, where individual farmers may have an in-
centive to disregard legislation at the expense of the others in the network. This means that strong enforcement is
needed to achieve optimal management of salmon lice infections.

1. Introduction

Salmon aquaculture industry has grown over the last 3 decades from
an annual production of 0.23 mio metric tonnes in 1990 to 2.36 mio
metric tonnes salmon in 2017 and is now a major industry with an
annual production representing a value of €15 billion (FAO,
2006–2019). Salmon aquaculture has nearly always been afflicted by
sea lice which currently represents the main bottleneck for further ex-
pansion of the industry. Sea lice, a common name for a range of marine
ectoparasitic copepods within the Caligidae family, feed on the fish's
skin and mucus (Pike and Wadsworth, 1999) with Lepeophtheirus sal-
monis, also known as salmon louse, being particularly harmful to sal-
monid species in the northern hemisphere.

There are three main issues with elevated levels of sea lice in salmon
farms. One issue is impaired salmon growth where in the worst case,
salmon can die of infection either directly or indirectly by secondary
infections (Pike and Wadsworth, 1999). Another issue is the treatment
itself, which is both costly and can have a negative effect on the local
environment. The third and perhaps the most studied issue is the arti-
ficially increased infection pressure on wild salmonids (Krkošek et al.,

2007; Kristoffersen et al., 2018) which has been shown to pose a serious
risk to wild salmonid stocks (Krkošek et al., 2013).

To protect wild stocks, and to a lesser degree avoid excessive cross-
farm infections, authorities in salmon farming countries have put up
legislation or guidelines stipulating the maximum number of lice per
salmon in a farm before treatment has to be conducted. In Norway
regulations for allowed sea lice limits were introduced relatively early
and in 2009 these limits were lowered to 0.5 gravid lice salmon−1 al-
lowed for the first 8 months in a year and 1 gravid lice salmon−1 for the
rest of the year. In 2017 these limits were further lowered to 0.5 gravid
lice salmon−1 in general and to 0.2 in the migrations periods (Anon,
2012).

Recently, Norway introduced a new national operational salmon
lice monitoring system which essentially estimates the infection pres-
sure on wild salmonids (Myksvoll et al., 2018) which is used to regulate
production into zones that are allowed to grow, decrease or keep cur-
rent production; the so-called “traffic light system” (Vollset et al.,
2017).

In Scotland the “Code of Good Practice” recommends treatments
above 0.5 gravid lice salmon−1 in migrations periods and otherwise 1
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gravid lice salmon−1 (Anon, 2015), while it is regulated that weekly
counts exceeding an average of 3 adult female sea lice/salmon be re-
ported to the authorities, with an intervention limit of 8 adult female
sea lice/salmon (Marine Scotland, 2017).

In the Faroe Islands the story is somewhat different. Apart from a
small introduced stock maintained since the 1940's in four rivers,
salmon are non-native in Faroese rivers (www.laks.fo, 2018). However,
in order to reduce spread of sea lice and its impact on farmed and wild
salmons, a monitoring system was introduced in 2009 with a limit of 2
gravid lice salmon−1, which was lowered to 1.5 gravid lice salmon−1 in
a revision of the regulations in 2017 (Faroese Ministry of Foreign
Affairs and Trade, 2016).

So far, there has been limited research on the optimal lice treatment
threshold from a farm network perspective and how well such salmon
lice management strategies operate in a environment where individual
farmers can benefit from circumventing legislation at the expense of the
whole farm network; that is, within the context of the tragedy of the
commons (Hardin, 1968). This tragedy of the commons dynamic was
showed in a study based on game theory where Scottish salmon farmers
within a management area or network could on an area level benefit
from testing for rare high-impact diseases even though all individual
farms are better of not testing (Murray, 2014). Further, Milinski et al.
(2002) showed how reputation can help solve the tragedy of the com-
mons problem.

Two early mathematical descriptions of salmon lice population
dynamics were proposed by Revie et al. (2005) and Stien et al. (2005),
using delayed stage structured models to simulate population growth.
Later Robbins et al. (2010) and Gettinby et al. (2011) adopted the Revie
et al. (2005) model implemented in the SLiDESim computer model (Sea
Lice Difference Equation Simulation) and looked at the optimal timing
of treatment's and how different treatments affect the salmon popula-
tion dynamics in individual farms. Robbins et al. (2010) found the
SLiDESim model to be able to give valuable insight to lice management
and that a small decrease in treatment efficiency highly impacts lice
control. Gettinby et al. (2011) found that a more robust understanding
of the underlying biological processes is needed to better predict the
lice population dynamics. Murray (2011) constructed a simpler model
and looked at development of resistance and the interaction between
wild and farmed salmon and found that resistance is selected most
heavily under moderate levels of treatment. Groner et al. (2013) de-
veloped an agent-based model to simulate the effect of cleaner fish in
farmed cages and found cleaner fish to be able to effectively control sea
lice. Groner et al. (2014) used stochastic matrix population models to
understand the influence of temperature on the population growth,
reproduction and demography of sea lice and found control measures
that target preadult and chalimus stages are most effective. Murray and
Salama (2016) constructed a simple presentation of Scottish farm

networks and found coordinated management was effected with-in
management areas as long as boundaries between management areas
was strong which is consistent with Guarracino et al. (2018) who found
that coordinated fallowing is inefficient when external infection pres-
sure from neighboring areas is high using real lice counts from Norway.
Adams et al. (2015) coupled Revie et al. (2005) population dynamics
model with his connectivity matrices (Adams et al., 2012) and found
that control of sites with the highest magnitude of incoming connec-
tions is most effective in terms of reducing overall lice density.

Here we aim to identify the optimal treatment threshold from a
profit point of view for an isolated system (single farm) and connected
farm networks. We use and expand Adams et al. (2015) version of Revie
et al. (2005) model by coupling it to a bioeconomic model. The optimal
treatment threshold is measured as the highest profit per time. Further,
we investigate and show that tragedy of the commons may appear in
sea lice management in aquaculture farm networks with overlapping
production cycles.

2. Methods

To estimate the optimal treatment threshold, a conceptual bioeco-
nomic model was constructed. The model consists of three parts: a
salmon lice population dynamic model, a model of salmon growth and
survival, and a bioeconomic model of salmon production and salmon
lice treatments. The optimal treatment threshold is identified by the
treatment threshold that yields the highest profit per time.

2.1. Salmon lice population dynamics

The salmon lice population dynamics model is based on Revie et al.
(2005), which is a series of delayed stage structured differential equa-
tions describing the dynamics on a single farm:
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ρ1. i, ρ2. i, ρ3. i and ρ4. i are the chalimus, pre-adult female, adult female
and egg/larvae producing gravid female, respectively, at time t and
farm number is indicated by i. μ1−4 are the mortality rates at the 4
stages and t1, t2 and t3 are lengths of each stage. Revie et al. (2005)

Table 1
List of parameters used in the population dynamic model.
Parameters Description Value Unit Source

t1 Chalimus stage duration 15 D Revie et al. (2005)
t2 Pre-adult stage duration 10 D Revie et al. (2005)
t3 Adult stage duration 20 D Revie et al. (2005)
t4 Gravid femal stage duration 37 D Johnson and Albright (1991)
�ji Larval duration 10 D Amundrud and Murray (2009)
μ1 Chalimus mortality rate 0.0255 d−1 Revie et al. (2005)
μ2 Pre-adult stage mortality rate 0 d−1 Revie et al. (2005)
μ3 Adult stage mortality rate 0 d−1 Revie et al. (2005)
μ4 Gravid female mortality rate 0.0269 d−1 1/t4
α Number of eggs produced per gravid female 40 eggs d−1 á Norði et al. (2015)
� Proportion of copepodids successfully attached 0.25 # Gravil (1996); Samsing et al. (2016)
f Number of viable larvae per gravid female 10 lice d−1 αβ
α1l External infection pressure 0.001 0.1 larvae d−1 Own adjustment
αf Variable 10 # Own adjustment
βf Variable 10 # Own adjustment
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values for μ1−4 and t1−3 were adopted (Table 1). � is the proportion of
lice being female. βi(t) is the amount of viable larvae entering a farm
from 3 sources: Self-infection, from other farms in the network and
from the background or external infection pressure.

Adams et al. (2015) reformulated β to account for connectivity
between farms:

= + ==t
N t

C F t l t t( ) 1
( )

( ) ( )i
i j

n

ij ij ij Ext
1

1
(5)

where Ni is the number of fish at farm i and Cij defines the connectivity
between the emitting farm j and receiving farm i. Fij(t− �ij) is the
number of viable larvae that can potentially be transmitted from farm j
to farm i and α1l(t= tExt) is the external infection pressure, where tExt
defines when external pressure starts.

Fij(t− �ij) is defined as:=F t t N t fs t( ) ( ) ( ) ( ( ))ij i ij j j4. 4. (6)
ρ4, j(t− �ij) is the amount of gravid female lice/salmon (will be referred
to as just gravid lice salmon−1 in the following sections) at time t− �ij,
which is the time it takes larvae to travel from farm j to i. f is the
amount of viable larvae produced per gravid female. Here we have
extended the model with a fertilization parameter s(ρ4, j(t)), which is
the proportion of females fertilized as a function of the amount of
gravid lice salmon−1 at time t (Stormoen et al., 2013), essentially
creating an Allee effect:

= +s t
t
t

( ( ))
( )

1 ( )j
f j
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4,

4,

4, (7)
αf and βf are both set to 10 salmon/(gravid lice) to sufficiently fit to the
proposed fertilization curve by Stormoen et al. (2013) where fertiliza-
tion success is close to zero at near zero abundances and close to 100%
at around 2 gravid lice salmon−1. f was also redefined here as:=f , (8)
where α is the number of eggs produced per day per female lice and � is
the attachment success. Number of eggs can range from 26 to 68 fe-
male−1 d−1 and is generally temperature dependent (Heuch et al.,
2000; á Norði et al., 2016). For simplicity, here we assume a uniform
temperature. Egg production was set to be constant at 40 egg female−1
d−1 roughly corresponding to 10 °C. The attachment success �, is also
dependent on temperature and age of infective copepodids. A study
showed a 22% infection success of 1 day old copepodids and 18% for
7 day old (Gravil, 1996). Samsing et al. (2016) found infection success
to be around 2, 50 and 40% with temperatures of 5, 10 and 20 °C, re-
spectively. Attachment success was set to 25%. The f parameter was
sensitivity tested and simulations were robust to change (Appendix S1:
Fig. S2). Note that the aim here is not to have highly precise parameters
but to estimate parameters within a realistic range.

2.1.1. Connectivity
Estimating realistic connectivity is important to get meaningful

model output. Adams et al. (2012) found self-infection to be up to
1.15% and connectivity between farms to be up to 2%. Kragesteen et al.
(2018) found the self-infection to be up to 53%, although this re-
presents the connection of fjords as a whole rather than individual
farms, and thus can not directly be compared. Other studies on con-
nectivity (Johnsen et al., 2016; Samsing et al., 2017; Cantrell et al.,
2018) represent results as larvae transported from one farm to another
divided by the total number of released larvae, making it difficult to
directly included these results in this study. Here a self-infection be-
tween 0 and 10% will be explored.

A way to overcome the problem in estimating connectivity is to look
at the ratio between self-infection and infection from other farms. This
infection ratio has been found on average to be 0.35 in summer and
0.18 in winter (Adams et al., 2012; Samsing et al., 2017), while Johnsen

et al. (2016) found the ratio to be 0.32 on average with maximum value
of 0.57, meaning there can be 2–4 times as many lice coming from other
farms than lice originating from the farm itself. Here we choose to work
with a 5 farm network although real farm networks may contain more
farms. Therefore, we can justify setting the connectivity in a small
network artificially high e.g. a 5 farm network with a self-infection of
5% can have a (equal) connectivity of 5%.

2.1.2. External infection pressure
External infection pressure, i.e. that arising from natural sources, is

poorly known. Given the high ratio between farmed and wild salmonid
stocks (Anon, 2018), we can generally assume external infection pres-
sure to be low compared to the infection pressure from the farmed
salmon. We use a 0.005 lice/day (1 lice for every 200 days), which is
sufficient to maintain a stable population of salmon lice, but a range of
external infection pressures from 0.001 to 0.1 lice/day is also explored.

2.1.3. Connectivity matrix
The aim here is to illustrate the patterns of the explored connectivity

networks. The range of self infection and connectivity is stated in the
connectivity section. Five different connectivity matrices (Fig. 1) were
investigated to represent different geometries of farm networks: a) an
isolated matrix, where there is no connection between farms, i.e. es-
sentially is a single farm, b) a well mixed matrix where there is equal
connection between all farms, c) an diffusive matrix where the con-
nection decreases with distance between sites, d) a cyclic directional
matrix representing, for instance, an island with a persistent coastal
circulation, and e) a closed directional matrix such as a long fjord with a
unidirectional current out of the fjord. Self infection is the same in all
matrices and the sum of out and in going connections is equal in all
matrices except for a) & e) where a) has no connectivity and where farm
1 in network e) emits lice to all other farms and receives no lice from
other farms whereas farm 5 receives lice from all other farms and emits
no lice to other farms.

2.2. Bioeconomic model

The bioeconomic model quantifies the profit of the salmon pro-
duction per unit time as a function of the treatment threshold. The
profit, Π, is the difference between revenue from the sale of salmon and
the production and treatment costs:
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(9)
where π is price per kg salmon and C is production cost, excluding
treatment costs. (π− C) is estimated to be 3.1 €/kg salmon (Anon,
2017). ntreat is number of treatments and Ctreat is the treatment cost
which range from 0.05 to 0.15 €/kg treated fish depending on the
treatment (Holan et al., 2017). For simplicity treatment cost was set to
0.1 €/kg salmon. W and P are the weight and survival of salmon
through time and tH and tT represent time of harvest and time of
treatment, respectively. ttot is the total time from production start to last
harvest.

Growth of salmon is expressed with a standard von Bertalanffy
growth function (Von Bertalanffy, 1938) augmented with a reduction,
k, due to salmon lice (ρ4):

=dW
dt

a W W w k t(1 ( / ) ) ( ( )),salmon 2/3 1/3
4 (10)

where W is weight of salmon and w is asymptotic (maximum) weight
where growth stops (in our case= 6 kg). The starting weight W(0) is
0.1 kg and asalmon is the growth rate of salmon and set to 0.028 d−1 so a
production cycle with a starting weight of 0.1 kg and no lice is about
500 days.
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The growth and survival of salmon is anticipated to decrease when
they are infected by sea lice, depending largely on the lice density and
size of the fish. For a 40 g smolt ≈30 chalimus larvae may be lethal
when the lice reach the more pathogenic preadult and adult stages
(Finstad et al., 2000), while in open sea large salmon seem unaffected
with around 30 gravid females (Jacobsen and Gaard, 1997). Mustafa
et al. (2000) investigated the levels of cortisol and glucose as indicators
of stress responses due to sea lice infestation on post-smolts with in-
fection intensities ranging from 15 to 285 lice per fish. They found that
sea lice induce a stress response and immune suppression in their fish
host, having greater effect during the later stages of their life cycle
when they are mobile and able to cause the most damage. For smolts
37 g Wells et al. (2006) identified a consistent breakpoint of 12–13 lice
fish−1 across a range of physiological measures. Taranger et al. (2014)
proposes that> 0.3 lice g−1 salmon is lethal to< 150 g salmon and
salmon lager that 150 g the lethal limit is> 0.15 lice g−1 salmon.

Experience from the industry in the Faroe Islands indicates that
caged salmon (> 1 kg) are virtually unaffected with 6–10 gravid lice,
but with lice levels exceeding 10 gravid lice salmon−1 there are visual
effects with loss of appetite and/or open neck injuries (Pers. comm.,
Kirstin Eliasen, head of lice monitoring in Faroe Island, 2018). Here we
approximate the effect of sea lice on the growth by a hyperbolic tangent
function and for simplicity salmon size is excluded and only gravid lice

are considered:

=k ( ) 0.5 0.5 tanh 20 gravid lice salmon
8 gravid lice salmon

,4
4

1

1 (11)
which implies little affect of salmon lice until the level reaches around
10 gravid lice per fish, but hereafter the growth gradually drops and
reaches 0 when the gravid lice levels reach 40 (Fig. 2). Note here that
0.1 kg salmon tolerate the same level of gravid lice as 5 kg salmon
which is an oversimplification. (See fig. S7 to see how including salmon
weight will effect profit as a function of treatment threshold).

Mortality tends to decline with fish size (Soares et al., 2011), but
here a constant mortality μsalmon of 2.5∙10−1 d−1 is assumed in esti-
mating the salmon survival probability in a farming unit:

=dP
dt

µ P t( ).salmon (12)
In summary the farm profit (Eq. 9) links salmon lice population

dynamics (Eqs. (1–8)), salmon weight (Eqs. (10–11)) and survival (Eq.
(12)). Ni is assumed to be equal in all farms and set to 1 to get profit per
salmon.

2.2.1. Treatments
Treatments occur when lice levels reach a given threshold. There

Fig. 1. The applied connectivity matrices: only self infection (a), self infection and equal connectivity between all farm sites (b), self infection and a decreasing
connectivity with increasing distance in the matrix (c), self infection and a directional and cyclic connectivity (d), and self infection and directional non-cyclic
connectivity (e).
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Fig. 2. (a) Salmon growth as function of time (day) with different levels of constant gravid lice/salmon based on Eq. (10). (b) Effect on salmon growth (k(p4)) as a
function of gravid lice/salmon based on Eq. (11).
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are 3 costs associated with a treatment. First is the cost of the treatment,
second there is an instant 0.5% fish mortality (Holan et al., 2017) and
third a 10 days pause in fish growth due to fasting of fish before a
treatment and/or general stress of handling the salmon associated with
a treatment (Holan et al., 2017). The reduction of sea lice after a
treatment is described by the treatment efficiency. For chemical treat-
ments the efficiency has been shown to decrease over time as lice de-
velop resistance (Aaen et al., 2015). Several studies use a 95% effi-
ciency (Gettinby et al., 2011; Adams et al., 2015) while Gislason (2017)
argued that treatments efficiency can be as low as 30–40%. Here a 95%
treatment efficiency is adopted which must be considered a best case
scenario, however other values are explored. The development of re-
sistance is not taken into account.

2.2.2. Harvest
We assume that salmon are harvested at 5 kg (Anon, 2017). A lice-

free production cycle with a starting weight of 0.1 kg takes about
500 days. However, high lice levels and treatments will increase the
time salmon spend in growing to 5 kg. We impose harvest to occur at
5 kg or 1000 day, which ever comes first. The fallowing period between
harvest cycles is set to 60 days, which is the minimum allowed under
Faroese legislation, however the fallowing period differs between
salmon farming countries.

2.2.3. Identifying optimal treatment threshold
The optimal treatment threshold is identified from a simulation with

10 production cycles ranging between 497 and 1000 days. A 5 farm
network was investigated as this included enough farms to resolve the
desired dynamics. Production was set to overlap as synchronized pro-
duction essentially behaves the same way as isolated farms. Production
cycles are initiated with a 125 days interval, roughly evenly spread
inside the 500 day production cycle.

2.2.4. Tragedy of the commons
Tragedy of the commons in aquaculture farm network lice man-

agement is investigated by looking at a 5 farm network that was equally
connected (Fig. 1) and with overlapping production. Non-cheating
farms use a 0.1 gravid lice salmon−1 threshold and cheating farms use a
10 gravid lice salmon−1 threshold. The profit of non-cheating and
cheating farms and the farm network was investigated if 1, 2, 3, 4 or 5
farmers decided to circumvent official legislation.

Fig. 3. Lice population growth (a) and salmon production and survival (b) as functions of time. Self-infection is 2%. Treatment when gravid lice salmon−1 is> 2.
Treatment efficiency is 95% reduction of all on fish lice stages. No constant external infection, however simulation starts with 1 chalimus.

Fig. 4. Population growth for gravid lice for single
farm system (a) and a 3 farm network with equal
connectivity (b). Self infection is 2%, connectivity is
1% and with a 0.005 lice/day constant external in-
fection pressure. When lines are not visible indicate
fallowing periods. Treatment occurs when gravid
lice reach 2 gravid lice/salmon.

Table 2
List of parameters used in the bio-economic model.
Parameters Description Value Unit Source

w Salmon max size 6 kg
W0 stocking size 0.1 kg
asalmon Salmon growth rate 0.028 d−1 Own adjustment
μsalmon Salmon mortality 0.25× 10−3 d−1 Own adjustment
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3. Results

3.1. Lice population dynamics

Examples to illustrate lice population dynamics are shown in Figs. 3
and 4. The first example is of a farm with no connection to other farms
and a single production cycle (Fig. 3). To illustrate more clearly the
population dynamics at the different stages this simulation has no ex-
ternal infection pressure but production starts with 1 chalimus. The
initial 1 chalimus moults to a pre-adult female and later to a adult fe-
male and finally to a gravid female. With current model settings (Tables
1 and 2), a lice larvae spends 45 days from initial attachment until it
starts producing eggs and a further 10 days until larvae start re-at-
taching to their host. After around 425 days, the infection load reaches
the treatment threshold of 2 gravid lice salmon−1, and a treatment was
preformed. The treatment kills off 95% on all stages. Note the 10 days
pause in salmon growth and the 0.5% decrease in salmon survival when
a treatment is performed (Fig. 3). The treatment does not kill planktonic
larvae and therefore the number of attached chalimus larvae increases
directly after treatment. This results in a rapid increase in gravid lice
around 55 days after treatment. When salmon reach a weight of 5 kg the
fish are harvested and the production cycle is completed.

Fig. 4 shows a simulation of a single farm and 3 connected farms
with overlapping production. Only the number of gravid lice salmon−1
is shown. In the 3 farm network the number of treatments increase the
first 2–3 cycles after which they stabilize at 3–4 treatments per cycle.
The isolated farm has symmetric cycles and never reaches the 2 gravid
lice salmon−1 threshold with the applied settings.

3.2. Optimal treatment threshold

Fig. 5 shows the number of treatments and the profit as a function of
the treatment threshold for different types of farm networks. Treatment
rates are high for both really low or high thresholds. For low threshold,

the high treatment rate is due to excessive treatments whenever even
the smallest sign of infection is observed. These rigorous treatments will
hinder the spread of infection and build up of younger stages of salmon
lice in the water, however, since there is always a background infection
load the infections will never be completely eradicated. At high
thresholds, treatments fail to hinder the spread of infection, and con-
sequently the number of salmon lice in the water runs out of control
and infections become uncontrollable. The costs of treatments shape the
profit in situations with different infection loads. An additional factor is
the economic losses due to lower growth and survival of salmon at high
infection loads. Overall, the profit shows a fairly flat plateau for
thresholds in the range 0.1–10 lice per salmon. There are, however,
important differences between the scenarios.

The equal, diffusive and directional cyclic connectivity matrices
show very similar results, and in the following the results from these
three experiments is represented by the results with the equal con-
nectivity matrix.

In the case of an isolated farm, there is a weakly defined maximum
profit at high treatment thresholds. A single farmer is therefore inclined
to postpone the hassle and risk of treatments until the infection load is
around 10 gravid lice per salmon. However, for the connected farms the
overall profit suffers when the treatment threshold is high and the
optimal overall profit occurs with a treatment threshold around 0.1 lice
per salmon. Note that the connected farms have a lower profit per farm,
even when salmon lice are optimally managed. This result indicates
that there is a critical threshold as to the density of farms in a pro-
duction area also showed by Frazer et al. (2012).

The effect of including the Allee effect (Eq. (5)) is shown in Fig. 6.
Isolated farms have a optimal treatment threshold at around 10 gravid
lice salmon−1 with and without the Allee effect. Five farm networks
have an optimal threshold at lower thresholds level when including the
Allee effect. Not including the Allee effect results in profits for 5 farms
networks plateauing between 0.1 and 10 gravid lice salmon−1.

15

Fig. 5. Number of treatments (a) and profit (b) as function of treatment
threshold of 5 different connectivity matrices. External infection is 0.005 lice
d−1 and self-infection is 5% in all simulations. Treatment efficiency is 95% for
on fish lice stages. The sum of connectivity in equal, diffusive and directional
cyclic matrix is the same and corresponds to 2.5% in the equal connectivity
matrix. The added connectivity in the directional non-cyclic and isolated ma-
trices is less compared to the other matrices (Fig. 1).

Fig. 6. Number of treatments (a) and profit (b) as function of treatment
threshold. The plots shows Allee effect (dashed line) and no Allee effect (solid
line) for a single farm (gray line) and a 5 farm network (black line). External
infection is 0.005 lice d−1 and self-infection is 5% in all simulations. Treatment
efficiency is 95% for on fish lice stages. In the 5 farm networks the connectivity
is equal with a 2.5% connection.
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3.2.1. Effects of population dynamical parameters
Depending on the level of naturally occurring external infection

pressure, high profits appear in some instances at high thresholds
(Fig. 7a), in others at low thresholds (Fig. 7b) and sometimes at both
(bimodel, Fig. 7c, blue line). The lower of these, high-profit treatment
threshold disappears with sufficiently high external pressure. Isolated
farms have again a optimal threshold around 10 gravid lice salmon−1.
Farms in a directional non-cyclic network have two optimal treatment
thresholds that yield a higher profit when external infection pressure is
0.001 lice/day (Fig. 7c). The lower optimal threshold is where the ex-
ternal infection pressure becomes dominating and the higher optimal
threshold appears where the cost of having lice significantly decreases
profit (approx. Above 5–20 gravid lice salmon−1).

Farm networks with equal connectivity, overlapping production and
external pressure between 0.001 and 0.01 lice d−1 have a profit op-
timum at thresholds between 0.01 and 0.5 gravid lice salmon−1. With
0.01 lice d−1 external infection pressure, farms have a profit optimum
at thresholds of 0.2 gravid lice salmon−1. In summary increasing ex-
ternal infection pressure increases the threshold where farms have
optimal profits.

For isolated farms (0% connectivity) with low self-infection
(Fig. 8a) all thresholds above 0.2 gravid lice salmon−1 actually yield
optimal profit as lice abundance does not exceed this level and there-
fore no treatments will be performed. When self-infection is increased
to 5% for isolated farms (Fig. 8b–c) the optimal threshold is around 10

gravid lice salmon−1 and when self-infection is increased to 10% the
profit optimum plateaus between 0.1 and 10 gravid lice salmon−1.
Farm networks have a optimal threshold peak of around 10 gravid lice
salmon−1 with low self-infection and low connectivity between farms
(0.1%). With higher self-infection the optimal threshold peak is around
0.1 gravid lice salmon−1. However when connectivity between farms is
2.5 and 5% the optimal thresholds peak is around 0.1 gravid lice
salmon−1, regardless of the level of self-infection (Fig. 8).

Treatment efficiency has an interesting effect on profitability and
optimal treatment threshold peaks (Fig. 9). Low treatment efficiency
(30%) results in a low or negative profit (Fig. 9a). Further, the two
optimal thresholds become very clear with no or low connectivity. With
higher treatment efficiency there is a clear profit optimum threshold
(around 0.1 gravid lice salmon−1), except when there is no connectivity
and a higher profit optimum threshold is clear (around 5–10 gravid lice
salmon−1). With high treatment efficiency, the lower profit optimum
flattens out. However with no connectivity, there is a profit optimum
threshold between 0.1 and 10 gravid lice salmon−1.

In this study all farmers apply the same treatment threshold and the
farm connectivity networks are symmetric. Formulating the cost of
having lice is not straight forward. Eq. 11 assumes salmon weight has
no effect on how many lice a salmon can tolerate and only includes
gravid lice. This is an simplification and should be interpreted with
care. As fig. S2 illustrates, including weight dependency in the number
of lice tolerance essentially move the higher optimal treatment

Fig. 7. Farm profit as function of treatment
threshold with different external infection pressures
for a single farm (a) and a 5 farm network with
equal connectivity (b) and directional non-cyclic
connectivity (c). Self-infection is 5% and con-
nectivity between farms of 2.5%. Treatment effi-
ciency is 95% on all stages. Legend shows external
infection pressure in lice/day.

Fig. 8. Profit per time as function of treatment threshold with a 5 farm network with equal connectivity. Self-infection is 1% (a), 5% (b) and 10% (c). External
infection pressure is 0.005 lice/day. Treatment efficiency is 95% on all stages.
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thresholds point to a higher or lower threshold level, and is considered
to be included in a revised model.

In summary: Isolated farms have a optimal threshold around 5–10
gravid lice salmon−1 although with higher self-infection this optimum
flattens out. Connected farms with overlapping production have a low
optimal threshold except when external infection pressure is suffi-
ciently high as the benefit obtained by the Allee effect is bypassed. See
Appendix S1 for sensitivity analysis.

3.3. A case of tragedy of the commons

Here, the tragedy of the commons is illustrated by showing the ef-
fect of mixing salmon farmers who obey regulation applying a treat-
ment threshold of 0.1 gravid lice salmon−1 with farmers who circum-
vent legislation and apply a higher treatment threshold (10 gravid lice
salmon−1). Having cheating farmers in the network decreases the
overall profitability of the system (Fig. 10). However, the cheating
farmers themselves obtain a substantial economic benefit compared to
the farms who abide to the regulation. There are two interesting aspects
in the tragedy of common. First, there is a clear benefit from a single
farm perspective to apply a higher treatment threshold than the rest of
the system. This benefit decreases as the number of cheating farms
increases. Second, the profitability for the whole farm network is lowest
when less than half of the farms circumvent legislation compared to
when all or no farms obey legislation.

4. Discussion

We have identified two optimal treatment thresholds: a high
threshold which optimizes the profit of an isolated farmer and a low
threshold which optimizes the average profit of a connected farm net-
work with overlapping production. Further, we show how non-com-
pliance to a low threshold by just a single farmer compromises the
profit of the entire system to the degree that it would have a higher
profitability without management. In the following we discuss these
two results, the uncertainties in the model, and finally explore the
management implications of the results.

Individual or isolated farms maximize profit by accepting a high
threshold of around 5–10 gravid lice salmon−1. This high optimal
threshold is where the cost of having lice becomes greater than the
benefit of postponing a treatment. The intensity of this optimal
threshold is sensitive to the level of the self-infection (Fig. 8). If the self-
infection increases to above 10% the profit optimum plateaus between
a 0.1–10 gravid lice salmon−1 threshold.

Farm networks with equal connectivity and overlapping production
maximize the total profit by enforcing a low threshold, typically around
0.1 gravid lice salmon−1. We refer to this threshold as “the low optimal
threshold”, in contrast to the “high optimal threshold” for the isolated
farmer. This lower threshold is in line with tendency for reducing the
treatment threshold limit e.g. in Norway (Myksvoll et al., 2018),
however, this reduction has been driven by the desire to protect wild
salmonid stocks and not the profitability of the salmon farms. The
profitability and position of the low optimal threshold depends on the

Fig. 9. Profit as function of treatment thresholds with treatment efficiency 30% (a), 60% (b) and 80% (c). External infection pressure is 0.005 lice/day and self-
infection is 5%.

Fig. 10. Farm profit as function of proportion of cheating
farmers. Non-cheaters and cheaters use a 0.1 and 10 gravid
lice salmon−1 treatment threshold, respectively. Connectivity
is 0.1% (a), 2.5% (b) and 5% (c). Self-infection is 5%, ex-
ternal infection is 0.005 lice/day. Average farm profit for the
whole system (black solid line), of the non-cheating farmers
(dashed black line) and of cheating farmers (dashed gray
line).
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external background infection pressure, where low external infection
pressure decreases the low optimal treatment threshold and visa versa.
The low optimal threshold peak depends on existence of the Allee effect
where infections disappear when the lice are too few to fertilize one
another (Fig. 6). Guarracino et al. (2018) showed that synchronized
fallowing in regions which are connected to other farming regions may
be inefficient and even could result in “explosive” salmon lice growth at
the end of the farming cycle. Our results support this finding as farms
which are connected to other farms will start with a higher infection
pressure than the natural background infection pressure present in most
farming areas. Abolofia et al. (2017) found that the cost of lice in
Norway was between 2.3 and 13% of revenue depending on when and
which region farms are stocked. Our model estimates that if a farm has
relatively high connectivity (Fig. 8b, 2.5%) the average cost of lice is
13% and 18% when managed with a 0.1 and 10 gravid lice salmon−1
treatment thresholds, respectively. This indicates that our model may
over-estimate the cost of lice, however it does remain within a realistic
range.

4.1. Management implications

A tragedy of the commons situation (Hardin, 1968) occurs when
farms are connected and are managed with a low treatment threshold.
In this case, the individual farmer has an incentive to operate with a
higher treatment threshold because the farmer only suffers a small cost
of having the elevated sea lice infection, but does not pay for the ad-
ditional infection pressure on the neighboring farms. This is a common
situation, similar to the management of invasive species or insect pests
between terrestrial farms (Fenichel et al., 2014) and when managing
rare high-impact diseases in aquaculture farms within a management
area (Murray, 2014). Such cases are often externally managed through
legislation. A particular feature of the salmon lice case is the strong
effect of non-compliance of just a single actor on the profit of the entire
system. A single non-compliant farmer will create a haven of disease
that spreads freely to all connected farms, which need to apply costly
delousing at an increased rate. To illustrate this effect we have used an
extreme example where the cheating farms have a 100 fold higher
treatment threshold than compliant farms. In reality, cheating farms
would probably apply only a little higher threshold, however, the effect
will be similar (Appendix S1: Fig.S6). The effect of just a single non-
compliant farmer is so strong that the profit is significantly lower than
in the non-managed case. Therefore, successful management for op-
timal profit requires 100% compliance.

The economic incentive for the individual farmer to apply a high
treatment threshold presents a challenge to management. Besides single
ownership of a connected farm network or management area there exist
several ways to deal with the externality of a disease threat to pro-
duction: State intervention, e.g., a “Pigouvian” tax, legislation and
punishment, or allowance for local area management agreements, e.g.,
Coase-like exchanges, or targeting reputation damage (Milinski et al.,
2002), e.g., by supermarkets requiring public salmon lice counts. A
Pigouvian tax is a tax on any market activity that generates negative
externalities. This would address the externality generation, in this case
by taxing the salmon production itself. Such a scheme is not an optimal
regulation because it reduces the value of the production, which then
also reduces the incentive to deal with the infection (Fenichel et al.,
2014). Further, taxing raises the question of how the tax should be
distributed. The alternative, a Coase-like exchange – based on the Coase
theorem where two parties can come to an agreement without a gov-
ernmental third party if transaction costs are low – instead operates
only among the farmers. Farms benefitting from their neighbour's de-
lousing efforts will chip in to help pay their neighbours' effort (Fenichel
et al., 2014). While this seems immediately logical, it requires that it is
possible to accurately identify infection connections between farms and
construct an appropriate system for the exchange of costs. While there
have been improvements in the simulation of exchanges of infections

between farms from advanced hydrodynamic models (Adams et al.,
2012; Johnsen et al., 2014; Kragesteen et al., 2018; Myksvoll et al.,
2018; Cantrell et al., 2018), they are not yet accurate enough to act as
widely trusted assessments of infection risk. Further, since all farmers
are delousing anyway, setting up an elaborate cost exchange system
may well be perceived as an overly bureaucratic and complex exchange
of cost with little net benefit. Nevertheless, if a clear transmission
pathway between farms can be identified, potential legal disputes could
be settled or avoided by setting up Coase exchanges of delousing costs
bi-laterally between farms. Farmer can also set up local area manage-
ment agreements for treatment thresholds which requires a degree of
trust among farmers in order to work. Trust or confidence between
farmers can be established by regular sharing of information between
farmers. Such a system is most likely to succeed in smaller networks, as
the trust required increases with number of farms in a management
area (Murray, 2014). Structuring salmon lice management strategies for
farm networks where individual farms may benefit from disregarding
legislation is difficult. However, management strategies must be
structured in such a way that individual farms see the long term benefit
of keeping to legislation rather than seek the short term benefit of
disregarding legislation.

Given the above problems with traditional economic schemes to
internalize the costs of disease management the most likely future
regulation is to maintain national legislation. An important implication
of our simulations was to show that efficient management requires
compliance by all actors and that an imperfect management leads to a
worse economic outcome than no management. In this situation it is
important to know the individual farmers' economic rationale for their
actions and design repercussions for non-compliance that will clearly
deter non-compliance. The cost of non-compliance is the foregone
production and costs of delousing of all the other farmers, and non-
compliance should at least amount to these costs. In addition to eco-
nomic sanctions, the social incentives should not be underestimated. If
it is publicly known whether a farmer obeys the legal treatment
threshold – as is the case in Norway, Faroe Island and Chile – the farmer
will be required to justify (non)action, and will be open for claims of
private compensation from neighboring farms (the Coase-like ex-
change). Efficient social regulation requires transparency and publicly
known louse-counts of each farm. Legislation should therefore not only
punish but also mandate transparency.
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INTRODUCTION

In salmonid aquaculture, infestation with parasitic
organisms is a major challenge and causes signifi-
cant economic losses in the industry. The treatment
costs are estimated to be around €0.25 kg−1 (Costello
2009), and when applied to the global salmon pro-
duction in 2015 of 2.3 million t (FAO 2017), this trans-
lates to roughly €575 million. The estimated treat-
ment cost per kg, although widely used, may be
outdated (Shinn et al. 2015). In addition, the parasites
impact the global aquaculture industry with negative
publicity (Adams et al. 2015) due to the possible
damage they have on the environment as a result of
chemical treatments and influence on local wildlife
(Ford & Myers 2008). Consequently, salmon lice are
a major obstacle in any further expansion of the
salmon aquaculture industry.

As in other temperate coastal areas, the production
of Atlantic salmon in the Faroe Islands has expanded
to become a major activity. With an annual produc-

tion now exceeding 80 000 tonnes (t), the Faroe
Islands is currently the fifth largest salmon producing
country, and the aquaculture industry has become a
major economic player locally as it accounted for
46% of the Faroese export value in 2016 (Statistics
Faroe Islands [SFI] 2017). In 2014, the cost of drugs to
combat sea lice used by the Faroese salmon farming
in dustry exceeded €18 million, or roughly €0.22 kg−1.
Introduction of cleaner fish and mechanical treat-
ments, however, reduced the expense of chemo thera -
peutants to less than €13 million in 2016 (SFI 2017).

Sea lice is a common name for a range of marine
ectoparasitic copepods belonging to the family
Caligidae. Two sea lice species cause by far the
greatest challenge in salmonid aquaculture in the
northern hemisphere: Lepeophtheirus salmonis and
Caligus elongatus. L. salmonis is a parasite only
found on salmonids, often referred to as salmon lice,
while C. elongatus is a more opportunistic parasite,
and has been found on 80 different fish species
(Kabata 1979). Of the 2 species, L. salmonis has by far

© The authors 2018. 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

*Corresponding author: trondurk@fiskaaling.fo

Identifying salmon lice transmission characteristics
between Faroese salmon farms

Tróndur J. Kragesteen1,2,*, Knud Simonsen1, André W. Visser2, Ken H. Andersen2

1Fiskaaling - Aquaculture Research Station of the Faroes, við Áir 11, FO430 Hvalvík, Faroe Islands
2VKR Centre for Ocean Life, National Institute of Aquatic Resources, Technical University of Denmark, Building 202, 

2800 Kgs. Lyngby, Denmark

ABSTRACT: Sea lice infestations are an increasing challenge in the ever-growing salmon aqua-
culture sector and cause large economic losses. The high salmon production in a small area cre-
ates a perfect habitat for parasites. Knowledge of how salmon lice planktonic larvae disperse and
spread infection between farms is of vital importance in developing treatment management plans
to combat salmon lice infestations. Using a particle-tracking model forced by tidal currents, we
show that Faroese aquaculture farms form a complex network. In some cases as many as 10% of
the infectious salmon lice released at one farm site enter a neighboring fjord containing another
farm site. Farms were characterized as emitters, receivers or isolated, and we could identify 2 clus-
ters of farms that were largely isolated from each other. These farm characteristics are a valuable
input for the development of management plans for the entire Faroese salmon industry.

KEY WORDS:  Connectivity · Dispersal · Tidal forcing · Particle tracking · Salmon lice

OPENPEN
 ACCESSCCESS



Aquacult Environ Interact 10: 49–60, 2018

the largest economic impact on the salmonid aqua-
culture industry due to its damaging effect on its host
(Boxaspen 2006).

The increased salmon production has elevated the
density of naturally occurring salmon lice in the
water column, primarily due to the large growth in
the number of hosts. The high density further
increases the chances of salmon lice being transmit-
ted between hydrodynamically connected farms.
Additionally, experience shows that sporadic uncon-
trolled treatment of salmon lice in an area yields a
resistant salmon lice population over time (Murray
2011, Aaen et al. 2015). Farms with intense treatment
might quickly develop resistant salmon lice strains.
In inter-connected farm networks, the resistant
strains spread out to the whole network after a given
period. Therefore, in connected farm networks, there
may be a point when the external infection pressure
reaches a stage when, from a farmers perspective,
treatment becomes virtually pointless. Coordinated
treatment management plans are thus essential to
achieve long-term sustainable control of salmon lice.
Achieving control requires a thorough understand-
ing of the sea lice dispersion patterns, a factor highly
dependent on regional and local hydrography (Adams
et al. 2015).

Dispersion of salmon lice larvae has been studied
using numerical models in Scotland (Amundrud &
Murray 2009, Adams et al. 2012, 2015, Salama et al.
2013), Canada (Stucchi et al. 2011), and Norway
(Asplin et al. 2014, Johnsen et al. 2014, 2016, Sams-
ing et al. 2017). For a more comprehensive overview,
see Salama & Rabe (2013). In some fjord systems,
farms were found to be inter-connected (Adams et al.
2012, Johnsen et al. 2016), while in other cases sev-
eral clusters of connected farms could be identified
(Salama et al. 2013, in press). Samsing et al. (2017)
investigated the connectivity between most farms on
the Norwegian coast and found that seasonal varia-
tions influence the connectivity. These cases need
different management strategies, emphasizing the
importance of knowing the specific farm network.
This study presents a first attempt to investigate the
dispersion of salmon lice and connectivity between
aquaculture farms in the Faroe Islands. While earlier
studies have either been on farms located in a
restricted area mainly enclosed by land (Adams et al.
2012, Salama et al. 2013, in press) or along a long
coast with complicated fjord systems (Stucchi et al.
2011, Asplin et al. 2014, Johnsen et al. 2014, 2016,
Samsing et al. 2017), this study is of a spatially lim-
ited archipelago with a relatively high farm density
in a tidally energetic area surrounded by open ocean.

The limited number of farms in a nearly isolated
 system makes the Faroe Islands an ideal area to in -
vestigate the interaction and population dynamics of
salmon lice.

METHODS

Study area

The Faroe Islands are an archipelago in the Atlantic
ocean containing complicated coastlines, multiple
fjords, and connecting straits (Fig. 1). The distance
from the northernmost to the southernmost point is
about 110 km. Due to their location in the path of the
North Atlantic Current, the sea around the Faroe
Islands is dominated by relatively warm and saline
waters with fairly stable conditions. The temperature
varies from 6°C in February to approximately 10°C in
August and September, and the variation in salinity
is confined to 35.05 to 35.25‰ on the shelf (Larsen et
al. 2008, Gaard et al. 2011) but reduces towards 32‰
in the fjords due to freshwater runoff (Gaard et al.
2011).

The waters on the Faroe Shelf can be characterized
as a tidal energetic system, although the tidal eleva-
tion amplitude is quite modest. The amplitude of the
dominating M2-constituent varies from some 60 cm in
the westernmost islands to less than 10 cm at the cen-
tral eastern coast (Simonsen & Niclasen 2011), which
may be characterized as a semi-amphidromic point.
This relatively large gradient towards the central east
coast creates strong currents with maximum speeds
of up to 3.6 m s−1 (Fig. 1) in some straits (Larsen et al.
2008, Simonsen & Niclasen 2011). Further, Larsen et
al. (2008) have shown that the tides, through rectifi-
cation, are the main driver of a steady current clock-
wise around the islands (Fig. 2).

In some of the fjords, and in the strait between
the 2 biggest islands (white arrowhead, Fig. 1), the
tides have less influence on the circulation (Fig. 1)
and stratification may occur mainly due to the fresh-
water runoff (Gaard et al. 2011). In these areas, estu-
arine- and wind-driven circulation is of significant
importance.

Outside the fjords, however, the water masses are
quite homogeneous due to the intense mixing caused
mainly by tidal currents (Larsen et al. 2008). We
therefore focus on the tidal component in the model
due to the dominating influence it has on water
movement around the Faroe Islands. Including only
the tidal component simplifies the model, but still
reveals the general background dispersion pattern.
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Model overview

The underlying tidal circulation mo -
del is an implementation of the baro -
tropic mode of the regional oceanic
modeling system (ROMS) (Shchepet -
kin & McWilliams 2005) on a half nau-
tical mile grid resolution covering a
larger area, and on a 100 m resolution
grid for the coastal region (Simonsen
& Niclasen 2011). The higher resolu-
tion model was forced by the solution
from a coarser model, which applied
altimetric data generated by Egbert et
al. (1994) along its open sea bound-
aries. After a spin-up period, data
were stored at 1 h intervals for every
grid point over 30 d for tidal analysis
using the T_TIDE software (Pawlowicz
et al. 2002). Validation of the derived
harmonic constants towards similar
data derived from observed time
series from tidal gauges and current
measurement showed general good
agreement (Simonsen & Niclasen
2011). Here the current is estimated
from the dominating constituents and
the residual current obtained from the
100 m resolution tidal model.

Tidal current

We included 3 semi-diurnal con-
stituents, M2, S2 and N2, 2 diurnal con-
stituents, K1 and O1, 1 over-tide con-
stituent, M4, and the residual current. The east (u)
and north (v) components of the forcing current at a
given time (t) are obtained by summing up the contri-
bution from the 6 (n) tidal constituents and residual
current (ur, vr) at each  horizontal position (x,y):

u(t,x,y) = ur(x,y) + ∑ i
n ai(x,y)cos(ωit −

ϕ(x,y))cos(θ(x,y)) − bi(x,y)sin(ωit − ϕ(x,y))sin(θ(x,y))  (1)

v(t,x,y) = vr(x,y) + ∑ i
n ai(x,y)cos(ωit − ϕ(x,y))sin(θ(x,y))

− bi(x,y)sin(ωit − ϕ(x,y))cos(θ(x,y))                              (2)

  ωit = 2 π–Ti
t                                                                    (3)

where ϕi is the Greenwich phase lag, θi the inclina-
tion and ai and bi are the major and minor semi-axis,
respectively, defining the tidal ellipse at a given geo-
graphical location of the i th constituent with fre-
quency ωi(t) and corresponding period Ti.

Particle-tracking model

Salmon lice are represented as passive particles,
each representing an arbitrary but uniform number of
salmon lice. Because the tidal current model is baro -
tropic, the current is assumed to be vertically uniform,
and the vertical movement of the salmon lice is omit-
ted. Turbulent diffusion is included with a horizontal
random walk component (Visser 1997). The trajectories
of each particle is calculated with an Euler scheme
where the position (x,y) of particle q at the next time
step, t + ∆t, is calculated from the velocity, u and v:

xq (t + ∆t) = xq (t) + u(x,y,t)∆t + R12336Dh∆t (4)

yq (t + ∆t) = yq (t) + v(x,y,t)∆t + R12336Dh∆t (5)

where R is a uniformly distributed random number
within [–1,1]. Dh is the diffusion coefficient and is set
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Fig. 1. Maximum tidal current velocity around the Faroe Islands provided as
the sum of the semi-major axes of the 6 dominating constituents  (Simonsen &
Niclasen 2011). Thin contour lines provide the water depth (m). The white 

arrow indicates the location of the large narrow strait
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to 0.1 m2 s−1 (Gillibrand & Willis 2007). The computa-
tionally cheap and easily implemented Euler scheme
was chosen instead of a more accurate higher order
scheme. This loss of numerical accuracy is justified by
the inclusion of the turbulent diffusion term, which
anyway leads to diffusion. A sensitivity analysis of the
time step was conducted (not shown) and satisfying
convergence was obtained with a time step of 0.005 h
(18 s), which is used in the present simulations. Parti-
cles crossing the outer boundary are considered lost
and removed from the simulation. A no flux reflective
boundary condition is applied at the shoreline (Brick-
man et al. 2009). For the particle-tracking simulation,
the 100 m resolution grid of the tidal model was
adopted. The number of particles released was tested
and the mean trajectory of the particle cluster between
identical simulations was found to be reasonably con-
verged when releasing 900 particles every hour.

Biological parameters

When modeling the dispersion of salmon lice, the 3
non-feeding planktonic stages, nauplii I, nauplii II,
and copepodid, are relevant. The non-infectious Lep-

eophtheirus salmonis nauplii larvae hatch from the
adult female egg strings and are released into the
planktonic environment where they molt into a sec-
ond nauplii stage and further into the infectious
copepodid larvae (Pike & Wadsworth 1999). Being
non-feeding, the planktonic larvae have only the
energy from their internal yolk reserves for survival
and therefore need to locate and infect a host within
a limited lifespan. Infection of a new host is deter-
mined by the survival of the larvae and the likelihood
of infectious larvae making contact with a new host.
The infection rate is a function of attachment success,
water currents, temperature, salinity, grazing, etc.

In our model, salmon lice larva biology is repre-
sented by 3 processes: duration of the nauplii and
copepodid stages, and mortality. The development
time of the planktonic phases are primarily deter-
mined by the water temperature when salinity is
above 30‰ (Samsing et al. 2016). Here, we assume a
summer scenario with a sea temperature of 10°C.
The duration and longevity of these first phases
decrease with increasing temperature. Both Johnson
& Albright (1991) and Samsing et al. (2016) found a
similar development time for L. salmonis nauplii,
which require approximately 3.7 d to develop into an
infectious copepodid at 10°C. The longevity of the
copepodid at the same temperature is approximately
13 d (Gravil 1996, Samsing et al. 2016).

Determining mortality is more difficult because
studies of L. salmonis larvae in their natural environ-
ment are scarce. Stien et al. (2005) studied population
dynamics of L. salmonis and estimated the mortality
rates of nauplii and copepodids to be approximately
0.17 and 0.22 d−1, respectively, based on laboratory
experiments. The survival probability over time is:

p(t) = e−µt                                 (6)

where p is the survival probability at time t. Mortality
(µ) is assumed to be 0.17 d−1 for both planktonic
phases.

Nauplii and copepodid larvae have been shown to
be phototactic and to have the ability to migrate away
from low salinity and seek higher temperatures in the
upper layers (Johnsen et al. 2014, 2016, á Norði et al.
2015). Gillibrand & Willis (2007) and Johnsen et al.
(2014) showed that relatively small vertical movement
behaviors had a significant effect on the dis persion
pattern in stratified waters, emphasizing the need for
a more comprehensive model in estuarine-driven
 areas. However, outside the Faroese fjords, where the
circulation is dominated by the tides (Larsen et al.
2008), the connectivity between the salmon farming
locations will those also be dominated by tides.
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Fig. 2. Residual tidal current velocity around the Faroe
 Islands. The vectors indicate the direction, and the colors 

indicate the speed (Simonsen & Niclasen 2011)
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Simulations and connectivity matrices

Based on the existing farm locations as listed by the
authorities, 24 farm sites were defined, to each of
which a receiving and an emitting area were
assigned (Fig. 3). The emitting area corresponds to
the actual farm site locations. In those cases where
several farms are located in a fjord, only the farm site
closest to the fjord opening is included (Fig. 3). The
model is barotropic, and thus no attempt is made to
simulate the estuarine circulation which may appear
in fjords with little tidal influence (Fig. 1). The neg-
lected estuarine circulation is, however, of impor-
tance for the dispersion within these fjords, and con-
sequently the receiving farm area (or ‘hit area’) is
subjectively defined as the entire fjord if the farm
is located inside a fjord or the long narrow strait
between the 2 largest islands (Fig. 3). A copepodid
larva entering these areas is considered an infection
risk to the whole area. Farms located in more open
and tidal-dominated areas (Farms 5, 9, and 13; Fig. 3)
are assigned a receiving area which corresponds to
the farming site. This is different from other connec-
tivity studies where a fixed area around the farm is
considered to pose an infectious risk to the farm

ranging from a 500 m radius (Adams et al. 2012,
Salama et al. in press) to a 600 × 600 m (Johnsen et al.
2016) and 800 × 800 m area around the farm (Sams-
ing et al. 2017).

The connectivity matrices were generated by
releasing 900 particles every hour from each defined
farm site emitting area (1.8 million particles) over a
period of 2000 h (83.3 d). The simulation period
includes several spring−neap tide cycles and gives
the system sufficient time to converge and therefore
reflects a long-term dispersion trend. All farms are
evenly weighted assuming this is a linear process
and therefore the exact number of salmon lice a par-
ticle represents becomes irrelevant in this context.
We adopted a similar approach to that described by
Adams et al. (2012), where particles can infect any
farm, including the initial release farm, when they
are older than 3.7 d. Further, the particles have an
infection window of 13 d, assuming a typical Faroese
summer scenario with a water temperature of 10°C.
A particle is only allowed to infect a given farm site
once, meaning that if they re-enter the same farm
site, the particles are not recorded. However, the par-
ticle is allowed to continue in the simulation and
potentially infect a new farm site, which is different
from Adams et al. (2012), where particles were taken
out of the simulation when the first connection was
made. Particles are taken out of the simulation when
they become older than 16.7 d. The connection prob-
ability between 2 farms is calculated as the ratio
between infectious particles entering one farm’s re -
ceiving area from another farm and the total amount
of released particles from the emitting farm. The
average age of the infectious particles in a connec-
tion is estimated using their age at their entry into a
receiving area. The connection probability be tween
2 farms including mortality is found by weighting the
infectious particles with the survival probability
using Eq. (6).

RESULTS

Dispersion

Examples of particle dispersion patterns are illus-
trated in dispersion maps showing the mean age over
the simulation period of particles released from
Farms 2, 5, and 21 (Fig. 4) in every 100 × 100 m grid
cell. The 3 locations were chosen by their geographic
location and position in relatively exposed tidal
areas, which allows larvae to escape their initial
release site, but at different rates.
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Particles disperse rapidly from Farm 5 (Fig. 4b),
which is located in the energetic strait on the west
side of the largest island in the center. In contrast,
the particle dispersion from the other 2 farm sites
(Fig. 4a,c) is slow during the first few days, as seen by
the limited dispersal area of the youngest particles
(red). However, once particles escape their initial
fjord, they enter what might be called a ‘dispersion
highway’ that goes clockwise around the Faroe
Islands. Here, they quickly disperse around the
archipelago. These results illustrate that larvae are
capable of traveling to almost any location around
the Faroe Islands, some more likely than others,
within their approximately 2 wk lifespan, provided
that they manage to escape their release area. Fur-
ther, the clockwise residual current also implies that
only a few particles are lost from the system.

The maximum Euclidean distance traveled by a
particle varies greatly between farms. Particles can
easily travel more than 20 km during the nauplii
phase (3.7 d in Faroese summer conditions, Fig. 5a).
In 3 farms, including Farm 5 (dashed line with cross),
over half of the particles travel over 40 km. On the
other hand, particles older than 3.7 d generally
travel, not surprisingly, significantly longer distances
than their nauplii counterparts (Fig. 5b). Over 50% of
the particles from most farms travel over 50 km. In
several farms, including Farms 5 and 21, approxi-
mately 10% of the particles travel at least 80 km. It
should be noted that these particles are not weighted
with mortality.

The relative distribution of nauplii and copepodid
particles in each 100 × 100 m grid cell over the whole
simulation period, including mortality, is shown with
a heat map (Fig. 6). Here, particles are recorded at
every time step and weighted with survival probabil-

ity. Particles released from several farms (10−11 and
22−23) have a very limited dispersion range both in
the nauplii and copepodid stage. On the other hand,
particles released from farms in more exposed areas,
such as Farms 5 and 9, have relativity low densities at
their initial release sites, indicating quick dispersion
away from these areas after release. There are no
clear ‘cold’ spots, i.e. areas with a relatively low den-
sity of copepodids, in the coastal regions. The excep-
tion is some of the fjords with little tidal influence,
where estuarine circulation, which is neglected in
the present simulation, must be expected to domi-
nate the dispersion (Fig. 6b). The highest density is
found around the northern group of islands, which is
also where the majority of the farms are located.

Connectivity

The proportion and mean age of infectious salmon
lice larvae that disperse between Faroese salmon
farms is summarized in 3 connectivity matrices
(Fig. 7). These reveal a generally high connection be -
tween farms although the range of connectivity is
quite diverse. The diagonal line indicates the degree
of self-infection and is dependent on the degree of
exposure in the area. Farms 5, 9, and 13, which are
located in tidally exposed areas (Fig. 3), are clearly
not self-infectious (Fig. 7a,c). Farms 10, 11, 12, 20, 22,
and 23 are close to 100% self-infectious and emit
very few larvae to other farms, while also having
a relatively (to the amount emitted) high infection
rate from other farms.

The mean age in the highly self-infectious connec-
tions is close to 3.7 d, the time when larvae become
infectious, while the mean age for non-self-infectious
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Fig. 4. Mean age of particles in every grid cell over the 2000 h simulation period. Every hour, 900 particles are released 
from Farms (a) 2, (b) 5, and (c) 21 (black crosses). White: no particles registered
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Fig. 6. Relative density distribution attained by particles released from all 24 farm sites, by recording the number of particles in
each 100 × 100 m grid cell every time step, including mortality, over the whole 2000 h simulation. (a) Nauplii and (b) copepodid 

particles. The color bar indicates number of particles on a logarithmic scale; white: no particles registered
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farms is much higher, between 8 and 14 d (Fig. 7b).
Larvae from Farm 5 infecting Farm 9 are very old (14
to 16 d) and vice versa, even though they are very
close geographically. This implies that the particles
have traveled a long distance before entering the
neighboring site. Interestingly, however, larvae from
these farms infect nearby farms (4, 6, 7, and 8) with
younger larvae.

Fig. 7c illustrates how infectious a connection is by
accounting for mortality. Here the defined receiving
area around Farm 15 receives over 10% of infectious
particles from Farm 16, which is the strongest con-
nection in the network. The matrices in Fig. 7 reveal
at least 2 clusters of farms in the Faroe Islands. One
includes Farms 1 to 3, which appear to be internally
well connected with quite limited interaction with
the other farms. With the exception of a few isolated
farms, the rest of the network comprises a large con-
nected cluster.

Farms are characterized as emitters, receivers,
and/or isolated by the number of infectious larvae
they emit and receive to and from other farms,
excluding self-infection, expressed as % of particles
corresponding to the amount released from 1 farm
site (Fig. 8). Farms 16, 18, 21, and 14 are the highest
emitting, while Farm 15 is by far the highest receiv-
ing farm, followed by Farms 5, 9, and 2. Three farms
are virtually isolated (10, 12, and 20, Fig. 8), as they
are neither receivers nor emitters.

DISCUSSION

Our results demonstrate that Faroese salmon farms
form a complex network with a wide range of con-
nectivity strengths. The overall connectivity appears
to be much higher than in other studies (Adams et al.
2012, 2015, Salama et al. 2013, in press, Johnsen et
al. 2016, Samsing et al. 2017), although a direct com-
parison is problematic due to the differences in how
connectivity is defined. Particles quickly disperse far
and wide once outside a fjord and inside the ‘disper-
sion highway’, which runs clockwise around the
Faroe Islands. For the most dynamic sites, there is a
high probability that the particles reach a distance of
more than 20 km from their origin, while in the most
isolated fjords, there is a less than 10% probability
that the particles travel further than 20 km before
they become infectious. The maximum expected dis-
tance in the non-infectious stage is about 60 km for a
few sites (Fig. 5a). Including the lifespan of the cope-
podid stage, there is a fairly high probability for the
majority of the sites that the maximum distance is
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Fig. 7. (a) Percentage of unique infectious larvae released
from one farm site entering any other farm site or its initial
release site. (b) Mean age of the connections. (c) Connectiv-
ity including mortality. Emitting farms are on the x-axis and
receiving farms on the y-axis. The color bar indicates the
percentage in (a) and (c), scale is logarithmic. The color bar in
(b) indicates the mean age in days. White indicates no signal
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beyond 50 km, and for some sites, there is a probabil-
ity of up to 10% that they even reach beyond 80 km
(Fig. 5b). These distances are comparable with the
geographical size of the archipelago. Note that these
distances are maximum Euclidean distances; the actual
sea distance traveled may be considerable longer as
they travel around the islands. Consequently, parti-
cles have the potential not only to infect the other
farms, but also present a potential risk of delayed
self-infection. The presented dispersion distances are
comparable with maximum distances found along
the Norwegian coast, but are considerably longer than
the typical 20 to 40 km found in Norwegian fjords
(Asplin et al. 2014) and the median distances of 6 km
with maximum distances around 36 km in a Scottish
loch (Salama & Rabe 2013, Salama et al. 2016).

The self-infection in a number of farms is quite
high, as seen by the low mean age and small disper-
sion range in these connections (Figs. 6 & 7). The
high self-infection is partly caused by the low water
fluxes in and out of these fjords, which may be under-
estimated due to the omission of the estuarine- and
wind-driven circulation, and by the particles staying
within the initial receiving area and therefore being
recorded the moment they become infectious (3.7 d).

Identifying critical nodes in the farm network pro-
vides highly valuable information for developing a
management plan. We were able to identify farms as

emitters, receivers, or isolated. The highest emitting
farms (16, 18, 21, and 14, descending order; Fig. 8)
are all located in the northern part of the Faroe
Islands. They all emit the highest proportion of their
infectious salmon lice particles to their close neigh-
bor, Farm 15, which is the highest receiving farm
(Fig. 3). Farm 16 emits over 10% of its infectious
salmon lice to Farm 15, which must be considered a
very strong connection. One reason Farm 15 is the
highest receiver is that the defined receiving area is
quite large as this fjord is relatively wide. In addition,
the connection to the strait outside this fjord includes
a tidally rectified eddy at the fjord mouth, which
transports particles into the area. The connection
decreases significantly if the receiving line at the
fjord mouth is moved further into the fjord. There-
fore, care should be taken in drawing bold conclu-
sions about this relatively strong connection, but it
still indicates that the infection risk in this fjord is
considerable. The situation is quite different for the 2
following farms in the receiving rank list. They both
have a modest receiving area, but have a large tidal
through-flow resulting in a high particle flux from
other farms.

The connectivity matrices suggest that the 3 farms
at the southernmost islands (Farms 1 to 3) are largely
separated from the other islands, but are internally
well connected. The rest of the farm network seems
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to be 1 cluster with negligible contribution from the 3
isolated farms (10, 12, and 20) and the 3 relatively
isolated farms (11 and 22−23) (Fig. 8). These isolated
farms are in the narrow strait between the 2 main
islands and in fjords in the northeast group of islands,
which all are characterized by weak tidal currents
(Fig. 1). Likely, the dispersion within these areas is
dominated by estuarine- and/or wind-driven circula-
tion (Gaard et al. 2011), which is not included in the
present model.

Recently, Patursson et al. (2017) assessed variations
in salmon lice population dynamics in Faroese farms
in relation to the physical exposure to the local circu-
lation patterns and flushing with adjacent waters
expressed through an exposure index, and found
that up to 65% of the variations in the sea lice dy -
namics was related to the freshwater input and tides.
In the fjords with Farms 20 and 22−23, they found a
generally low exposure, of which 60 to 70% was
explained by the freshwater runoff, and a generally
higher exposure index for the fjord hosting Farm 10,
where nearly 90% of the sea lice variance could be
related to the freshwater runoff. A study conducted
in Kaldbaksfjord (Farm 10, Fig. 3) indicated an aver-
age exchange rate of approximately 10 d (Gaard et
al. 2011), in contrast to virtually no exchange found
in our simulations. Including wind and freshwater
forces will increase the interaction with the other
farms in the northern cluster as well as the rest of the
farm network. However, in calm and dry periods,
when the tides are the primary forcing mechanism,
these farms must be considered as isolated and highly
self-infectious.

The connectivity in this study was measured as
the number of infectious particles (older than 3.7 d)
released at one farm entering the defined receiving
area of another farm or its own. Adams et al. (2012)
took particles out of the simulation after the first con-
nection. In many cases particles in our simulations
did not leave their own receiving area before becom-
ing infectious because we defined the whole fjord as
a potential infection risk. This is evident when look-
ing at the mean age in most of the self-infection con-
nections (Fig. 7b). It would have been unpractical in
our setup to take particles out of the simulation after
1 connection as we would then only have observed
self-infection in most cases. Therefore, particles were
allowed to continue in the simulation but they were
only allowed to infect once in any given connection.
One downside of this method is that relevant infor-
mation is lost, such as the amount of time an infec-
tious salmon louse spends in a farm area. Johnsen et
al. (2016) and Samsing et al. (2017) partially solved

this by letting salmon lice reinfect a farm site multi-
ple times. Some studies include the biomass and/or
salmon lice counts in the farm connectivity (Salama
et al. in press, Samsing et al. 2017). This is especially
relevant when studying specific time periods and
verifying salmon lice counts, which, however, is not
the case in our simulations. Here all farms release an
equal amount of particles, which can represent any
arbitrary uniform number of salmon lice. This pro-
vides the option to include number of salmon lice in a
future expansion of the model when fish and salmon
lice count data at farm level become available. As
mentioned, the connectivity probabilities found in
this study are high compared to other studies. This is
in part due to the way we define our receiving area,
but likely also due to salmon lice having a very high
dispersion range in the Faroe Islands, in contrast to
other areas.

Averaged over several spring−neap tide cycles, the
only parameters that can change the connectivity are
the length of the planktonic phases and the mortality.
This study assumed typical Faroese summer condi-
tions. We also ran some simulations in winter condi-
tions, under which the planktonic phases become
longer, and observed differences in the connectiv-
ity, although the overall connectivity pattern ap -
 peared very similar to that simulated under summer
conditions.

The Faroe Islands are notoriously windy, especially
in the winter months. The dominating wind direction
is southwest, while the less frequent direction is east,
although the wind direction and strength is highly
variable due to the geographical location of the Faroe
Islands in the path of the low pressures crossing the
Atlantic (Cappelen & Laursen 1998, Larsen et al.
2008). The wind strength and direction in the fjords
and straits are highly influenced by the surrounding
mountains, but no meteorological data with suffi-
ciently high spatial resolution is currently available
for the area. Wind most likely affects the dispersion
dynamics, especially on short time scales, forcing
salmon lice larvae out of or into a fjord, while out-
side the fjords, wind affects the drifting path. How-
ever, due to the variability in the wind forcing, it is
likely that the overall distribution will be spread out
even more than that obtained here from the under -
lying tidal forcing only, but this still remains to be
investigated.

The results presented have many implications
which can benefit the Faroese aquaculture industry,
where there is currently no coordinated treatment
management plan based on the underlying hydro-
graphic connectivity between the sites. As men-
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tioned, all farms are weighted equally, as we assumed
a linear process. The connectivity matrices may
therefore be seen as a background or underlying
connectivity providing options to include the indi -
vidual sea lice pressure of the farms when this
 information is released from confidentiality.

Our results clearly demonstrate that a holistic treat-
ment plan should be developed, as salmon farms are
not isolated but are connected to each other. Intu-
itively, we would strictly manage the farms that are
characterized as emitters to prevent unnecessary
external infection pressure on other farms, e.g.
Farms 16, 18, and 21 (if all farms contribute equally).
On the contrary, Adams et al. (2015) combined con-
nectivity estimates with a salmon lice population
dynamic model developed by Revie et al. (2005) and
found that management was most effective when
 targeting the highest receiving or influx farms, which
is somewhat counter-intuitive. This finding suggests
the need to include population dynamics, specifically
to examine the network response to different treat-
ment strategies.

In addition to treatment strategies, the approach
described here can also aid in the planning of farm
locations. For instance, salmon farmers can decide to
place their farms further out or into the fjord. The
trend in the Faroe Islands in recent years has been to
place farms further out in the fjord to obtain better
growth conditions due to higher water exchange, less
local bed load, and less sea lice self infection. How-
ever, placing farms further out, as recommended by,
e.g. Samsing et al. (2015), increases the connectivity
between farms. In this way, the benefit to the individ-
ual farm enlarges the challenge for the entire farm
network. Also the placement of potential new farm
sites is problematic as there are no obvious salmon
lice ‘cold spots’ close to the Faroese coast (Fig. 6),
emphasizing the need for a holistic management
approach.

CONCLUSIONS

During the last decade, there has been a gradual
increase in the use of numerical models to study the
dispersion of Lepeophtheirus salmonis in all leading
Atlantic salmon-producing countries, and they are
now at a state where fairly realistic results can be
obtained (Stucchi et al. 2011, Salama & Rabe 2013,
Asplin et al. 2014, Johnsen et al. 2016, Samsing et al.
2017, Salama et al. in press). This study presents the
first model which can, to a certain degree, realisti-
cally simulate the mean dispersion patterns in an

archipelago with a circulation dominated by tidal
currents. Due to their highly dominating influence on
water currents on the Faroe shelf, the tidal currents
and the residual current are the main factors respon-
sible for the connectivity between farms sites, as well
as acting as a retention mechanism for the resident
sea lice population.

We acknowledge that wind and freshwater forcing,
which are not included in the present study, will
influence the dispersion dynamics, especially on
shorter time scales in the more sheltered fjords. How-
ever, on longer time scales the highly dominating
Faroese tidal forcing will reflect the mean dispersion
pattern, enabling valuable insight into the back-
ground connection between farms in the Faroe Islands.

In summary, the basis for the creation of a robust
biophysical model has been developed, which can
help to find an optimal treatment and management
plan for the Faroese aquaculture industry.
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Abstract

Managing salmon lice (Lepeophtheirus salmonis) outbreaks is a crucial part
of salmon aquaculture in sea cages. Treatment management strategies can
be optimized with the aid of salmon lice population dynamic models. These
models, however, need to be calibrated and validated with parameters which
have biological meaning. Here, based on a time-series of lice data, we esti-
mated two essential model parameters: The external infection pressure and
salmon lice population growth rate for each active salmon farm site between
2011 and 2018 in the Faroe Islands. External infection pressure was found to
vary between farm sites and range on average from 0.002 to 0.1 lice salmon�1

d�1. Further, external infection was significantly correlated with the total
number of gravid lice. Salmon lice population growth rates were found to
vary between farm sites and range on average from 1.7 to 5.4 %/d. A sim-
plified salmon lice population dynamic model, calibrated with the obtained
model parameters, showed that the number of treatments needed to control
salmon lice will decrease if treatment threshold is lowered from 1.5 to 0.5
gravid lice�1 salmon�1, because this will decrease the total number of gravid
lice leading to a reduction of external infection pressure. Finally, a salmon
lice model forced by the obtained parameters demonstrates the number of
treatment need to control salmon lice as a function of the external infection
pressure and production length.

Keywords: Salmon Aquaculture, Salmon lice, Modelling
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1. Introduction1

Managing sea lice on a regional or national scale is a crucial part of mod-2

ern salmon aquaculture production at sea. In the northern hemisphere the3

most important sea lice impacting salmon aquaculture is the ectoparasite4

Lepeophtheirus salmonis, also know as salmon lice. Salmon lice are a natu-5

rally occurring parasite on salmonid fish and feeds on the mucus, skin and6

blood of their host (Pike & Wadsworth, 1999). At high densities, they can7

cause physical damage to their host and expose them to secondary infec-8

tions as well as causing stress and osmotic regulatory imbalance (Pike &9

Wadsworth, 1999).10

As the salmon farming industry has grown, so has the number of salmon11

lice host’s providing favorable conditions for salmon lice. At su⇥ciently high12

host densities salmon lice can develop in to a epidemic (Frazer et al., 2012)13

negatively e⇤ecting both salmon farms and wild salomid stocks (Krkoöek14

et al., 2006). Understanding the dynamics of lice population growth and15

outbreaks and how lice disperse has obvious economic and ecological potential16

to reduce treatment frequency and fish mortality on both farmed and wild17

salmon stocks.18

Numerical models describing salmon lice population growth have been de-19

veloped based on Anderson et al. (1979) type host-parasite models (Krkoöek20

et al., 2010; Frazer et al., 2012) and delayed stage structured models (Revie21

et al., 2005; Stien et al., 2005; Robbins et al., 2010; Gettinby et al., 2011;22

Adams et al., 2015; Kragesteen et al., 2019). Especially Adams et al. (2015)23

showed how salmon lice population dynamics could be modelled on a farm24

level basis by including hydrodynamic connectivity between farms.25

Model parameters are often hard to estimated in a open and changing26

environment such as sea-based salmon aquaculture. Two essential parame-27

ters are the external infection pressure and salmon lice population growth28

rate. External infection pressure has been estimated using sentinel cages in29

Norway, Scotland and Iceland (Bjørn et al., 2011; Pert et al., 2014; Sand-30

vik et al., 2016; Karbowski et al., 2019). The sentinel cages were deployed31

2-3 weeks at a time over a period of months and for each deployment lice32

were recorded. Bjørn et al. (2011) found the external infection to be up to 2.333

lice/salmon in the Romsdalsfjord system, Norway, with a 14 days deployment34

time. Sandvik et al. (2016) found up to 20 lice/salmon in Hardangerfjord,35
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Norway, with 14-21 days deployment time and Pert et al. (2014) found close36

to 15 lice/salmon in Loch Shieldaig, Scotland with 7 days deployment time.37

Karbowski et al. (2019) found very few salmon lice or 0.022 lice/salmon38

when sampling for � 21 days in Arnarfjörur, Iceland, which only contained39

2 salmon farms. Further, Kristo⇤ersen et al. (2014) found that external in-40

fection pressure was the main predictor of salmon lice population dynamics41

during the initial phase of marine production of farmed salmon. Salmon lice42

growth rates have been reported for salmon farms in Broughton Archipelago,43

British Columbia, Canada and Faroe Islands (Krkoöek et al., 2010; Paturs-44

son et al., 2017). These estimates assume exponential growth and Krkoöek45

et al. (2010) reported two farms having 0.9 and 4.8 %/d while Patursson46

et al. (2017) reported growth rates to ranged from 0.9 to 4.1 %/d for several47

Faroese farms.48

External infection pressure and salmon lice growth rate will vary from49

farm to farm, emphasizing the importance of estimating these parameters for50

each farm site in a farm network. Here we describe the general development51

of salmon lice abundance in Faroe Islands from 2011 to 2018 based on sea52

lice counts, and use this detailed temporal data of sea lice infection dynamics53

to infer the value of these two parameters on a per-farm basis.54

How lice levels develop temporally and vary annually can be a⇤ected by55

several factors. Two factors we examine here are temperature and chloro-56

phyll. Temperature has obvious potential e⇤ects on salmon lice growth rates57

as generation time decreases (Stien et al., 2005) and production rate in-58

creases (Samsing et al., 2016) with increasing temperature. Hirst & Kiør-59

boe (2002) estimated the global copepodid mortality to be 0.11/d for sac60

spawners where predation mortality accounts for 3/4 of the total mortality.61

Chlorophyll could, therefore, potentially be an important factor for lice dis-62

persion as chlorophyll indicates the level of primary production and thereby63

indirectly the level of zooplankton which may pray on planktonic lice larvae.64

Last, the estimated external infection pressure and salmon lice growth65

rate is used to calibrate a simplified model of Faroese salmon lice population66

dynamics to see how the challenge of salmon lice control is a⇤ected as a67

function of sea production length and external infection pressure.68
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2. Method69

2.1. Lice data and salmon number70

Sea lice counts started in the Faroe Islands in 2009, and have continued71

regularly since 2012. The counts were conducted by the government owned72

aquaculture service and research entity Fiskaaling as an independent body,73

and reported to the local Food Safety and Veterinary Agency (hfs.fo, 2019)74

Traditionally these data have been confidential but since Oct. 2017 number of75

gravid lice/salmon for each farming site has been public (hfs.fo, 2019). Both76

L. salmonis and Caligus elongatus have been counted and recorded, however77

we will exclusively focus on salmon lice. Salmon lice stages have been split78

up into three groups: immobile, mobile and gravid female. L. salmonis and79

C. elongatus are not distinguished from each other in the immobile group.80

Therefore, only the mobile lice counts and gravid female counts are considered81

and the immobile group or chalimus stages are discarded because of poor data82

quality. Mobile lice counts include the pre-adult stages (male and female)83

and adult male stage while gravid lice counts only include this stage. In84

year 2011 there were 3 farms where counting was not preformed and 3 farms85

where counts started 3-6 months into the year 2011. Daily salmon numbers86

for each farm site were provided by the Faroese aquaculture companies in87

the period between 2011 and 2018.88

2.2. Sea Water Temperature and Chlorophyll89

Sea water temperature and chlorophyll is measured by the Faroe Marine90

Research Institute and available at the online data service (www.envofar.fo).91

Sea water temperature is measured at 3 m depth at the site Oyrargjógv92

(62°07’N, 7°10’W) and chlorophyll is analysed from samples from water pumped93

in at 18m depth of the village Skopun (61°54’N, 6°53’W). Both locations are94

in tidally well mixed straits, and thus are representative of a relative large95

geographical region.96

2.3. Treatment data97

Treatment data was gathered from the active Faroese farming compa-98

nies since 2011. There have been several kinds of treatments preformed in99

Faroe Islands since 2011, which here are organized into four groups: Medici-100

nal oral (SLICE and Diflubenzuron), H2O2-bath, medicinal bath (Salmosan,101

Alpbamax, betamax, Pyretroid and Azametiphos) and mechanical (freshwa-102

ter bath, hydrolicer, optilicer, termolicer or flushing). A treatment event was103

4



defined as a given kind of treatment preformed on a given farm which had104

not been preformed within the previous week.105

2.4. Calculating total lice106

The total number of gravid and mobile (pre-adults and adult male) lice107

was estimated for each farm (i) by interpolating between the day of the108

counts to obtain the daily values (li(t)). Knowing the number of salmon in109

each farm per day (Fi(t)) the total number of lice in the region on a given110

day, t, is obtained from:111

Ltot(t) =
n�

i=1

li(t)Fi(t). (1)

where n is number of farms in the system.112

2.5. The Salmon Lice Model113

In order to estimate the external infection pressure and salmon lice pop-114

ulation growth rate, we took basis in a series of delay di⇤erential equations115

(Revie et al., 2005):116

d�1(t)

dt
= ⇥(t)⇥ ⇥(t⇥ t1)e

�µ1t1 ⇥ µ1�1(t) (2)

d�2(t)

dt
= ⇥(t⇥ t1)e

�µ1t1 ⇥ ⇥(t⇥ t1 ⇥ t2)e
�µ1t1�µ2t2 ⇥ µ2�2(t) (3)

d�3
dt

(t) = ⇥(t⇥ t1 ⇥ t2)e
�µ1t1�µ2t2

⇥ ⇥(t⇥ t1 ⇥ t2 ⇥ t3)e
�µ1t1�µ2t2�µ3t3 ⇥ µ3�3(t) (4)

d�4(t)

dt
= ⇥(t⇥ t1 ⇥ t2 ⇥ t3)e

�µ1t1�µ2t2�µ3t3 ⇥ µ4, �4(t), (5)

where �1�4 represent the male and female lice at the chalimus, pre-adult,117

adult and sexually mature stages, respectively, and µ1�4 and t1�4 represent118

mortality and development times. ⇥(t) the amount of attached larvae and is119

defined as (Kragesteen et al., 2019):120

⇥(t) = q⇤�4(t⇥ te)s(�4(t⇥ te)) + L0, (6)

where q is the amount of viable larvae per day per sexually mature lice which121

includes connectivity and larvae production rate and ⇤ is the ratio between122
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male and female. L0 is the external infection pressure and te is the time it123

takes larvae to reinfect a new host and is assumed to be 5 days. s(�4(t))124

is an Allee e⇤ect which states that fertilization success is close to zero at125

near zero abundances and close to 100 % at around 2 gravid lice salmon�1
126

(Stormoen et al., 2013; Krkoöek et al., 2013; Kragesteen et al., 2019). The127

initial conditions are given by:128

�1(0) = 0 for t = 0 (7)
�i+1(t) = 0 for t ⇤ ti where i ⌅ {1, 2, 3}. (8)

2.6. External infection129

The external infection pressure in this study includes salmon lice larvae130

both from other farms and from the environment or natural background in-131

fection. To calculate external infection pressure we rewrite Eqs. 2-6 by sum-132

ming all mobile stages (�2(t)+�3(t)+�4(t)) which corresponds to the mobile133

and gravid lice counts from the Faroese lice data, �m. Therefore:134

d�m(t)

dt
=

d�2(t)

dt
+

d�3(t)

dt
+

d�4(t)

dt
(9)

= ⇥i(t⇥ t1)e
�µ1t1 ⇥ µ2�2(t)⇥ µ3�3(t)⇥ µ4�4(t). (10)

If we assume that µm � µ1 � µ2 � µ3 then and then the practical im-135

plementation of this assumption is µm = (µ2+µ3+µ4)
3 eq. 10 can be written136

as:137

d�m(t)

dt
= ⇥i(t⇥ t1)e

�µ1t1 ⇥ µm�m(t). (11)

We argue that in the first 150 days of the production cycle there is virtually138

no internal dynamics, meaning we set q · s to zero. There are two reasons for139

assuming this: First, at 11 °C (maximum Faroese shelf water temperature)140

the first attached lice start releasing larvae after � 50 d (t1 + t2 + t3) and it141

takes another � 20 days (te + t1) until these lice appear in the lice counts142

(Table 1, Stien et al. (2005)). Second, due to the Allee e⇤ect where few143

female lice get fertilized at low lice abundances because the chances of both144

a female and a male being on the same fish are low and therefore s is close145

to zero. Further, gravid lice have been shown to produce less eggs in their146

first pair of egg strings (Heuch et al., 2000). Accepting q · s is zero the first147

150 days is a reasonable approximation Eq. 11 can be written as148

d�m(t)

dt
= L0e

�µ1t1 ⇥ µm�t(t), (12)
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Table 1: Development and mortality for attached mobile lice stages (Stien et al., 2005).
Development or stage length was calculated using: �(T ) = [⇥1/(T ⇥ 10 + ⇥1⇥2)]2.

Stage ⇥1 ⇥2 Mortality
(min-max
d�1)

Development
time at
11°C (d)

(�1) 74.70 (±33.64) 0.246 (±0.007) 0.002-0.01 14.9 (t1)
(�2) 67.47 (±20.36) 0.177 (±0.006) 0.025-0.18 27.2 (t2)
(�3&�4) 41.98 (±2.85) 0.338 (±0.012) 0.025-0.06 7.6 (t3)

which with the given initial conditions (�m(t1) = 0) has the analytical solu-149

tion:150

�m(t) = L0
e�µ1t1

µm

⇥
1⇥ e�µm(t�t1)

⇤
(13)

for t ⇧ t1. From here L0 may be isolated to:151

L0 =
µm�m(t)

e�µ1t1 (1⇥ e�µm(t�t1))
. (14)

The stage duration and mortality are based on the estimates by Stien et al.152

(2005) (Table. 1), where the average of the minimum mortality’s is used as153

the value of (µm). See Appendix B, Fig.B 1 as an example of how external154

infection pressure was estimated for a farm site.155

2.7. Salmon lice population growth rate156

Salmon lice population growth rates can be calculated using eq. 11 and157

dividing with �m(t):158

d�m(t)

dt

1

�m(t)
=

⇥i(t⇥ t1)

�m(t)
e�µ1t1 ⇥ µm. (15)

Writing Eq. 6 for ⇥(t) we get:159

dln (�m(t))

dt
=

⌅
q⇤s(�4(t⇥ te ⇥ t1))

�4(t⇥ te ⇥ t1)

�m(t)
+

L0

�m(t)

⇧
e�µ1t1 ⇥ µm.

(16)
All lice counts 150 days after production start are included. The growth rate160

was calculated by logging salmon lice counts (�m(t)) and estimating the slope161
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of a fitted line with 5 consecutive points or counts. Unfortunately, lice counts162

are e⇤ected by treatments events and/or cleaner fish. To omits these periods163

we have discarded periods where the slope is negative or have an adjusted164

R2 < 0.6.165

2.8. Salmon lice control and treatment threshold166

We adjust q in the salmon lice model (Eqs. 2-6) to simulate the maxi-167

mum and minimum growth rates estimated from the lice data in order to168

test how the control of salmon lice (number of treatments) in one produc-169

tion cycle will be e⇤ected by treatment threshold, external infection pressure170

and production length. We assumed a minimum mortality and development171

length with 11°C sea water temperature (Table 1) and a treatment e⇥ciency172

of 60 % on all attached lice stages (which must be considered a worst case173

scenario in Faroese conditions). The settings with current threshold of 1.5174

gravid lice/salmon, and the threshold of 0.5 to be set as the limit i 2021 in the175

Faroe Islands (Faroese Ministry of Foreign A⇤airs and Trade, 2016) at the176

lowest and highest estimated growth rates, respectively, were tested. Pro-177

duction length between 200-800 days and external infection pressure between178

10�3 and 1 lice salmon�1 d�1 were explored.179

3. Results180

3.1. Total lice181

The total number of gravid and mobile lice has fluctuated a lot since 2011182

(Fig. 1). The highest number of gravid and mobile lice was in December183

2015 with 35 million and over 129 million, respectively. The lowest number184

of gravid lice was under 5 million recorded in June 2013 and the lowest for185

mobile lice was 5 million in March 2011. The total number of gravid lice186

has generally been below 20 million except in the winter of 2011, 2014, 2015187

and 2016. In year 2011 there were several active salmon farms where, to188

unknown reasons, salmon lice counts were not performed and therefore the189

total number of lice in this periods could be underestimated. However, the190

number of treatments needed decreases with decreasing production length191

and external infection pressure. This indicates that lowering the treatment192

threshold in it self has little e⇤ect on the control of salmon lice. But as shown193

here the external infection pressure decreases with total number of gravid lice194

which will decrease by lowering the treatment threshold. These results also195
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Table 2: Average values per year in Faroe Islands.
2011 2012 2013 2014 2015 2016 2017 2018

Salmon·107 1.81 1.87 1.98 1.94 2.01 2.16 2.02 1.92
Gravid lice·107 0.97 1.23 0.83 1.15 1.78 1.54 1.26 0.68
Mobile lice·107 1.92 4.93 3.52 4.10 5.80 4.81 3.57 2.03
Treatments (#) 12 26 59 66 60 91 96 93

Number of salmon in Faroese waters has been relatively stable since 2011196

and close to 20 million, however, the production has increased significantly197

from 50·103 tonnes in 2011 to 71·103 tonnes in 2014 (hagstova.fo, 2019),198

indicating a general increase in fish size. The maximum recorded number199

of salmon was 23.4 million in November of 2017 and minimum was in 16.8200

million in February 2011 (Fig. 1 a). In comparison a study by Jevne & Reitan201

(2019) of an intensive salmon production area in mid-Norway showing similar202

results where the number of salmon are slightly less (15-17 million) the total203

number of gravid lice is considerably lower.204

Number of treatments events per year has steadily increased since 2011205

and was over 90 treatment events in years 2016-2018. There is no consis-206

tent pattern of when most treatments occur within a year. Treatment type207

shifted from chemical to mechanical starting in 2016 and was almost exclu-208

sively mechanical in 2018 (Fig. 1 b). Average shelf sea temperature varies209

consistently between 10-11 °C in September to 6 °C in March (Fig. 1 c).210

There is a significant correlation between temperature and total gravid and211

mobile lice with a lag of -95 and -74 days having a significant correlation of212

0.49 and 0.32, respectively (Fig.B 3-4, Appendix B). However, a high correla-213

tion (0.95) was found between average annual gravid lice population growth214

rate and temperature (Fig.B 5, Appendix B) Chlorophyll is generally highest215

between May and July and was particularly high in the summer of year 2014.216

We found a weak correlation (0.17, p-value=0.0016) between Chlorophyll and217

total gravid lice with a time lag of -147 days.218

In summary the total amount of gravid and mobile lice did increase from219

2011 to 2015 where after the total number of lice has decreased to 2018 (Ta-220

ble 3). Total lice numbers are generally lowest in between May and August221

and highest between December and January. Number of salmon (Table 3)222

and average temperature in the period 2011 to 2018 have stayed relatively223

constant and therefore the total number of lice between years is likely tied224

to treatment frequency and e⇥ciency.225
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Figure 1: a) Total number of gravid lice (black line), other mobile lice (gray line) and
salmon (green line) in Faroe Islands. b) Number of treatments in Faroe Islands per month
shown as total (black line), mechanical (blue line), H2O2 (red line), other bath treatments
(red dotted) and medicinal oral (green line). c) the Faroese shelf temperature (blue circle)
and chlorophyll (red circle) concentration. Data is shown of the period from 2011 to 2018.

3.2. External Infection Pressure226

The estimated external infection pressure varies on average from 0.002 to227

0.1 lice salmon�1 d�1 or 1 lice per salmon for every 500 to 10 days. Farm 28228

seems to be an outlier and has the highest average external infection pres-229

sure, however this estimate is only based on one production cycle in 2015.230

Farm 30 has clearly the lowest average external infection pressure of 0.002231

lice salmon�1 d�1. Including 75, 100, 125 or 150 days does e⇤ect the average232

external infection pressure estimate. For many farms external infection pres-233

sure increases with number of days included while for other farms it decreases234

and for a few farms external infection pressure stays constant.235

The external infection pressure estimated in this study are considerably236

lower compared to estimates from sentinel cages in Norway and Scotland237

(Bjørn et al., 2011; Pert et al., 2014; Sandvik et al., 2016) and slightly higher238

than estimates form Iceland (Karbowski et al., 2019). If the sentinel cage239

external infection estimates are converted to lice salmon�1 d�1 using Eq. 2.240

and we find up to 0.17 (Bjørn et al., 2011), 1.16 (Sandvik et al., 2016), 2.16241

(Pert et al., 2014) and 0.001 (Karbowski et al., 2019) lice salmon�1 d�1,242
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where minimum mortality of the chalimus stage is assumed (Table 1). In a
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Figure 2: Average external infection pressure including first 75, 100, 125 and 150 days
with 95 % CI error-bars for each farm site in the Faroe Islands.

243

highly connected farm systems such as Faroe Islands (Kragesteen et al., 2018)244

we expect external infection pressure to increase with the total amount of245

gravid lice in Faroese waters. Therefore, the correlation between external246

infection pressure and the total number of gravid lice in Faroese waters was247

investigated. This was done by plotting the external infection pressure with248

the average total number of gravid lice present when the external infection249

pressure was estimated (Fig. 3). Our results clearly indicate a correlation250

between external infection pressure and total number of gravid lice in most251

Faroese salmon farms. The results show that for a majority of farms, external252

infection pressure increases roughly between 0.001 to 0.004 lice salmon�1 d�1
253

for every million gravid lice. Farm nr 30 seems to been an exception.254

255

3.3. Population growth rate256

Growth rate of lice per salmon was estimated to be between 1.7 and 5.4 %257

on average on for all farms (Fig. 4). These estimates are slightly higher but258

comparable to what Patursson et al. (2017) and Krkoöek et al. (2010) found.259

The estimated growth rates do not separate between internal and external260

dynamics (Eq. 16), however we expect that highly self-infectious farms will261
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Figure 3: External pressure estimates as a function of total number of lice. Each panel is
a farm site and the estimates (blue circle) is an average of the external infection pressure
including 150 days of a production cycle. Line (y=ax, gray line) is fitted with data points.
Line and the corresponding adjusted R2 is given in the legend. Bold number in the legend
indicates farm nr..

have a higher growth rate and vise versa. For example, farm 4, 23 and 24 all262

have relatively low growth rates which is expected because they are located263

in highly exposed areas. Farm 28 has the highest measured growth rate264

and this is likely because the estimate is based on only one production cycle265

between years 2015-2016 where the total number of gravid lice was also high266

and/or the growth rate is positively influenced by treatments.267

3.4. Salmon lice control and treatment threshold268

The salmon lice model was adjusted so as the lowest and highest growth269

rates were � 1.8 and 5 % by setting q to 2.4 and 0.4, respectively. This cor-270

responds to setting internal connectivity to 6 and 1 % and larvae production271

to 40 larvae/gravid lice (á Nori et al., 2016). If external infection pressure272

is kept constant, then more treatments are need to control lice levels if treat-273

ment threshold is reduced from 1.5 to 0.5 gravid lice/salmon (Fig .5). This274

means that lowering the treatment threshold in it self has negative e⇤ect on275

the control of salmon lice. However, we have demonstrated the positive cor-276

relation between total number of gravid lice and external infection pressure277
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Figure 4: Average growth rate for each farm site in Faroe Island with 95 % confidence
interval.

and lowering the treatment thresholds will lead to a reduced number of total278

gravid females. These results also show that if production length and ex-279

ternal infection pressure is decreases su⇥ciently there is a scenario when no280

or very few treatments needed to control salmon lice (Fig .5). The settings281

in the model simulation are of a Faroese "worst case scenario" where low-282

est mortality, highest temperature and only a 60 % treatment e⇥ciency are283

implemented. Therefore, control of salmon lice might the established with284

fewer treatments.285
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Figure 5: Number of treatments per production cycle as a function of production length
and external infection pressure for treatment threshold of 1.5 (a-b) and 0.5 (c-d) gravid
lice/salmon. Growth rate is 5%/d (a,c) and 1.8 % (b,d). Red color indicates Faroese
current external pressure and gray line indicates current production length while the gray
dotted line indicates future production length.

4. Discussion286

From an extensive time-series of lice counts we show how salmon lice287

have developed in Faroese aquaculture from 2011 to 2018. We were also able288

to estimated the average external infection pressure and salmon lice growth289

rate for each active farm site since 2009. Results indicate a high variability290

between farms sites. Within farms the external infection pressure varies de-291

pending on the total amount of gravid lice present in Faroe Islands. Further,292

by calibrating a salmon lice population dynamic model to simulate the low-293

est and highest estimated growth rates we illustrate how control of salmon294

lice is expected to be a⇤ected by production length and external infection295

pressure with treatment threshold of 1.5 and 0.5 gravid lice�1 salmon�1. In296

the following the results and their uncertainties will be discussed.297

The total number of gravid and mobile lice in Faroe Islands are con-298

siderable higher than a similar size salmon aquaculture area (15-18 million299

salmon) with 18 farm sites located between a group of islands of the cost of300

mid-Norway with a similar water temperature range (Jevne & Reitan, 2019).301

One di⇤erence is that this particular Norwegian aquaculture region has syn-302
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chronized production cycles and the level of salmon lice is therefore e⇤ectively303

reset between each cycle. Comparing number of treatments between these304

two areas is di⇥cult as treatments are reported di⇤erently (number of cages305

treated in Norway and number of treatment events in the Faroe Islands).306

However, if we assume that a treatment event on average represents 5 cages307

which will correspond to 450 cages being treated per year (90·5) in Faroe308

Islands in the period from year 2016 to 2018 (Table 3). Jevne & Reitan309

(2019) reported 262, 550 and 102 cages being treated in the 1, 2 and 3 pro-310

duction cycle, respectively, where a production cycle is almost 2 years long.311

Production cycle 2 had the highest levels of lice and also the highest number312

of cages treated but this is still lower by a factor of 2 compered to Faroese313

conditions. There may be several reasons for why Faroese farmers have a314

higher treatment frequency. One reason could be the synchronized produc-315

tion in the Norwegian area compared to unsynchronized production in Faroe316

Islands. Another reason could be that the relative low levels of lice in the317

Norwegian area get the benefit the Allee e⇤ect resulting in on average a lower318

larvae production rate. Third, the Norwegian area may be more exposed and319

therefore lice may be less retained in the area in contrast to Faroe Islands320

where a shelf water is relatively retained. Last, we currently have no data for321

cleaner fish which may be more widely used in the Norwegian island group322

resulting in less treatments.323

There is a clear annual variation in the total number of gravid and mobile324

lice in Faroese Aquaculture and the reason is highly likely correlated with325

temperature. Highest correlation between temperature and lice numbers326

was found with a time lag of -95 and -74 days for gravid and mobile lice,327

respectively. Why this is the case is likely because the population growth328

rate of salmon lice is positive until approximately 90 days after the highest329

temperature where after the growth rate becomes negative and highest lice330

abundance is obtained right before the net growth rate becomes zeros and331

turns negative (Fig.B 5, Appendix B).332

The external infection pressure estimated here are considerably lower333

compared to studies from Norway and Canada using sentinel cages (Bjørn334

et al., 2011; Pert et al., 2014; Sandvik et al., 2016) while slightly higher than335

an estimate from Iceland (Karbowski et al., 2019) in a fjord containing only336

two salmon farms. One reason for this could the minimum chosen mortal-337

ity. Studies on attached larvae mortality vary considerably and therefore338

we chose to use the lower end of this spectrum, however in contrast to the339

sentinel cages treatment measures might influence our estimates leading to340
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a underestimation of the external infection pressure. Another reason for the341

observed di⇤erence could be the dilution e⇤ect reported by Samsing et al.342

(2014), because there are relatively few salmon in the sentinel cages there343

are potentially a lot more lice per salmon compared to a fully operational344

salmon farm cage with high salmon densities. External infection pressure345

estimates from sentinel cages may as a result be much higher compared to346

our estimates. This dilution e⇤ect should be investigate further.347

External infection pressure was estimated based on the first 150 days of348

a production cycle as we assume e⇤ects of salmon lice internal dynamics349

to be low or non-existing in this period. This assumption can be debated350

in particular when water temperature is high (11 °C). If internal dynamics351

are significant in this period there will be an overestimation of the external352

infection pressure. However, the di⇤erence between including the first 75,353

100, 125 and 150 days does not significantly a⇤ect the average estimated354

external infection pressure (Fig. 2). Although, in many farms there seems355

to be a tendency for the external infection pressure to increase with number356

of days included while in others we see a decrease and in a few farms the357

external infection pressure remains constant. There can be several reasons for358

the observed increase and decrease in external infection pressure with time.359

One reason could be that the influx of planktonic larvae is not constant and360

increases or decreases in the first 150 days period. However, we average the361

external infection pressure over several production cycles and it is unlikely362

that the external infection pressure consistently increases or decreases over363

several cycles. Another explanation for observed increasing external infection364

pressure could be the increased surface area of salmon e.g. if a salmon weighs365

200 g when put out to sea, they will increase their weight to about 900 g the366

first 150 days (Austreng et al., 1987). This increase in weight will increase367

the salmon surface area from approximately 335 to 810 cm2 or factor of 2.4368

(O’Shea et al., 2006). This means that a infectious lice larvae will have369

almost 2.5 time more area to attach on 150 days after sea production start.370

Therefore, external infection pressure should be standardized with salmon371

size, however, these data were not available. A third explanation could simply372

be that the self-infection or internal dynamics starts before the 150 days373

which would also cause the estimated external infection pressure to increase374

with time. Finally, another reason could be that lice grow larger with time375

and are therefore more likely to be seen in a lice count as time progresses.376

An issue with the external infection pressure estimates is that treatments do377

occur in the first 150 days period and in many farms especially after 2015 had378
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cleaner fish present in their sea cages. This would lead to an underestimation379

of the external infection parameter L0. In summary the external infection380

pressure estimates are associated with quite some uncertainty, nevertheless,381

these are the best estimates we can obtain with the current lice data.382

Here we do not distinguish between the external infection pressure caused383

by larvae production from neighboring farms and the natural background in-384

fection from wild Faroese salmonid stocks as this is very di⇥cult to do. There385

is a small wild salmon stock which was introduced and has been maintained386

since 1940’s in four Faroese rivers (www.laks.fo, 2018). The population size387

and level of infection of other salmon lice host’s as sea trout and Arctic388

charr are unknown. However, it is reasonable to assume the infection load389

from Faroese wild salmonid stocks is low; in comparison the total Norwegian390

salmon stock is estimated to be around 500 thousand fish and where Faroese391

salmonid stocks are likely only a fraction of the Norwegian salmon stock.392

Therefore, we expect a low ratio between wild Faroese salmonid stocks and393

the 20 mio salmon present in Faroese cages. As a result external infection394

should predominately be determined by the total number of gravid lice in395

Faroese salmon farms and in many farms there seems to be a clear correla-396

tion (Fig. 5). However, this correlation is not clear in other farms (Farms nr397

6, 14, 15, 17, 22 and 24 Fig. 3) which may be due to e⇤ective treatments,398

cleaner fish, or that these farms are strongly connected to only a few farms399

and therefore the total amount of Faroese gravid lice is not representative for400

the external pressure at these farms. Farms nr. 27 and 28 have too few data401

points to give a R2. The correlation between total gravid lice and external402

infection pressure could be tested and validated against a fully forced bio-403

physical model estimating the connectivity between farms. We did compare404

our external infection pressure estimates against connectivity estimates from405

Kragesteen et al. (2018) (Fig.B 6-7, Appendix B), however, there was poor406

agreement likely because how connectivity was defined in Kragesteen et al.407

(2018).408

The principles of measuring salmon lice population growth rates are rel-409

atively simple as we assume exponential growth Eq.16 and where we fit a410

straight line with a number of consecutive log transformed lice counts. Here,411

we have excluded the e⇤ects of treatments by not including negative growth412

rates and badly correlated data (R2 < 0.6). Growth rates include both in-413

ternal and external dynamics and at low lice abundances external dynamics414

are more dominant (L0e�µ1t1

�m(t) ), while at higher lice abundances the internal415

dynamics will dominate the growth rate both due to decreased contribu-416

17



tion of external dynamics and low Allee e⇤ect. Nevertheless, we estimated417

the growth rate for each production cycle and each active farm site with a418

relatively high number of growth rate estimates which makes the estimates419

altogether robust and illustrates the variability between farm sites.420

The number of treatments needed to control salmon lice as function of pro-421

duction length and external infection pressure is illustrated with Fig. 5. These422

results indicate that lowering the treatment threshold from 1.5 lice/salmon423

to 0.5 lice/salmon in it self will result in more treatments if production length424

and external infection pressure are keep constant. However, our results show425

that external infection is positively correlated with total number of gravid426

lice. Lowering the treatment threshold will, therefore, consequently decrease427

the total number of gravid lice which in turn will result in a decreased ex-428

ternal infection pressure. To what degree lowering the treatment threshold429

will e⇤ect the total number of gravid lice is di⇥cult to estimate but could430

be estimated with a salmon lice model accounting for the hydrodynamic431

connectivity between farms (Adams et al., 2015; Skarhamar et al., 2018;432

Kragesteen et al., 2019) based on robust bio-physical models of the farm433

network area. Decreasing production length also results in fewer treatments434

and will in addition decrease the total number of gravid lice as lice have less435

time to accumulate on their host. However, the current strategy to reduce436

production length will increase initial smolts size which may cause the exter-437

nal infection pressure the first 150 days to increase. Ultimately, decreasing438

treatment threshold will bring the number of treatments down and farm net-439

works can arrive at a point where no or very few treatments are needed to440

control salmon lice if both treatment threshold and the production length441

are decreased su⇥ciently.442

In conclusion, our results provide insight into level of external infection443

pressure and salmon lice growth rates in Faroese salmon farms. These esti-444

mates can be used to calibrate and validate a potential full scale salmon lice445

population dynamic model of a Faroese salmon farm network accounting for446

the hydrodynamic connectivity between farms. Such a model could be valu-447

able tool optimizing control of salmon lice and insuring a more sustainable448

salmon aquaculture.449
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CHAPTER A

Appendices Paper I
Sensitivity analysis of the relevant parameters not included in the article. All

parameters are set to default as stated in Tables 1-2, except the parameters which are
tested or as otherwise stated. Table A.1 gives an oversight of analyzed parameters in
the appendix. In Paper I Appendix is referenced to as S instead the A.

Sensitivity analysis

The results in this study all depend on the specific setup and the parameters of the
model. The model was made as general as possible to make the results broadly relevant.
Nevertheless, there are many uncertain aspects of salmon lice biology and bioeconomics
that affect the results, specifically the low and high treatment threshold peaks. The
low optimal treatment thresholds is, as mentioned, a result of the implemented Allee
effect where at low abundances males are less likely to locate and fertilize females
(Stormoen et al., 2013). This Allee effect still needs to be studied further, e.g., if
salmon lice cluster to individual fish which can result in low average lice abundance
but where the Allee effect would be weaker. Excluding the Allee effect will result in
profit optimum for farm networks plateauing between 0.1 to 10 gravid lice salmon�1.

Other parameters that effect the intensity and position of the lower treatment
threshold peak (Fig. 9) are the treatment efficiency and external infection pressure.
The low treatment efficiency intensifies the low optimal threshold because the Allee
effect only becomes effective at infestations below 2 gravid lice salmon�1. Therefore
the cost of applying a higher threshold is larger when treatment efficiency is decreased.
External infection pressure basically determines the lower threshold peak. Low external
infection pressure results in a low optimal threshold peak and vise verse. Also, external
infection pressure can be increased to a level where the lower optimal threshold peak
is at the same level as the higher optimal threshold peak (Fig. 7b). In summary
the treatment efficiency intensifies the optimal threshold peaks and the high and low
external infection pressure shifts the lower optimal threshold peak either to a higher
or lower threshold level, respectively.

The higher optimal treatment threshold peak is primarily seen in isolated farms,
synchronized farm networks (Fig. A.3) and in farm networks with really low connectivity
between farms (Fig. 8). Generally, an isolated farmer achieves the lowest number of
treatments in a production cycle when the farmer applies a high treatment thresholds
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Table A.1: List of sensitivity analyzed parameters

Parameter Description Figure Unit Sensitivity

asalmon Salmon growth A.1a&c d�1 Does not effect position of optimal
thresholds peaks. Effects overall number
of treatments and level of profit

µsalmon Salmon mortality A.1b&d d�1 Does not effect position of optimal
thresholds peaks. Effects overall level of
profit

f Egg production * attachment success A.2a&c # d�1 No effect on position of optimal
thresholds peaks. Effects overall number
of treatments and level of profit

liceµ Lice mortality A.2b&d d�1 Effect position of lower optimal
thresholds peak

Farm number Number of farms in network A.3a&c # No effect on position of optimal
thresholds peaks, except when there is
a single farm

Production overlap Days overlap A.3b&d # No effect on position of optimal
thresholds peaks, except when 0-10 days
production overlap

Cost of treatment Cost of doing a treatment A.4 ekg No effect on position of optimal
thresholds peaks. Effects overall level of
profit. Growth stop effects number of
treatments

Cost of having lice when salmon starts decreasing due to lice A.5 g l salmon�1 Effects position of higher optimal
thresholds peaks

or at the level where the cost of having lice is greater than the benefit of waiting
(Fig. 8).

Here, the cost of having lice is a reduction of salmon growth. We assume that
the size of salmon does not effect the cost of having lice. However, larger salmon
tolerate higher number of salmon lice (Soares et al., 2011). In the default settings, the
reduction of growth kicks in when gravid lice salmon�1 > 10 gravid lice salmon�1and
growth is zero at 40 gravid lice salmon�1. Shifting this reverse sigmoidal curve to the
left or right will result in the higher optimal threshold peak occurring with a lower or
higher threshold level, respectively (Fig. A.5). Therefore including salmon size in cost
of having lice would likely shift the higher optimal threshold peak to a lower threshold
level. Also, here we have not accounted for the fact that applying higher treatment
thresholds increases the chance of getting devastating high levels of lice as the growth
is exponential and in an event where a treatment is delayed due to e.g. weather, the
lice level may explode and ruin a whole harvest.

The three economic parameters, price of salmon (⇡), cost of production without
treatment cost (C) and cost of treatment (Ctreat) all depend on market fluctuations,
national wages and type of treatment used and are therefore uncertain and will change
trough time. Cost of treatment has two additional parameters (Fig. A.4b-f): the
instant salmon mortality and salmon growth stop. However, all the above mentioned
parameters have only a linear affect on the model results and will therefore not effect
the position of the optimal threshold peaks.
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The tragedy of the commons results are robust. The difference in profit between
when all and no farms apply to legislation is largely determinate by the level of
connectivity (Fig. 10). The difference in profit between compliant farms and cheating
farms decreases when using a 0.1 and 2 gravid lice salmon�1 treatment threshold for
non or cheating farms, respectively (Fig. A.6).

The connectivity in a farm network depend on the hydrodynamics in a region and
will vary between regions. Here we explore self-infection up to 10 % and connectivity
between farms up to 5 %. These estimates are very coarse, but accuracy in connectivity
estimates will likely increase as the hydrodynamic models will increase in precision.
Constant connectivity through time is assumed in this study, although Samsing et al.
(2017) and Cantrell et al. (2018) showed strong temporal changes in connectivity for
Norwegian and Canadian farms. The effect of seasonal or temporal changes on optimal
thresholds peaks is beyond the scope of this study, however changing the connectivity
effects the profitability but not the position of the lower or higher optimal threshold
peaks.

External background infection pressure is difficult to estimate and depends on the
abundance of wild salmonids stock in the farming area, however the ratio between wild
and farms salmonids has been show to be low (Anon, 2018) and therefore we estimate
the external background infection pressure also, in general, to be low. Arguably
the infection pressure will increase in periods of salmonid migration. There are four
additional biological parameters that also influence the dynamics of the model: Salmon
mortality, salmon growth, egg production/attachment success (or f) and lice mortality
(Fig. A.1 &A.2). Salmon mortality only effects profit levels (A.1a&c) because salmon
mortality has no effect on length of production or salmon lice population dynamics.
Salmon growth (asalmon), on the other hand, effects both number of treatments and
profit level (A.1b&d) as increase growth decreases the production period and vise
verse. f in short increases or decreases overall infection as f determines the number of
viable larvae. Changing f increases or decreases the number of treatments and level of
profit for treatment thresholds above 0.002 gravid lice salmon�1 (Fig. A.2a&c). This
is because below this treatment thresholds the dominating factor is external infection
pressure which is not influenced in the current model. Changing lice mortality effects
both the number of treatments and the profit level (Fig. A.2b&d) and lower lice
mortality moves the lower optimal threshold peak to a even lower treatment threshold
level.

Equation 11 (k) can be rewritten to include weight of salmon:

k(⇢4) = 0.5� 0.5 tanh(
Ltot �W (t)�↵

W (t)��
), (11new)

where Ltot is the sum of all lice assuming a 0.5 ratio between male and female. W (t)
is the weight of salmon at time t and � is the lethal limit of salmon lice (0.3 lice g�1

salmon, (Taranger et al., 2014)). ↵ and � are scaling parameters. Where � is set to
0.2 to get a gradual shift from no effect on salmon growth and to the point where
there is no growth. Three different values of ↵ were tested: 0.5, 0.8 and 1. Including
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salmon weight when estimating cost of having lice (k) will essential move the higher
optimal threshold to a higher or lower level (Fig A.7). For farm networks with 2.5 %
connectivity (equal) the point where cost of having lice really becomes significant is
moved to a lower treatment thresholds level (with the current parameter settings). On
the contrary for isolated farms the point where cost of having lice is moved to a higher
threshold level. Main reason for this result is that here all stages of lice on salmon are
included and the less lethal chalimus stage get a lot higher at an earlier stage of the
production cycle in connected farm networks compared to isolated farms. Therefore,
the cost of having lice becomes significant at a earlier lice level for connected farm
networks compared to isolated farms.

In conclusion, external infection pressure and lice mortality determines the position
of the lower optimal threshold peak and the cost of having lice determines the position
of the higher optimal threshold peak. All other parameters effect the intensity of these
two peaks and the level of profit as function of treatment threshold.
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Figure A.1: Number of treatments (upper) and profit per time (lower) as a function of treatment
threshold with different salmon growth(right) and mortality(left). A 5 farm network with 5 %
self-infection and 2.5 % connectivity. Treatment efficiency is 95 % and external infection pressure is
0.005 lice/day.
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Figure A.2: Number of treatments(upper) and profit per time(lower) as a function of treatment
threshold with different values for f(right) and lice µ (left). A five farm network with self-infection of
5 % and connectivity of 2.5 %. Treatment efficiency is 95 % and external infection pressure is 0.005
lice/day.
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Figure A.3: Number of treatments(upper) and profit per time(lower) as a function of treatment
threshold with different values for f(right) and lice µ (left). A five farm network with self-infection of
5 % and connectivity of 1 %. Treatment efficiency is 95 % and external infection pressure is 0.005
lice/day.
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5%, connectivity 1% and external infection pressure is 0.005 lice/day. Treatment efficiency is 95%
reduction on all fish lice stages
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Figure A.5: Treatment farm�1 cycle�1 (a) and profit (euro salmon�1 year�1) as function of treatment
threshold. self-infection is 5%, connectivity 1% and external infection pressure is 0.005 lice/day.
Treatment efficiency is 95% reduction on all fish lice stages.
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Figure A.7: a-c) Profit (euro salmon�1 year�1) as function of treatment threshold. a-b) are isolated
and have a 5 and 10 % self infection, respectively. c) has a connectivity of 2.5 % and a 5 % self
infection. External infection pressure is constant at 0.005 lice/day in all simulations and treatment
efficiency is 95% reduction on all fish lice stages. d-f) show the different values of ↵ where � is set to
0.2 and � is set to 0.3 lice g�1 salmon.
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CHAPTER B

Appendices Paper III

B.1 Appendix B

External infection pressure and salmon lice growth rate was estimated for each
active Faroese farm site since 2009. How this mas calculated is exemplified with
Fig. B.1 and B.2. Further, the correlation between lice and temperature and tem-
perature and chlorophyll was tested (Fig. B.3-<B.4. Last, the correlation between
external infection pressure estimated from proposed data and connectivity estimates
from Kragesteen et al. (2018).
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Figure B B.1: Example of calculation of external infection pressure. a.1-5) gravid lice salmon�1 (red
line) and mobile lice salmon�1 (blue line). Purple line is the mean gravid lice salmon�1 in Faroe
Islands and temperature (green line) is shown on the right y-axis. b.1-5) gravid lice salmon�1 (red
circles), mobile lice salmon�1 (blue circles) and gravid+mobile (green circles). c.1-5) calculated lice
salmon�1 d�1 (blue circles).
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Table B.1: Calculation of mean external infection pressure

production cycle 1 2 3 4 5 mean

mean lice salmon�1 d�1 0 0.012 0.097 0.06 0.003 0.043
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Figure B B.2: Example of salmon lice population growth rate calculation. a) gravid lice salmon�1

(red line) and mobile lice salmon�1 (blue line). Purple line is the mean gravid lice salmon�1 in Faroe
Islands and temperature (black line) is shown on the right y-axis. b) gravid + mobile lice (green
circle) where a line is fitted for 5 consecutive counts (black line). Positive slopes with a R2 > 0.6 are
market as red. Legend shows the mean growth rate based positive slopes and a R2 > 0.6.

B.1.1 Correlation between temperature and lice and chlorophyll

Using the matlab function corrcoef a significant correlation of 0.49 was found
between gravid lice and temperature with a time lag of -94 days (Fig. B.3). A lower
correlation of 0.32 between mobile lice and temperature was also found with a of -75
days (Fig. B.4).
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Figure B B.3: Correlating between temperature and total gravid lice in Faroe Islands.

A low correlation of 0.1756 was found between gravid lice and chlorophyll with a
time lag of -151 and a slightly higher correlation of 0.3423 with a time lag of -111 days
was found between mobile lice and chlorophyll. It is difficult to conclude anything
based on the low correlations found above. If we however look at the average annual
population growth rate of the total number of gravid lice in Faroe Islands from 2011 to
2018. This was done by calculating per day population growth rate by log transforming
(Eq. 3.12) the total number of gravid lice and finding the slope of a straight line fitted
with 14 and 90 consecutive days. Each calculated growth rate was pulled into the day
of year and averaged between all years (Fig. 3.3). Here, we see that average population
growth rate is negative approximately the first 160-170 days of the year where after
the average growth rate turns positive until approximately day 350 in the year. The
average annual lice population growth rate over 90 d is highly correlated (0.95) with
average annual temperature. The average annual lice population growth rate over 14
d oscillates consistently and no clear correlation is found.
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Figure B B.4: Correlating between temperature and total mobile lice in Faroe Islands.
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Figure B B.5: Salmon lice growth rate in day of the year of total Faroese gravid lice averaged over 14 d
(blue line) and 90 d (blue dotted line) from 2011 to 2018. Light gray and dark gray color indicted 95%
confidence interval for population growth rate averaged over 14 and 90 days, respectively. Average
annual temperature (Black dotted line) shown on the right y-axis in day of year from 2011 to 2018.
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B.2 Connectivity and external infection pressure

We preformed a simple test to see how well the connectivity estimates from
Kragesteen et al. (2018) predict the external infection pressure in Paper III. This
was done by calculating the amount of larvae arriving at a given farm site from all
other farms in the network based on the connectivity in Kragesteen et al. (2019)
and the amount of gravid lice at the emitting farm and a larvae production rate of
40 larvae/day with (Fig. B.7) and without an Alle effect (Fig. B.6 was tested. As
expected, the external infection pressure estimated based on connectivity from on
Paper I is higher with an order of magnitude compered to external infection pressure
estimates from Paper III. And generally there is not good agreement between the two
estimates.

B.3 External infection pressure vs connecetivity estim-

ates
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Figure B B.6: External infection pressure estimated from lice count data vs. External infection
pressure estimated from the connectivity between farms (Kragesteen et al., 2018) multiplied by the
total number of gravid lice at each farm site in the same period.
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Figure B B.7: External infection pressure estimated from lice count data vs. External infection
pressure estimated from the connectivity between farms (Kragesteen et al., 2018) multiplied by the
total number of gravid lice at each farm site in the same period including an Allee effect.
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