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Abstract

Karlsson, S., Bolstad, G.H., Hansen, H., Jansen, P.A., Moen, T. and Noble, L.R. 2020. The po-
tential for evolution of resistance to Gyrodactylus salaris in Norwegian Atlantic salmon. NINA
Report 1812. Norwegian Institute for Nature Research.

The ectoparasite, Gyrodactylus salaris, was introduced to Norway in the early 70’s, and has
since then been found in 51 salmon rivers. Wherever the parasite has been introduced in Nor-
way, the Atlantic salmon populations have been reduced to very low levels. The policy of man-
agement authorities is to eradicate the parasite. Gyrodactylus salaris has so far been con-
firmed eradicated from 38 rivers. In addition 5 rivers have been treated but have not yet been
confirmed free from the parasite, and eight rivers have not yet been treated.

In this report we review relevant knowledge to evaluate the possibility for Atlantic salmon in
Norway to naturally develop resistance or to develop resistance from selective breeding, and
the possible consequences for the Atlantic salmon populations. Our main focus has been to
give a summary of knowledge about the genetic basis for developing resistance, the most plau-
sible time frame for such resistance to develop, the effects of migration, the probability of fur-
ther spreading of the parasite and how this can affect genetic variation, and the genetic integ-
rity and productivity of the salmon populations. We have also evaluated different strategies for
breeding for resistance. As a basis for the evaluation of a possible resistance against G. salaris
a large part of the report is devoted to a review of the general biology of the parasite (G. sala-
ris) and the host (Atlantic salmon), and the evolutionary mechanisms behind host-parasite in-
teractions.

We conclude that there is a genetic basis for developing resistance against G. salaris in Nor-
wegian Atlantic salmon, but the timeframe to obtain a resistance to maintain viable populations
would probably be on the order of hundreds of years or longer. A selective breeding program
would probably speed up the process, but would require specific considerations for maintaining
genetic integrity and genetic variation. Without supplementary stocking, G. salaris infected pop-
ulations are not expected to reach a productivity at the level of the spawning target, and yield a
harvestable surplus, until they have developed resistance against G. salaris. A strategy of de-
veloping resistance against G. salaris as opposed to eradicating the parasite will increase the
risk of further spread of the parasite to additional rivers containing salmon that are susceptible
to G. salaris. This would again lead to low natural productivity in consecutive infected stocks in
the unforeseeable future.

Members of the expert group have been:

Sten Karlsson, Norwegian Institute for Nature Research, Postboks 5685 Torgarden, 7485
Trondheim. E-post: sten.karlsson@nina.no

Geir Bolstad, Norwegian Institute for Nature Research, Postboks 5685 Torgarden, 7485
Trondheim. E-post: geir.bolstad@nina.no

Haakon Hansen, Norwegian Veterinary Institute, Ullevalsveien 68, Postboks 750 Sentrum, N-
0106 Oslo, E-post: haakon.hansen@vetinst.no

Peder A. Jansen, Norwegian Veterinary Institute, Ullevalsveien 68, Postboks 750 Sentrum, N-
0106 Oslo/INAQ AS, Postboks 1223 Torgarden, 7462 Trondheim. E-post:
peder.jansen@inag.no

Thomas Moen, Aquagen AS, Postboks 1240 7462 Trondheim. E-post:
thomas.moen@aquagen.no

Leslie Robert Noble, Nord University, Postboks 1490, 8049 Bodg . E-post:
leslie.r.noble@nord.no.
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Sammendrag

Karlsson, S., Bolstad, G., Hansen, H., Jansen, P.A., Moen, T. and Noble, L.R. 2020. Potensial
for resistensutvikling mot Gyrodactylus salaris i norske villaksbestander. 2020. NINA Rapport
1812. Norsk institutt for naturforskning.

Gyrodactylus salaris ble introdusert tidlig pa 70-tallet og har siden blitt pavist i totalt 51
villaksbestander. | samtlige bestander som parasitten blitt introdusert til har bestanden av villaks
kollapset. Strategien til forvaltningsmyndighetene er & utrydde parasitten. Til na har 38 elver blitt
friskmeldt etter behandling, mens 5 elver er behandlet men enné ikke friskmeldt. Atte elver er
enna ikke behandlet.

Denne rapporten oppsummerer relevant kunnskap for & evaluere muligheten for norsk villaks &
utvikle resistens mot G. salaris, enten naturlig eller ved avl, og hvilke mulige konsekvenser dette
vil kunne ha for villaksbestandene. Hovedfokus har veert & gi en oppsummering av kunnskapen
om det genetiske grunnlaget for resistensutvikling, det sannsynlige tidsperspektivet for resistens-
utvikling, effekten av migrasjon, sannsynligheten for videre spredning og hvordan dette kan pa-
virke genetisk variasjon, genetisk integritet og produktiviteten i laksebestandene, sett i forhold til
ulike avlsstrategier for utvikling av resistens. Som grunnlag for evaluering av muligheten for re-
sistensutvikling mot G. salaris bestar en stor del av rapporten av en kunnskapsoppsummering
om den generelle biologien til G. salaris og verten (laksen), og de evolusjonaere mekanismene
bak en slik interaksjon mellom vert og parasitt.

Vi konkluderer med at det finnes en genetisk bakgrunn for utvikling av resistens mot G. salaris i
norske villaksbestander, men at en utvikling av resistens pa et niva der bestandene er levedyk-
tige vil sannsynligvis ta i stgrrelsesorden noen hundretalls ar eller mer. Et seleksjonsprogram vil
sannsynligvis kunne gi en raskere utvikling av resistens men vil veere en utfordring for & ivareta
genetisk variasjon og genetisk integritet for de forskjellige populasjonene. Sa lenge infiserte be-
stander ikke er resistente mot parasitten forventes de ikke a kunne oppna gytebestandsmalene
og hgstbare overskudd uten supplerende utsetting av fisk. En strategi ved a utvikle resistens
mot G. salaris i stedet for & utrydde parasitten vil gke risikoen for videre spredning til andre
vassdrag og dermed gi lav naturlig produksjon av laks i pafalgende infiserte vassdrag i uover-
skuelig fremtid.

Arbeidsgruppen har bestatt av:

Sten Karlsson, Norsk institutt for naturforskning, Postboks 5685 Torgarden, 7485 Trondheim.
E-post: sten.karlsson@nina.no

Geir H. Bolstad, Norsk institutt for naturforskning, Postboks 5685 Torgarden, 7485 Trondheim.
E-post: geir.bolstad@nina.no

Haakon Hansen, Veterinaerinstituttet, Ullevalsveien 68, Pb 750 Sentrum, N-0106 Oslo, E-post:
haakon.hansen@vetinst.no

Peder A. Jansen, Veterineerinstituttet, Ullevalsveien 68, Postboks 750 Sentrum, N-0106 Oslo/
INAQ AS, Postboks 1223 Torgarden, 7462 Trondheim. E-post: peder.jansen@inag.no

Thomas Moen, Aquagen AS, Postboks 1240 7462 Trondheim. E-post:
thomas.moen@aquagen.no

Leslie Robert Noble, Nord Universitet, Postboks 1490, 8049 Bodg . E-post:
leslie.r.noble@nord.no.
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Foreword

The Norwegian Environmental Agency appointed an expert group late 2017 to evaluate a pos-
sible development of resistance against Gyrodactylus salaris in Norwegian Atlantic salmon, and
possible consequences of developing such resistance. The members appointed include experts
in the genetic structure of wild Atlantic salmon, parasitology, epidemiology, host-parasite co-
evolution, genetics, natural selection and selective breeding. The expert group had their first
start-up meeting 15 — 16 March 2018, a workshop June 6, a Skype meeting October 26, and a
final meeting November 12. The expert group has utilised peer reviewed publications, reports,
as well as unpublished data with relevant information. In addition, members of the expert group
have been encouraged to discuss with external experts. Our contact at The Norwegian Environ-
mental Agency at that time, Anne Kristin Jgranlid, attended the meetings as an observer.

Mandate

The Norwegian Environment Agency is seeking to commission a summary of relevant knowledge
about possible resistance against Gyrodactylus salaris in Atlantic salmon, as well as the conse-
quences of developing such resistance. In the event that specific knowledge about this issue
does not exist, more general knowledge about the development of resistance should be drawn
upon.

The Norwegian Environment Agency wants the report to discuss immunity and resistance
against G. salaris in Atlantic salmon. We want moreover for the report to discuss what re-
sistance/immunity in individual stocks entails for the risk of G. salaris being spread to other
stocks. The agency also wants the report to assess how water chemistry and other environmen-
tal factors in various rivers affect survival rates in regard to being infected by G. salaris.

In the Norwegian Environment Agency’s view, there are two ways of developing resistance: nat-
ural development and breeding for resistance. We want to shed light on the following questions:

Natural development: Are there resistant Atlantic salmon that have developed naturally? What
is the resistance status in Russia, Sweden, and other relevant countries? Is it possible to develop
resistance naturally in Norway by letting nature take its course? What is the consequence of
natural development? What are the prerequisites (if any) for developing resistance? How will
natural straying and escaped farmed salmon affect the potential for developing resistance natu-
rally? What is a realistic time frame? What happens when different stocks vary in their selection?
Are there examples in Norway of increased resistance? Why have stocks that have suffered from
G. salaris for a long while in Norway, sometimes even for decades, failed to develop resistance?

Breeding for resistance: Is it possible to breed a stock of Atlantic salmon that is resistant against
G. salaris? If a stock is bred for resistance, what consequences will this entail for the stock’s
genetic integrity? How will breeding for a single trait change a stock? Will G. salaris disappear
from the river, or will fish be developed that may spread the parasite to other waterways? If a
stock is bred that is resistant in the laboratory, how will the fish manage in the wild when they
are introduced to rivers? Is it possible to maintain such resistance over time, given that there is
immigration of individual fish from other stocks as well as ongoing introgression from escaped
farmed salmon?

Such questions on natural development and breeding for resistance must be considered in the
context of climate change, which the Atlantic salmon must adapt to. What effect will this have?
If we breed for resistance, what will the impact be when the Atlantic salmon must adapt to new
conditions? How will this affect natural selection?

Trondheim, May 2020, Sten Karlsson, Geir H. Bolstad, Haakon Hansen, Peder A. Jansen,
Thomas Moen, Leslie Robert Noble
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Definitions - English

Resistance (resistens) is when a host actively limits parasite population growth on an individual
through, for example, behavioural, morphological, physiological and/or immunological re-
sponses, but does not necessarily lead to extinction/death of all parasites on a host.

Tolerance (motstandsdyktighet) unlike resistance, does not limit population growth of compat-
ible parasites, instead the host copes with the disease by ameliorating or compensating for par-
asite-induced damage through reduced immunopathology, increased wound repair mechanisms
and a greater resilience to tissue damage, reducing the negative impact of infection on host
fitness without directly affecting the parasite.

Immunity (immunitet) is the natural ability of an organism to mobilize a protective response
against a disease-causing agent (the interaction triggers a protective response). In this report
we use immunity as a state where the population of G. salaris fails to grow, and eventually goes
extinct.

Pathogenicity (patogenitet) is the potential ability the infectious organism has to cause dis-
ease.

Virulence (virulens) is the degree of pathogenicity.

Susceptibility (mottagelighet) is whether the host can be infected by a particular species or
variant of a pathogen (parasite) or not. There are varying degrees of susceptibility.

Fitness is affected by individuals’ abilities to survive and reproduce. However, it is not a property
of an individual, but of a type of individual (genotype of phenotype). Fitness can formally be
defined as the expected proportional change in the abundance of a type over a period of time.
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Definisjoner - Norsk

Resistens (resistance) er nar verten aktivt begrenser populasjonsveksten til parasitten, for ek-
sempel ved endret adferd, morfologi, fysiologiske og/ellerimmunologiske responser. Responsen
leder ikke ngdvendigvis til utryddelse/dgd av alle parasitter pa verten.

Motstandsdyktighet (tolerance), til forskjell fra resistens, begrenser ikke populasjonsveksten
til parasitten. Verten handterer sykdom og skader pafgrt av parasitten ved redusert immunopa-
tologi, okt reparasjonsaktivitet av skader og gkt motstandskraft mot skader, og dermed reduse-
res negative effekter fra infeksjonen pa verten, uten at parasitten blir direkte pavirket.

Immunitet (immunity) er vertens mulighet for a utvikle en beskyttende respons mot parasitten
som forarsaker sykdommen. | denne rapporten bruker viimmunitet som en tilstand der G. salaris
ikke klarer a leve pa verten og til slutt blir utryddet.

Patogenitet (pathogenicity) er en organismes potensiale til & forarsake sykdom.
Virulens (virulence) er graden av patogenitet.

Mottagelighet (susceptibility) er hvorvidt verten kan bli infisert av en spesifikk art eller variant
av en patogen (parasitt) eller ikke. Det finnes ulike grader av mottagelighet.

Fitness pavirkes av individers evne til & overleve og reprodusere, men er ikke en egenskap
definert for et individ. | stedet er fitness definert for en type individer (genotype eller fenotype).
Formelt kan fitness bli definert som den forventede proporsjonale endringen i antall individer av
en bestemt type over et tids-steg.
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1 Introduction

To understand the possibilities of, and consequences for, evolution of increased resistance to
the ectoparasite Gyrodactylus salaris in Norwegian Atlantic salmon it is helpful to begin by re-
viewing some general background knowledge. It is relevant to include the biology of the parasite
and the host, general knowledge about host parasite interaction and coevolution in addition to
knowledge about management laws, regulations, guidelines, practises, and the current status
and threats for Norwegian Atlantic salmon. We have structured our evaluation in three main
parts: (1) The evolution of resistance to G. salaris by natural selection, where we evaluate the
possibility, timescale and consequences of this process. (2) Selective breeding for resistance,
where we evaluate the feasibility of different types of breeding programs and their conse-
quences. (3) General considerations that apply to both natural and artificial selection for in-
creased resistance, including implications of evolutionary response in the parasite, the impact of
farmed escaped salmon, environmental change, and other pathogens/parasites.

1.1 Gyrodactylus and Gyrodactylus salaris

Gyrodactylus salaris is the most well-known and studied member of the viviparous genus Gyro-
dactylus (Gyrodactylidae, Monogenea) (Bakke et al. 2007). More than 400 species are described
from the genus so far (Bakke et al. 2007, Harris et al. 2004) which is a very small fraction of the
estimated 20000 species (Bakke et al. 2007). This estimate is based on a) that Gyrodactylus
species are relatively host specific, and b) that most described fish species in the world, which
at the time of the estimate was 20000, harbor at least one Gyrodactylus species. Today,
FishBase (www.fishbase.org) lists 34000 fish species and thus the estimated number of Gyro-
dactylus species should be updated accordingly. Some fish, like cod, Gadus morhua, and min-
nows, Phoxinus phoxinus, host several species (Harris et al. 2004).

Parasites in this genus are very small in size, normally less than 1 mm in length, and are ecto-
parasites of teleosts both in marine, brackish, and freshwater environments (Harris et al. 2004).
The characters defining these parasites is that they give birth to live offspring (viviparous repro-
duction), they are hermaphroditic, and they possess an attachment organ (opisthaptor) with two
median anchors and 16 marginal hooks (see Bakke et al. 2007). The reproductive mode, where
the mother contains a fully-grown daughter inside, which in turn contains a developing embryo,
brings to mind the “Russian dolls” and indeed they have been called the “Russian doll-killers”
(Bakke et al. 2007, Cable and Harris 2002). Reproduction may be asexual, parthenogenetic, or
sexual but the extent of each mode is unknown and assumed to vary between the different spe-
cies (Harris 1993). The asexual and parthenogenetic mode of reproduction allow for a short
generation time and rapid population growth; important features for these parasites when colo-
nizing new water systems and/or switching hosts. Gyrodactylus parasites have a direct life cycle
(no intermediate hosts), and the most common way of transmission is assumed to be via direct
contact between the host fish (including transfer from dead hosts), but they may also transfer
indirectly via drifting in the water column and/or via attachment to the substrate (Bakke et al.
1992, Olstad et al. 2006, Soleng et al. 1999). Whenever transmission and attachment on a host
is successful, the reproductive mode results in the immediate establishment of a new viable
subpopulation on a single susceptible host (infrapopulation).

1.1.1 Systematics and genetic variation in G. salaris.

Gyrodactylus salaris was first described by Malmberg in 1957 from Atlantic salmon in the Baltic
the River Indalsalven, Sweden, and was later considered a parasite mostly specific to Atlantic
salmon and rainbow trout (but see below on host specificity). However, there has been a long
debate in the taxonomic community whether the species G. thymalli, which infects grayling, Thy-
mallus thymallus, is actually a junior synonym of G. salaris. This would have implications outside
the taxonomic community as e.g. the distribution of G. salaris would then need to include the
distribution area of grayling where G. thymalli has been found present, thus also including coun-
tries and watersheds which today are considered free from G. salaris. The most recent studies
based on analyses of molecular data, both mitochondrial DNA and microRNA (Fromm et al.

10
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2014, Hansen et al. 2003, Hansen et al. 2007a, Hansen et al. 2007b) are in favour of synony-
mizing the two species and recently all records of G. thymalli in the database of The National
Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/) have been synonymized
(and are now listed as G. salaris). Whether these are two species or one, the parasites infecting
grayling are assumed non-pathogenic to Atlantic salmon and are thus not discussed specifically
in this report.

There is considerable genetic variation between populations of G. salaris as judged by mitochon-
drial DNA analyses and there are several strains/variants with differing pathogenicity to Atlantic
salmon (see Hansen et al. 2007a). The different mitochondrial clades or groups of haplotypes
(haplogroups) of G. salaris correspond to geography (i.e. parasites from each watershed are
genetically different from those from other watersheds) (Hansen et al. 2003). In addition, they
are often linked to host specificity where haplotypes from salmon are not found on grayling and
vice versa, which has been used as an argument for separate species status of the two. Most
importantly, however, potential virulence cannot be inferred from haplotypes directly, something
which is also evident from observations that some strains carrying the same haplotype can differ
in virulence. This is especially noteworthy for one strain (haplotype F, see Hansen et al. 2003)
which is common on rainbow trout from many places in Europe. Parasites with this haplotype
have caused epidemics in some Norwegian rivers (Laerdalselva and Drammenselva), but it is
also found as a non-virulent strain on e.g. Arctic char in two lakes in Norway (Olstad et al. 2007).
Markers that can unambiguously identify pathogenic strains have not yet been developed but
are much needed.

1.1.2 Environmental factors influencing the occurrence and intensity of G. salaris

Being an ectoparasite of Atlantic salmon, G. salaris is exposed to the surrounding environment,
the water, throughout its lifetime. Thus, these environmental conditions can influence the occur-
rence, intensity (growth rate) and mortality rates of the parasite. Several of these environmental
factors, such as temperature, salinity, and water chemistry have been shown to have an impact
in experiments (for a complete review see Bakke et al. 2007 and references therein).

Gyrodactylus salaris is adapted to cold water and is known to survive temperatures between 0
and 25 °C. Population growth (the number of offspring produced) is positively correlated with
increasing temperatures between 6 and 13°C. Several studies have shown that parasite intensity
varies with temperature throughout the year (Mo 1992, Winger et al. 2008).

Gyrodactylus salaris is a fresh-water parasite and the salinity is a main factor defining the distri-
bution of G. salaris world-wide. The salinity tolerance of G. salaris was studied by Soleng and
Bakke (1997) who found that the parasite population declined and became extinct in 7,5 %o sa-
linity after a maximum of 56 days. At this salinity temperatures between 6,0 °C and 12,0 °C had
no significant influence on the outcome of the infection. At higher salinities than 7,5 %o, the sur-
vival time decreased.

Both aqueous aluminium (AL) and zinc (ZN) have been experimentally shown to negatively im-
pact the survival of G. salaris (Poléo et al. 2004, Soleng et al. 2000). Aqueous aluminium leaches
from soil and rocks in acidified watercourses and is a common contaminant in these systems. In
fact, G. salaris is more sensitive to aqueous aluminium than its host and therefore the use of
aqueous aluminium, in combination with acidification of the water, was developed as treatment
to exterminate the parasite in rivers (Hagen et al. 2008, 2010) and has been used successfully
to treat the River Leerdalselva in Norway (Pettersen et al. 2007). Recently, it has also been shown
that G. salaris is sensitive to low doses of chlorine (Hagen et al. 2014).

1.1.3 Geographic distribution of G. salaris

The natural distribution of G. salaris is assumed to lie within the eastern parts of the Baltic area
including the drainages of the Russian lakes Onega and Ladoga (Ergens 1983, Malmberg and
Malmberg 1993). The parasite also seems to occur naturally in some Swedish and Finnish rivers
draining into the Baltic Sea, where it is mostly reported in low intensities (Malmberg and
Malmberg 1993) (but see Anttila et al. 2008).

Gyrodactylus salaris has spread from its natural home range and has been reported from several
countries in Europe. However, not all of these reports of G. salaris have been confirmed, e.g. the
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ones from Spain and Portugal are questionable (see Bakke et al. 2007 for an overview). The
parasite continues to spread and lately it was also detected in Italy (Paladini et al. 2009a) and
Romania (Hansen et al. 2016), and most recently a report of infection in an Atlantic salmon river
near Murmansk in the north of Russia (https://www.vetinst.no/nyheter/veterinaerinstituttet-har-
diagnostisert-lakseparasitten-gyrodactylus-salaris-i-det-nordlige-russland).

1.1.4 Host specificity of G. salaris

Gyrodactylus salaris shows a wider host specificity than most other Gyrodactylus species (see
Bakke et al. 2002), however, this might also be an artefact related to the high number of studies
performed on this species. It is common on Atlantic salmon in northern Europe, and the natural
host of G. salaris is probably the Baltic group of salmon (Bakke et al. 2007). There are significant
differences with respect to the observed intensity of infection on salmon populations: G. salaris
generally causes heavy infections on the east Atlantic group of Atlantic salmon resulting in cat-
astrophic consequences for the juvenile population in a river. This contrasts with Baltic salmon
populations, where generally only mild infections are observed (Bakke et al. 2002, Dalgaard et
al. 2003). The difference between east Atlantic and Baltic salmon populations is not straightfor-
ward, however, as individuals of salmon from the River Indalsélven, Sweden, had a susceptibility
to G. salaris corresponding to that of east Atlantic salmon populations (Bakke et al. 2004). In
addition to Atlantic salmon, G. salaris has also been recorded on other host species such as
Arctic char (Salvelinus alpinus) (see table 2 Bakke et al. 1992, Robertsen et al. 2007) and rain-
bow trout (Bakke et al. 1992, Mo 1988). Different populations of Arctic char also show very dif-
ferent susceptibilities to G. salaris in infection experiments (Sigurd Hytterad, pers. com.); popu-
lations have been observed to maintain infections of G. salaris through approximately 20 years
without the presence of other suitable hosts (Hyttergd et al. 2011). The parasite is also common
on farmed rainbow trout across Europe (see Hansen et al. 2016 and references therein). Brown
trout (Salmo trutta) is considered to have a limited susceptibility to G. salaris (Jansen and Bakke
1995, Mo 1988), but recent research on a UK strain of brown trout, showed that susceptibility
can vary also between populations of this species (Paladini et al. 2014). As mentioned before,
Gyrodactylus parasites isolated from grayling are assumed host specific for grayling, but only a
few strains from grayling have been experimentally tested on Atlantic salmon.

Very few Baltic strains of G. salaris have been tested in infection-experiments, and some might
be non-pathogenic. However, it is reasonable to assume that many, if not most, strains from
Baltic salmon are pathogenic to Atlantic populations of Atlantic salmon, as exemplified by the
epidemics caused by all three different strains that were introduced to Norway (Hansen et al.
2003) and the strains introduced to the River Keret in Russia.

1.2 The history of Gyrodactylus salaris in Norway

The (known) history of Gyrodactylus salaris in Norway started in 1975 when the parasite was
detected at the Research Station for Fish, Sunndalsgra, Western Norway (Johnsen 1978). Later
in the same year it was also detected on wild salmon in the River Lakselva, Northern Norway
(Johnsen and Jensen 1986, Johnsen and Jensen 1991, Johnsen et al. 1999) and from 1975 to
present, pathogenic strains of G. salaris have been detected on Atlantic salmon (Salmo salar)
fingerlings/parr in 51 rivers, 13 hatcheries/farms with Atlantic salmon parr/smolts and 26 hatch-
eries/farms with rainbow trout (Oncorhynchus mykiss) (Hyttergd et al. 2020). In addition to this,
pathogenic (Hytterad et al. 2011) and non-pathogenic (Olstad et al. 2007) strains of G. salaris
have been detected on lake-dwelling Arctic char (Salvelinus alpinus). Since its first introduction,
G. salaris has affected many Norwegian populations of Atlantic salmon in a very negative way,
both through direct losses of fish (see below on fish population development in infected rivers),
but also through lost income for the local communities (fishing licenses, hotels, etc). Not least,
the eradication programme for G. salaris has been very expensive for the Norwegian govern-
ment, but a recent report found that the treatments have been successful in economic terms
(Andersen et al. 2019).

Four hypotheses for the introduction of G. salaris into Norway exist (Johnsen and Jensen 1991,
Johnsen et al. 1999) and three of these were later supported by molecular analyses (Hansen et
al. 2003). The parasites that were introduced to Norway most likely originated from fish imported
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from hatcheries around the Baltic Sea, but the particular parasite sources for all of these have
not been identified. The most important spread within Norway mainly occurred through stocking
of infected fish to many rivers from the research station at Sunndalsgra and from these rivers G.
salaris was spread to nearby river systems within the fjord systems via brackish water migration
of the host (Jansen et al. 2007, Johnsen and Jensen 1991, Johnsen et al. 1999). This pattern of
spreading was evident from the high congruence between the stocking localities and the subse-
quent observations of infected rivers nearby, and later parasite isolates from all these rivers were
found to carry the same mitochondrial haplotype (haplotype A following Hansen et al. 2003). The
River Skibotnelva and subsequently the River Signaldalselva and the River Kitdalselva, were
infected when a fish transport lorry from the Holle laboratory in Sweden in 1975 dumped infected
fish in the River Skibotnelva, Troms County, Northern Norway. The particular variant of G. salaris
in these rivers (haplotype B), was found to differ from the one introduced to Sunndalsgra, but
was identical to haplotypes in the Swedish Baltic rivers (Vindeldlven and Torneélven) (Hansen
et al. 2003).

The third route of infection was via infected rainbow trout from Sweden that was introduced to
fish farms in the eastern parts of Norway. Gyrodactylus salaris was detected on farmed rainbow
trout and salmon in Lake Tyrifjorden, Buskerud County, Southern Norway, from where it spread
further to the River Drammenselva and the River Lierelva (Johnsen et al. 1999, Mo 1991). Par-
asite isolates from the River Drammenselva and the River Lierelva, as well as several other
isolates from rainbow trout in Europe, carry identical haplotypes (haplotype F according to Han-
sen et al. 2003), implying that rainbow trout has been important in spreading the parasite, both
to Norway and to other countries and locations (Hansen et al. 2003, Hansen et al. 2007b, Hansen
et al. 2016, Paladini et al. 2009b). This particular strain has also been found in the River
Laerdalselva in Vestland county (former Sogn og Fjordane) on the west coast of Norway (Hansen
et al. 2003) that was first found to be infected in 1996 (Johnsen et al. 1999). No official hypothesis
for the introduction to this river exists, but the presence of haplotype F indicates that rainbow
trout might have been involved.

The fourth introduction route was to a fish farm near the River Langsteinselva in Trgndelag (for-
mer Nord-Trgndelag) county, central-Norway (Johnsen et al. 1999). Infected fish were taken into
this farm on several occasions in the 1980’s. The River Langsteinselva was found infected in
1988 and the same year G. salaris was also found nearby in the River Vulluelva. No parasite
isolates from this river have been available for later molecular genetic analyses and thus no
details of the origin of this introduction have been confirmed.

The policy of the Norwegian Authorities is to eradicate G. salaris from infected watersheds and
farms (Anon. 2014a). In farms, this is carried out by eliminating the hosts (salmon and rainbow
trout). This ensures elimination of the parasite since it lacks specialised free-living stages and
does not use intermediate hosts in its life cycle. In rivers, two methods have been used; rotenone
treatment and treatment with aluminium sulphate; the latter is used in combination with rotenone
(see Hindar et al. 2018 for a review of treatment procedures). In some instances, fish migration
barriers are or have been used to shorten the stretches of river for Atlantic salmon and hence
limit the stretch which need to be treated. As mentioned previously, research is ongoing on the
use of chlorine for eradicating the parasite. In the same way as aluminium sulphate, this chemical
kills the parasite without killing the host (Hagen et al. 2014, 2019a). However, more studies are
needed before this method is used routinely as an alternative to more established methods.

At the end of 2019, G. salaris was confirmed present in only 8 Norwegian rivers. Eradication
measures had removed the parasite from 38 rivers and from all hatcheries/fish farms. In an ad-
ditional 5 rivers, eradication measures have been completed, but not yet declared successful.

1.3 Evolution of resistance, tolerance and virulence

Animal host defence mechanisms are traditionally thought of as an extension of the immune
system, the aim of which is to identify and eliminate, or alternatively control, invading patho-
gens/parasites. This is a rather narrow perspective from which to consider the complex evolu-
tionary dynamics which occur between a host and its parasite/pathogen. By decomposing host
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responses into resistance and tolerance, a better understanding of the critical mechanisms in-
volved in host survival (Raberg et al. 2009), and the epidemiology and evolutionary ecology of
infectious disease (Medzhitov et al. 2012) can be achieved.

The two defensive responses of resistance and tolerance effectively limit the fitness costs im-
posed by parasites upon the host (Hedrick 2017). Yet, it is important to recognise their markedly
different evolutionary and practical consequences for host-parasite/pathogen interactions
(Schneider and Ayres 2008).

Resistance prevents infection, limits parasite growth or clears an infection, through behavioural,
morphological and/or immunological responses. The host ‘fights’ the parasite directly, with both
the innate and adaptive immune systems contributing to resistance, but although crucial for host
protection there can be substantial costs to host fitness. Resistance is balanced by an acceptable
trade-off between disease clearance and immunopathology. However, insufficient resistance
can often result in high host mortality, so the level of immunopathology may be high, constituting
common symptoms of infectious disease (Little et al. 2010). Tolerance mechanisms can amelio-
rate the trade-off between protective immunity and immunopathology by limiting tissue damage,
permitting longer and more intensive immune responses.

Tolerance, unlike resistance, does not limit infection or reduce parasite burden, instead the host
fights the pathogen by ameliorating or compensating for parasite-induced damage through re-
duced immunopathology, increased wound repair mechanisms and a greater resilience to tissue
damage, reducing the negative impact of infection on host fitness without directly affecting the
parasite. (Tolerance in this context is distinct from immunological tolerance, which is defined as
unresponsiveness to self-antigens.) The degree of damage endured depends on tissue type;
vascular disruption can be fatal, whereas skin damage is often well tolerated. The concept of
tolerance as a defence strategy is well accepted in plant immunity, but has only been more re-
cently considered in animal systems — it is most conveniently defined as the slope of host health
(or a fitness trait, like growth rate) against infection intensity (see Figure 1).

The relative contributions of resistance and tolerance can be distinguished by plotting parasite
burden against a measure of health (see Figure 1). Measuring either one of these parameters
in isolation makes it impossible to discern the cause of morbidity or mortality. Considering only
resistance as the mechanism involved in host survival leads to the, often incorrect, assumption
that host mortality is a consequence of a failure of the immune system (see B in Figure 1).

Deficiencies in tolerance: Morbidity or mortality can result from failure of tolerance mechanisms,
even where resistance is effective (Raberg et al. 2007). This might be signalled by a comparable
pathogen burden in hosts with different mortality or morbidity profiles (see Figure 1). The dis-
tinction between failed resistance and failed tolerance is important because it can dictate the
appropriate therapeutic approach (Hedrick 2017); failed tolerance is unlikely to be resolved by
strategies boosting immunity or reducing parasite burden.
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Figure 1. Based on Raberg et al. (2007). Schematic of reaction norms of two host genotypes
(red or blue line), ignoring any virulence differences in infective agent, for disease severity across
a range of infection intensities in individual hosts (dots). (A) Two equally tolerant genotypes dif-
fering in resistance; the red genotype has lower parasite burdens (is more resistant) and thereby
maintains higher health status when infected. (B) Two equally resistant genotypes (same para-
site burden) but the red genotype is less tolerant (health declines faster with increasing parasite
burden). (C) Genotypes differ in both tolerance and resistance; the more tolerant genotype (blue)
is less resistant, so both have on average the same health status when infected; but the steeper
slope and greater health range of the more resistant genotype can be attributed to health de-
clines from immunopathic effects (marked ‘relative resistance deficit’) and health benefits of re-
sistance (marked ‘relative resistance premium’). (D) Host genotypes differ in neither resistance
(same average parasite burden) nor tolerance (same slopes). Instead, the genetic difference in
health status is due to a difference in intercept, so that the difference exists even when animals
are uninfected; it is indicative of genetic differences in ‘general vigor’, and does not reflect de-
fence against infectious agents.

Virulence can be defined as the parasite’s ability to cause disease and so mortality, or degree
of pathology, in a given host, or can reflect the degree of immunopathology it elicits. The host
component is defined by its tolerance to the damage caused by the pathogen (Raberg et al.
2007). Therefore, the evolution of virulence can reflect changes in either pathogen or host. A
pathogen/parasite that is more virulent in a new host species is most likely a reflection of the
new host’s lack of tolerance, as the pathogen/parasite-intrinsic characteristics are unlikely to
change immediately (Raberg et al. 2009). A clear example of this is the high virulence in G.
salaris infected Norwegian salmon. Conversely, a pathogen/parasite can become less virulent
in a host because of an increase in host tolerance to damage caused by the infection. This may
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evolve to the point where the pathogen colonizes the host constitutively without causing disease
(Medzhitov et al. 2012).

1.3.1 Ecological feedbacks and evolution

The expression of each immunological strategy (resistance vs. tolerance) is a consequence of a
three-way interaction between the host and parasite genomes and the environment, and the
expected evolutionary outcome for virulence in the host-parasite system can be quite different
depending upon which strategy is under selection.

There is a naive expectation that, because parasite survival relies on continuance of the host
population, parasites generally evolve to become benign (avirulent). This ignores the many fac-
tors affecting parasite fitness which can influence a relationship with the host (Anderson and May
1982, Frank 1996). Clearly, genetic differences controlling parasite traits are the basis of host x
parasite interactions. As parasites evolve more rapidly than their hosts much of the infection
dynamics is necessarily parasite mediated, through selection of genotypes which affect the level
of virulence in response to the parasite’s ecological circumstances. There are three considera-
tions of relevance to infections with G. salaris; genetic diversity of parasite demes, parasite re-
sponses to host resistance, and the degree of horizontal transmission.

Each host individual may be viewed as containing a temporary population (deme) of parasites.
Demes that kill the host before transmission are selected against, as they contribute less to the
parasite population than more benign demes, so interdemic selection favours lower virulence. A
corollary of this has specific relevance to host infections by the parthenogenic G. salaris, which
rapidly produces genetically identical clonal daughters on infection. If a number of hosts are
infected by a single parasite, or a group of closely related individuals, then the demes are effec-
tively kin groups, so interdemic selection is then equivalent to kin selection, and lower virulence
may evolve in all demes. However, if a host infection is composed of multiple unrelated parasite
genotypes, selection within demes favours those genotypes with higher reproductive rates, as
these will be transmitted in greatest numbers. So increased virulence is expected to evolve in
parasites where infection by multiple genotypes is frequent, and conversely lower virulence in
cases where there is a single predominant parasite genotype (Frank 1996).

Fitness of parasites transmitted horizontally between unrelated hosts are not dependent upon
the long-term survival or reproduction of their host. But if parasites are vertically transmitted (ef-
fectively inherited) the fitness of the parasite infecting the host depends directly upon host fitness.
Such parasites may be expected to evolve towards a lower virulence (Bull et al. 1991). Con-
versely, virulence may increase where individuals of G. salaris are exchanged frequently be-
tween unrelated hosts. Similarly, short residence times, such as on hosts which rapidly become
immune to the parasite, and individuals showing an overt immunopathic response could be
classed among these, favouring rapid reproduction of the parasite to effectively outrun the host
immune system. The parthenogenic G. salaris is uniquely adapted in this respect, its enhanced
reproductive capacity a mechanism increasing virulence — meaning an effective host immune
system may induce a rapid increase in reproduction and so increase virulence.

Because resistance reduces parasite fitness, its evolution is subject to negative frequency-de-
pendent selection. At high parasite prevalence resistance is expected to sweep through a host
population (see ‘relative resistance premium’ Fig. 1C), but as parasites are eliminated from the
population the cost(s) associated with resistance mean it becomes less favoured (see ‘relative
resistance deficit” Fig. 1C), and genes promoting resistance are reduced in frequency in the host
population. Tolerance, however, does not reduce parasite fitness, so its evolution is expected to
produce positive feedback whereby parasite infection selects for tolerant hosts, so increasing
parasite prevalence, suggesting virulence must remain high for populations to maintain strong
resistance responses. As a consequence of these different dynamics, some theoretical models
predict the maintenance of polymorphisms for resistance, but the fixation of tolerance during
host-parasite coevolution (Best et al. 2008). By contrast models partitioning tolerance into com-
ponents of mortality and sterility suggest that tolerance to mortality increases parasite fitness,
leading to positive frequency dependence, whereas tolerance to sterility effects can lead to neg-
ative frequency dependence and disruptive selection.
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1.3.2 Host-parasite coevolution — an ecological perspective

Generally, a simple perception is that absence of pathological effects from infections is evidence
of effective host immunity, whereas mortality is evidence of host primary immunodeficiency.
However, this perspective lacks the depth of understanding which comes from an appreciation
of host-parasite coevolution, and an acknowledgement of the relationship between virulence and
replication, and subsequent transmission of the infective agent. An important concept is that the
host immune system does not, cannot, act as a universally impenetrable shield, resisting all
manner of infections. Instead the intimate and continual contact between rapidly evolving para-
sites/pathogens and their more slowly evolving hosts leads to an uneasy détente, balanced be-
tween parasite virulence and host survival. In this relationship virulence is a property of the par-
asite/pathogen, but it is manifest only in specific hosts. Similarly, the immune system is a host
property, but its efficacy depends on the infective agent.

Virulence is the deleterious consequences to the host of an infection, and is usually closely linked
with the parasite/pathogen’s attempts to maximize its replication rate and transmission at cost
to the host. However, the demands of replication and transmission are governed by factors
which, during coevolution, become balanced with a level of host survival compatible with goals
of replication and transmission; consequently, the parasite s virulence is highly dynamic, varying
from life threatening to relatively benign. Where there is no prior history of host-parasite coevo-
lution this balance is lost, and the ability of the immune system to resist or clear the parasite
becomes unpredictable, as does the ability of the parasite to obtain the necessary resources
from the host. The subtleties of such situations are reminiscent of, and perhaps best illustrated
by, zoonotic outbreaks and their subsequent transmission dynamics, such as occurred in HIV,
Ebola, and various emerging flu and corona viruses — eventually these may reach an attenuated
level of virulence, but for any prediction it is imperative to consider the ecological context.

1.3.3 Host response to parasitism

Until recently the entire focus of immunology was the study of resistance to parasitism/infection,
consequently a focus on mechanisms of resistance, clearance of primary infection, acquisition
of immunity has encouraged a reductionist approach. Nonetheless, despite the evolutionary ad-
vantages of avoiding infection, there are parasites which cannot be avoided and to which there
is no effective resistance. Some parasites can infect a host for its entire lifetime in the face of an
ineffective immune response. In such cases, where there is a cost to resistance, there can be a
self-imposed attenuation of the immune system to avoid fruitless immunopathology; an evolu-
tionary acknowledgement that resistance is futile, and there is instead selection for tolerance
(Best et al. 2009).

Most recently, and highly relevant to salmonid parasite defence mechanisms, Klemme et al.
(2020) demonstrated a negative association between defence traits involved in the interaction
between the eye fluke Diplostomum pseudospathaceum with Atlantic salmon and brown trout.
Variation of these traits involved a significant genetic component, essential for the evolution of
host-parasite interactions.

1.3.4 Trade-off and the evolution of parasite virulence

Based on the work of Anderson and May (1982) and Best et al. (2008) this approach acknowl-
edges that virulence, and its effects on the host population, are intimately linked with transmis-
sion between hosts, length of infection, and parasite spread between rivers. Virulence, the host
cost of infection, is associated with rapidity and extent of on-host parasite replication. Transmis-
sion can occur during infection, so is associated with host lifespan; its rate is a measure of suc-
cessful host to host infections, minus the host death rate due to infection and rate of parasite
clearance. These factors define the parasite fitness — the number of new infections caused by
each infected host. The trade-off increases of on-host reproduction are paralleled by increases
in transmission and virulence. But as virulence increases beyond a certain point the length of
infection begins to decline, and with it the rate of transmission (see Figure 2). Parasite fitness is
thus a trade-off of the opposing forces of virulence and transmission rate versus length of infec-
tion. Although undoubtedly a simplification of the real world, trade-off theory nevertheless con-
stitutes an effective means of describing theoretical and practical aspects of parasite propaga-
tion.
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Perhaps the best known and most widely appreciated demonstration of the trade-off theory is
provided by biological control experiments involving the myxoma virus from the South American
tapeti (Sylvilagus brasiliensis) released into populations of the European rabbit (Oryctolagus cu-
niculus) (Keer 2012). In its natural host the virus causes a benign cutaneous fibroma, but stand-
ard laboratory strains produced a fatality rate of >99% in rabbits. Released in Australia in 1950
over the following 30 years the virus evolved an attenuated virulence, with a 70-95% fatality rate
in laboratory rabbits and an extended time of infection. The pattern was repeated in France upon
release of a separate viral strain. Of relevance to the topic of this report, a corresponding coevo-
lutionary increase in resistance in the wild rabbit population was followed by a corresponding
‘Red Queen’ rebound of virulence in the myxoma virus. In contrast, and in line with the trade-off
theory, re-isolated strains from Europe and Australia contained geographically unique mutations
which appeared to diminish the immune inhibition properties of the virulence factors of the natural
virus, so attenuating its virulence and increasing its length of time of infection.

1.3.5 The role of host population density and size in determining virulence

The success of the trade-off theory has proven useful in predicting real world parameters that
might affect the dynamics of disease spread and virulence. Parasite spread and virulence arises
from host population density, size and spatial structure. The denser the population of hosts the
more rapidly the parasite can spread, and the less selection there is for an extended time of
infection. Consequently, virulence evolves to higher levels, until the host population declines to
the level where the length of infection required to maintain the parasite approaches the life time
of the host, that is, persistence.

Population size can influence virulence, with larger populations able to maintain more virulent
parasites/pathogens. Acutely infectious diseases can eliminate all potential hosts, causing them
to become extinguished from small populations, unless they reduce their virulence before this
happens. Black (1975) showed people of the Amazon Basin living in small communities, such
as must have predated the rise of cities, showed serological evidence for persistent viruses, such
as herpes and varicella, but little acute illness. Thus, evidence supports epidemiological theory
that the evolution of virulence is strongly influenced by host population size and density.

1.3.6 Host population structure determines infectivity

Another aspect of the host population which can influence virulence is spatial structure, or more
correctly the interactions a structured population promotes. Network connectivity, the clustering
and number of interactions, is a property of the host population capable of increasing or decreas-
ing virulence. The greater the level of clustering and connectivity between host individuals the
greater the level of virulence the parasite can sustain.

So, by considering the density, structure and parasite transmission, the characteristics of the co-
evolved host-pathogen/parasite interactions can be deduced. Parasites endemic within a low
dispersal, low density population evolve persistence and elicit tolerance. Those that exhibit acute
infectivity and rapid transmission elicit stronger resistance responses. Tolerance and resistance
correlate with the extremes of host immunopathology and affect the virulence of the parasite.

Therefore, an ecological perspective of the coevolution of the G. salaris-salmon system predicts
that virulence is likely to remain high where salmon population structure consists of large, mobile
groups of predominantly unrelated individuals, at high stocking densities which promote parasite
transmission. Stocks possessing an effective immune response to the parasite, often marked by
pathogenic skin lesions, may be expected to promote increased virulence, in response to the
shortened residence time for G. salaris on individuals. Indeed, observation of G. salaris-salmon
immunopathogenic interactions (Conon vs Neva stocks) are consistent with theoretical expecta-
tions, and evidence from other fish-parasite/pathogen systems, that host resistance inevitably
increases parasite virulence (see Anon. 2004, Gilbey et al. 2006, and literature therein). Alterna-
tively, development of tolerance in salmon stocks (often manifested as attenuated immune re-
sponses in other fish-parasite/pathogen systems), together with reduced population connectivity
and lower stocking densities, are more likely to lead to reduced virulence and increased parasite
prevalence, eliciting further host tolerance.
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Figure 2. Phase space diagrams showing resistance vs tolerance for hosts and their para-
sites/pathogens. Host resistance or tolerance will place parasites respectively under more or
less pressure to evolve virulence; a mechanism to overcome resistance. Hence, strong re-
sistance of a host is associated with immunopathy and increased selective pressure for virulent
parasites. Alternatively, tolerance results in widespread but low level infection within host popu-
lations. Where there is absence of effective resistance (though not necessarily absence of im-
munopathy) and tolerance to a newly encountered parasite there is potential for high host mor-
tality.
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1.4 The genetic basis of resistance to Gyrodactylus salaris

The variation in a particular trait within a population can be due to genetic variation, variation in
the environment experienced by the animals within the population, or to random factors such as
developmental noise. For evolution to occur, there must be genetic variation in the trait in ques-
tion.

The genetic component of the variation in a trait is often measured as the similarity between
relatives, known as the heritability. The heritability is a main determinant of how easy it will be to
breed for changes in a trait. If the heritability is very high, most of the observed merits of an
animal is due to genetics. Hence, if one breeds further on a well-performing animal, the offspring
of that animal are highly likely to be well-performing as well. On the other hand, if heritability is
low, a well-performing animal may very well give poor-performing offspring. However, a low her-
itability does not imply that there is not substantial scope for genetic improvement; to achieve it
will just take longer and require more effort. For example, the heritability of sea lice resistance in
farmed Atlantic salmon is only moderate, ranging from 0.12 to 0.33 in reported experiments
(Kolstad et al. 2005, Gjerde et al. 2011, @degard et al. 2014, Tsai et al. 2016a). Due to the
importance of the trait to the salmon farming industry, that moderate heritability does not stop
the breeding companies from putting emphasis on sea lice; instead they compensate by invest-
ing in large-scale, routine testing of sea lice resistance among their breeding candidates.

Only one study has presented estimates of heritability which are relevant for G. salaris resistance
and/or tolerance. Salte et al. (2010) challenge-tested 984 fish from 25 paternal half-sib groups
(where all fish within each group shared the same father), originating from the River Dram-
menselva in Norway. In the challenge test, the fish were infected at a size of about 8 g, and
survival was measured over a period of approximately two months. The heritability (£ standard
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error) in survival (on the liability scale) was found to be 0.32+0.10 (which corresponds to 0.17 on
the binary scale), while the heritability for days of survival was 0.29+0.07. This strongly suggest
that the level of resistance and/or tolerance is selectable, though its ability to evolve may vary
across populations. There is therefore scope both for natural selection and artificial breeding in
increasing the resistance and/or tolerance against G. salaris.

A different approach to study the genetic component of trait variation is to take advantage of
genetic markers and to statistically associate these with the trait in question, this approach iden-
tifies so-called quantitative trait loci (QTL). Gilbey et al. (2006) employed a QTL screening ap-
proach in order to identify markers linked to QTL influencing G. salaris resistance in first gener-
ation backcrosses of Baltic (resistant) and Scottish (susceptible) salmon. The fish were screened
for 39 microsatellite markers. Marker-trait combinations showing a statistically significant change
in the amount of variance explained when the influence of marker alleles was incorporated as
suggestive of marker-QTL linkages. Markers showing significant associations in individual
marker-trait analyses were combined in a generalized linear model (GLM) that allowed the total
amount of variance in parasite numbers associated with the genetic markers identified to be
determined. A total of seven traits based on parasite counts were examined. Ten genomic re-
gions associated with heterogeneity in resistance explained up to 27.3% of the total variation in
parasite loads. This study shows that resistance to infection by G. salaris is heritable and sug-
gests it is controlled by many genes (i.e. polygenic).

The QTL from Gilbey et al. (2006) showed an exponential distribution in their effects, however,
as large effects are identified before smaller ones this distribution may be artefactual. Also, esti-
mates of QTL effect can be upwardly biased, especially for loci with large effect, making the true
effect of the QTL smaller than the experimental estimate. Additionally, estimates of numbers and
effects of QTL in this study are necessarily estimates pertaining to chromosomal regions, each
of which may contain hundreds or thousands of genes. This means the estimated single locus
large effects might actually be due to additive small effects of many loci. This is especially rele-
vant in this study as the markers represent entire linkage groups which may even be complete
chromosomes, requiring further fine scale mapping to determine the true numbers and strengths
of factors involved.

An approach similar to that followed by Gilbey et al. (2006) was used to investigate the challenge-
tested salmon from the River Drammenselva (Salte et al. 2010) in more detail: Sixteen hundred
challenge-tested individuals were genotyped on a SNP-chip developed by the breeding company
AquaGen and the Norwegian University of Life Science, containing 50,000 SNPs distributed
across the salmon genome. Genotypes were correlated to survival (a binary trait) and days-of-
survival in a genome-wide association study (GWAS). Preliminary results from this study support
the hypothesis that resistance to G. salaris is a polygenic trait: although the heritabilities reported
by Salte et al. (2010) were confirmed using genotypes (rather than pedigree), no experiment-
wide significant QTL was detected for the survival or days-of-survival. The results indicate that,
at least in the River Drammenselva, resistance to G. salaris is determined by a large number of
genes with small individual effects.

1.5 Management laws, regulations and guidelines for Atlantic salmon

Insight into the general management laws, regulations, and guidelines is a prerequisite for eval-
uating the possibility of developing resistance and/or tolerance against G. salaris in Norwegian
Atlantic salmon populations. A possible strategy for developing resistance against G. salaris
needs to consider that Atlantic salmon populations are managed separately, making sure that
genetic integrity and genetic variation in each population is preserved, and that each population
according to law reaches its spawning target, allowing for a sustainable harvest. Consequently,
if we were to aim for development of resistance in Norwegian salmon populations, either from
establishing selective breeding programmes or by allowing a natural development of resistance,
genetic integrity and genetic variation needs to be preserved at the same time, and each popu-
lation should have a productivity allowing for sustainable harvest.

The Nature Diversity Act (Naturmangfoldloven) on species management states that the species
and their genetic diversity is to be maintained in viable populations in their native range for the
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foreseeable future, while the purpose of the salmon and inland fish act (Lakse- og innlandsfisk-
loven) is to ensure that native populations of anadromous salmonids, freshwater fish and other
aquatic organisms as well as their habitat, are managed such that biodiversity and productivity
is maintained in accordance with the nature diversity act. Regulations and guidelines for man-
agement of Atlantic salmon follow the purpose of these acts, and include management and reg-
ulations of physical constructions in the rivers, stocking activities, fishing regulations, etc. One
fundamental principle for management of Atlantic salmon is that each population is managed
separately. This management strategy follows from the fact that Atlantic salmon are subdivided
into separate populations or stocks that are more or less genetically separated from each other
and therefore more or less maintain productivity and genetic integrity independent of each other.
Populations, or stocks, are generally allocated to rivers, because of the nature of natal homing
of Atlantic salmon.

Annual stocking of Atlantic salmon is conducted in about 60 rivers (Karlsson et al. 2018). Re-
cently the motivation for stocking has gradually shifted from increasing the number of fish for
recreational and commercial fishing towards conservation of natural populations. The guidelines
from the Norwegian environmental agency state that release of hatchery produced fish should
be a last resort, after efforts have been made to remove factors preventing sufficient natural
production and sustainable harvest. Furthermore, it states that where there is a need for stocking
it should be done in a way to maintain the population’s genetic integrity and genetic variation
(Anon. 2014b). Specific guidelines for the latter have been developed by Karlsson et al. (2016a).
Genetic introgression of escaped farmed Atlantic salmon in wild salmon populations is one of
the largest threats to Norwegian wild salmon populations (Forseth et al. 2017) and is widespread
in Norwegian wild salmon populations (Karlsson et al. 2016b, Diserud et al. 2019). Consequently,
since 2014 genetic analyses of all potential broodfish has been mandatory, to exclude broodfish
of likely farmed escape ancestry (Karlsson et al. 2015).

1.6 Population structure and local genetic adaptation in Atlantic
salmon

Atlantic salmon is subdivided into populations at many hierarchical levels across the distribution
range, with the largest differences being between salmon from Eastern- and Western Atlantic,
followed by several genetically distinct groups of populations within the Eastern- and Western
Atlantic (Nielsen et al. 1996, King et al. 2001, Verspoor et al. 2005, Bourret et al. 2013, Gilbey
et al. 2017), and genetic differences between populations within regions at large and at small
geographical scales (Stahl 1987, Saisa et al. 2005, Karlsson et al. 2011, Gilbey et al. 2017, Vaha
et al. 2017, Ozerov et al. 2017). Background information for the purpose of understanding and
evaluating the possibility for development of resistance against G. salaris in Norway is that the
Baltic salmon makes a distinct phylogenetic cluster different from the Norwegian Atlantic salmon
(Bourret et al. 2013). This is important to consider because G. salaris was evidently imported
from the Baltic and Baltic strains of Atlantic salmon appear to show much higher resistance.
Norway has more than 400 Atlantic salmon rivers with populations varying greatly in size and
magnitude of human impacts (Forseth et al. 2017). Norwegian salmon constitutes two phyloge-
netic groups: Barents-White Sea and Atlantic (Bourret et al. 2013), with a geographical separa-
tion around the border between Troms and Finnmark counties but with a hybrid zone between
the phylogenetic groups (Karlsson et al. 2016b). The Atlantic phylogenetic group in Norway is
further subdivided into three genetic groups (Mid-Norway, South-West Norway, and South Nor-
way), as revealed by an extensive study of genetic variation in microsatellite loci in Europe
(Gilbey et al. 2017). In Norway, the Barents-White Sea phylogenetic group is also divided into
several distinct genetic groups (Ozerov et al. 2017). Finally, in general, each river holds popula-
tions genetically different from other neighbouring rivers, also within identified genetic groups of
populations (Gilbey et al. 2017, Ozerov et al. 2017). In addition, some large water courses with
several tributaries, may contain genetically distinct populations within the river system (e.g. the
River Teno, Vaha et al. 2017).

The large body of research on genetic structuring of Atlantic salmon suggest that populations
are mainly defined by rivers (but see Cauwelier et al. 2018). Because of restricted gene flow
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between populations, and because there are large environmental differences between rivers,
there is great potential for the evolution of local genetic adaptations. Experimental trials and
comparative studies of fitness related traits constitute a large body of circumstantial evidence for
local genetic adaptations (reviewed in Garcia de Leaniz et al. 2007). Development of molecular
genetic methods enabling studies of the whole genome, or a large coverage of genetic variants
across the genome in Atlantic salmon (Davidson et al. 2010, Lien et al. 2016, Tsai et al. 2016b)
has made it possible to identify single genes, or complexes of genes, for fithess related traits
(Gutierrez et al. 2012, 2015, Bourret et al. 2013, Johnston et al. 2014, Tsai et al. 2015, Ayllon et
al. 2015, Barson et al. 2015). A recent study of genetic variation in 208 704 SNP-markers re-
vealed strong signatures of natural selection in a gene with a large effect on age at maturity. This
gene was polymorphic in all but one out of 54 Norwegian populations analysed, and it was shown
that this variation is maintained by balancing selection with varying patterns of dominance be-
tween sexes (Barson et al. 2015). These observations suggest strong contemporary natural se-
lection for optimal age at maturity and that the large differences in sea-age composition, also
between neighbouring rivers, has a genetic component, representing local genetic adaptation.
Additional evidence for local genetic adaptation was shown by Mobley et al. (2018), with strong
selection against strayers, where local salmon had higher reproductive success compared to
dispersers.

1.7 Stocking of Atlantic salmon

Stocking of salmon has a long tradition in Norway going back to 1855. There is a growing recog-
nition of the potential negative genetic consequences of stocking (Laikre et al. 2010), including
loss of genetic variation and genetic integrity (Christie et al. 2012a, Baillie et al. 2014), loss of
genetic adaptation from unintentional selection during domestication (Araki et al. 2007, Christie
et al. 2012b), reduction in effective population size (Ryman and Laikre 1991, Christie et al.
2012a) and epigenetic changes (Christie et al. 2016, Le Luyer et al. 2017). Consequently, moti-
vation for releasing hatchery produced fish in Norway has shifted from enhancing fisheries to-
wards conserving genetic variation and integrity (Skar et al. 2011). Since 1986, 33 populations
of Atlantic salmon are now in a live gene bank in Norway, motivated by one or several of these
reasons for the populations being at risk: G. salaris, hydro power regulation, acidification, salmon
lice from aquaculture, and genetic introgression of escaped farmed salmon
(http://tema.miljodirektoratet.no/no/Tema/Arter-og-
naturtyper/Villaksportalen/Bevaringstiltak/Genbank-for-villaks/, Arne Sivertsen, Norwegian Envi-
ronmental Agency, pers. com.). About 60 salmon populations are stocked annually (Karlsson et
al. 2018). Since 2014 genetic analyses to exclude brood fish likely of not being of pure wild origin,
as opposed to farmed origin, have been mandatory (Karlsson et al. 2015). In practise, brood-
salmon caught in the river are tagged and scale samples sent to the Norwegian veterinary insti-
tute. Results from scale analyses are then used to exclude potential first generation escaped
farmed salmon, and genetic analyses used to exclude brood-salmon that are offspring of es-
caped farmed salmon (Figure 3).
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Figure 3. Work flow of broodfish control. Scale samples from brood-salmon are being sent for
scale analyses to exclude potential escaped farmed salmon. Broodfish not first generation es-
caped farmed salmon are further analysed genetically to exclude brood-salmon which are un-
likely to be of pure wild origin. Photo of scales, scale envelope, Fluidigm instrument and cartoon
of salmon ©NINA, lllustration of DNA ©Bjarnar Sporsheim.

Good stocking practice includes not only using local brood-salmon, but also avoiding inbreeding,
reduction of effective population size, loss of genetic variation, and unintentional domestic se-
lection and epigenetic effects. Currently there are no regulations which instruct how stocking
should be conducted to meet these challenges. Nevertheless, there are general guidelines to
follow (Skéar et al. 2011, Anon. 2014b, Karlsson et al. 2016a).

1.8 Genetic introgression of escaped farmed in wild salmon

Norwegian farmed salmon have their origin in many wild salmon populations (Gjedrem 1991,
Gjoen and Bentsen 1997). Selective breeding programs started in the early seventies and have
been very successful in changing the genetics of farmed salmon from its wild origin, selecting
for commercially important traits (Thodesen et al. 1999, Gjedrem and Baranski 2009, Solberg et
al. 2013). The traits of farmed salmon have been shown to be inferior to the traits of wild salmon
in nature (Fleming et al. 2000, McGinnity et al. 2003, Skaala et al. 2012, Reed et al. 2015, Glover
et al. 2017), and genetic introgression of escaped farmed salmon with wild salmon is leading to
a change in important life-history traits in wild salmon populations (Bolstad et al. 2017). Further-
more, Norwegian farmed salmon has less genetic variation than wild salmon (Mjglnerad et al.
1997, Skaala et al. 2004, 2005, Karlsson et al. 2010). Hence, farmed genetic introgression in
wild salmon populations is of great concern and is currently identified as the largest current ex-
panding threat to wild salmon populations (Forseth et al. 2017). Unfortunately, genetic introgres-
sion from farmed salmon in wild salmon populations is widespread (Karlsson et al. 2016b). As
the first animal in Norway, a quality norm under the Nature diversity act was established in 2013
(Anon. 2016). One of the quality elements in the norm is “genetic integrity”, with focus on genetic
introgression of escaped farmed salmon in wild salmon populations. Among 225 analysed pop-
ulations, only in one-third of the populations (75) was no genetic introgression observed, while
the remaining populations showed indications (67), moderate genetic changes (16) or large ge-
netic changes from farmed genetic introgression (67) (Diserud et al. 2019).
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2 Evolution of Gyrodactylus salaris resistance by
natural selection

In this section we discuss the possibility and timescale for evolution of G. salaris resistance by
natural selection. We evaluate the evidence for evolution of resistance against G. salaris in nat-
ural populations and discuss the implications of straying (migration) between infected and non-
infected populations, both when it comes to evolution of resistance and spreading of the parasite.

2.1 Tolerance, resistance and immunity to G. salaris.

In experiments comparing population growth, survival and reproduction of G. salaris on salmon
from the River Neva in the Baltic (where G. salaris is native) with Norwegian salmon stocks it is
clear that the Norwegian salmon is much less resistant towards the parasite than the Neva
salmon. For example, Bakke et al. (1990) reports that the number of G. salaris on Lone and Alta
salmon increased steadily during the experiment, while the number of G. salaris on Neva salmon
declined after three weeks, approaching zero after 7-10 weeks. In an experiment where 10 Lone
and 10 Neva fish were infected with one gravid female worm, there was a steady increase of G.
salaris on all Lone fish, while on Neva fish the parasite population was unable to persist during
the five weeks of the experiment. On some Neva fish the parasite was unable to successfully
reproduce after the initial infection or soon disappeared. Cable et al. (2000) reports from an
experiment that 45% of the parasites survived to give birth on Neva fish, compared to 60% on
Alta and Lierelva fish. The mean survival was 3.5 days on Neva fish and 7.9 and 5.2 days on
Alta and Lierelva fish, respectively. The time until first birth was longer on Neva fish, and the
fecundity was lower on Neva fish, where only two births occurred compared to three to four births
occurring on Alta and Lierelva fish.

The reduction in number of parasites after a few weeks on the Neva fish is good evidence for
higher resistance compared to Norwegian salmon. For tolerance, we do not have the same level
of evidence for a difference between Neva and Norwegian salmon. However, resistance and
tolerance are not mutually exclusive host characteristics, and both may play important roles in
the host’s evolution of a strategy to cope with G. salaris infections; as might the parasite’s atten-
uation of virulence. The parasite’s lowered fecundity on Neva fish can be explained by an effec-
tive host immune system producing resistance, and its continued persistence by a more com-
patible host-parasite interaction (i.e. host tolerance). As the parasite is still present in Neva and
other Baltic stocks, though often at low prevalence (Kuusela et al., 2005), there is no evidence
for immunity (full resistance), but here the parasite causes little acute illness amongst hosts.
What roles attenuation of parasite virulence, greater host tolerance, and an effective immune
response play in maintaining this balance is unknown. However, because we have good evi-
dence for evolution of increased resistance in Baltic stocks, we have chosen to focus on this
useful aspect of the host reaction in the rest of the text, despite the fact that the evolution of
tolerance cannot be ruled out as a mechanism contributing to host fithess in the interaction be-
tween G. salaris and Atlantic salmon. In this context, it is worth mentioning that populations of
Atlantic salmon vary in their level of resistance and tolerance to eye fluke Diplostomum pseu-
dospathaceum, with highly tolerant populations having low resistance and vice versa (Klemme
et al. 2020). The significant genetic component of these traits suggests a mosaic of genetic re-
sponses may, therefore, also be expected from the selection pressure caused by G. salaris.

2.2 Conditions for G. salaris resistance to evolve

Because mortality is very high in rivers where East Atlantic and Barents/White Sea populations
of Atlantic salmon are infected with G. salaris, it seems clear that there will be strong selection
for increased resistance in these natural populations.

For evolution to occur, the traits need to be heritable. This means that the traits (e.g. resistance)
have to have a genetic component inherited from parents to offspring, and that there is variation
in the population for this heritable component (see 1.4 “The genetic basis of resistance to G.
salaris ”). A standard measure of genetic variation is the additive genetic variance (G). If only
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one trait is under selection, the expected genetic response (evolution) of this trait is directly pro-
portional to the additive genetic variance in the population. The expected change in the average
trait value, or response to selection (R), can be computed from the equation:

R =GB,
where s the selection gradient, a measure of the strength of selection on the trait (Lande 1979).

If more than one trait is under selection and the traits are inherited together (i.e. they are influ-
enced partly by the same genes), predicting the evolutionary response to natural selection would
need to take into account selection on all relevant traits. A consequence of this is that selection
on other traits (e.g. life history traits or survival due to other factors or in other parts of the life
cycle) can capture part of the additive genetic variation in resistance. In other words, the additive
genetic variation in resistance is not necessarily freely available, and in a natural system where
we would expect natural selection to keep the other relevant traits at their current (optimal) val-
ues, only the free component of the additive genetic variation will contribute to evolutionary
change for increased resistance (for theory and a general discussion on this topic, see Hansen
and Houle 2008, Walsh and Blows 2009). This means that the expected evolutionary response
in resistance could be substantially reduced compared to what we would expect from measures
of its additive genetic variance (see further discussion 2.5 “The potential for development of re-
sistance by natural selection in Norwegian salmon populations”).

A premise for evolution of increased resistance or tolerance is that the infected population does
not go extinct. An infected population will have dramatically reduced size and therefore an in-
creased risk of extinction by stochastic processes (Lande et al. 2003), even if part of the popu-
lation survives the infection. A population with few individuals may also be in trouble because of
a phenomenon called Allee effects or depensation (Allee et al. 1949, Dennis 2002). This phe-
nomenon arises when small populations experience lower survival or reproduction per capita
than larger populations, and therefore faces an increased risk of extinction. This may be due to,
for example, problems of finding mates or increased risk of predation. Indeed, there is evidence
of high levels of hybridization between Atlantic salmon and brown trout in G. salaris infected
rivers (Johnsen 2007, Arnekleiv et al. 2010, Solem et al. 2017), something that can be due to
scarcity of mates. Harvesting on an infected population, well below its spawning target, will fur-
ther reduce the number of spawners and hamper evolution of resistance and increase risk of
extinction.

An infected population at risk of going extinct can be demographically rescued by natural immi-
gration from other populations, so called strayers, or by stocking the river with laboratory/hatch-
ery reared fish. However, immigration or stocking may also hamper the evolution of increased
resistance through a phenomenon called maladapted gene flow if the immigrants have genet-
ically low resistance. Immigrants with genetically high resistance will have the opposite effect
and can speed up the evolution of resistance in the recipient population. (See further discussion
of the effects of migration under 2.6 “Implications of migration”.)

2.3 The possible evolution of resistance to G. salaris in Norway.

Trends in density of parr in the years following the first introduction G. salaris to a river can give
an indication of the ability of salmon populations to adaptively respond to the presence of the
parasite. Data on such trends are collected by Johnsen et al. (1999), who reviewed the status
for infections with G. salaris in Norwegian rivers up until the end of 1999. The review presents
detailed data from infected salmon stocks, among others, density estimates of salmon parr older
than young of year (age 0+) along with suggested years for the first introduction of the parasite
in the various rivers. Data on density of parr (older than 0+) for several rivers are presented in
Figure 4. Data from the River Driva and the River Vefsna, where we also have information on
parr density after 1999, are presented in Figure 5. Most rivers show very low parr densities
during the infection period, and Johnsen et al. (1999) estimated the mean decrease in density at
86%. In their review, Johnsen et al. (1999) also present data on the prevalence of G. salaris in
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each population. The general pattern emerging from these data is a continuously high preva-
lence, in many cases all the captured fish were infected, and a continuous low abundance of
parr with no sign of recovery during the infection period.

The River Batnfjordelva and the River Lierelva stand out with relatively high densities of juvenile
abundance even several years after infection. Johnsen et al. (1999) in their review of the River
Batnfjordelva comment that relatively high estimates of the densities of juvenile salmon many
years post G. salaris introduction in this river must be considered highly deviant from other in-
fected rivers. The high densities were maintained despite a high prevalence (96 - 100%) of in-
fection among the parr (Johnsen et al. 1999). Appleby et al. (1997) studied the skin morphology
of Atlantic salmon parr and found that the parr in the River Batnfjordelva had significant more
cell layers and a thicker skin compared to the parr in the River Oselva that was uninfected.
Arguably, a thicker skin can contribute to a higher tolerance and partly explain an apparent lower
mortality from G. salaris in the River Batnfjordelva. Jansen and Bakke (1993) studied the popu-
lation dynamics of G. salaris in the River Lierelva which drains into the Drammensfjord on the
South-East coast of Norway. They found a significant decrease in the abundance of G. salaris
with increasing size and age of the juvenile salmon. Since all fish became infected already at
age 0+ and small sizes, it was argued that larger and older fish with relatively low parasite inten-
sities apparently have some capability in controlling parasite numbers. This capability in control-
ling parasite intensities may in turn explain the rather high densities of salmon parr observed in
this river (Jansen and Bakke, 1993). However, stocking practices in the years following infection
and the water chemistry might also influence the outcome of the infections. Indeed, Hagen et al.
(2019a) concluded that the water chemistry of the River Batnfjordelva is naturally restricting the
infection of G. salaris on the salmon in this river.
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Figure 4. Density (N/100 m?) for parr older than young of year in Norwegian rivers with a history
of G. salaris infection. Colours indicate years with and without evidence of G. salaris infection,
years without infection includes years before infection and years after treatment (rotenone).
Some rivers have had several outbreaks of the parasite. Vertical line shows first year with evi-
dence of infection. The data is reported in Johnsen et al. (1999).
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Figure 5. Density (N/100 m?) for parr older than young of year in the River Driva and the River
Vefsna. Colours indicate years with and without evidence of G. salaris infection, years without
infection includes years before infection and years after treatment (rotenone). Vertical line shows
first year with evidence of infection. The data is reported in Johnsen et al. (1999, 2005), Holthe
et al. (2015) and Solem et al. (2017, 2018). In the river Vefsna the density was still very low in
the period 2005-2010 (Arne J. Jensen pers. com.).

The non-recovery of juvenile abundance during the infection period can have several explana-
tions. First, the population crash following the G. salaris outbreak have decreased the number
of individuals well below the carrying capacity in each river. The generation time of salmon in
Norway is usually between 5 and 7 years, implying that the natural recovery time of a population
is quite a few years even in the absence of G. salaris. Second, the non-recovery suggests that
there is only marginal evolutionary response in resistance or tolerance to G. salaris within the
time frame of these infections (30-40 years). The lack of evolutionary response may be due to
lack of available genetic variation, or it may be due to maladapted gene flow through straying or
farm escapees. In addition, several rivers have been stocked during the considered infection
period, and are therefore potentially strongly influenced by maladaptive gene flow (See Appendix
1, Table S1 for an overview of stocking).

In a recent publication, Gjerde et al. (2018) present an experiment where the survival of juveniles
infected by G. salaris is compared between fish from three Norwegian rivers (Skibotnelva, Driva
and Drammenselva) with a history of G. salaris infection and to rivers (Altaelva, Numedalslagen)
and one region (Eira/Surna/Todaa) without such a history. In addition, fish from the Baltic River
Neva in Russia (with a long history of G. salaris infection) was included in the experiment. Sur-
vival was measured over 84 days of infection, starting when the fish were on average 17 g. The
Neva salmon had the highest survival, estimated at 69.7%, compared to both the G. salaris free
rivers/regions in Norway (average survival of 25.3%) and the G. salaris infected rivers in Norway
(average survival of 31.6%). In their statistical pairwise comparison between the most adjacent
rivers/regions with and without G. salaris, the average difference in survival was estimated at
5.7+1.6%. The authors interpret this as an increase in resistance due to evolution by natural
selection in Norwegian rivers. The magnitude of this evolutionary response is in concordance
with the continuous low abundance of parr in infected rivers (Figure 4 and 5).

2.4 Resistance to G. salaris outside Norway

Gyrodactylus salaris is endemic in the watersheds of Sweden, Finland and Russia that drain into
the Baltic sea and in many of these rivers and lakes G. salaris is rare on salmon and is found in
low prevalence and intensity on natural populations (see e.g. Bakke et al. 2007). It is assumed
that most of these Baltic strains are resistant against G. salaris. This assumption is based on the
fact that few parasites are found on wild populations and on experimental infection experiments
carried out on a few Baltic salmon populations (See Bakke et al. 2007). However, relatively few
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populations have been tested and in at least one river, the River Indalsalven, several individuals
showed limited resistance to the parasite (Bakke et al. 2004).

In the Russian River Keret, a river that drains into the White sea and has a population of Atlantic
salmon, G. salaris was introduced in 1992 and had a devastating effect on the salmon popula-
tion, a population which has remained low ever since (leshko et al. 2008., Evgeny leshko, pers.
com.).

Atlantic salmon from Scotland has been tested and found very susceptible to G. salaris (Bakke
and MacKenzie 1993, Dalgaard et al. 2003, Gilbey et al. 2006).

According to Nilsson et al. (2001) the populations of Atlantic salmon on the Swedish west coast
carry both Baltic and Atlantic haplotypes and might thus be expected to show some resistance
to G. salaris. In most major rivers on the Swedish west coast with a population of Atlantic salmon
G. salaris is now confirmed present, the last being the River Kungsbackaan that was found in-
fected in 2017 (ref www.vetinst.no). The infection levels seem to vary both within and between
the different rivers and the impact on the salmon populations are less clear than in Norway, but
G. salaris is found in high intensities on fish in at least some rivers (Alenas 1998). The explana-
tion for the observed differences in infection levels between the Swedish populations with Atlantic
salmon and the Norwegian ones, is probably a combination of causes where resistance might
be one factor, but there is reason to believe that environmental factors are more important than
resistance. Alenas (1998) speculates that temperature during summer might be suboptimal (too
high) for G. salaris and therefore contributes to decreasing intensities in this period. From studies
in the River Batnfjordelva, water quality parameters, like aluminium content, periodically reduces
the infection levels (Hagen et al. 2019a).

Several experimental studies have looked at differences in resistance between populations, and
at differences within population which are generally not ascribed to any particular factor (such as
genetics) (Bakke et al. 1990, 2002, 2004, Bakke and MacKenzie 1993, Dalgaard et al. 2003,
Lindenstram et al. 2006, Kania et al. 2007, 2010, Ramirez et al. 2015). These studies are based
on controlled challenge tests, and in most of them both parasite counts and mortality rates have
been recorded. It is important to note, however, that not many Baltic populations of salmon have
been tested and that only a few strains of G. salaris have been used in the experiments.

Jointly, the studies show that:

e Baltic salmon populations are generally speaking more resistant than East Atlantic (Nor-
wegian, Danish, or Scottish) populations of salmon. However, there is a substantial over-
lap in levels of resistance between Baltic and East Atlantic populations, and one should
not regard one group simply as resistant and the other as susceptible without further
evidence. Most evidence regarding the resistance in Baltic populations comes from stud-
ies on offspring from the Neva stock held at Ims research station, NINA. This stock was
imported as eggs from the Laukaa central hatchery station in Finland in 1983, originally
imported as eggs from Neva hatchery station in Russia, hatched in 1972, 1974, and 1976
from wild salmon caught in the River Neva (Bakke et al. 1990). This population is not
representative for all Baltic populations and the strain held at Ims might not represent the
genetic variation in the natural Neva population. Nevertheless, similar to the low infection
levels observed on most natural populations of salmon in the Baltic, experimental work
shows that intensities of G. salaris on the Neva strain from Ims never reach epidemic
levels and are reduced to low intensities after a few weeks.

o Although experimental trials have been carried out on only a few Baltic populations, there
seems to be large variation in resistance within several populations, with some animals
appearing innately resistant (parasite levels remaining low throughout the experiment),
some appearing responsive (parasite population grows at first, then decreases), some
appearing susceptible (parasite population grows until the host eventually dies).

¢ In general, the growth rate of the parasite population declines from the outset of experi-
ments. and there is little support in the data for exponential population growth.
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These studies do not present formal proof that differences between Baltic and Atlantic popula-
tions are (partly) due to adaptive evolution. However, the observed differences between popula-
tions, coinciding partly with the historical range of the parasite, suggesting that adaptive evolution
is a contributing factor. The recent study by Gjerde et al. (2018), described above, supports this
hypothesis when comparing one Baltic population (Neva) with a selection of Norwegian popula-
tions.

2.5 The potential for development of resistance by natural selection
in Norwegian salmon populations

Itis likely that increased levels of resistance will evolve by natural selection, as has happened in
Baltic populations. There is both additive genetic variance in survival under G. salaris infection
(Salte et al. 2010) and Gjerde et al. (2018) report a 5.7% difference in survival in a pairwise
comparison between three infected and three non-infected Norwegian rivers/regions. Based on
the presence of G. salaris in Baltic rivers, it seems unlikely that the parasite will disappear from
the rivers and it is unknown if the rivers will reach the same productivity as without the parasite.
Denholm et al. (2016) predicts that salmon populations are likely to recover to high densities
(90%) of that observed before the infection. However, their prediction comes from a mathemati-
cal model with several underlying assumptions (e.g. parasite attach rate to hosts, rate that the
host develops the immune response and the decay rate in the immune response, listed in Table
1 of their paper).

When evaluating the potential evolutionary possibility for the development of resistance in Nor-
wegian salmon by comparing them with Baltic salmon it is important to bear in mind that the
Norwegian and the Baltic salmon represent different phylogenetic groups with a long evolution-
ary history in isolation, and the genetic conditions for evolving resistance in Norwegian salmon
might be different from that of the Baltic salmon.

While it is likely that increased levels of resistance will eventually evolve in Norwegian salmon
populations it is uncertain how long this will take. We have two lines of evidence that can inform
our understanding of the time required for a salmon population to reach a certain degree of
resistance/tolerance to G. salaris: (1) the degree of resistance/tolerance reached in Norwegian
salmon stocks, some that have been subjected to the parasite for more than 40 years (however
with the impact of stocking), and (2) quantitative genetic theory used in combination with availa-
ble estimates of genetic variation in resistance/tolerance.

The fact that none of the infected Norwegian salmon stocks have shown recovery of juvenile
abundance through the infection period, suggests that the time it will take for a natural system
that is influenced by external sources, such as maladapted gene flow, is much longer than a few
decades. This is supported by the relatively small difference (5.7%) in survival to G. salaris be-
tween infected and non-infected systems reported by Gjerde et al. (2018). It should be noted
that the situation would not necessarily be better without immigration of maladapted individuals,
as the severe population crash following G. salaris infection could have driven several popula-
tions to extinction, or potential Allee effects in addition to the cost of being in an environment with
G. salaris could have kept the population size at a low level for a long time.

Quantitative genetic theory (see e.g. Lynch and Walsh 1998) can give us an indication of the
time it takes for different levels of resistance and/or tolerance to evolve. This theory is, to a large
degree, built around the breeder’s equation (and its various extensions). In this equation the
response to selection is given by

R = h?S,
where h? is the heritability and S is the selection differential.

Salte et al. (2010) estimated a heritability of survival. Their sample size was 984 fish of 25 half-
sib groups (where all fish within each group shared the same father), and measured survival
over a period of approximately two months, on fish with initial body weight of about 8 g. The
heritability of survival on the liability scale was estimated at 0.32 £0.10 (which corresponds to
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0.17 on the binary scale). They observed an average survival of 11.3%. The response to selec-
tion can be estimated using the relation S = iop, where the selection intensity i is a direct function
of the survival (see Appendix 2) and, because the environmental variance is standardized to unit
on the liability scale, the phenotypic standard deviation (op) equals the square root of 1-h?. If
these values are taken at face value and we assume constant heritability the expected evolu-
tionary response in survival will be as shown in Figure 6.
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Figure 6. Expected change in survival using the estimates from Salte et al. 2010, the solid line
shows the expected change and the dotted lines show the uncertainty (+ one standard error).

The predicted response using the estimates from Salte et. al (2010) (Figure 6) is strong and not
in concordance with the observed continuous low abundance observed in infected rivers, and
the small increase in survival reported in Gjerde et al. (2018). According to the predictions, the
survival is expected to more than double after the first generation. For comparison with Figures
4 and 5, a salmon generation in Norway is usually between 5 and 7 years, meaning that the
infection period of the River Driva, 38 years, corresponds to between 5 and 8 salmon genera-
tions.

The predicted response shown in Figure 6 assumes a constant heritability, this is a simplification
of the truth. Strong selection will reduce additive genetic variance by building up genetic disequi-
librium (Bulmer 1971). In addition, the additive genetic variance will be reduced due to genetic
drift. To get a grip on the effect of these processes on the evolutionary response, we can use a
standard theoretical model of evolution (that is developed to simplify the mathematics). This
model is called the infinitesimal model as it assumes an infinite number of alleles with infinitesi-
mal effect. Under a version of the infinitesimal model that includes the effect of linkage and drift,
the evolutionary dynamics will follow the dynamics of the equation given in Appendix 2 (this
equation is modified from equation 10 in Le Rouzic et al. 2011). The expected change in survival
is shown in Figure 7A.
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Figure 7. A) Expected change in survival with truncated selection at different effective population
sizes (Ne). The naive expectation from Figure 6 is shown in grey for comparison. See Appendix
2 for equation of expected selection response. B) and C) shows the realized response in 100
simulations with Ne = 100 and Ne = 5, respectively.

The effects of truncated selection and drift on the expected evolutionary response of survival is
relatively minor (Figure 7A) and rapid evolution of increased resistance is still expected even
with effective population sizes as low as 5. Note that, what is shown in Figure 7A is the expected
response, the realized response in a river with small effective population size will be highly erratic
(Figure 7C compared to 7B), as genetic drift will dominate over the response to natural selection
in small populations. The response shown in Figure 7 assumes that there are many alleles with
small effect and is not representative if the genetic architecture of G. salaris resistance is domi-
nated by a few alleles with large effects. In the case of few alleles with large effect, we expect
loss of beneficial alleles of low frequency by genetic drift and the evolutionary response would
slow down. Consequently, a high effective population size is important for evolution of resistance.

It is important to realize that the survival measured over approximately two months in the lab is
not the same as the survival up until smoltification or maturity in the wild. Infection by G. salaris
may lead to a reduction in survival probability throughout the life of an individual salmon. In other
words, the trait that is measured in the laboratory is probably genetically correlated with the
relevant trait in the wild, but it is not the same trait. It is not easy to infer the evolutionary potential
of the relevant trait in question, but there are many reasons to believe that evolutionary re-
sponses shown in Figures 6 and 7 are overly optimistic. The heritability of survival during the
first couple of months of G. salaris infection is probably lower in the wild than in the laboratory.
Survival in the laboratory for non-infected fish is generally high, and much of the variation in
survival in the Salte et al. (2010) experiment was therefore likely due to G. salaris infection. In
contrast, the survival of non-infected fish in the wild is generally low (approximately 1.5% sur-
vives from egg to smolt, Hutchings and Jones 1998), and a larger part of the variation in early
survival in infected rivers is expected to be due to non-genetic sources. This will increase the
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environmental variance in survival and reduce the heritability, and therefore the expected evolu-
tionary response for a given selection differential.

Natural selection on resistance to G. salaris is probably not as strong as what is used for deriving
the theoretical expectations above. Selection arising from mortality due to G. salaris is just part
of the total selection. Early survival in the wild probably reflects several selective challenges, and
not just G. salaris. In addition, the selection differentials of the various life stages must be multi-
plied with the Fisherian stable age distribution to calculate the contribution of selection at a par-
ticular life stage to the total selection differential of the trait (Engen et al. 2012). As the reproduc-
tive value, one of the component of the Fisherian stable age distribution, is typically low at young
ages, the selection differential in the above quantitative genetic predictions are overestimated.

Conflicting selection on genetically correlated traits, for example due to trade-offs between sur-
viving infection by G. salaris and surviving other environmental challenges or trade-offs between
early survival and other life-history traits, can constrain the evolution of resistance to G. salaris
(Walsh and Blows 2009, Hansen and Houle 2008). In the same way, selection for resistance can
constrain adaptation to other environmental challenges and even disrupt local adaptation in traits
important for fithess by indirect selection.

Taken together the different factors reducing both the heritability of and selection on resistance
to G. salaris, and the evolutionary response shown in the figures above is surely highly overes-
timated. If the heritability is reduced by a factor of 1/5 to 1/10 and the selection by a factor of 1/3
to 1/6, the evolutionary response over 5 to 8 generations is small (Figure 8) and not in conflict
with the observed lack of recovery of infected populations (Figure 4 and 5). These reduction
factors are purely guesses, but they show that there need not be a conflict with the quantitative
genetic predictions and the lack of recovery over 40 years of infection. Under these scenarios,
after 100 salmon generations (corresponding to 500 — 700 years) the survival from an infection
with G. salaris would have increased to between 32% and 75%, depending on scenario, and
after 200 salmon generations (1000 — 1400 years) the corresponding numbers would be 51%
and 90% (using the naive assumptions of constant heritability and non-overlapping generations)
(Figure 8).
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Figure 8. Expected change in survival using the estimates from Salte et al. (2010) with heritability
reduced by a factor of 1/10 (green) and 1/5 (blue) and a corresponding reduction of selection
differential by a factor of 1/6 and 1/3. The dotted lines give the predicted response for the h2+
one standard error. In the left panel, the change is plotted over 10 generations of selection, and
in the right panel, over 200 generations of selection.

An additional factor that may affect the response to selection is systematic interaction among
genes (epistasis) (Hansen 2006). If the genes systematically increase the effect of each other
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this can speed up evolution, while the opposite is true for genes that systematically decrease the
effect of each other. This, and the above discussion serves to illustrate that predicting evolution
in the wild is hard. Our quantitative predictions based on quantitative genetic theory are only in
the best of cases uncertain and not wrong. However, the empirical evidence (see sections 2.3
and 2.4) and the above considerations suggest that the time it will take until a substantial degree
of resistance has evolved is probably on the order of hundreds of years (or longer) rather than
decades. Here it must be noted that large evolutionary responses over hundreds of years is
considered very rapid evolution, although there are many examples of rapid evolution in the
literature (see e.g. Uyeda et al. 2011).

2.6 Implications of migration

The natural rivers are not closed systems, and thus, so called strayers will be part of the spawn-
ing population and reproduce in a river where it is not born. This leads to gene flow, exchange
of genetic material, between rivers. There is gene flow between neighbouring rivers in Norway
(Ozerov et al. 2017), though not to the extent that it hampers local adaption (Jonsson et al. 1991,
Barson et al. 2015). Degree of gene flow can be measured using the fixation index (Fs7). This
index measures the amount of molecular genetic variation that is not shared among populations
relative to the total molecular genetic variation. A typical Fsr for rivers in a fjord system is on the
order of 1-5% (Ozerov et al. 2017, Wacker et al. 2019).

Using theoretical models of idealized population structure, we can transform estimate of Fstinto
effective numbers of immigrants. Effective numbers of immigrants is defined by the effective
population size (Ne) multiplied with the per generation rate of immigration (m). The effective pop-
ulation size is a theoretical concept introduced by Ronald Fisher and Sewall Wright to simplify
evolutionary theory. In natural populations it is almost always lower than the census population
size, but to what degree depends on the biology of the population. Under Wright's classical island
model (Wright 1931, 1943), that assumes infinite number of populations each with the same
effective population size and the same number of immigrants the effective number of immigrants

can be approximated by
1,1
N.m =~ — (— - 1).

For Fstranging from 5% to 1%, this gives approximately 5 to 25 effective number of immigrants
per generation. For finite number of populations, the approximation becomes (Takahata and Nei
1984):

N,m ~ M(L_ 1),

4Npop \FsT

where Npop is the number of populations. Hence for two populations with symmetric gene flow
effective number of immigrants is reduced to approximately 2 to 12 per. generation.

To understand the impact of immigration on the evolution of resistance to G. salaris it is useful
to consult theoretical models on how a phenotypic trait changes with immigration. The mean trait
value after immigration (z’) can be approximated by the following equation (Tufto 2000):

z'= (1—-m)z+mzymm,

where z is the average trait value in the recipient population and zinm is the average trait value
of the immigrants. In addition to a direct change in the mean trait value, the genetic variance in
the trait will increase because of the genetic differentiation between the populations. The genetic
variance after immigration G’ can be approximated by the equation

G' =~ (1 —m)G+ mGipm + m(1 —m)(Z — Zimm)?

where G is the additive genetic variance of the recipient population and Gimm is the additive
genetic variance of the immigrants. If the additive genetic variance of the population and the
immigrants is approximately the same, the equation simplifies to
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G' =~ G+m(1—m)(Z— Zimm)?,

where only one term in the equation will influence the change in additive genetic variance. This
term will be large when the two populations have a large genetic difference in average trait value
and the migration rate is close to 0.5.

For a small population, say with an effective population size of 30, the immigration rate m may
be between 0.07 and 0.40, and the effect of the immigrants on the average trait value in the
population, in our case the resistance to G. salaris, can be substantial. This means that such
populations will be hampered from evolving resistance when facing gene flow from neighbouring
populations without G. salaris. On the other hand, neighbouring rivers that have evolved a higher
degree of resistance will in such systems be of great benefit. In larger rivers with an effective
population size of about 100 and an immigration rate m between 0.02 and 0.12, the effect will
be smaller. The increase in additive genetic variance following gene flow will in all cases speed
up the evolution towards higher resistance, but more so in small rivers with high immigration
rates than in large rivers where the immigration rates are expected to be smaller.

Immigration of maladapted individuals may not only come from strayers. Several populations
with G. salaris infection have been stocked (see Appendix 1 Table S1). The effect of stocking on
the evolution of resistance depends on the stocking practise. If the broodstock is chosen among
fish that have survived G. salaris infection, the stocking may potentially speed up evolution (also
see discussion under selective breeding for resistance), while if the broodstock is chosen among
fish not selected for increased survival towards G. salaris infection, the stocking may strongly
hamper the evolution, depending on the magnitude of the stocking. Similarly, we would expect
gene flow from escaped farm salmon (Karlsson et al. 2016b) to hamper evolution of resistance.

In non-infected rivers, gene flow from rivers that have developed high resistance to G. salaris
infection will lead to evolution of higher resistance. This effect will be larger in small populations
than in large. If the traits underlying resistance to G. salaris are costly, however, there will be
selection for reduced resistance in these rivers, and the evolutionary response following this
selection will be increased because of the increase in additive genetic variance following gene
flow. The degree of resistance evolved will depend on the migration rate, population size, degree
of resistance in the immigrants and the cost associated with resistance.

2.7 Evolution of resistance and the risk of spreading G. salaris

The spread of G. salaris from resistant populations will depend on the possibility of G. salaris to
survive on a fish migrating between rivers in a fjord system, but also to what degree host-re-
sistance has an impact on the probability of spreading the parasite by altering host - parasite
population dynamics.

With respect to inter-river spread of G. salaris, it is worthwhile to be aware of the mechanisms
by which the parasite spreads to new rivers. In a risk assessment considering various potential
pathways for the inter-river spread of G. salaris, Hggasen et al. (2009) concludes that such
spread is unlikely by any other means than the spread of infected hosts. Here we adhere to this
conclusion, implying that inter-river transmission by movement of free-living parasites is not con-
sidered. Spread of infected hosts can occur naturally in brackish water between neighbouring
rivers, or by humans translocation of infected fish.

The historic spread of G. salaris to Norwegian rivers is relatively well accounted for. Johnsen
and Jensen (1986, 1991) and Johnsen et al. (1999) traced the sources for spreading the parasite
to the initially infected rivers in Norway (see the introduction section for more details). Based on
this work, Jansen et al. (2007) identified 18 primary infected rivers in Norway, of which only the
River Leerdalselva and the River Beiarelva were infected by an unidentified source. The rest of
the primary infected rivers were either infected directly through stocking of infected fish from a
known source farm (9 rivers), through associations with farms that had received infected fish
from the same source farm (6 rivers) or in association with a transport of infected fish (1 river).
From these primary infected rivers, the spread to all other known G. salaris infected rivers can
be explained by secondary infections arising from migrating infected fish. The introduction history
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and further spreading within Norway was later supported by molecular genetic analyses (Hansen
et al. 2003). Jansen et al. (2007) found an intimate association between postulated inter-river
transmission of G. salaris and fjord-wise inter-river distance, along with freshwater inflow into the
area through which potentially infected fish must migrate to spread the parasite. In short, this
suggests that decreasing inter-river distance between river outlets increases the probability of
inter-river transmission. Furthermore, decreasing salinity through increasing freshwater inflow
into fjords implies that G. salaris transmission can be expected over larger fjord-wise distances.
It is important, however, to emphasize that inter-river transmission of G. salaris by migrating
infected fish through brackish fjord areas has not been observed directly. Nevertheless, local
distributions of infected rivers (Johnsen and Jensen 1986, 1991, Johnsen et al., 1999) and stud-
ies of the salinity tolerance of this parasite (Soleng and Bakke 1997, Soleng et al. 1998) sup-
ported the hypothesis suggesting brackish water migration of infected fish as a pathway for the
spread of G. salaris. This principle has also been the subject of quantitative risk-analyses.
Hggasen and Brun (2003) quantified the annual risk of G. salaris spreading from the River Dram-
menselva and the River Lierelva to nearby rivers. They calculated an annual probability of 31%
for the parasite to spread to the River Sandeelva, but also showed that the probability is strongly
dependent on the number of smolt leaving the rivers. This river was shortly after diagnosed as
G. salaris infected. In sum, a large body of circumstantial evidence has built up to support the
hypothesis of inter-river dispersal of G. salaris through migrating infected fish in fjord-systems
(Jansen et al. 2007).

The probability of spreading the parasite from a resistant host population may be affected by the
development of resistance in itself. At one end of the scale, a host-population may develop innate
immunity to the parasite, in which case the parasite may go extinct in the host-population and
further spread would be prevented. To our knowledge, however, there are no salmon populations
in Norway that are innately immune to pathogenic strains of G. salaris in Norway.

At the other end of the scale, a host population may develop higher tolerance to parasite infec-
tion, in which case the host-population could sustain a higher host population density without
reducing parasite prevalence or abundance (Appleby et al. 1997, Appleby and Mo 1997, Mo
1992). In this case, development of tolerance may increase the probability of spreading the par-
asite to neighbouring rivers since an increasing number of infected fish would migrate out from
the tolerant population. Subtle development towards tolerance to G. salaris infection in Norwe-
gian populations of salmon has been discussed, for example with regard to The populations in
the River Lierelva and the River Batnfjordselva (Jansen and Bakke 1993, Johnsen et al. 1999).
These two rivers have been reported to sustain relatively high densities of juvenile salmon, but
nevertheless with an abundance of G. salaris on juvenile salmon (Jansen and Bakke 1993, John-
sen et al. 1999). From this, it is consensus in the present project group that development of
tolerance to G. salaris infection in Norwegian river-populations of salmon most likely would con-
tribute to increase the rate of spread of the parasite to neighboring rivers within an infection
region.

There are now only two regions in Norway where the salmon remain infected by G. salaris; the
Driva region and the Drammens region. Development of tolerance and consequences for further
spread of infection is therefore of interest to evaluate specifically for these regions.

Consider for example a hypothetical situation where G. salaris was cleared from all rivers in the
Drammen region except for the River Drammenselva, in which a degree of tolerance to the par-
asite developed. The spread of G. salaris to the River Lierelva would then be expected to occur
very soon since these rivers drain into the fjord practically at the same location. Further spread
to the River Sandeelva would also be expected to be inevitable since this river drains into the
fijord 39 km from the outlet of the River Drammenselva, and there are large volumes of freshwater
that drain into the area that separates the outlets of these rivers (Jansen et al. 2007). G. salaris
has not spread further through the fjordsystem from the Drammens region during more than 30
years of G. salaris infection in the River Drammenselva and the River Lierelva. The Drammens
region is described in detail regarding fish communities and hydro-morphology and further risks
of spread of G. salaris to other regions by Hindar et al. (2018). The probability of further fjordwise
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spread to the large salmon river, the River Numedalsl&gen, or to the River Aroselva were esti-
mated to a yearly probability of less than 1% in the original risk analyses of Hagasen and Brun
(2003). An update of this analysis, however, takes account of new information about extreme
freshwater inflow to coastal areas. In this analysis, the yearly probability estimate for the River
Aroselva increases to 8% for new observed measurements of salinity. A higher freshwater inflow
would not increase the risk of spreading the parasite to the River Numedalslagen in itself, but
there would be an increased risk (2%) from a larger number of smolts that would migrate out
from the infected rivers in the Drammensregion (Hagasen 2016).
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3 Selective breeding for resistance

In this section we discuss the potential and implications for establishing a breeding program for
increased resistance to mitigate infected rivers.

3.1 Breeding programmes for Atlantic salmon

Norwegian farmers of Atlantic salmon use eggs from one or more out of a handful of domesti-
cated strains. These strains originate from Norwegian rivers (Gjedrem et al. 1991), and they have
been selectively bred for up to 13 generations. Farmers of Atlantic salmon require a fish which
grows fast in the farm environment, does not sexually mature until the production cycle has
ended, and resistant to the diseases and parasites found in aquaculture. Up until the end of the
1980’s, growth rate and (absence of) premature maturation were the only direct selection criteria.
Since then, resistance to bacterial, viral, and amoebic pathogens, and to parasites (Lepeo-
phtheirus salmonis; sea lice), has become a major part of the breeding goal of most or all do-
mesticated Atlantic salmon strains in Norway. The breeding companies regard these as isolated,
though sometimes correlated, problems (i.e. they select for resistance to specific diseases). The
means to do selective breeding on resistance to diseases/pathogens is to subject fish to chal-
lenge tests. In challenge tests for resistance against bacteria or viruses, the fish are exposed to
the pathogen through intra-peritoneal injection of pathogen (i.p. challenge), through pathogen
added to the water (bath challenge) or through contact with pre-infected cohabitants (cohabitant
challenge). The recorded phenotype (trait) is typically the survival/mortality status, or days of
survival, of each fish. In some instances, the challenge test does not induce mortalities, or the
Food Safety Authorities do not permit mortalities. Challenge tests for some viral diseases, for
example, use viral concentrations, estimated through quantitative real-time PCR (qPCR), as phe-
notype. Resistance to sea lice is quantified through counting of number of lice per fish, following
standardised exposures to lice. Lice are counted manually or semi-manually, using digital imag-

ing.

Only very rarely can challenge tests for disease resistance, sea lice etc., used in aquaculture
breeding programmes, be applied directly on the breeding candidates. As a rule, pathogens and
parasites must be kept away from the breeding candidates, in order not to spread the pathogens
and/or parasites further. In such cases, the breeding companies resort to so-called family selec-
tion. In a family-based breeding programme, the breeding population consists of a number of
more or less equally-sized families (sibling groups), and the family-ID of each animal is known
and retained through the life cycle using physical tagging or DNA-based family assignment. Fam-
ily-based selection facilitates breeding for traits that cannot be registered in breeding candidates,
such as disease- and lice resistance. In a family-based breeding programme, siblings of the
breeding candidates are tested for resistance to diseases and/or parasites. The parents of the
next generation are then selected from the families that displayed the highest survival or lowest
lice count. Importantly, family selection also facilitates more precise inbreeding control.

Up until 2009, family-based selection facilitated selection of fish from the best families, but se-
lection was random within family. That is, successful breeding candidates were randomly picked
animals from the families that had, for example, highest survival in challenge tests. In 2009, a
new era began, with the introduction of DNA markers in breeding, so-called marker-assisted
selection (MAS). Helped by development in molecular genetics, the breeding companies and
their research partners were able to locate genes with large effect on traits of importance, or
more precisely, DNA markers linked to such genes (reviewed e.g. in Yanez 2015). The first trait
targeted by this methodology in salmon was resistance to IPN. Research revealed that the ge-
netic component of resistance to IPN was determined almost exclusively by one gene (Houston
et al. 2008, Moen et al. 2009). By employing DNA-markers located within or close to this gene,
the breeding companies could identify the animals carrying 2 or 1 copy of the resistance allele
at the gene. Thus, selection could target not only the best families, but also the best individuals
within the best families. Following the successful use of MAS for IPN resistance (the number of
IPN outbreaks was reduced by 75 % from 2009 to 2016) (Moen et al. 2015), MAS was introduced
for various other disease and quality traits. In 2013, another milestone was reached, with the
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implementation of so-called genomic selection (GS), a more mature form of MAS (Meuwissen et
al. 2001). In GS, breeding candidates are genotyped using a very large number of DNA markers
scattered throughout the genome. Siblings of the breeding candidates are also genotyped, but
these are also phenotyped, e.g. tested for resistance to particular diseases or sea lice. Using the
(very many) DNA markers, very precise genetic relationships between animals are calculated,
and the successful breeding candidates are those who, genetically speaking, most resemble the
most disease resistant/sea lice resistant/fastest growing animals. In a typical scheme for selec-
tive breeding in salmon aquaculture today, the breeding candidates would be genotyped for
~50,000 DNA markers.

The response to selection for increased sea lice resistance is of interest in this context. No sci-
entific papers have yet been published on the matter, but some benchmarking results have been
presented by the breeding companies. One company compared the lice resistance of 1) a high-
resistance (HR) sub-population having been selected for high lice resistance for two generations
using genomic selection, 2) a low-resistance (LR) sub-population having been similarly selected
for low lice resistance for two generations, and 3) a sub-population which had not been selected
for sea lice resistance (see https://aguagen.no/2017/12/08/avl-luseresistens-virker-2/). Smolts
from these three groups were challenged with relatively high doses of lice in a common garden
experiment, and number of lice per fish were counted after a few days. Following de-lousing
treatment, the fish were challenged again, and a second lice count was performed. At the first
round, the mean lice count was 40 % lower in the HR group compared to the unselected control.
At the second round, the mean lice count was 45 % lower in the HR group compared to the
control. The corresponding differences between the HR group and the LR group was 53 % and
55 % in the two rounds, indicating that selection for high resistance had been more effective than
selection for low resistance. In a similar study, another breeding company found that the HR
group had on average 29 % fewer lice than the LR group, after genomic selection for lice re-
sistance had been carried out for one generation (Matt Baranski, Mowi, pers. comm.). These
studies were performed in laboratory settings, where high lice pressures can be applied and
noise factors can be controlled. In aquaculture production settings, good estimates of gain in lice
resistance due to selective breeding are harder to obtain, because lice pressures are affected
by many variables and because the number of lice is kept very low at any site due to legislations.

3.2 Factors to consider when setting up a breeding programme

The purpose of a selective breeding programme is to facilitate genetic gain for one or more traits.
Selection should be long-term, i.e. the possibilities for continuous improvement on a long term
must not be exhausted. The trait which is selected for must be relevant for the biological im-
provements one wishes to bring about.

The breeding value is a central concept in breeding. The breeding value is the genetic merit of
an animal for the trait in question; if the breeding value is above average, then the animal has
“better than average genes” for the trait in question. The true breeding value cannot be observed,
but an estimated breeding value can be calculated on the basis of available data.

The rate of genetic gain is determined by four factors (e.g. Falconer and MacKay 1996):

e It is proportional to the accuracy of selection. The accuracy of selection is the
strength of the relationship between the true and the estimated breeding value.
If selection is done only on the basis of direct observations in the breeding can-
didates, the accuracy of selection is equal to the heritability. If additional data can
be made available, e.g. by inclusion of data from relatives, the accuracy of se-
lection can be made higher than the heritability. In other words, if many sources
of data are used, the accuracy can be high even when heritability is low.

e It is proportional to the intensity of selection. The intensity of selection is the
(standardised) difference between the mean trait value of the selected animals
and the overall population mean. Thus, the higher the intensity of selection, the
more superior the selected animals are.
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e ltis proportional to the phenotypic variation within the population. In other words,
the larger the variation among animals in the population are, the more potential
there is for genetic improvement.

e ltis inversely proportional to the generation time. If the generation time is three
years, the rate of genetic change will be twice as fast compared to if the genera-
tion time is six years.

The accuracy of selection can be improved in several ways. In modern breeding programmes,
the accuracy is commonly improved by incorporating registrations from relatives on top of regis-
trations from the breeding candidates themselves. The observed phenotypic value of an animal
is influenced by environment, uncertainty in registration, and other random factors. Similar data
from relatives will bring the estimate closer to the true breeding value, and the closer the relatives
are to the candidate, the better.

The accuracy of selection can also be improved by incorporating other information about the
candidates’ genes, on top of the observed phenotype. For example, an animal which has ‘good
genes’ may by chance end up with poor observed trait value. Other observations which could
shed light on the selection candidate’s genes would be helpful. During the past two decades,
methodology (marker-assisted- and genomic selection) has matured which makes it possible to
directly read the genes of animals, predicting whether the animal carries ‘good genes’ or not.

A breeding programme is long-term, aimed at continuous improvements without an end-point.
However, in order not to exhaust the potential for long-term improvements, inbreeding must be
kept in place. Thus, a breeding programme must be formed on a base population with sufficient
genetic variation, and care must be taken not to mate close relatives. In a modern breeding
programme, the rate of increase in inbreeding is estimated, and is not allowed to rise about a set
threshold value (e.g. Gjerde et al. 1996).

Finally, the observed trait must be relevant for the trait that one wishes to improve. Very often
one can measure only traits which are correlated to the trait of interest. In aquaculture, for ex-
ample, resistance to diseases is a key breeding goal. But since one usually cannot do selective
breeding on animals that have been exposed to disease outbreaks, one must resort to controlled
challenge tests performed in the laboratory. These tests are often done using only one particular
strain of the pathogen, delivered in doses which may be different from the ones experienced by
fish in the sea cages, in an environment which is very different from the sea cage environment.
Sometimes, challenge tests lead to infection but not mortality in the tested animals, and one must
resort to alternative phenotypes correlated to survival, such as virus concentration in tissue
(measured using e.g. quantitative real-time PCR). In such cases, the response to selection
hinges on the measured trait being sufficiently correlated to the trait one wishes to improve.

In regard to a practical feasibility of setting up a potential breeding program for wild salmon, there
is much experience, knowledge, and several facilities for setting up hatcheries that can include
a selective breeding regime for developing resistance for G. salaris. There are 49 different stocks
of Atlantic salmon, brown trout or Arctic char kept in the live gene bank of Norway. These are
kept in five different hatchery facilities (Bjerka, Haukvik, Herje, Hamre and Ims under develop-
ment), in addition to three other supporting facilities (Karvika, Leirfjord, and Eidfjord). In addition
to the live gene bank there are cryopreserved sperm (milt) from about 230 different stocks (see
https://www.miljodirektoratet.no/). The live gene bank was established in 1989 and cryopreser-
vation of sperm started in 1986. The main objective of the salmonid gene bank is to secure
genetic integrity and genetic variation in threatened populations until the environmental condi-
tions are good enough for the stocks to uphold a natural strong production and viability. In addi-
tion, about 60 populations of Atlantic salmon are being stocked by locally hatchery produced
fish.

3.3 How to breed for resistance to Gyrodactylus salaris?

If left alone, a river population of Atlantic salmon might develop resistance to G. salaris through
natural selection. According to experience from infected rivers, however, chances are high that
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the mortality inflicted by G. salaris would reduce the size of the population severely before a
sufficient degree of resistance can be obtained. The reduced number of broodstock could lead
to a population bottleneck, leading to inbreeding and potentially reduced fitness.

As an alternative, one might envision a breeding programme for resistance to G. salaris, mod-
elled on the breeding programmes for disease- or parasite-resistance found in aquaculture.
Broodstock could be taken from rivers to form a base population. The population could be prop-
agated in the hatchery for multiple generations in order to build up resistance. Controlled chal-
lenge tests could be used in order to assess the G. salaris resistance of individuals. Survivors
from these tests could be used as parents for the next generation, or some other criteria such as
G. salaris count could be used.

The two strategies laid out above (no intervention vs a closed breeding programme) are ex-
tremes from a continuum of options. If the first strategy is followed, natural selection for G. salaris
resistance in the population’s home environment will act, but the population may be severely
harmed because the selection intensity cannot be controlled. If the second strategy is followed,
resistance can be built up across multiple generations in an isolated environment, but domesti-
cation selection and genetic drift may diminish the populations’ fitness in its own home environ-
ment. In between the two options, however, there are several ‘hybrid’ strategies:

1. Reinforcement of the population through stocking: Stocking of juveniles could be used in
order to keep up a population which is threatened by G. salaris. In some G. salaris-infected
rivers like e.g. the River Drammenselva, juveniles have been stocked in G. salaris-free
sections of the river. In this way, the population is reinforced in number, but the stocking
does not contribute to increase the population’s resistance to G. salaris. On the contrary,
stocking is likely to counteract the build-up of resistance, because the stocked fish are not
subject to natural selection in the same way as naturally produced juveniles are. If juveniles
were stocked in G. salaris-infected parts of the river, however, the strategy would perhaps
serve to keep the population’s numbers up while resistance is slowly built up through nat-
ural resistance.

2. Capture of surviving smolts: Out-migrating smolts, hatched in G. salaris-infected sec-
tions of the river, could be captured and grown to maturity in a shielded environment (tanks
on land or net-pens in the sea), and be used as broodfish for stocking. Light- and temper-
ature manipulation could be used in order to shorten their time to maturity, i.e. to increase
the rate of genetic gain across generations.

3. A semi-closed breeding programme for resistance to G. salaris: Controlled challenge-
tests for resistance to G. salaris could be carried out in the local hatchery. Resistant or
responsive individuals from these tests could be raised to maturity in the hatchery, with
light- and temperature control in order to bring down the generation interval. Resistant/re-
sponding individuals from challenge test would be used as parents of the next generation,
but also supplemented by naturally born individuals that have survived a whole life cycle
in the infected river. Excess eggs, from production of the next generation, could be stocked
in the river. Likewise, excess resistant individuals from challenge test could be released
as parr or smolts. The fraction of broodstock taken from the river (and not from the hatch-
ery) could be varied according to the status of the population, as could the number of
juveniles released. Thus, for the first generations, one might need to use mostly brood-
stock coming from the hatchery. As resistance builds up in the river due to the concerted
actions of artificial and natural selection, one would gradually increase the fraction of
broodstock born in the river. Subsequently, one would start to reduce the number of juve-
niles stocked. The genetic progress could be monitored by comparing survival of hatchery-
derived offspring with that of river-derived offspring.

Controlled challenge tests can be run until mortality only with permission from the Food Safety
Authorities. If such a permission is not given, challenge tests could utilise parasite counts on
individuals. Counting G. salaris on hundreds or thousands of animals would be labour-demand-
ing, but feasible. Technology for automated, imaging-based counting of sea lice has been devel-
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oped for aquaculture (see e.g. http://en.stingray.no/). Possibly, similar technology could be de-
veloped for automated counting of G. salaris. However, there is no guarantee that the technology
can be developed for use on live fish, as a G. salaris is much smaller than a sea lice and nearly
invisible on live fish. To our knowledge, no study has estimated genetic correlations between G.
salaris counts and survival during a G. salaris infection, and more research is needed. However,
as noted above the research that has been done indicates that the ability to “turn” an infection is
found in many individuals; the important matter is the time it takes to achieve this change (e.g.
Bakke et al. 2002, Ramirez et al. 2015). Therefore, although more research is needed, it seems
likely that the most resistant individuals will harbour few parasites rather than many, so that one
might expect a (numerically) negative correlation between survival and parasite intensity.

As described above, marker-assisted and genomic selection can be used in order to increase
the accuracy of selection. Marker-assisted selection (MAS) can be used if a large fraction of the
genetic variance is explained by a single locus. Genomic selection is a more generic, though
also more expensive method, which acts on the entire genome. Selection for a trait like re-
sistance to G. salaris could be carried out without either methodology, and with sufficient funding,
use of these methods would increase the rate of genetic gain and provide better inbreeding
control.

In a typical MAS scheme, DNA-markers ‘tagging’ the locus which has an effect on the trait (called
a quantitative trait locus, QTL) have already been identified through research experiment, and
the identity of the good and bad alleles at these markers are known. The DNA-markers in ques-
tion are interrogated using some inexpensive genotyping assay, where the readout is the alleles
at the DNA-markers in question and little more. Costs per animal would be approximately 100
NOK per animal, for DNA-extraction and genotyping. The results could be used to narrow down
the list of good breeding candidates. For example, if the number of survivors from a G. salaris
challenge exceeded the number of broodstock needed, one could select only those animals
carrying the good allele at the QTL.

In a genomic selection (GS) scheme, a very large number of DNA markers scattered across the
genome are needed. Thus, the cost per animal for DNA extraction plus genotyping would be
something in the range of 200-400 NOK per animal. Furthermore, with GS, a reference data set
is needed, consisting of relatives of the breeding candidates, having both genotypes and pheno-
types. Genomic selection will increase the rate at which resistance is built up, by increase our
ability to pinpoint the very best animals. GS will also allow a reduction in inbreeding, because
very precise estimates of the relatedness between animals are obtained, which can be used
when matings are performed.

3.4 Impact of genetic architecture

The term ‘genetic architecture’ refers to how genetics influence a trait. Some traits may be ge-
netically determined mostly by only one gene, the case of IPN in Atlantic salmon being one rare
example. More commonly, traits are polygenic, i.e. they are controlled by tens, hundreds or even
thousands of genes. Usually, very little is known about how many genes a trait is influenced by,
or what the identities of these genes are. Obtaining good answers to these question is very
demanding, because 1) many genes may have real, but very small effects, 2) genes may interact
with each other in complex ways, 3) the effects of any particular gene may vary from population
to population, and according to which phenotype is measured or how it is measured, 4) the ge-
nomes of higher organisms contain millions or tens of millions of variable positions (DNA poly-
morphisms), very many of which have not yet been uncovered, and 5) in any one study, only a
fraction of the DNA polymorphisms can be assayed. Note that the use of the work ‘gene’ is a
simplification: in reality, phenotypic variation is created by DNA polymorphisms in the genome,
but since each of these DNA polymorphisms affects some gene or another, these are often re-
ferred to as ‘genes’.

One thing can, however, be assessed with relative ease and certainty: whether or not a trait is
influenced strongly by only one or a handful of genes. If a trait is found to be controlled by only
a few genes, marker-assisted selection can be used to select for the trait. MAS is a relatively
inexpensive and simple method, which may yield significant genetic improvements within a short
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time frame, if but only if the trait is controlled by genes of large effect. Once the genes of large
effect have become fixed or almost fixed in the population, MAS is no longer relevant.

MAS may be relevant for some traits. Many viral resistance traits, in particular, have been found
to be controlled by single genes to a large extent, in Atlantic salmon. Most traits are, however,
not controlled by single genes to any large extent, i.e. most traits are polygenic. Polygenic traits
should be handled by family selection or genomic selection, as described above.

The available data indicate that resistance to G. salaris is a typical polygenic trait, influenced by
a large number of unknown genes. This finding is in line with findings regarding resistance to
sea lice, another ectoparasite. Data coming from the breeding companies have indicated this
trait to be highly polymorphic.

Genetic architecture will, reasonably, have an impact also on what genetic changes are facili-
tated through selection. If a trait is controlled partly by single genes with large effect, selection
will act strongly on the loci in question, eliciting substantial changes in allele frequencies, and a
local reduction in heterozygosity (genetic variation), at the loci in question. If selection is carried
out in multiple rivers, unidirectional selection will occur in multiple populations, leading to reduced
variation at that locus on the across-population level. Additionally, if resistance is to a large extent
determined by only one or a few loci, resistance built up through selective breeding might be
more easily reversed through adaptation in the parasite: fewer biological pathways might be
underlying the built-up resistance, so that the parasite would have fewer barriers to break in order
to regain virulence.

If a trait is not controlled by major genes, selection will work on a large number of loci with small
individual effects. According to theories of quantitative genetics, selection will then lead to only
small allele frequency changes at individual loci. Furthermore, slightly different sets of genes are
likely to be targeted in different populations, due to differences in genetic background and envi-
ronment. Indeed, Karlsson et al. (2011) searched for loci subject to unidirectional selection
across all Norwegian breeding populations of Atlantic salmon, using a ‘metapopulation’ of wild
salmon from 13 different rivers as control. Although a set of DNA markers was found which could,
jointly, be used to distinguish wild salmon from farmed salmon, no single DNA markers were
found displaying a very large overall contrast in allele frequency between wild- and farmed
salmon (among the ~6,000 which were interrogated). No loci were found to be fixed in opposite
directions in the wild- and farmed metapopulations.

The available data indicate that resistance to G. salaris is a polygenic trait, not affected by major
genes. Selection for resistance to G. salaris in itself is therefore not likely to elicit dramatic genetic
changes at individual loci. Domestication selection and inbreeding are other processes which
may come into play. These are discussed below.

Genes can affect more than one trait, a phenomenon known as pleiotropy. This means that
selection on a trait affect other traits through shared genes. We know little about the genetic
architecture of resistance to G. salaris and the genes it may share with other traits. In aquaculture
breeding, resistance to specific disease (in particular, resistance to viruses) has generally been
found to be uncorrelated to other measured traits, and negative correlations between disease
traits have not been documented. It would be naive, however, to assume that increased re-
sistance would have no effect on other fitness related traits. Life-history theory predicts trade-
offs between fitness related traits (Stearns 1989), and it seems reasonable to assume trade-offs
between surviving infection by G. salaris and surviving other environmental challenges or trade-
offs between early survival and other life-history traits (see also discussion under 2.2 “Conditions
for G. salaris resistance to evolve” and 2.5 “The potential for development of resistance by nat-
ural selection in Norwegian salmon populations”).

3.5 Consequences of selective breeding for resistance to
Gyrodactylus salaris for the genetics of wild stocks

As noted above, selection for increased resistance is not likely to elicit substantial allele fre-
quency changes, or locally reduced heterozygosity, as long as the trait is polygenic in nature. A
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closed breeding programme, taking place in the hatchery for several generations without gene
flow to and from the river, could lead to domestication selection. Such a programme could also
potentially lead to inbreeding. This is one reason why we recommend an open programme with
gene flow to and from the river. However, measures could be taken to reduce increase in in-
breeding to a sufficiently low level. General important guidelines for hatchery produced and re-
leased fish are: 1) use broodfish of local origin 2) a good balance between number of broodfish
and number of stocked offspring in relation to the size of the natural population 3) avoid crossing
between close relatives 4) stock as young stages of fish as possible to minimize time in captivity
5) minimize mortality (or in this particular case unintentional mortality) to minimize domestication
selection 6) documentation and evaluation of the stocking practise to enable correct adjustments
if necessary.

In addition to potential negative effects from domestication selection by keeping fish in an artifi-
cial environment, epigenetic effects are also important to consider (Christie et al. 2016). Epige-
netic effects are heritable traits from parents to offspring that are adjusted depending on the
environment of the parents, i.e. traits not adjusted by changes in the genetic code but from
changes in the way genes are being expresses (Goldberg et al. 2007). Offspring from parents of
hatchery origin often have lower survival than fish from wild parents, and this is partly explained
by epigenetic effects (Christie et al. 2016, Hagen et al. 2019b).

The risk of spreading the parasite between rivers is expected to increase with increasing levels
of resistance as there will be more out-migrating smolts carrying the parasite, and hence a higher
probability of spreading to a neighbouring river.

3.6 Artificial selection - how much faster will resistance build up?

As noted above, a natural population of salmon would probably require hundreds of years rather
than tens of years to become resistant to G. salaris. How much faster could resistance be built
up within the context of a closed, artificial breeding programme? The most tangible factor in this
equation is the generation interval, which the rate of genetic gain is inversely proportional to. As
noted above, a typical generation interval in wild salmon is 6-8 years. In captivity, the generation
interval can easily be brought down to 3-4 years, doubling the rate of genetic gain. Other factors
come into play, but are harder to quantify: in a controlled challenge test for resistance to G.
salaris, survival and/or G. salaris counts are measured, and they are both directly linked to G.
salaris resistance. In the wild, fish die or lose fitness for many different reasons, of which G.
salaris is only one. Therefore, the heritability of G. salaris resistance will be higher in a controlled
challenge test than in the wild, given that survival/fitness are the only traits which can be “ob-
served” in the wild. Another term in the breeders equation (see above) also speaks in the favour
of selective breeding: the selection accuracy can be made higher in selective breeding relative
to natural selection. Nature “culls” breeding candidates partly on the basis of the animal’s genes.
In selective breeding, information from relatives and information from DNA markers can be taken
into account when breeders are selected, on top of the animals’ own genes. The last factor in
the breeders’ equation, the selection intensity, may favour natural selection over artificial selec-
tion, depending on circumstances: a large river may be able to “test” more candidates than a
hatchery can, but the hatchery may outcompete a small river. In addition, natural selection will
act directly on resistance while artificial selection can only use challenge tests as a proxy for
resistance.

In conclusion, even if all other factors were disregarded, the reduced generation interval alone
would make sure that artificial selection acted at least twice as fast as natural selection. However,
because most or all other factors in the breeding equation would favour artificial selection over
natural selection, the difference between the two is expected to be significantly larger.

3.7 Would a selective breeding program be more effective compared
to natural selection? Why/why not?

Natural selection would, by definition, be the most appropriate selection regime, because natural
selection would select jointly for resistance to G. salaris and fitness in the local environment. For
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that reason, we do not recommend a closed breeding programme based on challenge testing
for G. salaris where natural selection would be highly relaxed. A solution could be an open breed-
ing programme, in which artificial selection is used to speed up the genetic progress, where
broodstock are taken partly from the river, partly from the hatchery, and where excess juveniles
are used to stock the river, as described above. Alternatively, the approach using captured sur-
viving smolts as broodstock for the next generation (see 3.3 “How to breed for resistance to
Gyrodactylus salaris”) could be a viable solution. An important advantage of the different breed-
ing programs is that they could substantially increase the number of individuals under selection,
making selection more effective and reducing genetic drift (i.e. random genetic changes).
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4 General considerations

In this section we discuss factors that are relevant for both the natural and artificial selection for
G. salaris resistance and tolerance.

4.1 Genetic response in the parasite

In the above discussion virulence of G. salaris is treated as static. This is of course an over
simplification of the truth. The generation time of the parasite is a few days (Jansen and Bakke
1991). Compared with the generation time of Norwegian salmon populations that are typically 5-
7 years, this gives the parasite an enormous evolutionary advantage. Rapid evolution is, for
example, demonstrated in sea louse Lepeophtheirus salmonis (an ectoparasite on salmon, with
a generation time of a few months) following the increase in the salmon farming industry (Mess-
mer et al. 2018), and there is no reason to believe that G. salaris has a lower evolutionary ca-
pacity. This being said, the sea louse example differs from the G. salaris situation as the Norwe-
gian salmon populations are historically naive to G. salaris, while the introduced parasite has a
long history of coevolution with Baltic salmon. The selection pressure to increase virulence is
therefore probably low or non-existent. Hence, it may be a good approximation to treat G. salaris
as a static parameter in the first generation of evolution towards increased G. salaris resistance.
Nevertheless, there are several different strains of G. salaris with different degrees of virulence,
a highly plastic and dynamic trait, which may add to the complexity of evolving resistance to G.
salaris; e.g. will evolution of resistance to one G. salaris strain also confer resistance to a different
strain of G. salaris?

A consequence of pursuing a strategy of evolving resistance against G. salaris is the continued
spread of G. salaris to naive Atlantic salmon stocks, which (as identified by Gilbey et al. 2006)
are likely to possess genes promoting a highly immunopathic resistance response. Yet, in a case
of frequent invasions of contiguous catchments by G. salaris, it might be necessary to abandon
costly and destructive strategies focused on eradication, and biodiversity and stock integrity may
be better protected in the long run by evolving resistance. Instead, accepting the parasite as a
permanent component of the ecosystem allows exploration of more novel strategies which seek
to eliminate damaging virulent interactions by exploiting factors promoting parasite tolerance.

Nonetheless, virulence is recognised as a highly dynamic trait in evolutionary theory. The num-
ber of secondary infections resulting from a single infection in a naive host population, will be
increased by parasite transmission, but decreased by virulence per se, where it reduces the
infectious period because it limits the host’s life span. In the absence of any constraints, theory
predicts that parasites evolve to maximise their ability to infect new hosts (infectivity) and may
reduce their virulence to do this if increased virulence does not result in more infections (Ebert
1998, Bull and Lauring 2014). In G. salaris, infectivity requires virulence as the parasite feeds off
the host in order to grow and produce new parasites that can infect new hosts.

However, spatial structure acts to constrain the evolution of infectivity. Predominantly local inter-
actions mean highly infectious parasite strains tend to “self-shade”, so local susceptible hosts
are rapidly exploited, infectious individuals becoming surrounded with a halo of infected ones
(Boots and Mealor 2007). In contrast, strains with lower infectivity produce a structure within the
host population as they spread, leaving a higher proportion of susceptible individuals next to
infected ones. Hence, less infective strains gain an advantage by not surrounding themselves
with infected individuals likely to die. Consequently, there is an optimal transmission rate balanc-
ing maximized infectivity with maximized available susceptible hosts in the vicinity of infected
ones.

Evolutionary theory (Anderson and May 1982, Best et al. 2008, Hedrick 2017) predicts that where
neighbouring hosts are occupied by highly infective parasites of the same strain or close kin, this
will lead to reduced virulence and lower transmission rate; a scenario relevant to G. salaris in-
fections. In systems where parasite productivity is an important component of transmission, re-
duced movement of hosts and the consequent increase in local interactions in the population
would be predicted to lower transmission rate, probably through a reduction in virulence. This is
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one of the few predictions on parasite evolution in spatially structured environments to have been
tested empirically in a mesocosm (Boots and Mealor 2007). By changing the dispersal ability of
hosts in a homogeneous environment - making the environment more viscous to dispersal - to
increase local interactions of parasites, infectivity was lowered. By contrast increasing globaliza-
tion and population connectivity - making the environment more fluid to dispersal - can increase
the extent of disease outbreaks and emergence of infective strains of parasites. The influence
of spatial structure is increasingly recognized in theoretical models to be crucial to evolutionary
outcomes (Lion and Boots 2010), justifying consideration of host and parasite population struc-
ture and dispersal.

4.2 Environmental change

Any population of strongly reduced size (e.g. because of G. salaris infection) is generally con-
sidered vulnerable towards other stressors. An extra fithess load from a new environmental chal-
lenge could drive the population to extinction. In addition, small populations loose genetic varia-
tion through the process of genetic drift, and hence have less potential to adapt to a new envi-
ronment, caused for example by climate change (Allendorf and Lukiart 2009).

Denholm et al. (2013) evaluated the effect of temperature on population growth of G. salaris.
They argued that as warmer temperature leads to faster maturation there presumably will be a
higher population growth of G. salaris. Their simulation did not support this, however, because
of trade-offs between the total number of offspring the parasite gives birth to and the first birth
timing. Hence, the effect of climate change on the virulence of the parasite may not be as sub-
stantial as previously thought. However, in a field observation study the abundance of G. salaris
in the River Glitra (a tributary to the River Lierelva), was positively related to water temperature;
it was highest in the summer and lowest in the end of winter (Jansen and Bakke 1993).

Increasing precipitation following climate change can lead to lower salinity levels in estuaries and
therefore increased risk of spreading the parasite between rivers.

4.3 Gene flow from farmed salmon

A special case of maladapted gene flow is widespread the genetic introgression from farmed
escaped salmon (Karlson et al. 2016). A large body of empirical studies documents a negative
effect of farmed salmon introgression on wild salmon populations (Glover et al. 2017). Escaped
farmed salmon is likely to be more successful in small than large wild populations (Heino et al.
2015). Hence, G. salaris infected rivers are highly susceptible to be negatively affected by gene
flow from escaped farmed salmon. In addition, gene flow from farmed salmon will counteract the
evolution of resistance towards G. salaris in wild populations (see 2.6 “Implications of migration”),
because we expect the farmed salmon to have low resistance.

Geneflow from farmed salmon has implications for supplementary stocking and a semi closed
program in G. salaris infected rivers. Hagen et al. (2019b) documented that broodfish of farmed
origin produced four times more returning adult salmon compared to broodfish of pure wild origin
in a stocking program. This shows that a breeding program can unintentionally select for domes-
ticated genotypes and therefore compromise the fitness of the wild population that is supple-
mented.

4.4 Hydropower regulation

Hydropower regulation has a large negative effect on natural salmon populations, by changes in
the water discharge (amount and timing), water temperature, and by removing a large part of the
habitat (Forseth et al. 2017). This environmental change leads to a reduced population size and
to changes in natural selection, making the salmon more vulnerable and less capable of evolving
resistance.
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4.5 Other parasites

The presence of G. salaris itself and evolutionary changes towards resistance against G. salaris
may have consequences for interaction with other ectoparasites.

Interacting parasites can affect each other's survival and virulence (Lion and Boots 2010). The
strength of interactions depends on a variety of factors, such as host behaviour, the infection
dose to which the host is exposed, or the order in which multiple infections occurred. Besides
these intrinsic host properties, parasites can be largely affected by environmental factors to
which their hosts are exposed (Ebert 1998). The effect of host resources, mediated by diet quality
on the interspecific association between a parasite and a virus of Daphnia magna (an iridovirus
— Daphnia Iridescent Virus 1 (DIV-1) actually now known to be the cause of White Bacterial
Disease (WBD) (Toenshoff et al. 2018), and the Unicellular Gut Parasite (UGP), a microsporid-
ian known as Micro1 (Decaestecker et al. 2003) infecting this freshwater crustacean reflect in-
terspecific parasite-pathogen interactions. This study showed a low-virulent microsporidian
(UGP) protected D. magna from co-infection with a highly-virulent parasite (WBD) when food
quality was high, but this protective effect was not apparent when food quality was low (Lange
et al. 2014). This study indicates that exploitation competition in multispecies infections is envi-
ronmentally dependent, with diet quality influencing interspecies competition within a single host.

Similarly, and of direct relevance to G. salaris infections of naive salmon stocks, earlier studies
on within-host competition showed fitness disadvantages for less virulent parasites. Such fitness
declines are explained by competition favouring increased host exploitation and thus increased
virulence (Choisy and de Roode 2010), but could also be attributed to increased host defences,
where co-infecting high-virulence parasites strongly activate the host immune system. Although
these within-generation comparisons have limited relevance to existing evolutionary theory, they
demonstrate that within-host parasite interactions are not restricted to competition for resources,
as envisaged by theory. Instead, mixed infections may result in phenotypic changes in parasite
growth rate or impaired immune clearance.
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5 Knowledge gaps

Evaluating the potential for Norwegian salmon populations to evolve high levels of resistance or
tolerance for G. salaris infection is a difficult task. Even arriving at a useful operational definition
of tolerance (or resistance) is challenging, in that it must not be confounded with other host and
parasite factors affecting virulence. Nevertheless, despite the lack of studies simultaneously as-
sessing selection on tolerance and resistance, evolutionary theory suggests selection of these
traits should be correlated, with specific combinations favoured (such as high tolerance and low
resistance, or low tolerance and high resistance, or intermediate values of both) (Fornoni et al.
2004). These combinations derive from their mutually redundant relationship; the fitness of com-
pletely resistant individuals cannot be increased by increased tolerance, nor would the fitness of
tolerant individuals benefit from increased resistance. However, although demonstrated in plants
(Fornoni et al. 2004) such correlational selection has not been widely investigated in animals.

Measures of tolerance require estimation of the relationship between fitness, or health, and par-
asite load for a given host genotype (the reaction norm). Tolerance of a given genotype may be
assessed by estimating the relationship between disease progression and parasite load across
individuals of that genotype. Approaches can use families, or longitudinal data from individuals;
the latter is an especially promising alternative facilitating genome-wide association studies
(GWAS) to investigate the genetic basis of tolerance. However, studies of this kind between G.
salaris and specific salmon host genotypes have not yet been made.

In this section we present a list of knowledge gaps that if filled would have helped us to better
answer the questions posed in the mandate.

e Genetic variation in tolerance and resistance measured in wild Atlantic salmon.

o Empirical estimates of the per generation genetic response in resistance and tolerance
in the natural environment (with gene flow and farm escapees).

¢ Influence of environment (e.g. water chemistry) on G. salaris virulence and the evolu-
tionary response in salmon.

e The level of productivity in rivers with a long history G. salaris.

e Estimates of genetic correlations between resistance and tolerance and other traits im-
portant for fitness.

o Information about evolvability in virulence and optimal virulence of G. salaris in different
environments.

o Disentangling the heritable and non-heritable components of defence strategies is vital
for assessing the co-evolutionary outcome of the host-parasite interactions. The few
available examples of wild populations (Mazé-Guilmo et al. 2014) suggest transmitted
variance for tolerance is as high as for resistance, and show it to be subject to strong
and significant environmental effects.

Several of these gaps could have been filled with better data from infected rivers. The best would
be to have data from a long-term monitoring program of several infected rivers, with surveillance
of demography and genetics of the salmon, environment, prevalence and infection intensity of
the parasite. The genetics would have allowed us to build a pedigree for the salmon population,
and in combination with data on prevalence and infection intensity it would be possible to get
estimates of genetic variation in resistance, tolerance, and survival and genetic response in
these traits over time. Data on strayers and their reproductive success would have allowed us to
investigate the effect of maladapted gene flow on the evolution of resistance or tolerance in G.
salaris.
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6 Conclusions

o Higher levels of resistance seem possible to obtain through both natural and artificial
selection in Norwegian populations of Atlantic salmon.

¢ Natural evolution of high resistance levels will probably take a long time (on the order of
hundreds of years or longer rather than tens of years), with populations remaining below
the spawning target and no harvestable surplus.

e A selective breeding programme will most likely speed up the evolution of G. salaris
resistance. A closed breeding programme, kept isolated from the parental stock for many
generations, will reduce the fithness of the population towards other aspects of its home
environment. An open breeding programme, having gene flow both to and from the river,
will mitigate, but not completely remove, this shortcoming. An open breeding programme
is likely to build up resistance faster than natural selection would, but slower than a
closed breeding programme would.

e It seems unlikely that G. salaris will disappear from Norwegian rivers as a result of evo-
lution of resistance by natural selection or artificial breeding. The current knowledge sug-
gest that the salmon populations will eventually reach a high productivity level with low
prevalence of G. salaris, as is the case in Baltic stocks.

e Selection for and evolution of G. salaris resistance can cause maladaptation of genet-
ically correlated traits closely related to fithess and reduce the adaptive potential of the
infected populations.

e A strategy of developing resistance as opposed to eradication will increase the risk of
spreading G. salaris to additional rivers. Hence, we expect further spread and an in-
creased rate of spreading the parasite as more rivers are being infected.

49




NINA Report 1812

7 References

Alenas, I. 1998. Gyrodactylus salaris pa lax i svenska vattendrag och lax problematiken pa svenska
vastkusten. Vann 1:135-142 (In Swedish)

Allee, W.C., Emerson, A.E., Park, T. and Schmidt, K.P. 1949. Principles of animal ecology. W. B.
Saunders Co., Philadelphia.

Allendorf, F.W. and Luikart, G., 2009. Conservation and the genetics of populations. John Wiley &
Sons, New Jersey.

Andersen, O., Stensland, S., Aas, &., Olaussen, J. O. and Fiske, P. 2019. Lokalgkonomiske virk-
ninger av laksefiske i elver infisert med og behandlet mot lakseparasitten Gyrodactylus salaris—et
forprosjekt. NINA Rapport 1594. Norwegian Institute for Nature Research.

Anderson, R.M. and May, R.M. 1982. Coevolution of hosts and parasites. Parasitology 85: 411-26.

Anon. 2004. The genetic basis of Gyrodactylus resistance in Atlantic Salmon (Salmo salar).
SALMOGYRO Final Project Report, QLRT-2000-01631.

Anon. 2014a. Handlingsplan mot lakseparasitten Gyrodactylus salaris for perioden 2014-2016. Miljg-
direktoratet.

Anon. 2014b. Retningslinjer for utsetting av anadrom fisk. M186-2014. Norwegian Environmental
Agency.

Anon. 2016. Klassifisering av 104 laksebestander etter kvalitetsnorm for villaks. Temarapport nr 4.
Norwegian Scientific Advisory Committee for Atlantic Salmon.

Anttila, P., Romakkaniemi, A., Kuusela, J. and Koski, P. 2008. Epidemiology of Gyrodactylus salaris
(Monogenea) in the River Tornionjoki, a Baltic wild salmon river. Journal of Fish Diseases 31(5):
373-382.

Appleby, C. and Mo, T.A. 1997. Population dynamics of Gyrodactylus salaris (Monogenean) infecting
Atlantic salmon, Salmo salar, Parr in the River Batnfjordelva, Norway. Journal of Parasitology 83:
23-30.

Appleby, C., Mo, T.A. and Aase, I-L. 1997. The effect of Gyrodactylus salaris (Monogenea) on the
epidermis of Atlantic salmon, Salmo salar, parr in the River Batnfjordelva, Norway. Journal of
Parasitology 83: 1173-1174.

Araki, H., Cooper, B. and Blouin, M.S. 2007. Genetic effects of captive breeding cause a rapid, cu-
mulative fitness decline in the wild. Science 318: 100-103.

Arnekleiv, J.V., Renning, L., Forseth, T., Fiske, P., Koksvik, J., Hindar, K. and Kjeerstad, G. 2010.
Studies of smolt migration in River Driva 2005-2009. NTNU Vitenskapsmuseet Rapport. Zoologisk
Serie 5. Norwegian University of Science and Technology.

Ayllon, F., Kjeerner-Semb, E., Furmanek, T., Wennevik, V., Solberg, M.F., Dahle, G., Taranger, G.L.,
Glover, K.A., Almén, M.S., Rubin, C.J., Edvardsen, R.B. and Wargelius, A. 2015. The vglI3 locus
controls age at maturity in wild and domesticated Atlantic salmon (Salmo salar) males. PLOS
Genetics 11: €1005628.

Baillie, S.M., Muir, A.M., Scribner, K., Bentzen, P. and Krueger, C.C. 2014. Loss of genetic diversity
and reduction of genetic distance among lake trout Salvelinus namaycush, Lake Superior 1959 to
2013. Journal of Great Lakes Research 42: 204-216.

Bakke, T.A., Cable, J. and Harris, P.D. 2007. The biology of gyrodactylid monogeneans: The "Rus-
sian-Doll Killers". Advances in Parasitology 64: 161-460.

Bakke, T.A., Harris, P.D. and Cable, J. 2002. Host specificity dynamics: observations on gyrodactylid
monogeneans. International Journal for Parasitology 32: 281-308.

Bakke T.A., Harris, P.D., Hansen, H., Cable, J. and Hansen, L.P. 2004. Susceptibility of Baltic and
East Atlantic salmon Salmo salar stocks to Gyrodactylus salaris (Monogenea). Diseases of
Aquatic Animals 58: 171-177.

50



NINA Report 1812

Bakke, T.A., Harris, P.D., Jansen, P.A. and Hansen, L.P. 1992. Host specificity and dispersal strategy
in gyrodactylid monogeneans with particular reference to Gyrodactylus salaris (Platyhelminthes,
Monogenea). Diseases of Aquatic Organisms 13: 63-74.

Bakke, T.A., Jansen, P.A. and Hansen, L.P. 1990. Differences in the host resistance of Atlantic
salmon, Salmo salar L., stocks to the monogenean Gyrodactylus salaris Malmberg, 1957. Journal
of Fish Biology 37: 577-87.

Bakke, T.A. and MacKenzie, K. 1993. Comparative susceptibility of native Scottish and Norwegian
stocks of Atlantic salmon, Salmo salar L., to Gyrodactylus salaris Malmberg: Laboratory. Fisheries
Research 17: 69-85.

Barson, N.J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G.H., Fiske, P., Jacq, C., Jensen A.J.,
Johnston, S.E., Karlsson, S., Kent, M., Moen, T., Niemela, E., Nome, T., Naesje, T.F., Orell, P.,
Romakkaniemi, A., Seegrov, H., Urdal, K., Erkinaro, J., Lien, S. and Primmer, C.R. 2015. Sex-
dependent dominance at a single locus maintain variation in age at maturity in salmon. Nature
528: 405-408.

Best, A., White, A. and Boots, M. 2008. Maintenance of host variation in tolerance to pathogens and
parasites. Proceedings of the National Academy of Sciences of the United States of America 105:
20786-20791.

Best, A., White, A. and Boots, M. 2009. Resistance is futile but tolerance can explain why parasites
do not always castrate their hosts. Evolution 64: 348-357.

Black, F.L. 1975. Infectious diseases in primitive societies. Science 187: 515-518.

Bolstad, G.H., Hindar, K., Robertsen, G., Jonsson, B., Seegrov, H., Diserud, O.H., Fiske, P., Jensen
AJ., Urdal, K., Neesje, T., Barlaup, B.T., Florg-Larsen, B., Lo, H., Niemela, E. and Karlsson, S.
2017. Gene flow from domesticated escapes alters the life history of wild Atlantic salmon. Nature
Ecology & Evolution 1: 0124.

Boots, M. and Mealor, M. 2007. Local interactions select for lower pathogen infectivity. Science 315:
1284-1286.

Bourret, V., Kent, M.P., Primmer, C.R., Vasemagi, A., Karlsson, S., Hindar, K., McGinnity, P.,
Verspoor, E., Bernatchez, L. and Lien, S. 2013. SNP-array reveals genome-wide patterns of geo-
graphical and potential adaptive divergence across the natural range of Atlantic salmon (Salmo
salar). Molecular Ecology 22: 532-551.

Bull, J.J. and Lauring, A.S. 2014. Theory and empiricism in virulence evolution. PLOS Pathogens 10:
€1004387.

Bull, J.J., Molineux, I.J. and Rice, W.R. 1991. Selection of benevolence in a host-parasite system.
Evolution 45: 875-882.

Bulmer, M. 1971. The effect of selection on genetic variability. The American Naturalist 105: 201-211.

Cable, J. and Harris, P.D. 2002. Gyrodactylid developmental biology: historical review, current status
and future trends. International Journal for Parasitology 32: 255-280.

Cable, J., Harris, P.D., Bakke, T.A. 2000. Population growth of Gyrodactylus salaris (Monogenea) on
Norwegian and Baltic Atlantic salmon (Salmo salar) stocks. Parasitology 121: 621-629.

Cauwelier, E., Stewart, D.C., Millar, C.P., Gilbey, J. and Middlemas, S.J. 2018. Across rather than
between river genetic structure in Atlantic salmon Salmo salar in north-east Scotland, UK: potential
causes and management implications. Journal of fish biology 92: 607-620.

Choisy, M. and de Roode J.C. 2010. Mixed infections and the evolution of virulence. The American
Naturalist 175: E105-E118.

Christie, M.R., Marine, M.L., French, R.A. and Blouin, M.S. 2012b. Genetic adaptation to captivity can
occur in a single generation. Proceedings of the National Academy of Sciences of the United
States of America 109: 238-242.

Christie, M.R., Marine, M.L., French, R.A., Waples, R.S. and Blouin, M.S. 2012a. Effective size of a
wild salmonid population is greatly reduced by hatchery supplementation. Heredity 109: 254-260.

51




NINA Report 1812

Christie, M.R., Marine, M.L., Fox, S.E., French, R.A. and Blouin, M.S. 2016. A single generation of
domestication heritably alters the expression of hundreds of genes. Nature Communications 7:
10676.

Dalgaard M.B., Nielsen, C.V. and Buchmann K. 2003. Comparative susceptibility of two races of
Salmo salar (Baltic Lule river and Atlantic Conon river strains) to infection with Gyrodactylus sala-
ris. Diseases of Aquatic Organisms 53: 173-176.

Davidson, W., Koop, B.F., Jones, S.J.M., lturra, P., Vidal, R., Maas, A., Jonassen, |., Lien, S. and
Omholt, S. 2010. Sequencing the genome of the Atlantic salmon (Salmo salar). Genome Biology
11: 403.

Decaestecker E., Vergote A., Ebert D. and De Meester L. 2003 Evidence for strong host clone-para-
site species interactions in the Daphnia microparasite system. Evolution 57:784-792.

Denholm, S.J., Hoyle, A.S., Shinn, A.P., Paladini, G., Taylor, H.G.H. and Norman, R.A. 2016. Pre-
dicting the potential for natural recovery of Atlantic salmon (Salmo salar L.) populations following
the introduction of Gyrodactylus salaris Malmberg,1957 (Monogenea). PLOS ONE 11: e0169168.

Denholm, S.J., Norman, R.A., Hoyle, A.S., Shinn, A.P. and Taylor, N.G. 2013. Reproductive trade-
offs may moderate the impact of Gyrodactylus salaris in warmer climates. PLOS ONE 8: p.e78909.

Dennis, B. 2002. Allee effects in stochastic populations. Oikos 96: 389-401.

Diserud, O. H., Hindar, K., Karlsson, S., Glover, K. A. and Skaala &. 2019. Genetic impact of escaped
farmed Atlantic salmon on wild salmon populations — revised status 2019. NINA Report 1659.
Norwegian Institute for Nature Research.

Ebert, D. 1998. Experimental evolution of parasites. Science 282: 1432-1435.

Engen, S., Saether, B.E., Kvalnes, T. and Jensen, H. 2012. Estimating fluctuating selection in age-
structured populations. Journal of evolutionary biology, 25:1487-1499.

Ergens, R. 1983. Gyrodactylus from Eurasian freshwater Salmonidae and Thymallidae. Folia Parasi-
tologica 30: 15-26.

Falconer, D.S. and MacKay, T.F.C. 1996. Introduction to quantitative genetics, ed. 4. Longmans
Green, Harlow, Essex, UK.

Fleming, I.A., Hindar, K., Mjglnerad, I.B. et al. 2000. Lifetime success and interactions of farm salmon
invading a native population. Proceedings of the Royal Society London B, 267: 1517-1523.

Fornoni, J., Nunez-Farfan, J., Valverde, P.L., and Rausher, M.D. 2004 Evolution of mixed strategies
of plant defence allocation against natural enemies. Evolution 58: 1685-1695.

Forseth, T., Barlaup, B. T., Finstad, B., Fiske, P., Gjgsaeter, H., Falkegard, M., Hindar, A., Mo, T. A.,
Rikardsen, A. H., Thorstad, E. B., Vgllestad, L. A. and Wennevik, V. 2017. The major threats to
Atlantic salmon in Norway. ICES Journal of Marine Science 74: 1496-1513.

Frank, S.A. 1996. Models of parasite virulence. The Quarterly Review of Biology 71: 37-78.

Fromm, B., Burow, S., Hahn, C. and Bachmann, L. 2014. MicroRNA loci support conspecificity of
Gyrodactylus salaris and Gyrodactylus thymalli (Platyhelminthes: Monogenea). International Jour-
nal of Parasitology 44: 787-793.

Garcia de Leaniz, C., Fleming, I.A., Einum, S., Verspoor, E., Jordan, W.C., Consuegra, S., Aubin-
Horth, N., Lajus, D., Letcher, B.H., Youngson, A.F., Webb, J.H., Vgllestad, L.A., Villanueva, B.,
Ferguson, A. and Quinn, T.P. 2007. A critical review of adaptive genetic variation in Atlantic
salmon: implications for conservation. Biological Reviews 82: 173-211.

Gilbey, J. Coughlan, J., Wennevik, V. Prodohl, P.A., Stevens, J.R. de Leaniz, C.G., Ensing, D., Cau-
welier, E., Cherbonnel, C. Consuegra, S., Coulson, M.W. Cross, T.F. Crozier, W. Dillane, E., Ellis,
J. S., Garcia-Vazquez, E. Griffiths, A.M., Gudjonsson, S., Hindar, K., Karlsson, S., Knox, D., Ma-
chado-Schiaffino, G., Meldrup, D., Nielsen, E,E. Olafsson, K., Primmer, C.R., Prusov, S.,
Stradmeyer, L., Vaha, J-P., Veselov, A.J., Webster, L.M.l., McGinnity, P., Verspoor, E. 2017. A
microsatellite baseline for genetic stock identification of European Atlantic salmon (Sa/mo salar
L.). ICES Journal of Marine Science 75: 662-674.

52




NINA Report 1812

Gilbey, J., Verspoor, E., Mo, T.A,, Sterud, E., Olstad, K., Hytterad, S. Jones, C. and Noble, L. 2006.
Identification of genetic markers associated with Gyrodactylus salaris resistance in Atlantic salmon
(Salmo salar). Diseases of Aquatic Organisms 71: 119-129.

Gjedrem, T. and Baranski, M. 2009. Selective breeding in aquaculture: an Introduction. Springer,
London.

Gjedrem, T., Gjgen, H.M. and Gjerde, B. 1991. Genetic origin of Norwegian farmed salmon. Aqua-
culture 98: 41-50.

Gjerde, B., Gjgen, H.M. and Villaneuva, B. 1996. Optimum designs for fish breeding programmes
with constrained inbreeding Mass selection for a normally distributed trait. Livestock Production
Science 47: 59-72.

Gjerde, B., Hindar, K., Bakke, T.A. and Bentsen, H.B. 2018. Naturlig utvalg for motstandskraft mot
Gyrodactylus salaris hos laks i infiserte vassdrag. Nofima rapportserie 19/2018. Nofima AS.

Gjerde, B., @degard, J. and Thorland, I. 2011. Estimates of genetic variation in the susceptibility of
Atlantic salmon (Salmo salar) to the salmon louse Lepeophtheirus salmonis. Aquaculture 314: 66-
72.

Gjgen, H.M. and Bentsen, H.B. 1997. Past, present, and future of genetic improvement in salmon
aquaculture. ICES Journal of Marine Science 54: 1009-1014.

Glover, K.A., Solberg, M.F., McGinnity, P., Hindar, K., Verspoor, E., Coulson, M.W., Hansen, M.M.,
Araki, H., Skaala, &. and Svasand, T. 2017. Half a century of genetic interaction between farmed
and wild Atlantic salmon: status of knowledge and unanswered questions. Fish and Fisheries 18:
890-927.

Goldberg, A. D., Allis, C. D. and Bernstein, E. 2007. Epigenetics: a landscape takes place. Cell 23:
635-638.

Gutierrez, A.P., Lubieniecki, K.P., Davidson, E.A,, Lien, S., Kent, M.P., Fukui, S., Withler, R.E., Swift,
B. and Davidson, W.S. 2012. Genetic mapping of quantitative trait loci (QTL) for body-weight an
Atlantic salmon (Salmo salar) using 6.5 K SNP array. Aquaculture 358-359: 61-70.

Gutierrez, A.P, Yanez, J.M., Fukui, S., Swift, B., Davidson, W.S. 2015. Genome-Wide Association
Study (GWAS) for Growth Rate and Age at Sexual Maturation in Atlantic Salmon (Salmo salar).
PLoS ONE10:e0119730.

Hagen, A.G., Rustadbakken, A., Hagberget, R., Hytterad, S., Kjgsnes, A.J. and Hindar, A. 2008.
Behandlings med aluminiumsulfat (AIS) mot lakseparasitten Gyrodactylus salaris i Steinkjervass-
draget 2007. NIVA-rapport 5577-2008. Norwegian Institute for Water Research.

Hagen, A., Kjgsnes, A., Hagberget, R., Hytterad, S., Olstad, K., Garmo, &. and Hindar, A. 2010.
Smittebegrensende behandling med aluminiumsulfat (AIS) mot lakseparasitten Gyrodactylus sa-
laris i Leerdalselva 2009. NIVA-rapport 5943-2010. Norwegian Institute for Water Research.

Hagen, A.G., Hytterad, S. and Olstad, K. 2014. Low concentrations of sodium hypochlorite affect
population dynamics in Gyrodactylus salaris (Malmberg, 1957): practical guidelines for the treat-
ment of the Atlantic salmon, Salmo salar L. parasite. Journal of Fish Diseases 37: 1003-1011.

Hagen, A.G., Hytterad, S., Olstad, K., Garmo, ., Darrud, M., Holter, T. and Martinez-Francés, E.
2019a. Utvikling av klormetoden mot Gyrodactylus salaris Feltforsgk i Batnfjordelva. NIVA-rapport
L.NR. 7359-2019. Norwegian Institute for Water Research.

Hagen, I. J., Jensen, A. J., Bolstad, G. H., Diserud, O. H., Hindar, K., Lo, H. and Karlsson, S. 2019b.
Supplementary stocking selects for domesticated genotypes. Nature Communications 10: 199.

Hansen, H., Bachmann, L. and Bakke, T.A. 2003. Mitochondrial DNA variation of Gyrodactylus spp.
(Monogenea, Gyrodactylidae) populations infecting Atlantic salmon, grayling and rainbow trout in
Norway and Sweden. International Journal for Parasitology 33: 1471-1478.

Hansen, H., Bakke, T.A. and Bachmann, L. 2007a. DNA taxonomy and barcoding of monogenean
parasites: lessons from Gyrodactylus. Trends Parasitology 23: 363-367.

53



NINA Report 1812

Hansen, H., Bakke, T.A. and Bachmann, L. 2007b. Mitochondrial haplotype diversity of Gyrodactylus
thymalli (Platyhelminthes; Monogenea): extended geographic sampling in United Kingdom, Po-
land, and Norway reveals further lineages. Parasitology Research 100: 1389-1394.

Hansen, H., Cojocaru, C.-D. and Mo, T.A. 2016. Infections with Gyrodactylus spp. (Monogenea) in
Romanian fish farms: Gyrodactylus salaris Malmberg, 1957 extends its range. Parasites & Vectors
9:444.

Hansen, T.F. 2006. The evolution of genetic architecture. Annual Review of Ecology, Evolution, and
Systematics 37: 123-157.

Hansen, T.F. and Houle, D. 2008. Measuring and comparing evolvability and constraint in multivariate
characters. Journal of Evolutionary Biology 21: 1201-1219.

Harris, P.D. 1993. Interactions between reproduction and population biology in gyrodactylid monoge-
neans - a review. Bulletin Francais de la Péche et de la Pisciculture 1: 47-65.

Harris, P.D., Shinn, A.P., Cable, J. and Bakke, T.A. 2004. Nominal species of the genus Gyrodactylus
von Nordmann 1832 (Monogenea: Gyrodactylidae), with a list of principal host species. Systematic
Parasitology 59: 1-27.

Hedrick, S.M. 2017. Understanding immunity through the lens of disease ecology. Trends in Immu-
nology 38: 888-903.

Heino, M., Svasand, T., Wennevik, V. and Glover, K.A. 2015. Genetic introgression of farmed salmon
in native populations: quantifying the relative influence of population size and frequency of escap-
ees. Aquaculture Environment Interactions 6: 185-190.

Hindar, K., Mo, T.A., Eken, M., Hagen, A.G., Hyttergd, S., Sandodden, R., Vgllestad, A. and Aamodt,
K.O., 2018. Kan Gyrodactylus salaris utryddes fra Drammensregionen? Sluttrapport fra arbeids-
gruppen for Drammensregionen. NINA Rapport 1456. Norwegian Institute for Nature Research.

Holthe, E., Jensen, A.J., Berg, M., Bremset, G. and Jensas, J.G. 2015. Reetablering av laks i Vefsna.
Arsrapport 2014. NINA Rapport 1128. Norwegian Institute for Nature Research.

Houston, R.D., Haley, C.S, Hamilton, A., Guy, D.R., Tinch, A.E., Taggart, J.B., McAndrew, B.J. and
Bishop, S.C. 2008. Major quantitative trait loci affect resistance to infectious pancreatic necrosis
in Atlantic salmon (Salmo salar). Genetics 178:1109-1115.

Hutchings, J.A. and Jones, M.E. 1998. Life history variation and growth rate thresholds for maturity
in Atlantic salmon, Salmo salar. Canadian Journal of Fisheries and Aquatic Sciences 55: 22-47.

Hytterad, S., Adolfsen, P., Aune, S. and Hansen, H. 2011. Gyrodactylus salaris funnet pa rgye (Sal-
velinus alpinus) i Fustvatnet (Nordland); patogen for laks (Salmo salar)? Norwegian Veterinary
Institute’s Report Series report 11. Norwegian Veterinary Institute.

Hytterad, S., Fornes, G.J., Larsen, S., Mohammad, S.N., Darrud, Rolén, E., Welde, H. |., Svendsen,
J., Soleim, K.B. and Hansen, H. 2020. The surveillance programme for Gyrodactylus salaris in
Atlantic salmon and rainbow trout in Norway 2019. Annual Report ISSN 1894-5678. Norwegian
Veterinary Institute.

Hegasen, H.R. and Brun, E. 2003. Risk of inter-river transmission of Gyrodactylus salaris by migrating
Atlantic salmon smolts, estimated by Monte Carlo simulation. Diseases of Aquatic Organisms 57:
247-254.

Hggasen, H.R., Brun, E. and Jansen, P.A. 2009. Quantification of free-living Gyrodactylus salaris in
an infected river and consequences for inter-river dispersal. Diseases of Aquatic Organisms 87:
217-223.

Hagasen, H.R. 2016. Risiko for spredning av Gyrodactylus salaris fra Drammensvassdraget: nye
salinitetsdata. Rapport 19. Norwegian Veterinary Institute.

leshko E., Shulman, B., Shchurov, I.L. and YuYu, B. 2008. Long-term changes in the epizootic of
juvenile salmon (Salmo salar L.) in the Keret river (White sea basin) depending on the invasion of
Gyrodactylus Salaris Malmberg, 1957. Parazitologiia.42: 486-496.

54



NINA Report 1812

Jansen, P.A. and Bakke, T.A. 1991. Temperature-dependent reproduction and survival of Gyrodac-
tylus salaris Malmberg, 1957 (Platyhelminthes: Monogenea) on Atlantic salmon (Salmo salar L.).
Parasitology 102: 105-112.

Jansen, P.A. and Bakke, T.A. 1993. Regulatory processes in the monogenean Gyrodactylus salaris
Malmberg-Atlantic salmon (Salmo salar L.) association. |. Field studies in South-East Norway.
Fisheries Research 17: 87-101.

Jansen, P.A., Bakke, T.A. 1995. Susceptibility of brown trout to Gyrodactylus salaris (Monogenea)
under experimental conditions. Journal of Fish Biology 46: 415-422.

Jansen, P.A., Matthews, L. and Toft, N. 2007. Geographic risk factors for inter-river dispersal of Gy-
rodactylus salaris in fijord systems in Norway. Diseases of Aquatic Organisms 74: 139-149.

Johnsen, B.O. 1978. The effect of an attack by the parasite Gyrodactylus salaris on the population of
salmon parr in the river Lakselva, Misvaer in Northern Norway. Journal of Arctic Biology 11: 7-9.

Johnsen, B.O. 2007. Gkologiske undersgkelser av Gyrodactylus salaris og fisk i norske vassdrag.
Arsrapport 2006. NINA Minirapport 183. Norwegian Institute for Nature Research.

Johnsen, B.O., Hindar, K., Balstad, T., Hvidsten, N.A., Jensen, A.J., Jensas, J.G., Syversveen, M.
and @stborg, G.M. 2005. Laks og Gyrodactylus i Vefsna og Driva. Arsrapport 2004. NINA Rapport
34. Norwegian Institute for Nature Research.

Johnsen, B.O. and Jensen, A.J. 1986. Infestations of Atlantic salmon (Salmo salar) by Gyrodactylus
salaris, in Norwegian rivers. Journal of Fish Biology 29: 233-241.

Johnsen, B.O. and Jensen, A.J. 1991. The Gyrodactylus story in Norway. Aquaculture 98: 289-302.

Johnsen, B.O., Mgkkelgjerd, P.I. and Jensen, A.J. 1999. Parasitten Gyrodactylus salaris pa laks i
norske vassdrag, statusrapport ved inngangen til &r 2000. NINA oppdragsmelding 617. Norwegian
Institute for Nature Research.

Jonsson, N., Hansen, L.P. and Jonsson, B. 1991. Variation in age, size and repeat spawning of adult
Atlantic salmon in relation to river discharge. The Journal of Animal Ecology 60: 937-947.

Johnston, S.E., Orell, P., Pritchard, V.L., Kent, M.P., Lien, S., Niemela, E., et al. 2014. Genome-wide
SNP analysis reveals a genetic basis for sea-age variation in a wild population of Atlantic salmon
(Salmo salar). Molecular Ecology 23: 3452—3468.

Kania, P., Larsen, T.B., Ingerslev, H.C. and Buchmann, K. 2007 Baltic salmon activates immune
relevant genes in fin tissue when responding to Gyrodactylus salaris infection. Diseases of Aquatic
Organisms 76: 81-85.

Kania, P.W., Evensen, O., Larsen, T.B. and Buchmann, K. 2010. Molecular and immunohistochem-
ical studies on epidermal responses in Atlantic salmon Salmo salar L. induced by Gyrodactylus
salaris Malmberg, 1957. Journal of Helminthology 84: 166-172.

Karlsson, S., Bjgru, B., Holthe, E., Lo, H. and Ugedal, O. 2016a. Veileder for utsetting av fisk for &
ivareta genetisk variasjon og integritet. NINA Rapport 1269. Norwegian Institute for Nature Re-
search.

Karlsson, S., Diserud, O.H., Fiske, P. and Hindar, K. 2016b. Widespread genetic introgression of
escaped farmed Atlantic salmon in wild salmon populations. ICES Journal of Marine Science 73:
2488-2498.

Karlsson, S., Florg-Larsen, B., Balstad, T. and Eriksen, L. B. 2015. Stamlakskontroll 2014. NINA
Rapport 1143. Norwegian Institute for Nature Research.

Karlsson, S., Florg-Larsen, B., Sollien, V.P., Eriksen, L.B., Anders-skog, I.P.9g, Brandsegg, H., Halv-
orsen, B.U. and Hemphill, E.J.K. 2018. Stamlakskontroll 2017. NINA Rapport 1486. Norwegian
Institute for Nature Research.

Karlsson, S., Moen, T. and Hindar, K. 2010. Contrasting patterns of gene diversity between microsat-
ellites and mitochondrial SNPs in farm and wild Atlantic salmon. Conservation Genetics 11: 571-
582.

55



NINA Report 1812

Karlsson, S., Moen, T., Lien S. and Hindar, K. 2011. Generic genetic differences between farmed and
wild Atlantic salmon identified from a 7K SNP-chip. Molecular Ecology Resources 11: 247-253.

Keer, P.J., 2012. Myxomatosis in Australia and Europe: a model for emerging infectious diseases.
Antiviral Research 93: 387-415.

King, T.L., Kalinowski, S.T., Schill, W.B., Spidle, A.P. and Lubinski, B.A. 2001. Population structure
of Atlantic salmon (Salmo salar L.): a range-wide perspective from microsatellite DNA variation.
Molecular Ecology 10: 807-821.

Klemme, |., Hyvarinen, P. and Karvonen, A. 2020. Negative associations between parasite avoid-
ance, resistance and tolerance predict host health in salmonid fish populations. Proceedings Royal
Society B 287: 20200388. https://doi.org/10.1098/rspb.2020.0388.

Kolstad, K., Heuch, P.A., Gjerde, B., Gjedrem, T. and Salte, R. 2005. Genetic variation in resistance
of Atlantic salmon (Salmo salar) to the salmon louse Lepeophtheirus salmonis. Aquaculture 247:
145-151.

Kuusela, J., Holopainen, R., Meinila, M., Veselov, A., Shchurov, I.L, leshko, E.P. and Lumme, J. 2005.
Potentially dangerous Gyrodactylus salaris in Russian Karelia: harmless and harmful combina-
tions of host species and parasite strains. Salmonid Fishes of Eastern Fennoscandia. Petroza-
vodsk: KarRC RAS. 47-55.

Laikre, L., Schwartz, M.K., Waples, R.S., Ryman, N. and The GeM working group. 2010. Compro-
mising genetic diversity in the wild: unmonitored large-scale release of plants and animals. Trends
in Ecology and Evolution 25: 520-529.

Lande, R. 1979. Quantitative genetic analysis of multivariate evolution, applied to brain: body size
allometry. Evolution 33: 402-416.

Lande, R., Engen, S. and Saether, B.E. 2003. Stochastic population dynamics in ecology and con-
servation. Oxford University Press, Oxford.

Lange, B., Reuter, M., Ebert, D., Muylaert, K. and Decaestecker, E. 2014. Diet quality determines
interspecific parasite interactions in host populations. Ecology and Evolution 4: 3093-3102.

Le Luyer, J., Laportea, M., Beachamc, T.D., Kaukinenc, K.H., Withlerc, R.E., Leongd, J.S., Ron-
deaud, E.B., Koopd, B.F. and Bernatchez, L. 2017. Parallel epigenetic modifications induced by
hatchery rearing in a Pacific Salmon. Proceedings of the National Academy of Sciences of the
United States of America 114: 12964-12969.

Le Rouzic, A., Houle, D. and Hansen, T.F. 2011. A modelling framework for the analysis of artificial-
selection time series. Genetics Research 93: 155-173.

Lien, S., Gidskehaug, L., Moen, T., Hayes, B., Berg, P.R., Davidson, W.S., Omholt, S.W. and Kent,
M.P. 2016. A dense SNP-based linkage map for Atlantic salmon (Salmo salar) reveals extended
chromosome homologies and striking differences in sex-specific recombination patterns. BMC
Genomics 12: 615.

Lindenstrgm, J.S., Dalgaard, M.B. and Buchmann, K. 2006. Skin expression of IL-1b in East Atlantic
salmon, Salmo salar L., highly susceptible to Gyrodactylus salaris infection is enhanced compared
to a low susceptibility Baltic stock. Journal of Fish Diseases 29: 123-128.

Lion, S. and Boots, M. 2010. Are parasites ‘prudent” in space? Ecology Letters 13: 1245-1255.

Little, T.J., Shuker, D.M., Colegrave, N., Day, T. and Graham, A.L. 2010. The coevolution of virulence:
tolerance in perspective. PLOS Pathogens 6: E1001006.

Lynch, M., & Walsh, B. 1998. Genetics and analysis of quantitative traits. Sinauer. Sunderland, MA.

Malmberg, G. and Malmberg, M. 1993. Species of Gyrodactylus (Platyhelminthes, Monogenea) on
salmonids in Sweden. Fisheries Research 17(1-2): 59-68.

Mazé-Guilmo, E., Loot, G., Paez, D.J., Lefévre, T. and Blanchet, S. 2014 Heritable variation in host
tolerance and resistance inferred from a wild host—parasite system. Proceedings of the Royal So-
ciety B 281: 2013-2567.

56


https://doi.org/10.1098/rspb.2020.0388
https://nofima.no/en/person/bjarne-gjerde/

NINA Report 1812

McGinnity, P., Proddhl, P., Ferguson, A., Hynes, R., Maoiléidigh, N.O., Rogan, G, Taggart, J. and
Cross, T. 2003. Fitness reduction and potential extinction of wild populations of Atlantic salmon,
Salmo salar, as a result of interaction with escaped farm salmon. Proceedings of the Royal Society
London B 270: 2443-2520.

Medzhitov, R., Schneider, D.S. and Soares, M.P. 2012. Disease tolerance as a defence strategy.
Science. 335: 936-941.

Messmer, A.M., Leong, J.S., Rondeau, E.B., Mueller, A., Despins, C.A., Minkley, D.R., Kent, M.P.,
Lien, S., Boyce, B., Morrison, D. and Fast, M.D. 2018. A 200K SNP chip reveals a novel Pacific
salmon louse genotype linked to differential efficacy of emamectin benzoate. Marine Genomics
40: 45-57.

Meuwissen, T.H., Hayes, B.J and Goddard, M.E. 2001. Prediction of total genetic value using ge-
nome-wide dense marker maps. Genetics 157: 1819-1829.

Mjalnerad, 1.B., Refseth, U.H., Karlsen, E., Balstad, T., Jakobsen, K.S. and Hindar, K. 1997. Genetic
differences between two wild and one farmed population of Atlantic salmon (Salmo salar) revealed
by three classes of genetic markers. Hereditas 127: 239-248.

Mo, T.A. 1988. Virksomheten i 1987 og program for virksomheten i 1988. Gyrodactylus-un-
dersgkelsene ved Zoologisk Museum 4. University of Oslo.

Mo, T.A. 1991. Variations of opisthaptoral parts of Gyrodactylus salaris Malmberg, 1957 (Monogenea:
Gyrodactylidae) on rainbow trout Oncorhynchus mykiss (Walbaum, 1792) in a fish farm, with com-
ments on the spreading of the parasite in south-eastern Norway. Systematic Parasitology 20: 1-9.

Mo, T.A. 1992. Seasonal variations in the prevalence and infestation intensity of Gyrodactylus salaris
Malmberg, 1957 (Monogenea: Gyrodactylidae) on Atlantic salmon parr, Salmo salar L., in the
River Batnfjordselva, Norway. Journal of Fish Biology 41(5): 697-707.

Mobley, K.B., Granroth-Wilding, H., Ellmen, M., Vaha, J-P., Aykanat, T., Johnston, S.E., Orell, P.,
Erkinaro, J. and Primmer, C.R. 2018. Home ground advantage: local Atlantic salmon have higher
reproductive fitness than dispersers in the wild. Science Advances 5: eaav1112

Moen, T., Baranski, M., Sonesson, A.K. and Kjgglum, S. 2009. Confirmation and fine-mapping of a
major QTL for resistance to infectious pancreatic necrosis in Atlantic salmon (Salmo salar): popu-
lation-level associations between markers and trait. BMC Genomics 10: 368.

Moen, T., Torgersen, J., Santi, N., Davidson, W.S., Baranski, M., @degard, J., Kjaeglum, S., Velle, BI,
Kent, M., Lubieniecki, K.P., Isdal, E. and Lien S. 2015. Epithelial cadherin determines resistance
to infectious pancreatic necrosis virus in Atlantic salmon. Genetics 200: 1313-1326.

Nielsen, E.E., Hansen, M.M and Loeschke, V. 1996. Genetic structure of European populations
Salmo salar L. (Atlantic salmon) inferred from mitochondrial DNA. Heredity 77: 351-358.

Nilsson, J., Gross, R., Asplund, T., Dove, O., Jansson, H., Kelloniemi, J., Kohlmann, K., Loytynoja,
A., Nielsen, E.E., Paaver, T., Primmer, C.R., Titov, S., Vasemagi, A., Veselov, A., Ost, T., Lumme,
J. 2001. Matrilinear phylogeography of Atlantic salmon (Salmo salar L.) in Europe and postglacial
colonization of the Baltic Sea area. Molecular Ecology 10: 89-102

Olstad, K., Cable, J., Robertsen, G. and Bakke, T.A. 2006. Unpredicted transmission strategy of Gy-
rodactylus salaris (Monogenea: Gyrodactylidae): survival and infectivity of parasites on dead
hosts. Parasitology 133: 33-41.

Olstad, K., Robertsen, G., Bachmann, L. and Bakke, T. A. 2007. Variation in host preference within
Gyrodactylus salaris (Monogenea): an experimental approach. Parasitology 134: 589-597.

Ozerov, M., Vaha, J-P., Wennevik, V., Niemela, E., Svenning, M-A., Prusov, S., Fernandez, R.D.,
Unneland, L., Vasemagi, A., Falkegard, M., Kalske, T. and Christiansen, B. 2017. Comprehensive
microsatellite baseline for genetic stock identification of Atlantic salmon (Salmo salar L.) in north-
ernmost Europe. ICES Journal of Marine Science 74: 2159-2169.

Paladini, G., Cable, J., Fioravanti, M.L., Faria, P.J., Di Cave, D. and Shinn, A.P. 2009a. Gyrodactylus
orecchiae sp. n. (Monogenea: Gyrodactylidae) from farmed populations of gilthead seabream
(Sparus aurata) in the Adriatic Sea. Folia Parasitologica 56: 21-28.

57



NINA Report 1812

Paladini, G., Gustinelli, A., Fioravanti, M.L., Hansen, H. and Shinn, A.P. 2009b. The first report of
Gyrodactylus salaris Malmberg, 1957 (Platyhelminthes, Monogenea) on Italian cultured stocks of
rainbow trout (Oncorhynchus mykiss Walbaum). Veterinary Parasitology 165(3-4): 290-297.

Paladini, G., Hansen, H., Williams, C.F., Taylor, N.G.H., Rubio-Mejia, O.L., Denholm, S., Hyttergad,
S., Bron, J.E. and Shinn, A.P. 2014. Reservoir hosts for Gyrodactylus salaris may play a more
significant role in epidemics than previously thought. Parasites & Vectors 7: 576.

Pettersen, R.T., Hytterad, S., Mo, T. A., Hagen, A.G., Flodmark, L.E.W., Hagberget, R., Olsen, N.,
Kjgsnes, A.J., @xnevad, S., Havardstun, J., Kristensen, T., Sandodden, R., Moen, A. and Lyder-
sen, E. 2007. Kjemisk behandling mot Gyrodactylus salaris i Laerdalselva 2005/2006 — Sluttrap-
port. NIVA-rapport 5349-2007. Norwegian Institute for Water Research.

Poléo, A.B.S., Schjolden, J., Hansen, H., Bakke, T.A., Mo, T.A., Rosseland, B.O. and Lydersen, E.
2004. The effect of various metals on Gyrodactylus salaris (Platyhelminthes, Monogenea) infec-
tions in Atlantic salmon (Salmo salar). Parasitology 128: 169-177.

Ramirez, P., Bakke, T.A. and Harris, P.D. 2015. Population regulation in Gyrodactylus salaris-Atlantic
salmon (Salmo salar L.) interactions: testing the paradigm. Parasites & Vectors 8: 392.

Reed, T.E., Prodohl, P., Hynes, R., Cross, T., Ferguson, A. and McGinnity, P. 2015. Quantifying
heritable variation in fitness related traits of wild, farmed and hybrid Atlantic salmon families in a
wild river environment. Heredity 115: 173-184.

Robertsen, G., Hansen, H., Bachmann, L. and Bakke, T.A. 2007. Arctic charr (Salvelinus alpinus) is
a suitable host for Gyrodactylus salaris (Monogenea, Gyrodactylidae) in Norway. Parasitology
134: 257-267.

Ryman, N., and Laikre L. 1991. Effects of supportive breeding on the genetically effective population
size. Conservation Biology 5: 325-329.

Raberg, L., Graha, A.L. and Read, A.F. 2009. Decomposing health: tolerance and resistance to par-
asites in animals. Philosophical Transactions of the Royal Society London B 364:37-49.

Raberg, L., Sim, D. and Read A.F. 2007. Disentangling genetic variation for resistance and tolerance
to infectious diseases in animals. Science 318: 812-814.

Saisa, M., Koljonen, M-L., Gross, R., Nilsson, J., Tahtinen, J., Koskiniemi, J. and Vasemagi, A. 2005.
Population genetic structure and postglacial colonization of Atlantic salmon (Salmo salar) in the
Baltic Sea area based on microsatellite DNA variation. Canadian Journal of Fisheries and Aquatic
Science 62: 1887-1904.

Salte, R., Bentsen, H.B., Moen, T., Tripathy, S., Bakke, T.A., @degard, J., Omholt, S. and Hansen,
L.P. 2010. Prospects for a genetic management strategy to control Gyrodactylus salaris infection
in wild Atlantic salmon (Salmo salar) stocks. Canadian Journal of Fisheries and Aquatic Sciences
67:121-129.

Schneider, D.S. and Ayres, J.S. 2008. Two ways to survive infection: what resistance and tolerance
can teach us about treating infectious diseases. Nature Reviews Immunology 8: 889-895.

Skaala, 9., Glover, K.A., Barlaup, B.T., Svasand, T., Besnier, F., Hansen, M.M. and Borgstrem, R.
2012. Performance of farmed, hybrids, and wild Atlantic salmon (Salmo salar) families in a natural
river environment. Canadian Journal of Fisheries and Aquatic Science 69: 1994-2006.

Skaala, @., Hayheim, B., Glover, K. and Dahle, G. 2004. Microsatellite analysis in domesticated and
wild Atlantic salmon (Salmo salar L.) allelic diversity and identification of individuals. Aquaculture
240: 131-143.

Skaala, @., Taggart, J. B. and Gunnes, K. 2005. Genetic differences between five major domesticated
strains of Atlantic salmon and wild salmon. Journal of Fish Biology 67: 118-128.

Skar K., Barlaup B., Bremset G., Dyrendal H. A., Limstrand R. and Wennevik V. 2011. Innstilling fra
utvalg om kultivering av anadrom laksefisk. DN-utredning 11-2011. Direktoratet for naturforvalt-
ning.

58




NINA Report 1812

Solberg, M.F., Skaala, &., Nilsen, F. and Glover, K.A. 2013. Does domestication cause changes in
growth reaction norms? A study of farmed, wild and hybrid Atlantic salmon families exposed to
environmental stress. PLOS ONE 8: e54469.

Solem, @., Aalbu, F. and Mo, T.A. 2018. Ungfiskundersgkelser i Drivavassdraget. Arsrapport 2017.
NINA Rapport 1417. Norwegian Institute for Nature Research.

Solem, J., Bremset, G., Aronsen, T., Kraabgl, M., Olstad, K. and Aalbu, F. 2017. Fiskeundersgkelser
i Drivavassdraget. Sammenstilling av resultater fra perioden 1977-2015. NINA Rapport 1237. Nor-
wegian Institute for Nature Research.

Soleng, A., Bakke, T.A. 1997. Salinity tolerance of Gyrodactylus salaris (Platyhelminthes, Monoge-
nea): laboratory studies. Canadian Journal of Fisheries and Aquatic Sciences 54: 1837-1845.

Soleng, A., Bakke, T.A., Hansen, L.P. 1998. Potential for dispersal of Gyrodactylus salaris (Platyhel-
minthes, Monogenea) by sea-running Atlantic salmon (Salmo salar): field and laboratory studies.
Canadian Journal of Fisheries and Aquatic Sciences 55: 507-514.

Soleng, A., Jansen, P.A. and Bakke, T.A. 1999. Transmission of the monogenean Gyrodactylus sala-
ris. Folia Parasitologica 46: 179-184.

Soleng, A., Poleo, A.B.S., Alstad, N.E.W. and Bakke, T.A. 2000. Aqueous aluminium eliminates Gy-
rodactylus salaris (Platyhelminthes, Monogenea) infections in Atlantic salmon. Parasitology 119:
19-25.

Stearns, S.C. 1989. Trade-offs in life-history evolution. Functional Ecology 3: 259-268.

Stahl, G. 1987. Genetic population structure of Atlantic salmon,. In Ryman N. and Utter F. (eds) Pop-
ulation Genetics and Fishery Management. University of Washington Press, Seattle. pp. 121-40.

Takahata, N. and Nei, M. 1984. Fst and Gsr statistics in the finite island model. Genetics 107: 501-
504.

Thodesen, J., Grisdale-Helland, B., Helland, S. J. and Gjerde, B. 1999. Feed intake, growth and feed
utilization of offspring from wild and selected Atlantic salmon (Salmo salar). Aquaculture 180: 237-
246.

Toenshoff, E. R., Fields, P.D., Bourgeois, Y.X. and Ebert, D. 2018. The end of a 60-year riddle: Iden-
tification and genomic characterization of an iridovirus, the causative agent of White Fat Cell Dis-
ease in zooplankton. G3 8: 1259-1272.

Tsai, H. Y., Hamilton, A., Tinch, A. E., Guy, D. R., Gharbi, K. et al. 2015 Genome wide association
and genomic prediction for growth traits in juvenile farmed Atlantic salmon using a high density
SNP array. BMC Genomics 16: 969.

Tsai, H.Y., Hamilton, A., Tinch, A.E., Guy, D.R,, Bron, J.E. Taggart, J.B., Gharbi, K., Stear, M., Matika,
0., Pong-Wong, R., Bishop, S.C. and Houston, R.D. 2016a. Genomic prediction of host resistance
to sea lice in farmed Atlantic salmon populations. Genetics Selection Evolution 48: 47.

Tsai, H.Y., Robledo, D., Lowe, N.R., Bekaert, M., Taggart, J.B., Bron, J.E. and Houston, R.D. 2016b.
Construction and annotation of a high density SNP linkage map of the Atlantic salmon (Salmo
salar) genome. G3: Genes, Genomes, Genetics 6: 2173-2179.

Tufto, J. 2000. Quantitative genetic models for the balance between migration and stabilizing selec-
tion. Genetics Research 76: 285-293.

Uyeda, J.C., Hansen, T.F., Arnold, S.J. and Pienaar, J. 2011. The million-year wait for macroevolu-
tionary bursts. Proceedings of the National Academy of Sciences 108: 15908-15913.

Vaha, J-P., Erkinaro, J., Falkegard, M., Orell, P. and Niemela, E. 2017. Genetic stock identification of
Atlantic salmon and its evaluation in a large population complex. Canadian Journal of Fisheries
and Aquatic Science 74: 327-338.

Verspoor, E., Beardmore, J.A., Consuegra, S., de Leaniz, C.G., Hindar, K., Jordan, W.C., Koljonen,
M-L., Mahkrov, A.A., Paaver, T., Sanches, J.A., Skaala, &., Titov, S. and Cross, T.F. 2005. Pop-
ulation structure in the Atlantic salmon: insights from 40 years of research into genetic protein
variation. Journal of Fish Biology 67: 3-54.

59




NINA Report 1812

Wacker, S., Karlsson, S. and Fiske, P. 2019. Opphav til laks fisket i Finnfjorden. NINA Rapport 1647.
Norsk Institute for Nature Research.

Walsh, B. and Blows, M.W. 2009. Abundant genetic variation + strong selection = multivariate genetic
constraints: a geometric view of adaptation. Annual Review of Ecology, Evolution, and Systemat-
ics 40: 41-59.

Winger, A.C., Kanck, M., Kristoffersen, R. and Knudsen, R. 2008. Seasonal dynamics and persis-
tence of Gyrodactylus salaris in two riverine anadromous Arctic charr populations. Environmental
Biology of Fishes 83: 117-123.

Wright, S. 1931. Evolution in Mendelian populations. Genetics 16: 97-159.
Wright, S. 1943. Isolation by distance. Genetics 28: 114-138.

Yanez, J.M, Newman, S. and Houston, R.D. 2015. Genomics in aquaculture to better understand
species biology and accelerate genetic progress. Frontiers in Genetics 6: 128.

Jdegard, J., Moen, T., Santi, N., Korsvoll, S.A., Kjgglum, S. and Meuwissen, T.H.E. 2014. Genomic
prediction in an admixed population of Atlantic salmon (Salmo salar). Frontiers in Genetics 5: 402.

60



NINA Report 1812

Appendix 1: Supplementary tables

Table S1. Overview of stocking in rivers infected with G. salaris. The information is gathered
from Johnsen et al. (1999) and Havard Lo and Espen Holte at the Norwegian Veterinary Institute
(pers. com.). Considered infection period gives the period with G. salaris as shown in Figure 4
and 5 (not necessarily the complete infection period). Data that is not available are abbreviated

by NA.

River

Stocking

Aureelva

Batnfjordelva

Beiarelva

Drammenselva

Driva

Eidsdalselva

Figga

Henselva

Lakselva (Misvar)

Lierelva

Considered infection period: 1984 - 1987
Stocking of fry: 1983 (n =NA), 1984 (n =NA)

No stocking during the considered infection period (1980-1993)

Considered infection period: 1981 - 1994

Stocking of parr: 1982 (n = 1000), 1986 (n = 1000),

Stocking of fry: 1987 (n = 3000), 1988 (n = 1000), 1990 (n = 3000),
1991 (n =20 000), 1995 (n =19 000)

Stocking of smolt: 1994 (n = 14 000), 1995 (n = 17 000).

Considered infection period: 1987-1999
Stocking of fry: 200 000-300 000 yearly.
Stocking of smolt: about 50 000 yearly.

Considered infection period: 1980-2017

Stocking of egg 1994-2000 (n = 596 960).

Stocking of fry: 1960s-1979 (n = NA), 1980-1985 (n =1 604 000).
Stocking of smolt: 1960s-1979 (n = NA), 1980-1985 (n =210 300),
1993 (n =55 000), 1994 (n =110 000), 1995 (n = NA), 1996 (n =
NA), 1997 (n =NA), 1998 (n =NA), 1999 (n =NA), 2000 (n =
NA), 2001 (n = 80 000).

Considered infection period: 1981-1990 (no stocking 1982-1991)
Stocking of alevins: 1994 (n =15 000 - 18 000), 1995 (n = 80 000 -
85 000)

Stocking of fry: 1980 (n =30 000), 1981 (n =30 000), 1992 (n =25
000), 1993 (18 000).

Considered infection period: 1980-1993
Stocking of fry: 1995 (n = 1500)
Stocking of smolt: 1988 (n = 1350), 1993 (n = 100).

No stocking during the considered infection period (1980-1993)

No stocking during the considered infection period (1975-1989)

Considered infection period: 1987 — 1999
Stocking of fry: 1987 (n =90 000)
Stocking of smolt: 1987 (n = 3600), 1988 (n = 1000)
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Litedalselva

Maéna

Norddalselva

Ranaelva

Rauma

Skibotn

Skorga

Steinkjervassd.

Usma

Valldalselva
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No reports on stocking available from 1989 — 1999

No stocking during the considered infection period (1981-1998)

Considered infection period: 1980 - 1993

Stocking of fry: 1980 (n =49 000), 1981 (n =86 000), 1982 (n =75
000)

Stocking of smolt: 1988 (n =15 000), 1993 (n = 18 300), 1994 (n =
31 700)

No stocking during the considered infection period (1981-1990)

Considered infection period: 1977-1998

Stocking of fry: 1983-87 (n =40 000)

Stocking of parr: 1983-87 (a small number of 1- and 2-year olds)
Stocking of smolt: 1975-91 (n = 596 400)

Considered infection period: 1980-1993

Stocking of alevins: 1995 (n =180 000), 1996 (n =350 000)
Stocking of fry: 1983 (n = 63 000), 1984 (n =290 000)

Stocking of parr: 1987-1990 (yearly n =30 000), 1995 (n = 50 000).
Stocking of smolt 1987-1991 (yearly n =20 000), 1992 (n =40
000), 1993 (n =57 300), 1994 (n =31 000), 1995 (n =42 500),
1996 (n =4 550)

Considered infection period: 1979-1998

Stocking of fry: 1980-1984 (n =110 700)

Stocking of smolt: 1984 (n =6 000), 1993 (n =9 000), 1994 (n=7
500)

No stocking during the considered infection period (1982-1993)

Considered infection period: 1980-1992
Stocking of smolt: 1988 (n = 1000), 1989 (n =4000), 1990 (n =
3000), 1993 (n =10 000)

Considered infection period: 1980-1997
Stocking of smolt: 1997 (n =23 000), 1998 (n =22 000).

Considered infection period: 1980-1990 (no stocking 1981-1991)
Stocking of alevins: 1994 (n =20 000), 1995 (n =100 000 - 110
000)

Stocking of fry: 1988 (n =10 000), 1992 (n = 60 000), 1993 (n = 14
000).
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Vefsna

Vikelva

Considered infection period: 1978-2003

Stocking of eggs: 1997-2001 (n = 61 500)

Stocking of fry: 1971-1978 (n =906 000), 1979-1983 (n = NA)
1984-1991 (n =3 155 500)

Stocking of one-year-old parr: 1970-1977 (n = 23 000)
Stocking of smolt 1966-1991 (n =382 700)

No stocking during the considered infection period (1984-1988)
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Appendix 2: Theory on selection response in survival

Liability of survival is defined as
z = Oy p(P[survival]),

where P[survival] is the probability of survival and CD,;},z is the quantile function (inverse of the
cumulative distribution function) of a Normal distribution with mean u and variance o2. In our
casepu=0and g2 =P = 1_—1}12 where h? is the heritability.

For truncated selection, the selection intensity (the variance standardized selection differential)
on liability of survival is given by

L= f de,

®-1(1-P[survival]) P[survival]

where ¢ is the probability density function of a standard Normal distribution (u = 0, 62 = 1),
®~1 is the quantile function of a standard Normal distribution, and P[survival] is the average
probability of survival.
Assuming truncated selection and the infinitesimal model, the evolution of liability of survival z
(which is assumed to be normally distributed after reproduction, with mean = z and variance =

P) from generation t to t + 1 can be approximated by (modified after equation 10 in Le Rouzic
etal. 2011):

— _ - 2 .
Ziy1 = Zp + hi iy Pe
h2 _ Gt+1

t+1 =

Pryq’
Pry1 =Gpyq +1

Giy1 = Ges1 + dt1+1

It+1 = gt (1 - ZNe)'
1

1
diyq = E (1 - N_) (dt + h?APt).

o (aps1) () )
1 t+1 _ t+1 _ P
T @ 1—®(apyqr) (1 — ®(as1) e

=Py | plac) [ oagq) :
LAY A . (D(a’t+1) 1-— ¢(at+1) '

Aty1 = Z_t+1/\/ Pey1,

where G is the additive genetic variance that consists of the additive genetic variance at ga-
metic phase equilibrium g and the change due to linkage disequilibrium d, N, is the effective
population size, AP is the change in variance due to selection (given by standard formulas for
the truncated Normal distribution), and « is the standardized truncation point between survivors
and non-survivors (i.e. ®~(1 — P[survival]))

APy 1 = Pryq
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