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Abstract

Norway has the largest salmon-farming industry in the world, an industry that is still growing,

PT

and in recent years production of marine species like Atlantic cod has also increased. At the

CE

same time, Norway has the world’s largest wild stock of Atlantic salmon and has fjord
systems and ocean areas rich in wild marine fish species which form the basis of a large

AC

fishing industry. As the aquaculture industry grows and diversifies, there is concern about the
potential effects of pathogens spreading from farmed fish to wild populations. The overall
health situation in Norwegian aquaculture is good, but some pathogens are not controlled
effectively. In particular, salmon lice produced in farms may cause problems for wild
salmonids and other parasites may be abundant too. Also, viral diseases in Atlantic salmon
and bacterial diseases in Atlantic cod give rise to several disease outbreaks annually. The
open design of most aquaculture systems allows the transmission of pathogens from the
environment or from wild fish to the farmed fish. The objective of this review is to provide an
overview of current knowledge of disease interaction and pathogen exchange between farmed
and wild fish populations, with emphasis on Norwegian condition. In addition, the paper
contains an evaluation of research methods that would be useful in expanding knowledge of
1
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pathogen exchange between wild and farmed fish, and in surveys of diseases in wild fish
populations. The impact of pathogen transfer from farmed fish to economically important
wild fish populations is assessed together with risk analysis considering possible

T

consequences of pathogen exchange between farmed and wild fish. Finally, the review

RI
P

contains suggestions for future research that will increase the knowledge in the field.

SC
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1. Introduction
The fisheries industry has traditionally been very important industry in Norway and in the last
30 years the salmon aquaculture industry has developed tremendously. The export value of

T

farmed seafood now exceeds that of wild caught seafood such that in 2009 Norway exported

RI
P

farmed seafood valued at NOK 25.9 billion, compared with wild caught seafood exports of

SC

NOK 18.7 billion (Norwegian seafood export council/www.seafood.no).

NU

Efforts are continuously being made to reduce the risks of pathogen transmission from
aquaculture sites and there is great concern about the potential effects of diseases spreading to

MA

wild populations. Likewise, there is a risk of diseases spreading from wild to farmed fish,
with subsequent proliferation and spread of pathogens in the farms as well as into the

ED

environment. However, current debates are not always funded on facts and there is a need in
both the fisheries and aquaculture industries for an overview of knowledge in this field. Some

PT

recent reviews and reports covering part of the subject – for example ”Salmon Aquaculture

CE

Dialogue Working Group Report on Sea lice” (Revie et al., 2009), ”Salmon Aquaculture
Dialogue Working Group Report on Salmon Disease” (Hammell et al., 2009) and ”Review of

AC

fish disease interactions and pathogen exchange between farmed and wild finfish and shellfish
in Europe” (Raynard et al., 2007).

The objective of this review is to provide an overview of current knowledge of disease
interaction and pathogen exchange between farmed and wild fish populations, with emphasis
on Norwegian conditions. As well as a review of pathogens there is an evaluation of research
methods that can be used to increase knowledge of pathogen exchange between wild and
farmed fish, diseases in wild fish populations and the impact on economically important wild
fish populations. A risk analysis considering possible consequences of pathogen exchange
between farmed and wild fish is also included with suggestions for future research.

4
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2. Pathogen review
Introduction - the health situation in farmed and wild fish in Norway at present
The National Veterinary Institute publishes an annual report, the Farmed Fish Health Report,

T

concerning the health situation in Norwegian aquaculture and this also contains some

RI
P

information about wild fish populations. In 2009, the largest disease-related losses in the
seawater phase of salmonid culture were virus-associated. The highest number of outbreaks

SC

were due to infectious pancreatic necrosis (IPN), pancreas disease (PD) and heart and skeletal

NU

muscle inflammation (HSMI) with both PD and HMSI apparently spreading to new areas
(Bornø et al., 2010). Cardiomyopathy syndrome (CMS) was also involved in several

MA

outbreaks. The causative agents of HMSI and CMS are confirmed to be viruses very recently
(Lovoll et al., 2010; Palacios et al. 2010), but at the moment information about these agents

ED

are scarce and they will therefore not be included in this review. Gill disease and other
diseases of mainly unknown aetiology continue to cause some mortality in farmed salmonids,

PT

but these will not be described either. Bacterial diseases do not represent a major problem in

CE

farmed salmonids compared to viral diseases, but they constitute the main disease problem in
marine farmed fish in quantitative and economic terms. Disease outbreaks due to atypical

AC

Aeromonas salmonicida are registered primarily in Atlantic cod (Gadhus morhua L.) and
halibut (Hippoglossus hippoglossus). Vibrio anguillarum and Francisella noatunensis cause
problems to cod, while a few disease outbreaks are caused by Moritella viscosa and Yersinia
ruckeri in Atlantic salmon (Salmo salar L.) and Flavobacterium psychrophilum in rainbow
trout (Onchorynchus mykiss) are recorded (Bornø et al., 2010).

“The Norwegian National Action Plan Against Salmon Lice on Salmonids” was implemented
in 1997 as a consensus tool to reduce the impact of sea lice from farmed fish. Important
measures in the plan were legal limits for the maximum mean number of lice per farmed fish,
compulsory reporting of lice numbers to the authorities, strategic regional treatments against
lice and monitoring of salmon lice infections in wild salmonids. In spring 2009 sea lice counts
5
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showed that the average number per fish was the same as in 2002. However as the amount of
farmed salmon in the sea had increased since 2002 the total amount of sea lice was also much
higher. Coordinated delousing has been performed during the winter season in certain zones

T

of western Norway following directions from the Norwegian Food Safety Authority.

RI
P

Development of resistance in salmon lice against certain anti-parasitic drugs is a cause for
concern and a national programme for surveillance of resistance is presently being designed

SC

by the National Veterinary Institute (Asplin et al., 2010). Other parasites only cause minor

NU

problems, however, the number of salmon farms affected by Parvicapsulosis, caused by

MA

Parvicapsuola pseudobranchiola, has increased (Bornø et al., 2010; Johansen et al., 2009b).

Little is known about the current status of disease outbreaks in wild fish populations, but

ED

furunculosis in wild Atlantic salmon has been recorded regularly in the rivers Namsen,
Sandøla and Ferga, all surrounding the Namsen fjord (Johansen et al., 2009b). However, no
in

the

annual

catches

PT

reduction

of

wild

salmon

occurred

in

these

areas

CE

(http://www.fishnamsen.no/). Also, anecdotal information suggests that vibriosis is common
in several marine species, in particular saithe (Pollachius virens) (Egidius 1987), and this

AC

predates the establishment of aquaculture in Norway. A national surveillance programme for
Gyrodactylus salaris investigates wild salmonids from 1-3 locations in each of 100 rivers
annually and farmed salmonids from 85 farms bi-annually. The parasite was not detected in
any new areas in 2009. Health control of wild-caught salmon for brood stock is also carried
out annually. Out of 8 Atlantic salmon positive for IPNV in 2008, 7 were escaped farmed fish
(based on scale analysis tests). In 2009 IPNV was isolated from two wild Atlantic salmon.
The fish were also tested for A. salmonicida and Renibacterium salmoninarum, and neither
were detected in 2009 (Bornø et al., 2010; Johansen et al., 2009b).

6
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2.1 Viral pathogens
2.1.1 Infectious pancreatic necrosis virus - IPNV
Infectious pancreatic necrosis virus (IPNV) is the causative agent of infectious pancreatic

T

necrosis (IPN), a viral disease occurring in all major salmon farming countries. The most

RI
P

affected species to die from clinical IPN are salmonids, but IPN may also occur in farmed
non-salmonids such as turbot (Scophthalmus maximus) and halibut (OIE, 2006).

SC

Susceptibility to IPN generally decreases with age, except for Atlantic salmon smolts which

NU

are often affected also after transfer from freshwater to seawater (Jarp, 1999; Jarp et al., 1995;
Smail et al., 2006). IPN has been removed from the list of notifiable diseases in Norway and

MA

by OIE. However, the fish health services continue to register the disease and in 2009 223
Norwegian aquaculture sites experienced IPN. Mortalities were variable, but some sites had

ED

significant losses. Nearly all Norwegian salmon are intraperitoneally (i.p.) vaccinated against
IPN. In addition a number of oral vaccines against IPN are used during the juvenile stages.

PT

The effect of vaccination in relation to other preventive measures is commonly debated.

CE

Management routines and environmental conditions may also affect the outcome of disease

AC

(Johansen et al., 2009b).

IPNV has been isolated from farmed and wild fish, water, sediment, birds and shellfish and
can be transmitted horizontally in and between freshwater and marine environments by a
variety of these reservoirs and vectors (Raynard et al., 2007 and references therein). However,
little is known about release of infectious virus from reservoirs. Vertical transmission has
been demonstrated in brook trout (Salvelinus fontinalis) (Bootland et al., 1991; Bullock et al.,
1976; Wolf et al., 1963) and rainbow trout (Dorson and Torchy, 1985), but not yet
conclusively demonstrated in Atlantic salmon. During an epizootic of IPN, virus is shed with
faeces, urine and from dead and moribund fish (Billi and Wolf, 1969; Wolf et al., 1968).
There is increasing evidence that IPNV may be transferred from farmed to wild fish through
contact with discharges and products from IPNV-contaminated farms (Bucke et al., 1979;
7
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Hastein and Lindstad, 1991; McAllister and Bebak, 1997; McVicar et al., 1993; Mortensen,
1993; Sonstegard et al., 1972; Wallace et al., 2008). Clinical signs of the disease and/or
epizootics have not been reported in wild salmonids, however mortalities associated with

T

IPNV in wild marine fish have been observed in non-salmonids (Atlantic menhaden,

RI
P

Brevoortia yrannus (Latrobe) (Stephens et al., 1980) and southern flounder, Aralichthys
lethostigmata (McAllister et al., 1984). Whether the virus was the specific cause of the

NU

SC

mortalities is not clear.

High proportions of the farmed fish undergoing an IPNV infection develop a lifelong

MA

persistent infection. Thus, farmed fish may be the most important reservoir of IPNV in the
aquatic environment. Sub-clinical covert IPNV infections have also been detected in a wide

ED

range of estuarine and freshwater wild fish species. However, viral shedding has only been
demonstrated in farmed fish both clinically and persistently infected (Dorson and Torchy,

PT

1981; Hill, 1982; Jensen et al., 2009; McAllister and Bebak, 1997; Munro et al., 1976).

CE

Experimental studies have estimated the effects of chronic IPNV exposure on early life stages
of rainbow trout eggs and larvae (Bebak and McAllister, 2009). In an aquatic environment

AC

with low fish densities, mortality due to IPNV infections is not expected to occur when virus
concentrations are < 1000 pfu (plaque forming units) per litre. On the other hand, continuous
input of as little as 10 pfu per litre could cause IPN in aquaculture facilities with high fish
densities. The minimum dose required to induce infection in salmon post-smolts was
estimated to be less than 0.1 50 % tissue culture infective dose (TCID50) per ml by bath
immersion (Urquhart et al., 2009). Taken together the data shows that there is a potential for
infective virus to be released from wild fish to infect surrounding fish. However, all studies of
IPNV in wild fish in relation to aquaculture previously undertaken in Scotland (Munro et al.,
1976; Wallace et al., 2005; Wallace et al., 2008), North America (McAllister and Bebak,
1997) and Norway (Brun, 2003) suggest that wild fish have a limited or negligible role in the
spread of IPNV to farmed fish. Also, analysis of the persistence of IPNV in Scottish salmon
8
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farms supports the assumption that wild fish reservoirs are probably not important for
infection of marine salmon farms (Murray, 2006). The time scale for turnover of
infection/non-infection in farms was the period of the fallowing and restocking production

proximity of the site to neighbouring infected farms.

SC

2.1.2 Viral haemorrhagic septicaemia virus – VHSV.

RI
P

T

cycle. Transmission of IPNV was mostly due to relocation of infected farmed salmon and the

NU

VHS is a viral disease primarily affecting farmed rainbow trout, but also farmed turbot and
Japanese flounder (Paralichthys oliveus). Outbreaks can lead to high mortality and VHS is

MA

listed as a notifiable list 2 disease by the OIE. VHSV has been isolated from 82 different
freshwater and marine species throughout the Northern Hemisphere (OIE, 2009; Skall et al.,

ED

2005). Mortality due to VHSV has been observed in wild freshwater fish in the Great Lakes
(Ammayappan and Vakharia, 2009; Groocock et al., 2007; Lumsden et al., 2007) and in

PT

marine fish species along the Pacific North American coast (Meyers et al., 1999; Skall et al.,

CE

2005). However, the role of VHSV as a primary causative factor in some of these mass
mortalities has been questioned (Elston and Meyers, 2009). There are no reports of VHSV

AC

isolation from mass mortalities of European wild fish stocks. The infection may persist subclinically in rainbow trout, and reservoirs of infection are cultured or wild fish that are covert
carriers. Virulent virus is shed with urine and ovarian fluids (Skall et al., 2005), and once the
virus is established in a farmed stock the disease becomes enzootic because of the latent
carrier fish. Phylogenetic studies of the nucleoprotein (N) and glycoprotein (G) encoding
genes of VHSV isolates have identified four main genotypes (I to IV) (Einer-Jensen et al.,
2004; Snow et al., 1999; Snow et al., 2004). Genotypes I-III have been found in Europe and
genotype III was until recently only detected in marine fish. In 2007, VHS was detected in a
rainbow trout farm in Storfjord in mid-Norway (Dale et al., 2009). The disease was later
diagnosed in two other farms in the vicinity in 2007, in further two farms in 2008 and in one
farm in 2009. VHSV isolates from all outbreaks belonged to genotype III. All aquaculture
9
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sites in the fjord system, containing cod, saithe and salmon, were examined for VHSV during
2007 and found negative. The Norwegian isolate is the first detection of genotype III in
rainbow trout. Immersion trials have confirmed that this virus isolate gives significant

T

mortality in rainbow trout, while in Atlantic salmon mortality was only observed after

RI
P

challenge by injection (Dale et al., 2009). Due to the genotype and the high sequence
similarity with VHSV isolates from northern European waters, a marine source is most likely.

SC

Genotyping of VHSV isolates from other clinical outbreaks in farmed turbot and rainbow

NU

trout in areas previously considered VHS free in Sweden and Finland indicates transfer of
VHSV from wild to farmed fish (reviewed in Raynard et al., 2007; Skall et al., 2005). The

MA

most probable route of VHSV infection in farmed Atlantic salmon in North America was also

ED

through contact with wild fish (Raynard et al., 2007; Skall et al., 2005).

VHSV has its origin in the marine environment and phylogenetic studies indicate that it may

PT

have been present in marine fish species long before fish farming was established. No

CE

documentation of transfer from farmed to wild marine fish exists (Raynard et al., 2007). In the
recent Norwegian VHS outbreak in rainbow trout, 260 wild fish, 50 % of which were herring,

AC

Clupea harengus, caught in the vicinity of the infected farms were investigated without
detection of VHSV (Johansen et al., 2009b). However, genotype Ib was identified in herring
caught in the outer part of the same fjord (Duesund et al., 2010).

RNA viruses tend to display very high mutation rates and thereby a high capability of
adaptation. Therefore, the presence of VHSV in the marine environment is considered to
represent a threat to sea-farmed susceptible species. For instance, VHSV has been detected in
many gadoids (Bricknell et al. 2006), and may constitute a threat to cod farming. The fact that
this virus continues to be detected with spread to new sites gives rise to concern. In
Norwegian waters however, the prevalence of VHSV was very low and only two out of 8395

10
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fish were positive (Brudeseth and Evensen, 2002). Unfortunately, fish from the coastal zone
were not included in this survey.

T

2.1.3 Salmonid alphavirus (SAV)

RI
P

Salmonid alphavirus (SAV) is the causative agent of pancreas disease (PD) in sea-farmed
Atlantic salmon and rainbow trout, and sleeping disease (SD) in freshwater-farmed rainbow

SC

trout in Europe. PD has been a continuous problem in Irish salmon production and is an

NU

increasing problem in marine salmonids in Scottish and Norwegian aquaculture. SD has been
reported in farmed freshwater rainbow trout in France for many years and recently also in

MA

other European countries (McLoughlin and Graham, 2007).

ED

SAVs are classified as atypical alpha viruses (Weston et al., 2002) and further divided into 6
genetic subgroups (Fringuelli et al., 2008). Isolates from Norwegian marine salmonids form

PT

the third subgroup, SAV subtype 3 or Norwegian salmonid alphavirus (NSAV) (Hodneland et

CE

al., 2005). There is only conclusive evidence for direct horizontal transmission, supported by
epidemiological and phylogenetic studies (Fringuelli et al., 2008; Kristoffersen et al., 2009;

AC

Rimstad et al., 2010). However, one study has described experimental vertical transmission in
rainbow trout (Castric et al., 2005) and SAV has been found in salmon eggs and fry at low
prevalence (Bratland and Nylund, 2009). Salmon may also be infected by the virus without
showing clinical signs or mortality (Graham et al., 2006). Other alpha viruses have
intermediate invertebrate hosts, but such has not been described for SAV. The virus has been
detected by conventional and Real Time PCR in salmon lice sampled from Atlantic salmon
clinically affected by PD (Petterson et al., 2009a). It is not known whether the virus replicates
in the lice and theoretically the virus could have been located on the outside of the lice.

In Norway PD is a list 3 disease and a general increase in number of cases has been registered
in recent years. Hustadvika (mid-Norway) has until now acted as a geographical barrier for
11
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“natural” northward spread of the disease, although some isolated outbreaks have occurred in
the northern part of Norway. In 2009, PD was diagnosed in 75 farms which was a slight
reduction from previous years (Bornø et al., 2010). In endemic areas vaccination of 0+ smolts

RI
P

farms were not able to vaccinate the fish (Johansen et al., 2009b).

T

was performed in the autumn of 2008. Due to limited amounts of vaccine available, some

SC

The information about SAV infection in wild fish is limited. Testing of sera from 215 Atlantic

NU

salmon (wild or farmed) returning to the north and west coasts of Ireland and from 42 wild
salmonids in Norway failed to detect SAV or virus-neutralizing antibodies (Graham, 2005).

MA

However, virus-neutralizing antibodies have been detected in sera from saithe close to farmed
salmon undergoing a sub-clinical SAV infection (5 of 29 individuals analysed were

ED

seropositive) (Graham et al., 2006). No disease was observed in the saithe, but this suggests
that inter-species transmission from farmed to wild fish, or vice versa, can occur. To date

PT

there is no evidence of transmission of SAV between wild and farmed fish. Only limited

CE

empirical data are available and the epidemiology of PD and SD in farmed and wild fish

AC

remains to be resolved.

2.1.4 Nodavirus

Betanodavirus (NV) is the causative agent of the disease viral nervous necrosis (VNN), or
viral encephalopathy and retinopathy (VER), in more than 30 different marine fish species
worldwide (Munday et al., 2002). In Norway VNN is a notifiable list 3 disease and outbreaks
have been registered in farmed Atlantic halibut (Grotmol et al., 1997), turbot (Johansen et al.,
2004b) and recently in farmed Atlantic cod (Hellberg et al., 2010b; Patel et al., 2007). In the
period 2006-2009 there were a total of 13 and 4 outbreaks of VNN registered in Norway in
farmed cod and halibut, respectively (Bornø et al., 2010; Johansen et al., 2009b). Along the
west coast of Norway the virus has also been detected in wild cold water fish species and 22

12
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% (25/114) of the wild Atlantic cod examined were positive for NV by Real Time PCR
analysis (Nylund et al., 2008).

T

NV is transmitted both horizontally and vertically and small juveniles are generally more

RI
P

susceptible than larger fish (Munday et al., 2002). Survivors of an outbreak may become
persistently infected virus carriers (Johansen et al., 2004a) and the virus has been detected in

SC

10 % of Atlantic cod from aquaculture facilities with no suspicion or signs of disease (Nylund

NU

et al., 2008). Horizontal transmission has been shown experimentally from asymptomatic sea
bream (Sparus aurata) carriers to healthy sea bass (Dicentrarchus labrax) (Castric et al.,

MA

2001). It is likely that this also occurs between cold water fish species, although it has not
been shown. The virus is stable under environmental conditions in sea water and it is

ED

dispersed via water from aquaculture facilities with nodavirus infected fish (Munday et al.,
2002; Nerland et al., 2007). In persistently infected adult fish such as cod and halibut

PT

(Johansen et al., 2004a; Nylund et al., 2008) the virus may possibly reside until maturation

CE

and spawning and thus be transmitted to offspring via eggs or sperm. The use of virus-free
brood fish is regarded as essential in controlling the disease. There is no specific evidence for

AC

transmission of NV between wild and farmed fish.

2.1.5 Infectious salmon anaemia virus (ISAV)
Infectious salmon anaemia virus (ISAV) is an aquatic orthomyxovirus causing the disease
infectious salmon anaemia (ISA) in farmed Atlantic salmon primarily in sea water. ISA is a
notifiable list 2 disease. In 2008, ISA was confirmed at 17 Norwegian salmon farms, a
considerable increase from previous years. Many outbreaks occurred in one area of Troms
county (Johansen et al., 2009b). The disease has been registered in most other salmon
producing countries in the northern hemisphere (Canada, UK, USA, Faeroe Islands and

13
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Ireland). Recently, ISA has also become a serious threat to the salmon farming industry in

T

Chile (Godoy et al., 2008).

RI
P

Until recently, the most important measure in combating ISA in Norway has been eradication
of affected populations. Vaccination was allowed in most parts of Norway in the autumn

SC

2010, but a vaccination trial was initiated in 2008 in the exposed region in Troms county.
There are no reports of wild salmonids showing signs of the disease. However, the ISA virus

NU

has been found in wild salmonids without clinical signs in Norway and the UK (Plarre et al.,

MA

2005; Raynard et al., 2001). The virus isolated from wild salmonids in Norway was not
virulent when injected into Atlantic salmon (Plarre et al., 2005). Of 1141 serum samples from

ED

Atlantic salmon caught in three rivers in the US 1,2 % were seropositive for ISAV (Cipriano,
2009). Based on ISAV detection in wild Atlantic salmon and trout (Salmo trutta), they are

PT

considered the most likely natural hosts (Anonymous, 2007). No difference in susceptibility
to ISAV was found between wild or farmed Atlantic salmon

(Glover et al., 2006).

CE

Experimental infection by injection has demonstrated replication of ISAV in several fish

AC

species; brown trout (Salmo trutta), sea trout, rainbow trout, Arctic char (Salvelinus alpinus),
herring and Atlantic cod (Anonymous, 2007; Grove et al., 2007; Nylund et al., 2002). This
result implies that the importance of wild marine fish as virus carriers needs to be clarified.
Epidemiological investigations in Norway supports horizontal transmission of ISAV through
sea water (Jarp and Karlsen, 1997; Lyngstad et al., 2008) and vertical or trans-generational
transmission has been suggested (Nylund et al., 2007; Vike et al., 2009).

Based on phylogenetic analysis it is claimed that ISAV has been transferred from wild to
farmed fish at least three times since the start of salmon farming in the north Atlantic
(Nylund, 2007; Nylund et al., 2003). There is no documented evidence that ISAV has been
transferred from farmed to wild fish (Nylund, 2007). In the area of Troms County that has
14
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had annual outbreaks, ISAV was detected in some of the escaped farmed salmon caught in
rivers in the area (Johansen et al., 2009b). Thus, there may be a potential for transmission
from farmed to wild fish, but it is not known whether this has actually caused any impact on

RI
P

T

the wild fish populations.

2.2.1 Aeromonas salmonicida subsp. salmonicida

SC

2.2. Bacterial pathogens

NU

Aeromonas salmonicida subsp. salmonicida is the causative agent of typical furunculosis
mainly in salmonid fish both in freshwater and seawater. The disease has been registered in

MA

other fish species but there is no evidence of frequent disease outbreaks in non-salmonids
(reviewed in (Raynard et al., 2007). The disease was imported to Norway with infected

ED

rainbow trout from Denmark in 1964 and again with infected salmon smolts from Scotland in
1985 (Bornø and Colquhoun, 2009). Furunculosis spread rapidly along the coast all the way

PT

to Troms County and in 1992 74 water systems and 550 aquaculture sites were infected

CE

(Johnsen et al., 1993). Direct evidence for transmission from farmed to wild fish is scarce, but
epizootological data suggest that such transmission takes place. Prior to the epizootic in

AC

Norway in 1991-1993 the disease was absent in Norway apart from one single outbreak
several years before. The rapid spread to farms and natural water sources was associated with
several factors such as escaped farmed fish and natural movement of wild fish in the sea
(Johnsen and Jensen, 1994). The bacterium is easily spread horizontally through water. A
study modelling transfer of pathogens between wild and farmed fish concluded that
transmission of furunculosis is depending on the density of the hosts; it will increase as the
number of susceptible hosts increases (Murray, 2009). The disease is also transmitted through
carrier fish surviving disease outbreaks or contaminated eggs (Bornø and Colquhoun, 2009).
Furunculosis is still a notifiable list 3 disease in Norway, but outbreaks in aquaculture
nowadays are rare. The eradication of the disease is most likely due to the introduction of
highly efficacious vaccines in 1993 (Hastein et al., 2005; Markestad and Grave, 1997). Thus,
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problems with transmission of disease to wild populations have been reduced to a minimum
and today furunculosis is not considered a problem to wild or farmed fish in Norway.
However, some incidents in wild populations demonstrate that the bacterium is still present in

T

the wild, at least in some areas. Besides almost annual outbreak in rivers in the Namsen fjord

RI
P

(Johansen et al., 2009b), a trout breeding station located in a river in Meløy County in
northern Norway experienced furunculosis in 2004. All fish were culled and the station was

SC

closed. In 2006 one single wild caught trout with furunculosis was registered in the same area,

MA

2.2.2 Atypical Aeromonas salmonicida

NU

but no source of infection has been found (Norwegian Food Health Authority 2006).

Atypical Aeromonas salmonicida infections in more than 20 farmed and 30 wild fish species

ED

have been reported, especially from the regions in the northern hemisphere, but also from

PT

Australia and Chile (Bravo, 2000; Hastein et al., 2005; Wiklund and Dalsgaard, 1998).
Furunculosis vaccines also protect salmonids efficiently against atypical furunculosis. In

CE

Norway the disease is caused by A. salmonicida subsp. achromogenes in cod and

AC

heterogeneous strains of atypical A. salmonicida in halibut (Hellberg et al., 2009). A few
outbreaks of atypical A. salmonicida have been diagnosed in halibut, wrasse (Labridiae sp.),
wolffish (Anarhichas minor), Atlantic salmon and Arctic char in recent years (Farmed Fish
Health Report 2009 and 2010). An interaction between wild and farmed fish cannot be ruled
out, even though evidence is scarce. Plasmid profiling of many strains both from wild and
farmed fish, especially salmonids, show that there might be an epidemiological link between
these strains (Sørum et al., 2000). The bacterium can cause a carrier state both in farmed and
wild fish and a study of isolates from different geographical areas over a long time period
indicate a persistent nature of the infection (Pedersen et al., 1996). Experiments have shown
that pathogen exchange may take place and disease is transmitted between different species
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(Mikkelsen et al., 2009). Disease outbreaks seems to be stress related (Bravo, 2000; Cornick

T

et al., 1984; Magnadottir et al., 2002).
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2.2.3 Vibrio anguillarum

Vibriosis, caused by several serotypes of Vibrio anguillarum, is a significant disease problem

SC

in cod farming in Norway. The number of sites (around 20) with positive identification has
been stable since 2003 (Fish Health Report 2009 and 2010). The most frequent serotypes of

NU

V. anguillarum isolated from cod are O2b followed by O2a while serotype O1 has only been

MA

isolated from salmonids (Hellberg et al., 2010a). In 2008 vibriosis caused by V. anguillarum
serotype O2b was identified in samples from wild-caught saithe (Hellberg et al., 2009). Since
the introduction of vaccines which efficiently protect Atlantic salmon against vibriosis, the

ED

disease is not a problem to farmed salmon in Norway. Vibriosis occurs in a number of

PT

cultured and wild marine fish species and salmonids in salt-, brackish- and freshwater
(Egidius, 1987). The bacterium is found both free living and in fish (West and Lee, 1982) and

CE

is easily spread through water (Grisez et al., 1996). Direct transfer of disease between wild

AC

and farmed fish is not documented, but it is believed that wild fish and prey organisms may be
reservoirs for different serotypes (Hjeltnes and Roberts, 1993). Thus, potentially transfer
between wild organisms and farmed fish may occur.

2.2.4 Flavobacterium psychrophilum
Flavobacterium psychrophilum is the causative agent of bacterial cold water disease in adult
salmonids and rainbow trout fry syndrome in juvenile rainbow trout. The disease is found
worldwide, especially in freshwater salmonid farming, and its control mainly relies on
antibiotic treatments (Nicolas et al., 2008). It is an important limiting disease in European
rainbow trout farming (Brun et al., 2009). In Atlantic salmon detections are mainly related to
ulceration and fin rot. In Norway, the most severe outbreaks are found in fry and juveniles of
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rainbow trout in freshwater, but also in seawater reared rainbow trout. Mortality levels of 90
% has been reported in the smallest fish (<5 g). All affected fry in 2008 and 2009 came from
the same egg producer and indicate transmission from the eggs. In seawater rainbow trout

T

both from unaffected freshwater farms and affected freshwater farms have been infected,
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indicating horizontal transmission (Johansen et al., 2009b). Rainbow trout are now vaccinated
with an autogenous i.p. vaccine before being transferred to sea in areas with systemic F.

SC

psychrophilum infections in fish (Bornø et al., 2010). The bacterium is easily spread through

NU

water and reduced water quality and stress may provoke outbreaks (Brun et al., 2009). F.
psychrophilum has been found in wild fish used as brood stock, wild salmon close to fish

MA

farms, in several wild fish species with no clinical signs of disease and in the water
environment of fish farms that are infected (Raynard et al., 2007). There are no reports on the

ED

disease in wild fish in Europe. Direct evidence of transfer from wild fish to farmed fish has

PT

not been found (Raynard et al., 2007).

CE

2.2.5 Francisella noatunensis

The intracellular bacterium Francisella noatunensis, causative agent of Francisellosis, is at

AC

present considered the most important disease problem in Norwegian cod farming. The
disease was diagnosed for the first time in 2004 (Nylund et al., 2006; Olsen et al., 2006). F.
noatunensis has also been detected in historical samples from wild cod caught in the North
Sea (Zerihun et al., 2008), and has thus been present in wild cod before the development of
modern cod aquaculture. The number of annual registered outbreaks has varied between 7-14
the last four years, most of them in south Norway (Farmed Fish Health Report 2009 and
2010). Francisellosis is a notifiable list 3 disease in Norway. The disease is chronic and can
occur in combination with other infections. Other strains of the genus Francisella previously
isolated from Atlantic salmon in Chile are F. noatunensis whereas F. asiatica has been
isolated from tilapia and other warm water fish (Birkbeck et al. 2010; Mikalsen and
Colquhoun, 2009). The presence of F. noatunensis in wild cod populations along the coast of
18
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Norway has been studied using Real Time PCR for the genes 16S rDNA and fopA. F.
noatunensis was detected in samples from all counties south of Sogn and Fjordane with 13 %
prevalence. The authors speculate that the apparent absence in the northern parts of Norway

T

may be due to colder seawater temperature (Ottem et al., 2008). However, it should be

RI
P

emphasized that temperatures in northern Norwegian waters are often well within the
ecological niche of F. noatunensis. More likely, high temperatures in southern Norwegian

SC

waters cause suboptimal functioning of the cod immune system, resulting in increased

NU

susceptibility to diseases.

MA

2.2.6 Other bacterial pathogens

Renibacterium salmoninarum, causative agent of bacterial kidney disease (BKD), emerged in

ED

wild Atlantic salmon in Scotland in the 1930s (Mackie et al., 1935). Susceptible species are
mostly salmonids, but BKD has also been reported in non-salmonid species (reviewed in

PT

Raynard et al., 2007). The disease is widespread in Europe, North– and South America and

CE

Asia. In Europe infection is rarely detected in wild fish (Raynard et al., 2007). The infection is
persistent both in wild and farmed populations. A recent study in Great Britain showed that

AC

wild fish populations, especially those in the vicinity of rainbow trout farms with recent BKD,
were R. salmoninarum positive while the farmed fish were negative (Chambers et al., 2008).
In a surveillance of marine rainbow trout farms in Denmark the bacterium was found in five
of the eight farms studied (Pedersen et al., 2008). BKD is a notifiable list 3 disease in Norway
and a yearly monitoring programme including all salmon brood stock farms is performed to
avoid vertical transmission (National Food Safety Authority 2009). This has reduced the
number of cases both in seawater and freshwater dramatically over the last 15 years. In 2009
BKD was detected in two rainbow trout farms and one salmon farm (Bornø et al., 2010). As
both horizontal and vertical transmission has been reported, there is a risk for transfer
between wild and farmed species. Evidence for transfer has been found only in North
American trout species in freshwater (Mitchum and Sherman, 1981; Mitchum et al., 1979).
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Cold water vibriosis caused by Vibrio salmonicida was initially a problem in farmed Atlantic
salmon, but has recently occasionally been reported in cod in Norway (Hellberg et al., 2009).

T

The introduction of vaccines has effectively eliminated the disease (Sommerset et al., 2005).
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Cold water vibriosis is transmitted horizontally and an epizootological study based on plasmid
profiles suggested transmission from farmed Atlantic salmon to wild-caught Atlantic cod and

SC

vice versa. Both species were being held in neighbouring net-pens in a fish farm north in

MA

incident with cod (Sørum et al., 1990).

NU

Norway. V. salmonicida has not been registered in wild fish populations except for this

Moritella viscosa is considered to be the main causative agent of winter ulcer in marine

ED

cultured species, even though other bacteria also may be involved in the development of
ulcers. In Norway the bacterium was registered on 36 sites in 2009. Vaccination may have

PT

reduced losses due to winter ulcer in Norwegian salmon farming, since fewer outbreaks have

CE

been reported in recent years. Antibiotics have not proven effective in controlling the disease
(Johansen et al., 2009b). M. viscosa has been isolated from wild fish species (Benediktsdóttir

AC

et al., 2000; Lunder et al., 2000) and farmed Atlantic salmon, rainbow trout and Atlantic cod
(Benediktsdóttir et al., 2000; Colquhoun et al., 2004; Lunder et al., 2000). The disease is
transmitted horizontally. No impacts have been reported on wild fish species and there is no
evidence of interaction between farmed and wild fish. However, as the bacterium has been
isolated from wild fish, a potential for interaction exists (Raynard et al., 2007).

Piscirickettsia salmonis is the causative agent of piscirickettsiosis primarily in farmed
salmonids. It is one of the most serious diseases in Chilean aquaculture (Almendras and
Fuentealba, 1997). The first outbreak in Atlantic salmon in Norway was registered in 1988
(Olsen et al., 1997). Recently there have been very few outbreaks of the disease and in 2009
only one isolation was done in Norway in connection with a PD outbreak (Johansen et al.,
20
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2009b). Norwegian isolates cause much lower mortalities than those isolated in Chile.
Horizontal transmission has been reported and vertical transmission may also be possible (See
Raynard et al. 2007 and references herein). The bacterium has been isolated from wild fish

T

but disease outbreaks in wild populations have not been reported. Evidence of disease transfer
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between wild and farmed fish does not exist (Fryer and Hedrick, 2003; Raynard et al., 2007).

SC

2.3 Parasites

NU

Introduction

Evidence for transmission of parasites from wild to farmed fish and vice versa is scarce.

MA

However, many of the parasites found in wild fish may be a potential threat to mariculture.
This review differentiates between parasites with direct or indirect transmission. Parasites

ED

with direct transmission do not need an intermediate host and infect either by host to host
contact or by short periods of free living stages. This group includes pathogens such as

PT

Gyrodactylus sp., Trichodina sp., Ichthyobodo necator, and several parasitic arthropod

CE

species. Parasites with a direct transmission or transmission patterns that do not require
ingestion of an intermediate host may be major threats to mariculture, especially due to high

AC

host densities. Parasites with indirect transmission use one or more intermediate hosts to reach
their final host where they mature and reproduce. The gastrointestinal parasites of fish are in
most cases dependent on the final host ingesting the intermediate host. Dependent on the type
of parasite and the stage of the life cycle these intermediate hosts can range from small
pelagic copepods via benthic crustaceans to fish of prey. When fish are fed processed food
under farming conditions, transmissions of many of the indirectly transmitted parasites is
blocked. Parasites with indirect lifecycles have a significantly lower prevalence in
aquaculture, but there are still a few infected individuals in the farmed populations (Heuch et
al., 2007). There are, however, some notable exceptions to the lower prevalence of indirectly
transmitted parasites in farmed fish. Tapeworms (Eubothrium spp.) have been known to cause
infections in farmed fish through ingestion of the intermediate host (Raynard et al., 2007), and
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this has sub-lethal effects on the fish (Bristow and Berland, 1991). In addition, there are
anecdotal reports on accidental infections of gastrointestinal helminthes with indirect
lifecycles (MacKenzie et al., 2009).

Furthermore, the parasitic crustacean Laernocera

T

branchialis may be a future pathogen in cod farming and a threat to wild fish. This is an
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P

ectoparasite and does not rely on ingestion of an intermediate host, but still has intermediate

SC

(flatfish) and final hosts (gadoids) (MacKenzie and Hemmingsen, 2003).

NU

2.3.1 Ichthyobodo spp.

The euglenozoan flagellate Ichthyobodo necator is reported to infect fish worldwide and

MA

causes massive losses to aquaculture. Evidence suggests that Ichthyobodo is a species
complex with several species preferring different hosts (Callahan et al., 2005). Ichthyobodo

ED

spp. are reported from salmonids, cod and halibut (Isaksen et al., 2007; Karlsbakk et al., 2009;
Rintamaki Kinnunen and Valtonen, 1997) and pose a major threat to both wild and farmed

PT

fish populations. The parasite is found on the skin of juvenile salmon in freshwater, and if left

CE

untreated can lead to mass mortalities (Poppe, 1999; Rintamaki Kinnunen and Valtonen,
1997). Salmon in sea cages usually show infection of I. necator on the gills where the parasite

AC

is attached to the secondary lamellae (Poppe, 1999).

2.3.2 Trichodina spp.

Trichodina spp. are ciliates found on several fish species. If the intensity on a host increases
the host sheds epithelium and the trichodinids start feeding on mucus of the host and thus
become parasitic (Poppe, 1999). Several species are known from cod. T. cooperi and T.
murmanica have been reported from cage reared cod in Iceland. Kristmundsson et al. (2006)
and Khan (2004) also reported mortalities in cod caused by T. murmanica. In addition, T.
hippoglossi can infect farmed halibut, reaching up to 1000 individuals per halibut larvae
(Nilsen, 1995).
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2.3.3 Spironucleus spp.
Both farmed salmonids and gadoids can be infected with the diplomonad flagellate
Spironucleus sp. (Poynton et al., 2004). Infections occur within the gut and to a lesser extent

T

in the skin. The parasite is not common in farmed fish in Norway, but is abundant in wild cod
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(Heuch et al., 2007). In salmon farms, infection can lead to disease and morbidity (Poppe et

SC

al., 1992). S. torosa is common in cod, but does not seem to cause any harm (Poppe, 1999).

NU

2.3.4. Myxozoa

Myxozoans are metazoan, extracellular parasites of fish and other vertebrates (Bush et al.,

MA

2001; Karlsbakk et al., 2002). Parvicapsula pseudobranciola infects the pseudobranch of
salmon and has been reported to cause mortality in farmed fish (Karlsbakk et al., 2002;

ED

Nylund et al., 2005). Several species of Myxosporidian parasites are reported from gadoids,
Atlantic cod, whiting (Merlangius merlangus (L.), and haddock, (Melanogrammus aeglefinus

PT

(L.) (MacKenzie et al., 2005). It is assumed that most myxozoan parasites have an aquatic

CE

invertebrate intermediate host, but not all life cycles are known (Bartholomew et al., 2006).
MacKenzie et al (2005) investigated gadoids in the north Atlantic and found nine species of

AC

myxosporean parasites belonging to the genera Ceratomyxa, Leptotheca, Myxidium and
Sphaeromyxa. The lifecycles of these parasites are mostly unknown, but often a polychaete or
oligochaete act as an intermediate host (Køie et al., 2004). Myxosporean parasites in
gallbladders of cod are listed as one of the disease problems that can occur in gadoid farming
(MacKenzie and Hemmingsen, 2003; MacKenzie et al., 2005).

2.3.5 Microsporidia
The microsporidia are unicellular parasites that infect most animal groups, and all classes of
vertebrates. This group of parasites are obligate intracellular parasites which infect host cells
through a polar tube (Bush et al., 2001; Canning and Lom, 1986). They have traditionally
been classified as primitive eukaryotes, however recently these parasites were classified as
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fungi (Keeling and Fast, 2002 and references therein). The microsporidian parasite Loma
brachialis is relatively pathogenic at high intensities and has been reported to cause
mortalities and reduced growth in cod in Newfoundland (Khan, 2005). The parasite is present
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P

T

in Norwegian aquaculture but has not yet attributed to any losses (Karlsbakk et al., 2009).

2.3.6 Plathyhelminthes

SC

Among the different kinds of flatworms there are three parasitic groups that are interesting to

NU

mariculture, 1) the tapeworms which require an intermediate host for dispersal, 2) the
digenians which all uses a mollusc as first intermediate host, and 3) the monogenean

MA

parasites. The tapeworms (class Cestoidea) represent a large group of intestinal parasites
which are found in most fish as well as other vertebrates, including man (Bush et al., 2001;

ED

Marcogliese, 1995). These hermaphroditic parasites always rely on an intermediate host to
infect their final host (Olson, 2008). Four orders of tapeworms infect fish through ingestion of
namely;

Trypanorhyncha,

PT

zooplankton,

Tetraphyllidea,

Pseudophyllidea

and

CE

Proteocephalidea (Marcogliese, 1995). Within the order Tetraphyllidea, Eubothrium spp. has
been known to cause high infections in both farmed and wild fish populations and has sub-

AC

lethal effects on farmed salmonids (Bristow and Berland, 1991).

In mariculture the only reported problems with digenean parasites (Class Trematoda, Subclass
Digenea) are those connected to the species Cryptocotyle lingua which causes “black spot
disease”. These digeneans use snails of the genus Littorina as first intermediate host, fish as
second intermediate host and seabirds (Larus spp.) as final host (Bricknell et al., 2006; Möller
and Anders, 1986). C. lingua has an Arctic-Boreal distribution among coastal marine fish
(Hemmingsen and MacKenzie, 2001) but prevalence varies greatly among different coastal
areas from 1.6 % in cod (Buchmann, 1986) to as high as 91.1 % in Swedish sticklebacks
(Gasterosteus aculeatus) (Barber, 2003). Infections are often benign, but reduced quality in
fish fillets can pose a problem if fish are heavily infected (80-400 individuals) (Buchmann,
24
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1986). Larval fish and juveniles might be seriously affected if the brain or the heart is infected
(Möller and Anders, 1986). Elevated levels of infection have been found in wild fish, as well

T

as snails around fish farms near shore (Dempster et al., 2009; Kristoffersen, 1991).
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Mongeneans (Class Monogenea) are, with a few exceptions, ectoparasites on fish and have a
direct life cycle. Most monogenean parasites are egg laying and slow swimming

SC

onchomiracidium larva infect fish. Among the monogenean parasites is one of the most

NU

serious fish pathogens in Norway, Gyrodactylus salaris. From the genus Gyrodactylus over
400 species are described, but the vast majority of species are unknown in Norway (Bakke et

MA

al., 2007). Species from this genus are not egg-laying, but have an effective reproduction
through parthogenesis. Gyrodactylids are hyperviviparous as they give birth to already

ED

pregnant daughter individuals, and thus have the ability to rapidly reach high number of
individuals once a host is infected (Bakke et al., 2007). Molecular markers have been used

PT

together with morphology to compare closely related species and strains of G. salaris (Hansen

CE

et al., 2007; Matejusova et al., 2001; Ziętara and Lumme, 2003; Ziętara et al., 2000).
Gyrodactylosis has since 1975 been a huge problem to the Atlantic salmon stocks in

AC

Norwegian rivers as well as in freshwater rearing of salmon parr (Alonso et al., 2004; Bakke
et al., 2007).

Besides G. salaris, marine species within the genus poses a threat to aquaculture. From
Atlantic cod seven species of Gyrodactylus are recorded (Hemmingsen and MacKenzie,
2001). The marine gill parasite G. marinus is described from Atlantic cod, Alaskan pollock
(Theragra chalcogramma) and Pacific cod (G. macrocephallus) (Bychowsky and Poljansky,
1953; Malmberg, 1970). There are few reports on the pathogenicity of this species, but
farmed cod have higher mortalities when exposed to additional stress (Svendsen, 1991). The
oviparous monogenean parasite Entobdella hippoglossi, which infects Atlantic halibut can
also cause problems in aquaculture (Svendsen, 1991).
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2.3.7 Arthropoda
Among animal phyla the Arthropoda is the phylum with highest diversity and species

T

richness. Several arthropods are parasitic on a wide range of hosts. In addition arthropods are
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vectors for diseases caused by parasites (Bush et al., 2001). One important arthropod, the
salmon louse (Lepeophtheirus salmonis) causes problems in marine salmon farming in

SC

Norway, as well as resulting in severe problems to wild fish stocks (Pike and Wadsworth,

NU

2000). The life cycle of the sea lice generally comprises five phases and 10 stages (Johnson
and Albright, 1991; Pike and Wadsworth, 2000; Schram, 1993). Salmon lice have created

MA

severe problems for the aquaculture-wild salmon interaction, and this experience may serve as
an example of future problems to come. After mating, the long-lived female salmon lice often

ED

move to post-anal areas of the host and may extrude up to 11 pairs of sacs with fertilised eggs
(Pike and Wadsworth, 2000) for several months. Because each egg sac may contain 100-1000

PT

eggs (see Nordhagen et al., 2000 and Pike and Wadsworth, 2000 for details), a large number

CE

of planktonic offspring may be produced over the female’s lifespan. This has implications for

AC

the infestation dynamics within farms and between farmed and wild host fish.

A few salmon lice epidemics in wild salmonids have been reported before establishment of
aquaculture or in areas without fish farms (Johnson et al., 1996; White, 1940 ). Salmon lice
have typically been found at rather high prevalence but low intensity, probably in a quite
regulated and stable host-parasite system, and few adverse effects on the host population have
been observed (Bjørn et al., 2001; Boxshall, 1974; Krkošek et al., 2005; Krkošek et al.,
2006b; Pemberton, 1976; Tingley et al., 1997). However, salmon farming has fundamentally
changed the number of salmon lice hosts and also the epidemiology of the host-parasite
system (Heuch and Mo, 2001; Heuch et al., 2005). In Norway, the number of salmon lice
hosts have increased more than hundred times since salmon farming started (Heuch et al.,
2005), permitting adult female lice from farmed fish continuously to produce lice infestation
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stages into the surrounding waters (Costello, 2006). Severely increased infestation intensities
have been observed in intensively farmed areas (Bjørn et al., 2001; Bjørn et al., 2007;
Krkošek et al., 2005; Krkošek et al., 2006a; Krkošek et al., 2006b). In combination with the

T

relatively high clinical impact of salmon lice (Heuch et al., 2005), at least at high intensities
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and at mobile stages, parasite induced mortality can therefore be expected. In Norway, direct
parasite induced mortality in wild Atlantic salmon post-smolts, have been predicted to vary

SC

between 0 up to 95 % between years and fjords in the most intensively farmed area of western

NU

Norway (Bjørn et al., 2009; Holst et al., 2003). Similar mortality estimates have been
predicted for sea trout in intensively farmed areas in Northern Norway (Bjørn et al. 2001), as

MA

well as for pink salmon (Oncorhynchus gorbuscha) in intensively farmed areas of western
Canada (Krkošek et al., 2007a; Krkošek et al., 2007b). Even though direct evidence of

ED

transmission from farmed to wild fish is hard to find, it is likely that salmon farming causes
lice epizootics in Norway. Thus, large numbers of sea lice in fish farms pose a hazard to wild

PT

fish and control measures to reduce sea lice numbers in aquaculture are necessary. In addition,

CE

several other Lepeophtheirus spp., e.g. L. hippoglossi on halibut and L. thompsoni on turbot

AC

(Poppe, 1999), may have the potential to cause future problems in mariculture.

In their review on sea lice and salmonids Pike and Wadsworth (2000) report that
approximately 200 species of Caligus sp. and C. elongatus alone are found in 80 fish species,
both elasmobranch and teleost. Several Caligus species are thus interesting to aquaculture.
Four Caligus species are reported from Atlantic cod and infections have also been found in
farmed salmonids. Interestingly there are few reports on epizootics on gadoids in aquaculture
(Bricknell et al., 2006), but the potential for epizootics is present if gadoid farming grows.
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3. Evaluation of research methods
Introduction
Parasitic organisms naturally exist in an unstable equilibrium with their hosts. This

T

equilibrium is affected by environmental changes and anthropogenic activities (c.f. Reno,
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1998), such as the development of aquaculture. Generally, knowledge of diseases in wild fish
is anecdotal and has arisen from atypical events, such as epizootics where large numbers of

SC

fish were affected, or when observations were made on a limited number of fish with no

NU

knowledge of the geographical distribution of the condition. Limited research has been
undertaken on diseases of wild fish at the population level, and on the interactions between

MA

wild and farmed populations in terms of exchange of pathogens, with a few exceptions, for
instance in the case of sea lice. Partly, this can be attributed to methodological difficulties

ED

associated with the study of diseases in wild fish populations, as infected fish often die and
disappear quickly. Despite the general low level of public and scientific interest in fish health

PT

and diseases prior to the advance of modern aquaculture, some information was generated

CE

early, see for instance the reviews by Egidius (1987) on vibriosis, and the review by Hiney
and Olivier (1999) on furunculosis, and references cited therein. In contrast, diseases of

AC

cultured fish are well monitored. In Norway, important diseases are listed as notifiable and
subject to mandatory reporting including treatments (Lillehaug et al., 2003; Sommerset et al.,
2005).

3.1 Methods for detection of pathogens.
Methods should be evaluated and optimized for the specific pathogen to be detected. In case
of surveys on pathogens in wild fish populations, it is necessary to apply methods with high
sensitivity to be able to detect low levels of pathogens. Sample handling is also of vital
importance. Today, methods for detection of pathogens are dominated by very sensitive PCRbased methods, in particular Real Time PCR. The presence of nucleic acids from bacteria,
viruses and parasites may be detected using PCR assay with primers specific for genes
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common in all strains of a specific species. These methods are also recommended by the OIE
for diagnostic purposes (OIE, 2009). However, extensive optimization is required to verify
sensitivity and inter-laboratory reproducibility (Julin et al., 2009; Kerr and Cunningham,

T

2006; Storset et al., 2006). Real Time PCR analyses for detection of viral and bacterial fish
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pathogens are offered by commercial companies in Norway and this has enabled the
aquaculture industry to increase internal controls of pathogen proliferation and transfer

SC

between farms. One commercial laboratory also offers Real Time PCR based detection of the

NU

parasites Paranucleospora theridon and P. pseudobranchiola. The companies claim that their
procedures are very sensitive, but they do not give the detection limit of each analysis. As a

MA

part of the accreditation protocol however, the protocols are available in the public domain.
The same policy is practiced by the National Veterinary Institute, which also serves as the

ED

national reference laboratory for notifiable diseases according to legislation of the European

CE

research institutions.
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Economic Area. Surveys of wild fish have, with few exceptions, only been carried out by

PCR assays are sensitive methods, but they cannot distinguish between nucleic acids from

AC

viable and non-viable pathogens, from vaccine components and free residual bacterial/viral
nucleic acids, or (normally) from virulent or non-virulent pathogens. Isolation of viable
viruses, bacteria and parasites from fish is also commonly applied. Cell cultures used for virus
isolation vary greatly in their susceptibility to different viruses. The amount of infectious
virus in the sample and the sensitivity of the cell line are major factors affecting the outcome
of virus isolation. Bacteria can usually be cultured in specific growth media/agar plates. For
diagnostic purposes pathogen isolation is often used in combination with antibody based
methods and PCR for specific detection. Compared to detection of viral or bacterial nucleic
acids by PCR based methodology, virus/bacterial isolation detects infectious viral particles
and live bacterial cells and also enables quantification of these by titration. On the other hand,
PCR methods may detect viral/bacterial nucleic acids even though infectivity in cell culture or
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viability may have been lost or reduced due to suboptimal sampling and environmental
factors, or if the pathogen isolate is a low virulence variant unable to propagate outside the
host. However, the significance of positive findings of viruses or bacteria by PCR alone for

T

the risk of developing the disease and for the risk of shedding and transmitting infectious
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pathogens is not clear. It is also important to consider which organs are suitable for pathogen
detection. This requires basic knowledge of the tissue tropism of each specific pathogen and

SC

may also vary due to whether samples are from diseased or asymptomatic carrier fish

NU

(Andersen et al., 2007; Korsnes et al., 2009).

MA

Non-lethal methods would be very useful and desirable for the detection of pathogens in wild
fish. Bowers et al. (2008) used Real Time PCR and found that IPNV load in pectoral fin

ED

tissue was comparable to the viral load in spleen and head kidney tissue, indicating that
pectoral fin could be used for the detection and quantification of IPNV. To decide whether

PT

pectoral fins could be used in wild fish surveys, they should be tested in cell cultures for the

CE

presence of infective viruses. Serological methods have been used in some field surveys.
These methods measure antibody responses in serum samples and thus require only non-lethal

AC

sampling. For instance, Knüsel et al. compared the detection of VHSV and IHNV by virus
isolation and Real Time PCR in samples from a field survey and found that Real Time PCR
was applicable for field surveys and slightly more sensitive than virus isolation. However, a
serum neutralization test detected much higher numbers of positive cases (Knüsel et al.,
2007). Antibody levels can be measured months after contact with the antigen, but it is
uncertain which precautions should be taken when fish have elevated antibody titres and test
negative for the presence of viruses.

The cornerstone of parasitology is a correct identification of parasites within a host
population. Methods that are commonly used to detect and classify parasites are visual
detection, light microscopy, scanning or transmission-electron microscopy or genetic
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methods. Alpha taxonomy is of major importance both for academic purposes and to
mariculture in general. Advances in molecular biology have greatly increased knowledge
about taxonomic relationships as well as giving effective tools for identification of pathogens.

SC

3.2 Methods for epidemiological studies of pathogens.
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complex or even cryptic morphology (Hansen et al., 2007).

T

The use of molecular markers has been applied for identification of parasitic organisms with

NU

To understand the diversity and dissemination of infectious agents molecular methods have
become a very important part of epidemiological studies. Sequence data are used to deduce

MA

phylogenetic relationships between pathogens. These data may also be used to monitor
eradication of well-known pathogens and emergence of previously unknown pathogens

ED

(Hungnes et al., 2000). They have been used to study for instance the emergence and
maintenance of ISAV in Europe (Nylund et al., 2003) and the distribution of different

PT

genotypes of VHSV (http://www.fishpathogens.eu/vhsv/geo_distribution.php). Generally, the

CE

marine isolates of VHSV identified to date produce low or no mortality in immersion
infection trials on rainbow trout and Atlantic salmon (Skall et al. 2004, Snow et al. 2005).

AC

However, virus from the VHS outbreaks in sea farmed rainbow trout at the west coast of
Sweden during 1998-2000 and in Finland 2000-2004 cluster to the Genotypes 1b and 1d,
respectively (Einer-Jensen et al., 2005; Raja-Halli et al., 2006). For the Finnish outbreaks, a
marine source of infection has been suggested. The virulent and non-virulent strains of VHSV
are genetically closely related (Betts & Stone 2000, Einer-Jensen et al. 2004, Snow et al.
2004). Sequencing analysis of the entire coding regions of the genome indicates that only a
small number of amino acid residues may be involved in the determination of VHSV
virulence in rainbow trout (Betts and Stone, 2000). Furthermore, molecular epidemiological
studies of nodavirus indicate that a cluster with barfin flounder nervous necrosis virus
(BFFNNV) is associated with cold-water species but a cluster specific to cod has been
suggested (Nylund et al., 2008).
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Pulsed field gel electrophoresis (PFGE) is a method that can discriminate between highly
related strains of bacteria and is commonly used in epidemiological studies of pathogenic

T

organisms. In Japan for instance, strains of F. psychrophilum were classified by this method
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into 20 clusters and 42 genotypes. Results suggest that F. psychrophilum isolated from
different fish are genetically different and strains with several PFGE types have spread within

SC

Japan (Arai et al., 2007). PFGE characterisation of V. anguillarum serotype O1 showed that

NU

isolates from Scandinavia and southern Europe belonged to two different clonal lineages, but

MA

the strains did not have any host adaptation (Skov et al., 1995).

In phylogenetic and epidemiological analyses of closely related bacteria the Multi-Locus

ED

Sequence Typing/Analysis (MLST/A) method has been used. It is based on PCR
amplification of several housekeeping genes that are spread around the bacterial chromosome.
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These housekeeping genes are essential for the survival of the bacteria and are therefore little

CE

changed during development. Difference in gene sequence are used to define allelic profiles
or sequence types and the relatedness among isolates is determined by comparing the

AC

sequences (Maiden, 2006). The MLST schedules developed (Maiden, 2006) have been used
successfully to explore the population structure of bacteria, to study the evolution of their
virulence properties and to identify antibiotic resistant strains and epidemic clones
(http://mlstoslo.uio.no/index.html). However, this method does not discriminate between a
very homogenous group of fish pathogenic bacteria such as A. salmonicida subsp.
salmonicida or between different subspecies of A. salmonicida (Colquhoun, 2007). Highly
related isolates based on MLST may have minor changes in the chromosome that changes the
PFGE and multi-locus variable repeat (MLV) profile dramatically (Wilson et al., 2009). For
instance, it has been shown that the MLST does not have the necessary discriminatory power
to study epidemic spread of Staphylococcus aurus (Melles et al., 2007).
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Multi-locus variable repeat analysis (MLVA) is a more sensitive method with high
discriminatory power. Sequencing of bacterial genomes has revealed that they also contain a
high number of multiple loci with small repetitive nucleotide sequences. These repetitive
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short DNA sequences may be a result of DNA polymerase slippage and recombination during
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chromosomal DNA replication (Tuntiwechapikul and Salazar, 2002 ). If these events happen
with high frequency it will result in variations in the number of each of the tandem repetitive

SC

sequences (VTNR). Using PCR to amplify these stretches of DNA, the sequences surrounding
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the VTNR has to be known. Specific primers have to be generated and the PCR products will
be of varying fragments length if the DNAs compared have variable numbers of repeats.

MA

These differences in size result in various allele profiles and have high discriminatory power.
They have been used to trace bacteriological contamination, follow the spread of pathogens in

ED

the environment, study disease outbreaks and for forensic purposes (van Belkum, 2007).
Pathogenic bacteria are often very homogeneous, but genome sequencing has revealed
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genomic differences among homogeneous groups like the human pathogens Yersinia pestis

CE

(Kingston et al., 2009) and Vibrio cholerae (Olsen et al., 2009) and the fish pathogens A.
salmonicida (Colquhoun, 2007; Tandstad et al., 2009) and V. anguillarum (Tandstad et al.,
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2009). To establish the MLVA method for a specific organism the bacterial genome sequence
has to be known and VTNRs chosen to be included in the MLVA has to be optimal. Strains
must be passaged several times and re-typed in order to check that the VTNR loci chosen are
stable and reproducible. This is especially relevant to VTNRs that are present in coding
regions or promoters, or in species that use contingency loci (Lindstedt, 2005). PCR
inaccuracy, because Taq polymerase may be unreliable in copying the repeats, leads to
artificial changes in the repeat profile (van Belkum, 2007).

Population analysis methods such as Denaturating Gradient Gel Electrophoresis (DGGE) are
capable of analysing 16S rDNA without cultivating the bacteria, hence giving a picture of the
total diversity of bacterial DNA present in a sample. Despite being a relatively old method, it
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has been applied in aquaculture to describe the bacterial communities associated with early
life stages of cod (Brunvold et al., 2007; McIntosh et al., 2008), halibut (Jensen et al., 2004),
haddock (Melanogrammus aeglefinus) (Griffiths et al., 2001), rotifers (Rombaut et al., 2001)

T

and scallops (Sandaa et al., 2003). The method is particularly useful as an initial investigation
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for distinguishing between communities and identifying the numerically dominant community
members. For instance, comparisons between groups with either high or low mortality will be

SC

facilitated, as the DGGE protocols enables rapid overview of the presence or absence of

NU

certain bands. DNA from the bands will be sequenced and used for identification of the
important strains. Important bands can also be used to design probes/primers which in turn

MA

may be used in PCR protocols for the detection of certain pathogens in the different
compartments of aquaculture systems (Brunvold et al., 2007; Sandaa et al., 2008) and

ED

proliferation of opportunistic pathogens (Sandaa et al., 2008). DGGE can rapidly screen
multiple samples and obtain valuable information about community changes and differences,

PT

giving an indication of the sources of contamination and sites of proliferation of different

CE

strains.

AC

Microsatelite DNA loci are highly variable and considered selectively neutral (not adaptive).
Thus, they offer a powerful and commonly used means of assessing and comparing the
genetic structure of populations. Analysis of microsatellite DNA variation for instance
showed no significant differentiation of L. salmonis populations sampled from wild and
farmed salmonids throughout the North Atlantic (Todd et al., 2004).

Mitochondria have high mutation rate at the DNA level and they are maternally inherited and
therefore very suitable for genetic studies (Shearer et al., 2002). L. salmonis phylogeny has
been studied by sequence variation of four mitochondrial genes (Tjensvoll et al., 2006). L.
salmonis from Norway, Scotland and Russia had low variation, and only a weak degree of
sub-division was found between lice from Canada and the North-East Atlantic. In contrast, all
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Atlantic samples were highly different from a Japanese sample. It was suggested that the lack
of genetic differentiation between North Atlantic samples was mediated by passive transport

RI
P

3.3 Methods to study transfer of diseases between species

T

of larvae as well as salmon migratory patterns.

When studying risk of disease transmission and susceptibility, injection challenges have been

SC

common (Devold et al., 2000; Korsnes et al., 2005). It could be argued that challenge by

NU

injection followed by a negative result would be a sound method to rule out the potential for
disease transfer, but a positive result would be harder to defend. The method is highly

MA

artificial and does not mimic disease transfer in a natural situation. In contrast, cohabitant
models mimic the natural situation to a higher degree. At Nofima Marin in Tromsø, Norway,

ED

a novel challenge model to study transfer of disease between fish species has been developed
(Mikkelsen et al., 2009). It is composed of a tank system designed to mimic natural

PT

transmission of waterborne diseases in order to assess infection risk and spreading of disease

CE

between locations. The effluent from the tank with infected fish is mixed with clean water in
the receiving tanks. This tank system has a great advantage over cohabitant models as

AC

transmission of disease through physical contact between healthy and infected or moribund
fish is excluded. V. anguillarum serotype O2a, known to cause vibriosis both in salmon and
cod (Larsen et al., 1994), was transferred through effluent from infected salmon to naïve cod
and resulted in 60 % mortality in cod. Salmon was shown to be susceptible to i.p. challenge
with V. anguillarum serotype O2b, but the dose chosen resulted in considerably lower
mortality in salmon compared to cod (36 and 86 %, respectively). Hence, the risk of vibriosis
outbreaks in salmon due to serotype O2b appears to be very low. Transmission via effluent of
atypical furunculosis from infected halibut to cod was also demonstrated (Mikkelsen et al.,
2009). Attempts to transfer typical A. salmonicida subsp. salmonicida to different marine fish
species, including i.p. challenge and bath challenge, demonstrated that this disease does not
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constitute a major threat to turbot, cod, halibut and wrasse (Bergh et al., 1997; Hjeltnes et al.,
1995).

T

A recently published paper illustrates how challenge methods greatly affect the results in
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susceptibility studies (Urquhart et al., 2009). Both i.p. injection, cohabitation and immersion
routes of infection were used to determine the susceptibility of cod juveniles to IPNV isolated

SC

from salmon. Mortalities after immersion challenge (17 %) were not significantly different

NU

from uninfected controls. Also, mortality rates were low when challenged by cohabitation (20
%) compared to i.p. injection (100 %), suggesting that cod juveniles have low susceptibility to

MA

IPNV when challenged by natural routes. Snow et al. (2009) studied the susceptibility of
Atlantic cod juveniles to a genotype III VHSV isolate from wild caught cod by using oral,

ED

immersion and i.p. infection routes. High mortalities and clinical disease occurred in i.p
infected fish but no evidence of infection was obtained following immersion or oral

PT

challenge, despite the use of a highly sensitive Real Time PCR detection method. Thus, there

CE

was a natural resistance to infection in cod following simulated natural conditions.

AC

3.4 Survey methodology and studies of diseases in wild fish populations
The development of survey technology has not been the same as for the molecular tools used
for pathogen detection. The survey programmes for notifiable diseases are carried out by
methods subject to quality control by the National Food Safety Authority, ensuring a certain
number of sampling sites and individuals per sampling. On the other hand, surveys of wild
populations are generally characterised by few resources and only incidental sampling.
Examples of advanced survey technologies being applied to other research areas are given by
Bogstad et al. (1995), describing cost-efficient survey designs to assess food consumption by
different wild fish species, taking into account biases in distribution of starved fish versus fish
that has had access to food. The statistical problems are similar to those caused by pathogen
distribution that could lead to an underestimation of the prevalence of pathogens. It could
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therefore be recommended that more advanced statistical methods may be applied when
designing surveys for prevalence of pathogens.

T

Very few larger survey programmes have been carried out in Norwegian waters. VHSV has
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for instance been subject to systematic sampling in north European waters (reviewed by Skall
et al. 2005). Unfortunately sampling from fish in Norwegian waters was restricted to the open

SC

sea areas (Brudeseth and Evensen, 2002) and not to coastal fish. However, the coastal zone

NU

and fjords may be critical for transmission of disease from wild to cultured fish. During
certain periods of the year large numbers of pelagic and mesopelagic fish, for instance

MA

herring, migrate into the fjords, particularly during spawning.
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An attempt to systematically survey wild fish in the Norwegian coastal waters for F.
noatunensis, has been published by Ottem et al. (2008) using Real Time PCR as the detection

PT

method. However, the total number of samples and sampling sites were too low for anything

CE

but a general conclusion that a geographical bias in the distribution of the pathogen exists.

AC

Heuch et al., (2007) monitored C. elongatus infections of wild coastal fish on the southeast
coast of Norway at various times during 2002 to 2004. Several different sampling techniques
were used to obtain a large variety of fish species and sizes in different habitats. The lice
prevalence for all coastal fish (n = 4427) pooled was 15 %, but there were great differences
between fish species and season (Heuch et al., 2007). North Sea lumpfish, Cyclopterus
lumpus L., spawners were the most infected fish followed by gadoids. Sea trout and herring
also carried C. elongatus at moderate prevalence values. The relatively high numbers of
chalimii on lumpfish suggest that offshore fish sustain an oceanic population of this louse
species.
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An extensive IPNV survey has been performed recently in Scottish waters with sampling
from 30,000 marine fish comprising 37 species in the vicinity of aquaculture farms during a
16 months period (Wallace et al., 2008). The survey technology and pathogen detection

T

methodology used is reliable and the study has brought new knowledge about marine IPNV
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reservoirs and pathogen exchange between wild and farmed fish populations. Demersal
trawling, as well as rod and line were used to catch fish. Tissue culture methodology (Munro

SC

et al., 2004) combined with confirmation by ELISA (Smail et al., 2003) were used for

NU

pathogen detection. In total 45 isolates were obtained from nine different species, but only
two samples were above detection levels for the titration method. Future studies should

MA

examine the virulence of these two isolates to farmed Atlantic salmon. The estimated
prevalence of IPNV in the Scottish marine environment was low at 0.15 %, but in fish caught

ED

less than 5 km from IPN-positive fish farms the prevalence was significantly higher (0.58 %).
This prevalence persisted and did not significantly decrease during the 16-month study

PT

period. The estimated prevalence of IPNV for each positive species was less than 1 % with

CE

the statistically non-significant exceptions of flounder, Platichthys flesus (L.) and saithe.
Overall, the survey provided evidence that clinical outbreaks of IPN in farmed Atlantic

AC

salmon may cause a localized small increase in the prevalence of IPNV in wild marine fish
illustrating these as reservoirs of IPNV in Scottish waters. The role of these reservoirs in the
re-infection of farmed salmonids is not understood. Wild fish reservoirs may not currently be
a major factor in the infection of fish farms, although they could be important in the reemergence of infection if the prevalence of IPN in the salmon farming industry were to fall to
very low levels.

In contrast to the survey in Scotland, a high prevalence of viral infection was reported in wild
salmon in northern Spain (Bandin and Dopazo, 2006), where a non-lethal method (Cutrin et
al., 2005; Lopez-Vazquez et al., 2006) was used for detection of different viruses in fish blood
leukocytes. Real Time PCR/nested PCR was used for analysis in a two-year Atlantic salmon
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restocking campaign, to ensure that brood stock used for fry production and stocks of fry
employed for restocking were free of the viruses IPNV, IHNV and VHSV. The percentage of
fish carrying any of these viruses varied between 47- 50 % and only a minor part of the

T

captured breeders could be used in the restocking programme. IPNV prevalence was up to 39
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%. In certain cases co-infection of two or even all three viruses was observed. Considering
that the migration pathways of the salmon returning to Galicia include feeding areas that are

SC

shared with wild Atlantic salmon populations of other areas of Europe and North America,

NU

such high levels of virus carriers is worrying. However, the Real Time PCR method used in
this study did not detect infectious, replicating viruses and thus the impacts of these findings

MA

are uncertain.

ED

A comprehensive report on sea lice and the interaction between wild and farmed salmonids
has been published (Revie et al., 2009) also describing the challenges in designing good

PT

survey methodology. Sampling method and bias are important issues when studying the

CE

abundance and distribution of parasites in wild fish. Often there are limitations in sampling
procedures. For instance capture of fish in fresh and brackish water or capture using methods

AC

that could be lethal to the fish may lead to underestimation of sea lice numbers. Under these
circumstances sea lice tend to detach from the host quickly. To avoid killing by the netting
process, nets can be placed in the sea for very short periods of time. However, this is very
labour intensive and restricts the number of nets or locations to be fished in an area. When
catching by hooks, fish may also die prior to retrieval. New field survey technology has been
developed in recent years. For instance, catching and retaining live smolts in sealed boxes is
found to give minimal scale loss and thus more reliable estimates of sea lice levels (Holst and
McDonald, 2000). Sentinel cages containing naïve smolts have also been used successfully to
estimate local infestation pressure on wild salmonids (Bjørn et al., 2008; Bjørn et al., 2009;
Boxaspen and Asplin, 2008; Finstad et al., 2007).
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Data sets over longer time periods make it possible to assess infection across years. Timeseries data from more than seven years have been collected for L. salmonis and C. elongatus
abundances on wild salmon captured in coastal bag nets in marine waters off the north coast

T

of Scotland (Todd et al., 2006). The fish remained live and free- swimming in these traps and
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thus the data were more reliable. Also, time-series modelling can increase the understanding
of parasite dynamics. McKenzie et al. (2004) described the pattern of infection for C.

SC

elongatus on Scottish fish farms focusing on patterns within years (or production cycles).

NU

Mathematical modelling combined with field data could be a powerful and more reliable tool
to study transmission dynamics (Krkošek et al., 2005; Krkošek et al., 2006b). However,

MA

precaution should be taken because modelling relies on detailed empirical data which is often
lacking from wild fish. Confidence in the observational data is fundamental to any model.

ED

Sampling is not easy and often one lacks the opportunity for microscopic inspection in the
field. It is then difficult to discriminate between stages and species. To get reliable data, one

PT

should bring together sea lice data and hydrographic models into an integrated framework.

CE

Furthermore, there is a need for more sophisticated multiple variable analyses.

AC

4. Evaluation of the risk involved in pathogen exchange between farmed and wild fish
Introduction

The risk involved in any operation is related to the likelihood of undesirable events occurring,
known as hazards. The risk of a hazard occurring combines the likelihood and the
consequences of occurrence. The hazard which is addressed in the present paper is the
emergence of disease in farmed or wild fish populations.

Risks of acquiring and spreading diseases are always present in food production, regardless of
the foods that are produced or systems that are used for production. However, fish-farming
has some unique characteristics worth considering, as well as some characteristics that are
common to farming of livestock. Unique to fish farming is, naturally, that it is conducted in
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water and often in open net-pens that have no barriers to pathogen exchange with the
environment. Water flows freely through the cages and potential pathogens may come in
contact both with wild fish and other farmed fish populations. These open systems are also

T

vulnerable to escape of farmed fish. The likelihood of pathogen exchange between wild and
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farmed fish is enhanced by the attraction of persistent shoals of wild fish to fish farming cages
due to feed being available or due to shelter (Dempster et al., 2009). Furthermore, the fish

SC

farming industry is commonly divided into juvenile and grow-out production. Producers of

NU

juvenile fish typically serve many grow-out farm sites. Hence fish, and potentially pathogens,
are moved over large distances (Lyngstad et al., 2008).

MA

In common with other livestock production, fish are farmed in large, dense populations. The
scale of production of farmed fish may vastly exceed that of natural production of the same

ED

species. This may have implications for the quantities of pathogens produced, and hence the
infection pressure to which both farmed and wild fish are exposed (Krkôsek, 2010). Dense

PT

and large farmed populations may also promote selection towards increased virulence in

CE

pathogens (Pulkkinen et al., 2010).

AC

4.1 Marine aquaculture production in Norway
Open net-pen systems are the predominant production units used in marine fish farming in
Norway and legal concessions are administered by the Directorate of Fisheries (DF;
www.fiskeridir.no). All licenced sites, and the concessions these are attached to, are registered
in open access domain. A total of 922 marine sites farmed Atlantic salmon or rainbow trout
(salmonids), 285 farmed other marine fish species and 283 farmed shellfish at some point in
time during 2008 along the Norwegian coast. The production of salmonids is by far the largest
enterprise in Norwegian aquaculture. Operators of marine sites holding salmonids are
required to report key production statistics to responsible authorities on a monthly basis
(Kristoffersen et al., 2009). A summary of some of the statistics (Figure 1) show a declining
trend in the number of marine sites holding salmonids over the years 2003 – 2009, whereas
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the total stock and biomass of farmed salmonid fish show an increasing trend. In 2008 the
total stock varied between 250 – 350 million fish, and the biomass varied between 4 – 6

T

hundred thousand tonnes (Fig. 1).
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4.2 Open production units

Net pens allow pathogen exchange with the surrounding environment. This is a recognised

SC

and widely debated problem for sea lice in salmon farming, where planktonic larval stages

NU

produced on fish in the pens drift passively into the surroundings with the water current. The
spread of other pathogens by passive drift in the water current has also been suggested in a

MA

number of studies. Most of these studies rely on the tendency for disease outbreaks to cluster
in space and time. This is well documented for ISA in Norway (Jarp and Karlsen, 1997;

ED

Scheel et al., 2007; Vågsholm et al., 1994), Canada and USA (McClure et al., 2005) and Chile
(Mardones et al., 2009) and for PD in Norway (Kristoffersen et al., 2009). Phylogenetic

PT

studies confirm that ISA-virus isolates from clusters of outbreaks are related (Lyngstad et al.,

CE

2008). These studies have all taken into account horizontal transmission of ISAV and SAV,
and the possibility of passive drift of the causal agents. However, in order to disentangle

AC

transmission by passive drift from other transmission pathways that are dependent on
distance, it is necessary to determine the role that water currents play. Gustafson et al. (2007)
showed that tidal currents affected the spread of ISA in the Quoddy region of Atlantic USA
and Canada. Viljugrein et al. (2009) concluded that the spread of PD in an area on the west
coast of Norway was significantly better predicted by using hydrodynamic modelling to
estimate water contact between farm sites, than by simply using distance between farm sites.
Hence, these latter two studies address effects of passive drift of pathogens directly, which
clearly emphasizes the potential for pathogen exchange between fish farms and the local
environment.
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A further characteristic of net-pen production units is that they are vulnerable to escape of
fish. Escapes of fish must be reported to the DF which summarises yearly figures of officially
reported escaped fish (Fig. 2). These figures show that in some years more than 1 million

T

farmed fish have escaped and in some instances escaped fish have also been diagnosed with
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disease. Recently, there were two instances of reported escapes of Atlantic salmon from two
different sites with ISA in Troms County, North Norway. Escaped salmon were later caught

SC

in two different local rivers, and ISAV was isolated from these fish (Johansen et al., 2009b).
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These instances clearly demonstrate the potential for pathogen exchange from escaped farmed
fish to wild fish. However, the Norwegian fish farming industry have increased efforts to

MA

reduce escapement. Especially for Atlantic salmon, this seems to have been effective since

ED

numbers of escapees have declined markedly in recent years (Fig. 2).

4.3 Pathogen transmission by wild fish

PT

Open net-pen production systems are known to attract assemblages of wild fish with a high

CE

diversity of species both in warm temperate marine waters (Dempster, 2004; Tuya et al.,
2006) and in cold marine waters (Dempster et al., 2009). In Norwegian salmon farming,

AC

farm-aggregated biomasses of the four dominant species have been estimated to be an average
biomass of 10.2 t farm-1 (Dempster et al., 2009). These assemblages of wild fish imply that
farmed and wild fish are in close contact and wild fish may act as disease vectors of
pathogens and parasites among salmon farms. Saithe, which is the most abundant fish species
associated with Norwegian salmon farms (Dempster et al., 2009), has been suggested to act
as a natural reservoir of SAV (Graham et al., 2006) and is a carrier of IPNV (Wallace et al.,
2008). Movements of wild fish between adjacent farms may contribute to the spread of
pathogens and propagation of disease outbreaks. Uglem et al. (2009) studied the spatiotemporal distribution of wild fish in a fjord system with intensive salmon aquaculture in
Norway. Saithe equipped with acoustic tags typically had periods of residence at specific
farms interspersed with rapid and frequent movements to adjacent farms. The authors
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concluded that salmon farms should be considered to be connected through wild fish
movements with regard to potential pathogen transmission (Uglem et al., 2009). Even though
direct evidence for pathogen transmission through wild fish is lacking, the observed

T

aggregations of wild fish associated with fish farms and frequent movements between farms,
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clearly addresses a potential for disease spread between fish farms through wild fish.
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4.4 Large dense farm populations
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Hansen et al. (2006) estimated the population of homing Atlantic salmon to Norwegian rivers
to vary between 0.5 – 1 million individuals over the years 1995 – 2005. These figures are

MA

comparable to the annual number of escaping salmon (Fig. 2). However, given that the figures
of Hansen et al. (2006) are representative also after 2005, the standing stock of marine

ED

farmed Atlantic salmon on the Norwegian coast outnumber the homing wild salmon
population by factors of 250 – 700 (Fig. 1). This vastly increased population of farmed

PT

salmonids that are constantly present in the coastal waters certainly has the potential to

CE

accumulate pathogens that are shed by infected hosts, e.g. sealice (Heuch and Mo, 2001).
Murray (2009) explored deterministic mathematical models where different forms of

AC

pathogen transmission were formulated. Model III depicted pathogen transmission through
the water where infective stages can persist away from the host. Infection may then result
from exposure to pathogen-contaminated water, rather than close contact with infected hosts.
Pathogens accumulate in the water as they are shed by infected hosts and the more shedding
hosts there are the higher the local concentration of pathogens is likely to be, for given
pathogen decay and dispersal rates. In turn, increasing pathogen concentrations will increase
the rate at which susceptible hosts become infected. Hence, the rate at which susceptible hosts
become infected increases non-linearly with the number of infected hosts (Murray, 2009).
Density dependent shedding rates and transmission processes may well explain the tendency
for large epidemics to emerge in aquaculture, such as recent outbreaks of ISA in Chile
(Mardones et al., 2009) or PD in Norway (Kristoffersen et al., 2009).
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4.5 Evolution of virulence
Ecological changes may trigger the emergence of infectious diseases and affect pathogen
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virulence through natural selection. Pathogen virulence is often related to the pathogen´s
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ability to propagate and transmit to susceptible hosts (Anderson and May, 1991). In fish farms
the density of susceptible hosts is unnaturally high. Once a pathogen is introduced to a farm,

SC

the probability of an encounter between an infected and a susceptible host is increased

NU

compared to natural systems. The probability of transmission per contact may also increase
since farmed populations consists of homogenous groups of fish (Ebert, 1998), or since the

MA

fish may be stressed by crowding or confinement to stressing environmental conditions
(Sniezko, 1974). In the theory of evolution of virulence, high densities of susceptible hosts

ED

will promote increased virulence since rapid propagation of a pathogen within an infected
host will affect infectivity of this host and lead to higher rates of transmission in dense host

PT

populations. However, such rapid pathogen propagation within infected hosts will also

CE

theoretically increase host mortality rate and hence decrease the host infectious period.
Therefore, in less dense host populations, pathogen virulence will decrease since the number

AC

of secondary infections arising from the introduction of an infected host into a susceptible
population (R0) will depend more on host infectious period (Anderson and May, 1991). On an
ecological timescale, such selective forces have been suggested to shape the co-evolution of
the myxoma virus and wild populations of rabbits in Australia (Fenner, 1983). Artificially
high population densities have also been suggested to be the underlying cause of recurrent
emergences of new infectious diseases in aquaculture (Murray and Peeler, 2005).
Circumstantial evidence suggests increased virulence of pathogens causing VHS (EinerJensen et al., 2004) and ISA (Nylund et al., 2003) in fish farms compared to wild fish.
Whether this is due to pathogen evolution or the artificial farm conditions, however, is not
clear. Long term studies from Finland on the evolution of Flavobacterium columnare, causing
columnaris disease, suggest that this bacterium has evolved towards increased virulence
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(Pulkkinen et al., 2010). It is argued that aquaculture conditions have enabled virulent strains
of F. columnare to spread and cause outbreaks. Among many correlating arguments to
support this, it is shown that dead fish stay infectious and greatly enhances transmission of the

T

pathogen. Hence, virulent strains of the pathogen are less compromised by killing their host in

SC

4.6 Large scale movements

RI
P

terms of transmission (Pulkkinen et al., 2010).

NU

Fish and fish products are constantly moved around the globe due to trade or with the aim to
spread fish to new areas. Live salmonids have through all times been distributed by man to

MA

new areas, both locally and globally. More recently, with the growth of salmonid aquaculture,
salmonids are traded extensively both as embryos and live fish, and both internationally and

ED

locally. This extensive movement of fish implies a risk of movement of pathogens. Although
movement of diseased fish probably is non-intentional, low disease prevalence or sub-clinical

PT

infections might go undetected. An example from international trade involves the recent

CE

emergence of ISA in Chile. Phylogenetic analyses of ISAV from Chile suggest that the virus
originates from Norway (Vike et al., 2009) and that it may have been introduced some time

AC

around 1996 (Kibenge et al., 2009). There has been extensive export of salmon eggs from
Norway to Chile, and infected eggs have been speculated to be an introductory pathway (Vike
et al., 2009). Within Norwegian salmon farming, there is extensive shipment of live fish along
the coast. For example, there is generally a larger demand for smolts in the north than what
are produced locally. Hence fish are shipped over large distances from the south to grow out
farms in the north (Lyngstad et al., 2008). This activity has been speculated to be the cause of
isolated outbreaks of PD in the north (Kristoffersen et al., 2009).

A large risk associated with trade and movement of fish and shellfish involves imports of
exotic pathogens. Characteristic for many incidents of imported exotic pathogens is that they
have had large consequences for wild native populations and that such consequences were
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unpredictable since pathogenicity evolved as new native species were infected. Examples
include mass mortality of European oysters and European crayfish caused by pathogens
imported from American species (Alderman, 1996; Comps, 1978) and the introduction of the

T

nematode Aguillicola crassus to the European eel through introductions of Asian eels (Koops

RI
P

and Hartmann, 1989). A prime example from Norway, which depicts an intricate interaction
between fish farming and wild fish, is the monogenean parasite G. salaris. It is well

SC

documented that this parasite was initially introduced to a fish farm in Norway during the

NU

early 1970s and spread to Norwegian salmon rivers through cultivation practices (Johnsen and
Jensen, 1986; Johnsen and Jensen, 1991). Later this parasite has probably spread further by

MA

migration of infected fish through brackish waters in the fjords (Jansen et al., 2007; Johnsen
and Jensen, 1991). However, both historical records (Johnsen and Jensen, 1991),

ED

morphological studies (Mo, 1991) and phylogentic studies (Hansen et al., 2003) suggest
multiple introductions of G. salaris to Norway, and that these incidents are associated with

PT

rainbow trout and Atlantic salmon farming. G. salaris now has a history of infection in 46

CE

Norwegian salmon rivers (Jansen et al., 2007). The history and effects of this epidemic are
summarised in Bakke et al. (2007). A study of the genotypes and sub-groups of IPNV present

AC

in farmed and wild salmonid fish in Ireland highlight the importance of import risk analysis
for diseases not listed under current legislation (Ruane et al., 2009). All isolates found
belonged to genogroup 5 and they could be divided into two subgroups. All reported clinical
outbreaks of IPN were associated with subgroup 2 which consisted of isolates from imported
farmed stock. Isolates from wild fish were identical to some isolates from subgroup 2, and
therefore are believed to have originated from infected farms. There are other examples of
exotic pathogens having detrimental effects on local fish and shellfish populations (Murray
and Peeler, 2005; Peeler and Thrush, 2009). It may be argued that the long history of serious
and unforeseen consequences of imports of exotic pathogens puts large scale movements of
live fish on the top of the list of risky practices.
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5. Future research
5.1 Pathogen levels – wild fish surveys
Limited research has been undertaken on diseases of wild fish at the population level and on

T

the interactions between wild and farmed populations in terms of exchange of pathogens. To

RI
P

be able to decide to which extent farmed fish contribute to spreading of pathogens and to
decide which effect this has on the wild populations, surveys to map pathogen distribution in

SC

wild populations are necessary. These surveys should extend over a long time period and need

NU

to be performed both in areas with fish farms and distant from fish farms. To our knowledge
no such large scale wild fish surveys have been performed in Norwegian waters. Material

MA

from one survey could be analysed for the presence of several pathogens. However, which
organs and detection methods that should be used must be taken into careful consideration. If

ED

the sampled materials from surveys are stored it would be possible to perform retrospective

PT

studies when new pathogens emerge in fish farming.

CE

Specific disease outbreaks should be followed up by pathogen screening of wild fish
surrounding the affected farm. Wild salmonids from nearby rivers ought to be included in

AC

such studies. For parasites with indirect lifecycles, areas around fish farms should also be
monitored for the presence of intermediate hosts.

To our knowledge no study has addressed changes in pathogen prevalence and intensity in
wild fish before and after establishment of intensive aquaculture, and in the case of salmonid
farming in Norway, this would be too late. However, Atlantic cod aquaculture is now being
established in fjords without prior aquaculture activities, which gives a unique opportunity to
study changes in parasite, bacterial and viral distribution in wild coastal cod. Similar data can
be gathered from fjords with and without aquaculture and in closely-aquaculture-associated
wild marine fish (Dempster et al., 2009). Such data could be used to develop models for
carrying capacities and management measures in intensively farmed Norwegian fjord
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systems.

5.2 Increased basic research on pathogen virulence

T

Gaining knowledge about virulence factors is important in terms of pathogen exchange

RI
P

between wild and farmed populations. In wild fish surveys genotyping of virulence
determinants ought to be included to resolve whether high or low virulence variants of

SC

pathogens are present and whether the prevalence of these variants changes over time. This

NU

will give some indications about the likelihood of the pathogen to cause disease in
surrounding fish populations and may have implications for disease management. In addition,

MA

there is a need to obtain more information on the taxonomic subgroups of highly diverse

ED

groups of pathogens.

5.3 Developing challenge and transmission models for selected pathogens

PT

Challenge models are used to study susceptibility and virulence, routes of pathogen

CE

transmission within a species and between different species, pathogen shedding rates and
infectious dose required to induce infection. Pathogens isolated from wild fish should be

AC

characterized and tested in experimental challenge studies to examine whether they are
infectious to other species. Transmission studies could also decide whether wild fish, that are
not susceptible to a pathogen itself, can act as vectors and spread pathogens in and between
farms. Experimental shedding and infection experiments in a controlled environment in
combination with modelling of pathogen spread in fjord systems will also increase the
knowledge about risk of shedding and spreading of pathogens from wild fish populations.

5.4 Understanding the consequences of and minimising the occurrence of sub-clinically
infected carriers
Fish pathogens are able to establish persistent infections that are characterized as infections
where the micro-organism is not cleared, but remains in specific cells of infected individuals
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without rapidly killing or even producing damage of the host cells. For IPNV for instance it is
known that survivors of disease outbreaks become persistently infected and establish a life
long carrier condition. Persistently infected fish are present both among farmed and wild fish

T

populations and in various fish species. However, the impact of persistent infections on

RI
P

pathogen exchange between farmed and wild fish and vice versa is largely unknown. There is
limited information regarding the amount of virus shed from persistently infected fish and

SC

amounts of virus required to induce infection through the water. Recent studies provide some

NU

information regarding these aspects in experimental IPNV and ISAV infections (Gregory et
al., 2009; Urquhart et al., 2008). Environmental and host stress may cause recurrence of

MA

disease in virus carriers (Johansen et al., 2009a; Taksdal et al., 1998). It is central to gain
more information about which stressors are most likely to induce recurrence in farmed fish

ED

and accordingly avoid these stressors in fish husbandry practice.

PT

5.5 Breeding for disease resistance and developing more efficacious vaccines

CE

Disease resistance as a breeding goal has been implemented by the breeding companies for
some years and increased resistance to IPNV in Atlantic salmon due to breeding has been

AC

shown (Kjoglum et al., 2008). Together with vaccination this is an important approach to
prevent disease in farmed populations and thereby also prevent transmission of pathogens to
wild fish populations. Development of efficient fish vaccines has had a major positive effect
in providing protection against disease outbreaks (Sommerset et al., 2005) and in some cases
to prevent or reduce the spread of pathogens from farmed to wild fish. However, not all
vaccines are sufficiently effective and for many pathogens vaccines do not exist. It has for
instance proven difficult to develop effective vaccines against viruses and intracellular
bacteria. Increased knowledge about pathogen-host interactions and cell-mediated immune
responses leading to development of new vaccine concepts will be necessary to prevent
disease and transmission of these pathogens. However, it is also unknown whether vaccinated
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or disease resistant fish are able to clear viral pathogens when infected or if a carrier condition
is established.

T

5.6 Investigating possible reservoirs and vectors

RI
P

Better understanding of the role of reservoirs and vectors in virus transmission is needed, in
particular that of wild piscivorous birds and invertebrates. Based on recent findings (Petterson

SC

et al., 2009b), it would be interesting to study the possibility of pathogen transmission by

NU

salmon lice.

MA

5.7 Modelling disease spread in salmon farming

Due to the extensive size of the population of farmed salmonids compared to that of the wild

ED

salmonids in Norwegian marine waters, it can be argued that knowledge on disease dynamics
and disease spread in salmon farming is also a key for generating expectations for the wild

PT

population. The documentation of Norwegian salmon farming production in the marine

CE

environment is unique within worldwide aquaculture. Farmed salmon are produced on farm
sites that are geo-referenced in a central aquaculture register. Furthermore, vital statistics on

AC

farmed salmon stocks can be documented many years back in time on a monthly basis. This is
due to a system of mandatory monthly reporting of key production statistics (see Kristoffersen
et al., 2009). These data, in combination with historical data on disease incidences or sealice
abundance in farmed salmon stocks, yield unique possibilities for space-time modelling of
disease spread in salmon farming. Recent progresses in the development of large scale
stochastic models for the spread of viral diseases in salmon farming were founded on
combining farmed fish stock data with disease incidence data (Aldrin et al., 2010;
Kristoffersen et al., 2009; Scheel et al., 2007). In parallel, increasing efforts are put into
hydrodynamic modelling along the Norwegian coast. Hydrodynamic models used to estimate
reciprocal relative water contact between local salmon farm sites, have also been integrated
with statistical models on disease spread (Viljugrein et al., 2009). The integration of
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hydrodynamic models and disease spread models may contribute to quantify the risk of
disease spread through passive drift of pathogens in the water current, as well as estimating
the degree of potential infectious contact between sites. When disease spread models

T

reasonably portray historic disease incidents, such models can be used as objective tools to

RI
P

simulate effects of intervention strategies. For example, what is the effect of depopulation of
infected farms, vaccination of fish with given protections or relocating farms sites? The

SC

development of such tools is facilitated by continually increasing computational power.

NU

However, development of simulation models will demand high interdisciplinary collaborating
efforts between expertise in fish diseases, mathematical modelling and statistics, and

MA

hydrology. Useful models will also rely on accessibility of high resolution data covering key

ED

variables of importance to disease propagation and spread.

5.8 Parasites – transmission and identification

PT

Marine parasites range from relatively simple organisms with direct transmission between

CE

hosts to animals with complex lifecycles. Marine parasitology is therefore a diverse and
challenging field of research. However, experience from salmon farming clearly shows that

AC

one of the greatest environmental problems is connected to transfer of parasites between wild
marine fish and mariculture. The transfer of parasites between farmed species as well as
between wild and farmed species is therefore an important area of future research as
mariculture grows and diversifies. Correct identification of the organisms is essential in
parasitology (see Section 3.1) and molecular markers can now be used to identify parasitic
organisms with complex or even cryptic morphology (Hansen et al., 2007). Commercial
companies as well as research institutes now offer Real Time PCR analysis for detection of
e.g. a microsporidium and a myxosporidium and similar techniques should be developed for
other parasites. In addition, more easily accessible alpha taxonomy protocols should be
developed.
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5.9 Future research - Concluding remarks
Multiple factors interact and influence the outcome of pathogen transmission and disease
development. With the possible exception of salmon lice, there are few reliable data sets on

T

the distribution of fish pathogens in wild populations, and the knowledge of interactions with

RI
P

wild reservoirs is thus limited. Furthermore, the susceptibility in host-parasite relationships is
in many cases limited or unknown. Modelling disease spreading without knowing the

SC

transmission processes may be speculative or at least of limited value. It can be hypothesized

NU

however, that increased population density enhances disease proliferation unless improved
prophylactic measures are applied as an integrated part of the development of the aquaculture

MA

industry.

ED

Acknowledgements

The work with this review was financially supported by a grant from the Fishery and

References

CE

PT

Aquaculture Industry Research Fund, Norway, grant no. 900322.

AC

Alderman, D.J., 1996. Geographical spread of bacterial and fungal diseases of crustaceans.
Rev. Sci. Technol. Off. Int. Epiz. . 15, 603-632.
Aldrin, M., Storvik, B., Frigessi, A., Viljugrein, H., Jansen, P.A., 2010. A stochastic model
for the assessment of the transmission pathways of heart and skeleton muscle
inflammation, pancreas disease and infectious salmon anaemia in marine fish farms in
Norway. Prev. Vet. Med. 93, 51-61.
Almendras, F.E., Fuentealba, I.C., 1997. Salmonid rickettsial septicemia caused by
Piscirickettsia salmonis: A review. Dis. Aquat. Organ. 29, 137-144.
Alonso, M.C., Cano, I., Castro, D., Perez-Prieto, S.I., Borrego, J.J., 2004. Development of an
in situ hybridisation procedure for the detection of sole aquabirnavirus in infected fish
cell cultures. J. Virol. Methods. 116, 133-138.
53

ACCEPTED MANUSCRIPT
Ammayappan, A., Vakharia, V.N., 2009. Molecular characterization of the Great Lakes viral
hemorrhagic septicemia virus (VHSV) isolate from USA. Virol. J. 6, 171.
Andersen, L., Bratland, A., Hodneland, K., Nylund, A., 2007. Tissue tropism of salmonid

RI
P

salmon (Salmo salar L.). Arch. Virol. 152, 1871-1883.

T

alphaviruses (subtypes SAV1 and SAV3) in experimentally challenged Atlantic

Anderson, R.M., May, R.M., 1991. Infectious diseases of humans: Dynamics and control.

SC

Oxford University Press, Oxford.

NU

Anonymous, 2007. Which risk factors relating to spread of infectious salmon anaemia (ISA)
require development of management strategies? Norwegian Scientific Committee for

MA

Food Safety.

Arai, H., Morita, Y., Izumi, S., Katagiri, T., Kimura, H., 2007. Molecular typing by pulsed-

ED

field gel electrophoresis of Flavobacterium psychrophilum isolates derived from
Japan. J. Fish Dis. 30, 345-355.

PT

Asplin, L., Boxaspen, K., Johnsen, I.A., Sandvik, A.D., Sundfjord, V., 2010. Spreading of

CE

salmon lice larvae in the Hardangerfjord in relation to synchronized fallowing of fish
farms (in press). Fisken og havet.

AC

Bakke, T.A., Cable, J., Harris, P.D., 2007. The biology of Gyrodactylid monogeneans: The
"Russian-doll killers". Adv. Parasitol. 64, 161-376.
Bandin, I., Dopazo, C.P., 2006. Restocking of salmon in Galician rivers: A health
management program to reduce risk of introduction of certain fish viruses. DIPnet Disease interaction and pathogen exchange between farmed and wild aquatic animal
populations - a European network.
Barber, I., 2003. Parasites and size-assortative schooling in three-spined sticklebacks. Oikos.
101, 331-337.
Bartholomew, J.L., Atkinson, S.D., Hallett, S.L., 2006. Involvement of Manayunkia speciosa
(Annelida: Polychaeta: Sabellidae) in the life cycle of Parvicapsula minibicornis, a
myxozoan parasite of Pacific salmon. . J. Parasitol. 92, 742-748.
54

ACCEPTED MANUSCRIPT
Bebak, J., McAllister, P.E., 2009. Continuous exposure to infectious pancreatic necrosis virus
during early life stages of rainbow trout, Oncorhynchus mykiss (Walbaum). J. Fish
Dis. 32, 173-181.

T

Benediktsdóttir, E., Verdonck, L., Sproer, C., Helgason, S., Swings, C., 2000.

RI
P

Characterization of Vibrio viscosus and Vibrio wodanis isolated at different
geographical locations: a proposal for reclassification of Vibrio viscosus as Moritella

SC

viscosa comb. nov. Int. J. System. Evol. Microbiol. 50, 479-488.

NU

Bergh, O., Hjeltnes, B., Skiftesvik, A.B., 1997. Experimental infection of turbot
Scophthalmus maximus and halibut Hippoglossus hippoglossus yolk sac larvae with

MA

Aeromonas salmonicida subsp salmonicida. Dis. Aquat. Organ. 29, 13-20.
Betts, A.M., Stone, D.M., 2000. Nucleotide sequence analysis of the entire coding regions of

ED

virulent and avirulent strains of viral haemorrhagic septicaemia virus. Virus genes. 20,
259-262.

PT

Billi, J.L., Wolf, K., 1969. Quantitative comparison of peritoneal washes and faeces for

CE

detecting infectious pancreatic necrosis (IPN) in carrier brook trout. J. Fisheries Res.
Brd. Can. 26, 7.

AC

Birkbeck, T.H., Feist, S.W., Verner-Jeffreys, D.W., 2010. Francisella infections in fish and
shellfish (review). Accepted manuscript. J. Fish Dis.
Bjørn, P.A., Finstad, B., Kristoffersen, R., 2001. Salmon lice infection of wild sea trout and
Arctic char in marine and freshwaters: the effects of salmon farms. Aquaculture Res.
32, 947-962.
Bjørn, P.A., Finstad, B., Kristoffersen, R., Rikardsen, A.H., McKinley, R.S., 2007.
Differences in risks and consequences of salmon lice, Lepeophtheirus salmonis
(Krøyer) infection on sympatric populations of Atlantic salmon, brown trout and
Arctic charr within northern fjords. ICES J. Marine Sci. 64, 386-393.
Bjørn, P.A., Finstad, B., Nilsen, R., Asplin, L., Uglem, I., Skaala, O., Boxaspen, K.,
Øverland, T., 2008. Norwegian national surveillance of salmon lice epidemics on wild
55

ACCEPTED MANUSCRIPT
Atlantic salmon, sea trout and Arctic char in connection with Norwegian national
salmon rivers and fjords (in Norwegian). NINA, Trondheim, pp. 1-33.
Bjørn, P.A., Finstad, B., Nilsen, R., Uglem, I., Asplin, L., Skaala, O., Boxaspen, K.,

T

Øverland, T., 2009. Norwegian national surveillance 2008 of salmon lice epidemics

RI
P

on wild Atlantic salmon, sea trout and Arctic charr in connection with Norwegian
national national salmon river systems and fjords (in Norwegian). NINA, Trondheim,

SC

pp. 1-52.

NU

Bogstad, B., Pennington, M., Volstad, J.H., 1995. Cost-efficient survey designs for estimating
food-consumption by fish. Fisheries Res. 23, 37-46.

MA

Bootland, L.M., Dobos, P., Stevenson, R.M.W., 1991. The IPNV carrier state and
demonstration of vertical transmission in experimentally infected Brook trout. Dis.

ED

Aquat. Organ. 10, 13-21.

Bornø, G., Colquhoun, D., 2009. Classical furunculosis (in Norwegian). Fact sheet,
Veterinary

PT

Norwegian

Institute.

http://www.vetinst.no/nor/Faktabank/Alle-

CE

faktaark/Furunkulose-klassisk.
Bornø, G., Sviland, C., Jensen, B.B., Tarpai, A., Garseth, Å.H., Skjelstad, H.R., Johansen, R.,

AC

Dale, O.B., Fritsvold, C., Nilsen, H., Vaagnes, Ø., Flesjå, K., Aune, S., Colquhoun,
D., Ørpetveit, I., Hansen, H., Heuch, P.A., Hjeltnes, B., 2010. The health situation in
farmed

salmonids

2009.

In:

http://www.vetinst.no/nor/Forskning/Publikasjoner/Fiskehelserapporten/Fiskehelserap
porten-2009 (Ed.). National Veterinary Institute, Oslo, pp. pp 1-24.
Bowers, R.M., Lapatra, S.E., Dhar, A.K., 2008. Detection and quantitation of infectious
pancreatic necrosis virus by real-time reverse transcriptase-polymerase chain reaction
using lethal and non-lethal tissue sampling. J. Virol. Methods. 147, 226-234.
Boxaspen, K., Asplin, L., 2008. The salmon lice pressure on the West coast of Norway in
2007 (in Norwegian). Kysten og havet. 2, 148-152.

56

ACCEPTED MANUSCRIPT
Boxshall, G.A., 1974. Infections with parasitic copepods in North sea marine fishes. J. Marine
Biol. Assn. U.K. 54, 355-372.
Bratland, A., Nylund, A., 2009. Studies on the possibility of vertical transmission of

T

Norwegian salmonid Alphavirus in production of Atlantic salmon in Norway. J.

RI
P

Aquat. Animal Health 21, 173-178.

Bravo, S., 2000. Occurence of atypical furunculosis in Chile. Bull. Eur. Ass. Fish Pathol. 20,

SC

209-211.

NU

Bricknell, I.R., Bron, J.E., Bowden, T.J., 2006. Diseases of gadoid fish in cultivation: a
review. ICES J. Marine Sci. 63, 253-266.

MA

Bristow, G.A., Berland, B., 1991. The effect of long-term, low-level Eubothrium sp.
(Cestoda, Psudophyllidea) infection on growth in farmed salmon (Salmo salar L.)

ED

Aquaculture 98, 325-330.

Brudeseth, B.E., Evensen, O., 2002. Occurrence of viral haemorrhagic septicaemia virus

PT

(VHSV) in wild marine fish species in the coastal regions of Norway. Dis. Aquat.

CE

Organ. 52, 21-28.

Brun, E., 2003. Epidemiology, in IPN in salmonids- a review. VESO/NRC/FHF, Trondheim,

AC

pp. 118.

Brun, E., Nilsen, H., Olsen, A.B., 2009. Faglige vurderinger av behov for kontrolltiltak
overfor Flavobacterium psychrophilum i norsk lakseproduksjon (in Norwegian),
National Veterinary Institute report series 13, Oslo.
Brunvold, L., Sandaa, R.A., Mikkelsen, H., Welde, E., Bleie, H., Bergh, O., 2007.
Characterisation of bacterial communities associated with early stages of intensively
reared cod (Gadus morhua) using Denaturing Gradient Gel Electrophoresis (DGGE).
Aquaculture. 272, 319-327.
Buchmann, K., 1986. Prevalence and intensity of infection with Cryptocotyle lingua (Creplin)
and Diplostomum spathaceum (Rudolphi) - Parasitic metacercariae of Baltic Cod
(Gadus morhua L.). Nordisk veterinær medicin 38, 303-307.
57

ACCEPTED MANUSCRIPT
Bucke, D., Finlay, J., Mcgregor, D., Seagrave, C., 1979. Infectious Pancreatic Necrosis (IPN)
Virus -its occurrence in captive and wild fish in England and Wales. J. Fish Dis. 2,
549-553.

T

Bullock, G.L., Rucker, R.R., Amend, D., Wolf, K., Stuckey, H.M., 1976. Infectious

RI
P

pancreatic necrosis virus: transmission with iodine-treated and non-treated eggs of
brook trout (Salvelinus fontinalis). J. Fisheries Res. Brd. Can. 33, 1197-1198.

SC

Bush, A.O., Fernández, J.C., Esch, G.W., Seed, R.J., 2001. Parasitism the diversity and

NU

ecology of animal parasites. Cambridge University Press, Cambridge.
Bychowsky, B.E., Poljansky, J.I., 1953. Contribution towards the knowledge of marine

MA

monogenetic trematodes of the family Gyrodactylidae cobb (In Russian). Trudy
Zoological Institution, Leningrad 13, 91-126.

ED

Callahan, H.A., Litaker, R.W., Noga, E.J., 2005. Genetic relationships among members of the
Ichthyobodo necator complex: implications for the management of aquaculture stocks

PT

J. Fish Dis. 28, 111-118.

CE

Canning, E.U., Lom, J., 1986. The microsporidia of vertebrates. Academic Press, London.
Castric, J., Thiery, R., Jeffroy, J., de Kinkelin, P., Raymond, J.C., 2001. Sea bream, Sparus

AC

aurata, an asymptomatic contagious fish host for nodavirus. Dis. Aquat. Organ. 47,
33-38.

Castric, J., Baudin-Laurencin, F., Brèmont, M., Jeffroy, J., Le Ven, A., Bèarzotti, M., 2005.
An experimental study of vertical transmission of sleeping disease virus (SDV) in
rainbow trout (Oncorhynchus mykiss) (Poster), 12th International Conference of
European Association of Fish Pathologists, Copenhagen.
Chambers, E., Gardiner, R., Peeler, E.J., 2008. An investigation into the prevalence of
Renibacterium salmoninarum in farmed rainbow trout, Oncorhynchus mykiss
(Walbaum), and wild fish populations in selected river catchments in England and
Wales between 1998 and 2000. J. Fish Dis. 31, 89-96.

58

ACCEPTED MANUSCRIPT
Cipriano, R.C., 2009. Antibody against infectious salmon anaemia virus among feral Atlantic
salmon (Salmo salar). ICES J. Marine Sci. 66, 865-870.
Colquhoun, D., 2007. Slektskapsstudier av den viktige fiskepatogene bakterien Aeromonas

T

salmonicida (in Norwegian). Fact Sheet, National Research Council, Norway

RI
P

Colquhoun, D., Hovland, J., H., Hellberg, H., Haug, T., Nilsen, H., 2004. Moritella viscosa
isolated from farmed Atlantic cod (Gadus morhua). Bull. Eur. Assn. Fish Pathol. 24,

SC

109-114.

NU

Comps, M., 1978. Évolution des recherches et études récentes en pathologie des huîtres.
Oceanol. Acta. 1, 225-256.

MA

Cornick, J.W., Morrison, C.M., Zwicker, B., Shum, G., 1984. Atypical Aeromonas
salmonicida infection in Atlantic cod, Gadus morhua L. J. Fish Dis. 7, 495-499.

ED

Costello, M.J., 2006. Ecology of sea lice parasitic on farmed and wild fish. Trends Parasitol.
22, 475-483.

PT

Cutrin, J.M., Lopez-Vazquez, C., Olveira, J.G., Castro, S., Dopazo, C.P., Bandin, I., 2005.

CE

Isolation in cell culture and detection by PCR-based technology of IPNV-like virus
from leucocytes of carrier turbot, Scophthalmus maximus (L.). J. Fish Dis. 28, 713-

AC

722.

Dale, O.B., Orpetveit, I., Lyngstad, T.M., Kahns, S., Skall, H.F., Olesen, N.J., Dannevig,
B.H., 2009. Outbreak of viral haemorrhagic septicaemia (VHS) in seawater-farmed
rainbow trout in Norway caused by VHS virus Genotype III. Dis. Aquat. Organ. 85,
93-103.
Dempster, T., 2004. Biology of fish associated with moored fish aggregation devices (FADs):
implications for the development of a FAD fishery in New South Wales, Australia.
Fisheries Res. 68, 189-201.
Dempster, T., Uglem, I., Sanchez-Jerez, P., Fernandez-Jover, D., Bayle-Sempere, J., Nilsen,
R., Bjørn, P.A., 2009. Coastal salmon farms attract large and persitent aggregations of
wild fish: an ecosystem approach. Mar. Ecol. Prog. 385, 1-14.
59

ACCEPTED MANUSCRIPT
Devold, M., Krossoy, B., Aspehaug, V., Nylund, A., 2000. Use of RT-PCR for diagnosis of
infectious salmon anaemia virus (ISAV) in carrier sea trout Salmo trutta after
experimental infection. Dis. Aquat. Organ. 40, 9-18.

T

Dorson, M., Torchy, C., 1981. The influence of fish age and water temperature on mortalities

RI
P

of rainbow-trout, Salmo gairdneri richardson, caused by a European strain of
infectious pancreatic necrosis virus. J. Fish Dis. 4, 213-221.

SC

Dorson, M., Torchy, C., 1985. Experimental transmission of infectious pancreatic necrosis

NU

virus via the sexual products. In: Ellis, A.E. (Ed.), Fish and Shellfish Pathology.
Academic Press, London, pp. 251-260.

MA

Duesund, H., Nylund, S., Watanabe, K., Ottem, K.F., Nylund, A., 2010. Characterization of a
VHS virus genotype III isolated from rainbow trout (Oncorhychus mykiss) at a marine

ED

site on the west coast of Norway. Virol. J. 7, -.
Ebert, D., 1998. Experimental evolution of parasites. Science 282, 1432-1435.

PT

Egidius, E., 1987. Vibriosis: pathogenicity and pathology: a review. Aquaculture Res. 67, 15-

CE

28.

Einer-Jensen, K., Ahrens, P., Lorenzen, N., 2005. Parallel phylogenetic analyses using the N,

AC

G or Nv gene from a fixed group of VHSV isolates reveal the same overall genetic
typing. Dis. Aquat. Organ. 67, 39-45.
Einer-Jensen, K., Ahrens, P., Forsberg, R., Lorenzen, N., 2004. Evolution of the fish
rhabdovirus viral haemorrhagic septicaemia virus. J. Gen. Virol. 85, 1167-1179.
Elston, R.A., Meyers, T.R., 2009. Effect of viral hemorrhagic septicemia virus on Pacific
herring in Prince William Sound, Alaska, from 1989 to 2005. Dis. Aquat. Organ. 83,
223-246.
Fenner, F., 1983. Biological control, as exemplified by smallpox eradication and
myxomatosis. Proc. R. Soc. B 218, 259-285.

60

ACCEPTED MANUSCRIPT
Finstad, B., Boxaspen, K., Asplin, L., Skaala, O., 2007. Interactions of salmon lice between
farmed- and wild fish - the Hardanger fjord system as a modelling area (in
Norwegian). Fisken og havet (special issue Kyst og havbruk 2007). 2, 69-73.

T

Fringuelli, E., Rowley, H.M., Wilson, J.C., Hunter, R., Rodger, H., Graham, D.A., 2008.

RI
P

Phylogenetic analyses and molecular epidemiology of European salmonid
alphaviruses (SAV) based on partial E2 and nsP3 gene nucleotide sequences. J. Fish

SC

Dis. 31, 811-823.

NU

Fryer, J.L., Hedrick, R.P., 2003. Piscirickettsia salmonis: a Gram-negative intracellular
bacterial pathogen of fish. J. Fish Dis. 26, 251-262.

MA

Glover, K.A., Skar, C., Christie, K.E., Glette, J., Rudra, H., Skaala, 2006. Size-dependent
susceptibility to infectious salmon anemia virus (ISAV) in Atlantic salmon (Salmo

ED

salar L.) of farm, hybrid and wild parentage. Aquaculture 254, 82-91.
Godoy, M.G., Aedo, A., Kibenge, M.J., Groman, D.B., Yason, C.V., H., G., Lisberguer, A.,

PT

Calbucura, M., Avendamo, F., Imilan, M., Jarpa, M., Kibenge, F.S., 2008. First

CE

detection, isolation and molecular characterization of infectious salmon anaemia virus
associated with clinical disease in farmed Atlantic salmon (Salmo salar) in Chile.

AC

BMC Vet. Res. 4, 28.
Graham, D.A., 2005. Serological testing of wild salmonids for antibodies to Salmonid
Alphaviruses., DIPNET newsletter 9
Graham, D.A., Jewhurst, H., McLoughlin, M.F., Sourd, P., Rowley, H.M., Taylor, C., Todd,
D., 2006. Sub-clinical infection of farmed Atlantic salmon Salmo salar with salmonid
alphavirus-a prospective longitudinal study. Dis. Aquat. Organ. 72, 193-199.
Gregory, A., Munro, L.A., Snow, M., Urquhart, K.L., Murray, A.G., Raynard, R.S., 2009. An
experimental investigation on aspects of infectious salmon anaemia virus (ISAV)
infection dynamics in seawater Atlantic salmon, Salmo salar L. J. Fish Dis. 32, 481489.

61

ACCEPTED MANUSCRIPT
Griffiths, S., Melville, K., Cook, M., Vincent, S., St Pierre, M., Lanteigne, C., 2001. Profiling
of bacterial species associated with haddock larviculture by PCR amplification of 16S
rDNA and denaturing gradient gel electrophoresis. J. Aquat. Animal Health. 13, 355-

T

363.

RI
P

Grisez, L., Chair, M., Sorgeloos, P., Ollevier, F., 1996. Mode of infection and spread of
Vibrio anguillarum in turbot Scophthalmus maximus larvae after oral challenge

SC

through live feed. Dis. Aquat. Organ. 26, 181-187.

NU

Groocock, G.H., Getchell, R.G., Wooster, G.A., Britt, K.L., Batts, W.N., Winton, J.R., Casey,
R.N., Casey, J.W., Bowser, P.R., 2007. Detection of viral hemorrhagic septicemia in

MA

round gobies in New York State (USA) waters of Lake Ontario and the St. Lawrence
River. Dis. Aquat. Organ. 76, 187-192.

ED

Grotmol, S., Totland, G.K., Thorud, K., Hjeltnes, B., 1997. Vacuolating encephalopathy and
retinopathy associated with a nodavirus-like agent: A probable cause of mass

PT

mortality of cultured larval and juvenile Atlantic halibut Hippoglossus hippoglossus.

CE

Dis. Aquat. Organ. 29, 85-97.
Grove, S., Hjortaas, M.J., Reitan, L.J., Dannevig, B., 2007. Infectious salmon anaemia virus

AC

(ISAV) in experimentally challenged Atlantic cod (Gadus morhua). Arch. Virol. . 152
1829-1837.

Gustafson, L.L., Ellis, S.K., Beattie, M.J., Chang, B.D., Dickey, D.A., Robinson, T.L.,
Marenghi, F.P., Moffett, P.J., Page, F.H., 2007. Hydrographics and the timing of
infectious salmon anemia outbreaks among Atlantic salmon (Salmo salar L.) farms in
the Quoddy region of Maine, USA and New Brunswick, Canada. Prev. Vet. Med. 78,
35-56.
Hammell, K.L., Stephen, C., Bricknell, I., Evensen, O., Bustos, P., 2009. Salmon Aquaculture
Dialogue Working Group Report on Salmon Disease. Salmon Aquaculture Dialogue,
pp. 175.

62

ACCEPTED MANUSCRIPT
Hansen, H., Bachmann, L., Bakke, T.A., 2003. Mitochondrial DNA variation of Gyrodactylus
spp. (Monogenea, Gyrodactylidae) populations infecting Atlantic salmon, grayling,
and rainbow trout in Norway and Sweden. Int. J. Parasitol. 33, 1471-1478.

T

Hansen, H., Bakke, T.A., Bachmann, L., 2007. DNA taxonomy and barcoding of

RI
P

monogenean parasites: lessons from Gyrodactylus. Trends Parasitol. 23, 363-367.
Hansen, L.P., Fiske, P., Holm, M., Jensen, A.J., Sægrov, H., 2006. Population estimation of

SC

Atlantic salmon (in Norwegian). In: -3, R.D. (Ed.), pp. 48

NU

Hastein, T., Lindstad, T., 1991. Diseases in wild and cultured salmon - Possible interaction.
Aquaculture. 98, 277-288.

MA

Hastein, T., Gudding, R., Evensen, Ø., 2005. Bacterial vaccines for fish- an update of the
current situation worldwide. Dev. Biol. (Basel) 121, 55-74.

ED

Hellberg, H., Mikalsen, J., Colquhoun, D., Hansen, H., Bornø, G., Nilsen, A., 2009. The

Oslo, pp. 10.

PT

health situation in farmed marine fish 2008. Norwegian National Veterinary Institute,

CE

Hellberg, H., Nilsen, H.K., Bornø, G., Skjelstad, H.R., Colquhoun, D., Jensen, B.B., 2010a.
The health situation in farmed marine fish 2009. Norwegian National Veterinary

AC

Institute, Oslo, pp. 9.

Hellberg, H., Kvellestad, A., Dannevig, B., Borno, G., Modahl, I., Haldorsen, R.N., Vik-Mo,
F., Ottesen, K., Saetre, E.M., Sindre, H., 2010b. Outbreaks of viral nervous necrosis in
juvenile and adult farmed Atlantic cod, Gadus morhua L., in Norway. J. Fish Dis. 33,
75-81.
Hemmingsen, W., MacKenzie, K., 2001. The parasite fauna of the Atlantic cod, Gadus
morhua L. Adv. Mar. Biol. . 40, 1-80.
Heuch, P.A., Mo, T.A., 2001. A model of salmon louse production in Norway: Effects of
increasing salmon production and public management measures. Dis. Aquat. Organ.
45, 145-152.

63

ACCEPTED MANUSCRIPT
Heuch, P.A., Bjørn, P.A., Finstad, B., Holst, J.C., Asplin, L., Nilsen, F., 2005. A review of the
Norwegian ‘national action plan against salmon lice on salmonids’: the effect on wild
salmonids. Aquaculture. 246, 79-92.

T

Heuch, P.A., Sterud, E., Jansen, P.A., Hemmingsen, W., Haugen, P., Bjørn, P.A., MacKenzie,

RI
P

K., 2007. Comparative studies of the parasite fauna of farmed and wild Atlantic cod
along the North Norwegian coast. Parassitologiia, Rome, pp. 60.

SC

Hill, B.J., 1982. Infectious pancreatic necrosis virus and its virulence. In: Roberts, R.J. (Ed.),

NU

Microbial Diseases of Fish. Academic Press, London, pp. 91-114.
Hiney, M., Olivier, G., 1999. Furunculosis (Aeromonas salmonicida). In: Woo, P.T.K.,

MA

Bruno, D.W. (Eds.), Fish diseases and disorders. Cabi publishing, Wallingford UK,
pp. 341-426.

ED

Hjeltnes, B., Roberts, R.J., 1993. Vibriosis. In: Inglis, V., Roberts, R.J., Bromage, N. (Eds.),
Bacterial diseases of fish. Blackwell science, Oxford, pp. 109-121.

PT

Hjeltnes, B., Bergh, O., Wergeland, H., Holm, J.C., 1995. Susceptibility of Atlantic cod

CE

Gadus morhua, halibut Hippoglossus hippoglossus and wrasse (Labridae) to
Aeromonas salmonicida subsp. salmonicida and the possibility of transmission of

AC

furunculosis from farmed salmon Salmo salar to marine fish. Dis. Aquat. Organ. 23,
25-31.

Hodneland, K., Bratland, A., Christie, K.E., Endresen, C., Nylund, A., 2005. New subtype of
salmonid alphavirus (SAV), Togaviridae, from Atlantic salmon Salmo salar and
rainbow trout Oncorhynchus mykiss in Norway. Dis. Aquat. Organ. 66, 113-120.
Holst, J.C., McDonald, A., 2000. FISH-LIFT: a device for sampling live fish with trawls.
Fisheries Res. 48, 87-91.
Holst, J.C., Jakobsen, P., Nilsen, F., Holm, M., Asplin, L., Aure, J., 2003. Mortality of
seaward-migrating post-smolts of Atlantic salmon due to salmon lice infection in
Norwegian salmon stocks. In: Mills, D. (Ed.), Salmon at the edge. Blackwell Science,
Oxford, pp. 136-137.
64

ACCEPTED MANUSCRIPT
Hungnes, O., Jonassen, T.O., Jonassen, C.M., Grinde, B., 2000. Molecular epidemiology of
viral infections. How sequence information helps us understand the evolution and
dissemination of viruses. Apmis. 108 81-97.

T

Isaksen, T.E., Karlsbakk, E., Nylund, A., 2007. Ichthyobodo hippoglossi n. sp (Kinetoplastea:

RI
P

Prokinetoplastida: Ichthyobodonidae fam. nov.), an ectoparasitic flagellate infecting
farmed Atlantic halibut Hippoglossus hippoglossus. Dis. Aquat. Organ. . 73, 207-217.

SC

Jansen, P.A., Matthews, L., Toft, N., 2007. Geographic risk factors for inter-river dispersal of

NU

Gyrodactylus salaris in fjord systems in Norway. Dis. Aquat. Organ. 74, 139-149.
Jarp, J., 1999. Epidemiological aspects of viral diseases in the Norwegian farmed Atlantic

MA

salmon (Salmo salar L.). Bull Eur Assn Fish Pathol. 19, 240-244.
Jarp, J., Karlsen, E., 1997. Infectious salmon anaemia (ISA) risk factors in sea-cultured

ED

Atlantic salmon Salmo salar. Dis Aquat Organ. 28, 79-86.
Jarp, J., Gjevre, A.G., Olsen, A.B., Bruheim, T., 1995. Risk factors for furunculosis,

PT

infectious pancreatic necrosis and mortality in post-smolt of Atlantic salmon, Salmo

CE

salar L. J. Fish Dis. 18, 67-78.
Jensen, I., Seppola, M., Steiro, K., Sandaker, E., Mennen, S., Sommer, A.I., 2009.

AC

Susceptibility of Atlantic cod (Gadus morhua L.) juveniles to different routes of
experimental challenge with infectious pancreatic necrosis virus (IPNV). Dis Aquat
Org. 85, 105-113.
Jensen, S., Ovreas, L., Bergh, O., Torsvik, V., 2004. Phylogenetic analysis of bacterial
communities associated with larvae of the Atlantic halibut propose succession from a
uniform normal flora. Syst. Appl. Microbiol. 27, 728-736.
Johansen, L.H., Eggset, G., Sommer, A.I., 2009a. Experimental IPN virus infection of
Atlantic salmon parr; recurrence of IPN and effects on secondary bacterial infections
in post-smolts. Aquaculture. 290, 9-14.
Johansen, R., Grove, S., Svendsen, A.K., Modahl, I., Dannevig, B., 2004a. A sequential study
of pathological findings in Atlantic halibut, Hippoglossus hippoglossus (L),
65

ACCEPTED MANUSCRIPT
throughout one year after an acute outbreak of viral encephalopathy and retinopathy. J.
Fish Dis. 27, 327-341.
Johansen, R., Sommerset, I., Thorud, B., Korsnes, K., Hjortaas, M.J., Nilsen, F., Nerland,

T

A.H., Dannevig, B., 2004b. Characterization of nodavirus and viral encephalopathy

RI
P

and retinopathy in farmed turbot, Scophthalmus maximus (L.). J. Fish Dis. 27, 591601.

SC

Johansen, R., Kongstorp, R.T., Bornø, G., Skjelstad, H.R., Olsen, A.B., Flesjå, K.,

NU

Colquhoun, D., Ørpetveit, I., Hansen, H., Garset, Å.H., Hjeltnes, B., 2009b. The
health situation in farmed salmonids 2008. Norwegian National Veterinary Institute,

MA

Oslo, pp. 20.

Johnsen, B.O., Jensen, A.J., 1986. Infestations of Atlantic salmon (Salmo salar) by

ED

Gyrodactylus salaris in Norwegian rivers. J. Fish Biol. 29, 233 - 241.
Johnsen, B.O., Jensen, A.J., 1991. The Gyrodactylus story in Norway. Aquaculture. 98, 289-

PT

302.

CE

Johnsen, B.O., Jensen, A.J., 1994. The spread of furunculosis in salmonids in Norwegian
rivers. J. Fish Biol. 45, 47-55.

AC

Johnsen, B.O., Møkkelgjerd, P.I., Jensen, A.J., 1993. Furunkulose i norske vassdrag Statusrapport (in Norwegian), 038. NINA Trondheim.
Johnson, S.C., Albright, L.J., 1991. The developmental stages of Lepeophtheirus salmonis
(Kroyer, 1837) (Copepoda, Caligidae). Can. J. Zool. 69, 929-950.
Johnson, S.C., Blaylock, R.B., Elphick, J., Hyatt, K.D., 1996. Diseases induced by the sea
louse (Lepeophtheirus salmonis) (Copepoda:Caligidae) in wild sockey salmon
(Oncorhynchus nerka) stocks of Alberni Inlet, British Columbia. Can. J. Fisheries
Aquat. Sci. 53, 2888-2897.
Julin, K., Johansen, L.H., Sommer, A.I., 2009. Reference genes evaluated for use in infectious
pancreatic necrosis virus real-time RT-qPCR assay applied during different stages of
an infection. J. Virol. Methods. 162, 30-39.
66

ACCEPTED MANUSCRIPT
Karlsbakk, E., Isaksen, T.E., Hamre, L.A., 2009. Hva vet vi om parasitter og oppdrett av
torsk? (In Norwegian), Kyst og Havbruk. Institute of marine research, Norway.
Karlsbakk, E., Saether, P.A., Hostlund, C., Fjellsoy, K.R., Nylund, A., 2002. Parvicapsula

T

pseudobranchicola n.sp (Myxozoa), a myxosporidian infecting the pseudobranch of

RI
P

cultured Atlantic salmon (Salmo salar) in Norway. Bull. Eur. Assn. Fish Pathol. 22,
381-387.

SC

Keeling, P.J., Fast, N.M., 2002. Microsporidia: Biology and evolution of highly reduced

NU

intracellular parasites. Ann. Rev. Microbiol. 56, 93-116.
Kerr, C.R., Cunningham, C.O., 2006. Moving molecular diagnostics from laboratory to

MA

clinical application: a case study using infectious pancreatic necrosis virus serotype A.
Lett. Appl. Microbiol. 43, 98-104.

ED

Khan, R.A., 2004. Disease outbreaks and mass mortality in cultured Atlantic cod, Gadus
morhua L., associated with Trichodina murmanica (Ciliophora). J. Fish Dis. 27, 181-

PT

184.

CE

Khan, R.A., 2005. Prevalence and influence of Loma branchialis (Microspora) on growth and
mortality in Atlantic cod (Gadus morhua) in coastal Newfoundland. J. Parasitol. 91,

AC

1230-1232.

Kibenge, F.S., Godoy, M.G., Wang, Y., Kibenge, M.J., Gherardelli, V., Mansilla, S.,
Lisperger, A., Jarpa, M., Larroquete, G., Avendano, F., Lara, M., Gallardo, A., 2009.
Infectious salmon anaemia virus (ISAV) isolated from the ISA disease outbreaks in
Chile diverged from ISAV isolates from Norway around 1996 and was disseminated
around 2005, based on surface glycoprotein gene sequences. Virol. J. 6, 88.
Kingston, J.J., Tuteja, U., Kapil, M., Murali, H.S., Batra, H.V., 2009. Genotyping of Indian
Yersinia pestis strains by MLVA and repetitive DNA sequence based PCRs. J. Gen.
Mol. Microbiol. 96, 303-312.

67

ACCEPTED MANUSCRIPT
Kjoglum, S., Henryon, M., Aasmundstad, T., Korsgaard, I., 2008. Selective breeding can
increase resistance of Atlantic salmon to furunculosis, infectious salmon anaemia and
infectious pancreatic necrosis. Aquaculture Res. 39, 498-505.

T

Knüsel, R., Bergmann, S.M., Einer-Jensen, K., Casey, J., Segner, H., Wahli, T., 2007. Virus

RI
P

isolation vs RT-PCR: which method is more successful in detecting VHSV and IHNV
in fish tissue sampled under field conditions? J. Fish Dis. 30, 559-568.

SC

Koops, H., Hartmann, F., 1989. Anguillicola-infestations in Germany and in German eel

NU

imports. J. Appl. Ichthyol. 5, 41-45.

Korsnes, K., Devold, M., Nerland, A.H., Nylund, A., 2005. Viral encephalopathy and

MA

retinopathy (VER) in Atlantic salmon Salmo salar after intraperitoneal challenge with
a nodavirus from Atlantic halibut Hippoglossus hippoglossus. Dis. Aquat. Organ. 68,

ED

7-15.

Korsnes, K., Karlsbakk, E., Devold, M., Nerland, A.H., Nylund, A., 2009. Tissue tropism of

PT

nervous necrosis virus (NNV) in Atlantic cod, Gadus morhua L., after intraperitoneal

CE

challenge with a virus isolate from diseased Atlantic halibut, Hippoglossus
hippoglossus (L.). J. Fish Dis. . 32 655-665.

AC

Kristmundsson, A., Eydal, M., Helgason, S., 2006. Progress of co-infections of Trichodina
cooperi and Trichodina murmanica parasitising farmed Atlantic cod Gadus morhua
juveniles in Iceland. Dis. Aquat. Organ. 71 213-223.
Kristoffersen, A.B., Viljugrein, H., Kongtorp, R.T., Brun, E., Jansen, P.A., 2009. Risk factors
for pancreas disease (PD) outbreaks in farmed Atlantic salmon and rainbow trout in
Norway during 2003-2007. Prev. Vet. Med. 90, 127-136.
Kristoffersen, R., 1991. Occurrence of the digenean Cryptocotyle lingua in farmed Arctic char
Salvelinus alpinus and Periwinkles littorina Littorea sampled close to char farms in
Northern Norway. Dis. Aquat. Organ. 12, 59-65.
Krkošek, M., 2010. Host density thresholds and disease control for fisheries and aquaculture.
Aquacult. Environ. Interact. 1, 21-32.
68

ACCEPTED MANUSCRIPT
Krkošek, M., Lewis, M.A., Volpe, J.P., 2005. Transmission dynamics of parasitic sea lice
from farm to wild salmon. Proc. R. Soc. B. 272, 689-696.
Krkošek, M., Lewis, M.A., Volpe, J.P., Morton, A., 2006a. Fish farms and sea lice

T

infestations of wild juvenile salmon in the Broughton Archipelago: a rebuttal to

RI
P

Brooks (2005). Rev. Fisheries Sci. 14, 1-11.

Krkošek, M., Lewis, M.A., Morton, A., Frazer, L.N., Volpe, J., 2006b. Epizootics of wild fish

SC

induced by farm fish. P.N.A.S. USA. 15506- 15510.

NU

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

MA

Krkošek, M., Gottesfeld, A., Proctor, B., Rolston, D., Carr-Harris, C., Lewis, M., 2007b.
Effects of host migration, diversity and aquaculture on sea lice threats to Pacific

ED

salmon populations. Proc. Royal Soc. B. 274, 3141 - 3149.
Køie, M., Whipps, C.M., Kent, M.L., 2004. Ellipsomyxa gobii (Myxozoa: Ceratomyxidae) in

PT

the common goby Pomatoschistus microps (Teleostei: Gobiidae) uses Nereis spp.

CE

(Annelida: Polychaeta) as invertebrate hosts. Folia Parasitologica 51, 14-18.
Larsen, J.L., Pedersen, K., Dalsgaard, I., 1994. Vibrio anguillarum serovars associated with

AC

vibriosis in fish. J. Fish Dis. 17, 259-267.
Lillehaug, A., Lunestad, B.T., Grave, K., 2003. Epidemiology of bacterial diseases in
Norwegian aquaculture - a description based on antibiotic prescription data for the tenyear period 1991 to 2000. Dis. Aquat. Organ. 53, 115-125.
Lindstedt, B.A., 2005. Multiple-locus variable number tandem repeats analysis for genetic
fingerprinting of pathogenic bacteria. Electrophoresis. 26 2567-2582.
Lopez-Vazquez, C., Dopazo, C.P., Olveira, J.G., Barja, J.L., Bandin, I., 2006. Development
of a rapid, sensitive and non-lethal diagnostic assay for the detection of viral
haemorrhagic septicaemia virus. J. Virol. Methods. 133, 167-174.
Lovoll, M., Wiik-Nielsen, J., Grove, S., Wiik-Nielsen, C.R., Kristoffersen, A.B., Faller, R.,
Poppe, T., Jung, J., Pedamallu, C.S., Nederbragt, A.J., Meyerson, M., Rimstad, E.,
69

ACCEPTED MANUSCRIPT
Tengs, T., 2010. A novel totivirus and piscine reovirus (PRV) in Atlantic salmon
(Salmo salar) with cardiomyopathy syndrome (CMS). Virology Journal 7: 309.
Lumsden, J.S., Morrison, B., Yason, C., Russell, S., Young, K., Yazdanpanah, A., Huber, P.,

T

Al-Hussinee, L., Stone, D., Way, K., 2007. Mortality event in freshwater drum

RI
P

Aplodinotus grunniens from Lake Ontario, Canada, associated with viral
haemorrhagic septicemia virus, type IV. Dis. Aquat. Organ. 76, 99-111.

SC

Lunder, T., Sørum, H., Holstad, G., Steigerwalt, A.G., Mowinckel, P., Brenner, D.J., 2000.

NU

Phenotypic and genotypic characterization of Vibrio viscosus sp nov and Vibrio
wodanis sp nov isolated from Atlantic salmon (Salmo salar) with 'winter ulcer'. Int. J.

MA

System. Evol. Microbiol. 50, 427-450.

Lyngstad, T.M., Jansen, P.A., Sindre, H., Jonassen, C.M., Hjortaas, M.J., Johnsen, S., Brun,

ED

E., 2008. Epidemiological investigation of infectious salmon anaemia (ISA) outbreaks
in Norway 2003-2005. Prev. Vet. Med. 84, 213-227.

PT

MacKenzie, K., Hemmingsen, W., 2003. Potential disease problems due to parasites in

CE

species of marine fish new to mariculture. J. Parasitol. 89 (Suppl.), 263-270.
MacKenzie, K., Kalavati, C., Gaard, M., Hemmingsen, W., 2005. Myxosporean gall bladder

AC

parasites of gadid fishes in the North Atlantic: Their geographical distributions and an
assessment of their economic importance in fisheries and mariculture. Fisheries Res.
76, 454-465.

MacKenzie, K., Hemmingsen, W., Jansen, P.A., Sterud, E., Haugen, P., 2009. Occurrence of
the tuna nematode Hysterothylacium cornutum (Stossich, 1904) in farmed Atlantic
cod Gadus morhua L. in North Norway. Polar Biol. 32, 1087-1089.
Mackie, T.Y., Arkwright, J.A., Pryce-Tannant, T.E., Mottram, L.C., Johnstone, W.D.,
Menzies, W.J.M., 1935. Final Report of the Furunculosis committiee. HMSO,
Edinburgh, pp. 67

70

ACCEPTED MANUSCRIPT
Magnadottir, B., Bambir, S.H., Gudmundsdottir, B.K., Pilstrom, L., Helgason, S., 2002.
Atypical Aeromonas salmonicida infection in naturally and experimentally infected
cod, Gadus morhua L. J. Fish Dis. 25, 583-597.

T

Maiden, M.C., 2006. Multilocus sequence typing of bacteria. Ann. Rev. Microbiol. 60, 561-

RI
P

588.

Malmberg, G., 1970. The excretory systems and the marginal hooks as a basis for systematics

SC

of Gyrodactylus (Trematoda, Monogenea), 1-235 pp.

NU

Marcogliese, D.J., 1995. The role of zooplankton in the transmission of helminth-parasites to
fish. Rev. Fish Biol. Fisheries. 5, 336-371.

MA

Mardones, F.O., Perez, A.M., Carpenter, T.E., 2009. Epidemiologic investigation of the reemergence of infectious salmon anemia virus in Chile. Dis. Aquat. Organ. 84, 105-

ED

114.

Markestad, A., Grave, K., 1997. Reduction of antibacterial drug use in Norwegian fish

PT

farming due to vaccination. Fish Vaccinol. 90, 365-369.

CE

Matejusova, I., Gelnar, M., McBeath, A.J.A., Collins, C.M., Cunningham, C.O., 2001.
Molecular markers for gyrodactylids (Gyrodactylidae : Monogenea) from five fish

AC

families (Teleostei). Int. J. Parasitol. 31, 738-745.
McAllister, P.E., Bebak, J., 1997. Infectious pancreatic necrosis virus in the environment:
Relationship to effluent from aquaculture facilities. J. Fish Dis. 20, 201-207.
McAllister, P.E., Newman, M.W., Sauber, J.H., Owens, W.J., 1984. Isolation of infectious
pancreatic necrosis virus (serotype Ab) from diverse species of estuarine fish.
Helgolander Meeresunersuchungen. 37, 12.
McClure, C.A., Hammell, K.L., Dohoo, I.R., 2005. Risk factors for outbreaks of infectious
salmon anemia in farmed Atlantic salmon, Salmo salar. Prev. Vet. Med. 72, 263-280.
McIntosh, D., Ji, B., Forward, B.S., Puvanendran, V., Boyce, D., Ritchie, R., 2008. Cultureindependent characterization of the bacterial populations associated with cod (Gadus

71

ACCEPTED MANUSCRIPT
morhua L.) and live feed at an experimental hatchery facility using denaturing
gradient gel electrophoresis. Aquaculture. 275, 42-50.
McKenzie, E., Gettinby, G., McCart, K., Revie, C.W., 2004. Time-series models of sea lice

RI
P

Sunart, Scotland. Aquaculture Res. 35, 764-772.

T

Caligus elongatus (Nordmann) abundance on Atlantic salmon Salmo salar L. in Loch

McLoughlin, M.F., Graham, D.A., 2007. Alphavirus infections in salmonids-a review. J. Fish

SC

Dis. 30, 511-531.

NU

McVicar, A.H., Sharp, L.A., Walker, A.F., Pike, A.W., 1993. Diseases of wild sea trout in
Scotland in relation to fish population decline. Fisheries Res. 17, 175-185.

MA

Melles, D.C., van Leeuwen, W.B., Snijders, S.V., Horst-Kreft, D., Peeters, J.K., Verbrugh,
H.A., van Belkum, A., 2007. Comparison of multilocus sequence typing (MLST),

ED

pulsed-field gel electrophoresis (PFGE), and amplified fragment length polymorphism
(AFLP) for genetic typing of Staphylococcus aureus. J. Microbiol. Methods. 69, 371-

PT

375.

CE

Meyers, T.R., Short, S., Lipson, K., 1999. Isolation of the North American strain of viral
hemorrhagic septicemia virus (VHSV) associated with epizootic mortality in two new

AC

host species of Alaskan marine fish. Dis. Aquat. Organ. 38, 81-86.
Mikalsen, J., Colquhoun, D.J., 2009. Francisella asiatica sp. nov. isolated from farmed tilapia
(Oreochromis sp.) and elevation of Francisella philomiragia subsp. noatunensis to
species rank as Francisella noatunensis comb. nov., sp. nov. Int J Syst Evol
Microbiol. DOI 10.1099/ijs.0.002139-0.
Mikkelsen, H., Lund, V., Børdal, S., Schrøder, M.B., 2009. Challenge model for effluent
mediated transmission of diseases between fish species. Aquaculture. 287, 388-394.
Mitchum, D.L., Sherman, L.E., 1981. Transmission of Bacterial kidney disease from wild to
stocked hatchery trout. Can. J. Fisheries Aquat. Sci. 38, 547-551.

72

ACCEPTED MANUSCRIPT
Mitchum, D.L., Sherman, L.E., Baxter, G.T., 1979. Bacterial kidney disease in feral
populations of Brook trout (Salvelinus fontinalis), Brown trout (Salmo trutta), and
Rainbow trout (Salmo gairdneri). J. Fisheries Res. Brd. Can. 36, 1370-1376.

T

Mo, T.A., 1991. Variations of opisthaptoral hard parts of Gyrodactylus salaris Malmberg,

RI
P

1957 (Monogenea, Gyrodactylidae) on Rainbow trout Oncorhynchus Mykiss
(Walbaum, 1792) in a fish farm, with comments on the spreading of the parasite in

SC

south-eastern Norway. Syst. Parasitol. 20, 1-9.

NU

Mortensen, S.H., 1993. Passage of infectious pancreatic necrosis virus (IPNV) through
invertebrates in an aquatic food-chain. Dis Aquat Organ. 16, 41-45.

MA

Munday, B.L., Kwang, J., Moody, N., 2002. Betanodavirus infections of teleost fish: a
review. Journal of fish diseases. 25, 127-142.

ED

Munro, A.L.S., Liversidge, J., Elston, K.G.R., 1976. The distribution and prevalence of
infectious pancreatic necrosis virus in wild fish in Loch Awe, Proc. R. Soc. Edinburgh

PT

(B), pp. 221-232.

CE

Munro, E.S., Gahlawat, S.K., Ellis, A.E., 2004. A sensitive non-destructive method for
detecting IPNV carrier Atlantic salmon, Salmo salar L., by culture of virus from

AC

plastic adherent blood leucocytes. J. Fish Dis. 27, 129-134.
Murray, A.G., 2006. Persistence of infectious pancreatic necrosis virus (IPNV) in Scottish
salmon (Salmo salar L.) farms. Prev. Vet. Med. 76, 97-108.
Murray, A.G., 2009. Using simple models to review the application and implications of
different approaches used to simulate transmission of pathogens among aquatic
animals. Prev. Vet. Med. 88, 167-177.
Murray, A.G., Peeler, E.J., 2005. A framework for understanding the potential for emerging
diseases in aquaculture. Prev. Vet. Med. 67, 223-235.
Möller, H., Anders, K., 1986. Diseases and parasites of marine fishes. Möller, Kiel.

73

ACCEPTED MANUSCRIPT
Nerland, A.H., Skaar, C., Eriksen, T.B., Bleie, H., 2007. Detection of nodavirus in seawater
from rearing facilities for Atlantic halibut Hippoglossus hippoglossus larvae. Dis.
Aquat. Organ. . 73, 201-205.

T

Nicolas, P., Mondot, S., Achaz, G., Bouchenot, C., Bernardet, J.F., Duchaud, E., 2008.

RI
P

Population structure of the fish-pathogenic bacterium Flavobacterium psychrophilum.
Appl. Environ. Microbiol. 74 3702-3709.

SC

Nilsen, F., 1995. Description of Trichodina hippoglossi n. sp. from farmed Atlantic halibut

NU

larvae Hippoglossus hippoglossus. Dis. Aquat. Organ. 21, 209-214.
Nordhagen, J., Heuch, P.A., Schram, T., 2000. Size as indicator of origin of salmon lice,

MA

Lepeophtheirus salmonis (Copepoda: Caligidae). Contr. Zool. 69, 99-108.
Nylund, A., 2007. Infectious salmon anaemia virus (ISAV). In: Raynard, R., Whali, T.,

ED

Vatsos, I., Mortensen, S. (Eds.), Disease interactions and pathogen exchange between
farmed and wild aquatic animal populations - A European network. DipNet,

PT

Aberdeen, pp. 29-33.

CE

Nylund, A., Devold, M., Mullins, J., Plarre, H., 2002. Herring (Clupea harengus): A host for
infectious salmon anemia virus (ISAV). Bull. Eur. Assn. Fish Pathol. . 22, 311-318.

AC

Nylund, A., Devold, M., Plarre, H., Isdal, E., Aarseth, M., 2003. Emergence and maintenance
of infectious salmon anaemia virus (ISAV) in Europe: a new hypothesis. Dis. Aquat.
Org. 56, 11-24.
Nylund, A., Ottem, K.F., Watanabe, K., Karlsbakk, E., Krossoy, B., 2006. Francisella sp
(Family Francisellaceae) causing mortality in Norwegian cod (Gadus morhua)
farming. Arch. Microbiol. 185, 383-392.
Nylund, A., Plarre, H., Karlsen, M., Fridell, F., Ottem, K.F., Bratland, A., Saether, P.M.,
2007. Transmission of infectious salmon anaemia virus (ISAV) in farmed populations
of Atlantic salmon (Salmo salar). Arch. Virol. 152, 151-179.
Nylund, A., Karlsbakk, E., Nylund, S., Isaksen, T.E., Karlsen, M., Korsnes, K., Handeland,
S., Martinsen, R., Pedersen, T.M., Ottem, K.F., 2008. New clade of betanodaviruses
74

ACCEPTED MANUSCRIPT
detected in wild and farmed cod (Gadus morhua) in Norway. Arch Virol. 153, 541547.
Nylund, A., Karlsbakk, E., Saether, P.A., Koren, C., Larsen, T., Nielsen, B.D., Broderud,

T

A.E., Hostlund, C., Fjellsoy, K.R., Lervik, K., Rosnes, L., 2005. Parvicapsula

RI
P

pseudobranchicola (Myxosporea) in farmed Atlantic salmon Salmo salar: tissue

OIE, 2006. Infectious pancreatic necrosis.
2009.

Manual

of

Diagnostic

Tests

for

Aquatic

Animals

NU

OIE,

SC

distribution, diagnosis and phylogeny. Dis. Aquat. Organ. 63, 197-204.

http://www.oie.int/eng/normes/en_amanual.htm.

MA

Olsen, A.B., Melby, H.P., Speilberg, L., Evensen, O., Hastein, T., 1997. Piscirickettsia
salmonis infection in Atlantic salmon Salmo salar in Norway - epidemiological,

ED

pathological and microbiological findings. Dis. Aquat. Organ. 31, 35-48.
Olsen, A.B., Mikalsen, J., Rode, M., Alfjorden, A., Hoel, E., Straum-Lie, K., Haldorsen, R.,

PT

Colquhoun, D.J., 2006. A novel systemic granulomatous inflammatory disease in

CE

farmed Atlantic cod, Gadus morhua L., associated with a bacterium belonging to the
genus Francisella. J. Fish Dis. 29, 307-311.

AC

Olsen, J.S., Aarskaug, T., Skogan, G., Fykse, E.M., Ellingsen, A.B., Blatny, J.M., 2009.
Evaluation of a highly discriminating multiplex multi-locus variable-number of
tandem-repeats (MLVA) analysis for Vibrio cholerae. J. Microbiol. Methods 78, 271285.
Olson, P.D., 2008. Hox genes and the parasitic flatworms: New opportunities, challenges and
lessons from the free-living. Parasitol. Int. . 57, 8-17.
Ottem, K.F., Nylund, A., Isaksen, T.E., Karlsbakk, E., Bergh, Ø., 2008. Occurrence of
Francisella piscicida in farmed and wild Atlantic cod, Gadus morhua L., in Norway.
J. Fish Dis. 31, 525-534.
Palacios, G., Lovoll, M., Tengs, T., Hornig, M., Hutchison, S., Hui, J., Kongtorp, R.T., Savji,
N., Bussetti, A.V., Solovyov, A., Kristoffersen, A.B., Celone, C., Street, C., Trifonov,
75

ACCEPTED MANUSCRIPT
V., Hirschberg, D.L., Rabadan, R., Egholm, M., Rimstad, E., Lipkin, W.I., 2010.
Heart and skeletal muscle inflammation of farmed salmon is associated with infection
with a novel reovirus. PloS ONE. 5(7): e11487. doi:10.1371/journal.pone.0011487.

T

Patel, S., Korsnes, K., Bergh, Ø., Vik-Mo, F., Pedersen, J., Nerland, A.H., 2007. Nodavirus in

RI
P

farmed Atlantic cod Gadus morhua in Norway. Dis. Aquat. Organ. 77, 169-173.
Pedersen, K., Dalsgaard, I., Larsen, J.L., 1996. Characterization of atypical Aeromonas

SC

salmonicida isolates by ribotyping and plasmid profiling. J. Appl. Bacteriol. . 80, 37-

NU

44.

Pedersen, K., Skall, H.F., Lassen-Nielsen, A.M., Nielsen, T.F., Henriksen, N.H., Olesen, N.J.,

MA

2008. Surveillance of health status on eight marine rainbow trout, Oncorhynchus
mykiss (Walbaum), farms in Denmark in 2006. J. Fish Dis. 31, 659-667.

ED

Peeler, E.J., Thrush, M.A., 2009. Assessements of exotic fish disease introduction and
establishment in the United Kingdom via live fish transporters. Dis. Aquat. Organ. 83,

PT

85-95.

CE

Pemberton, R., 1976. Sea trout in the North Argyll sea lochs, population, distribution and
movements. J. Fish Biol. 9, 157-179.

AC

Petterson, E., Sandberg, M., Santi, N., 2009a. Salmonid alphavirus associated with
Lepeophtheirus salmonis (Copepoda: Caligidae) from Atlantic salmon, Salmo salar L.
J. Fish Dis. 32, 477-479.
Petterson, E., Sandberg, M., Santi, N., 2009b. Salmonid alphavirus associated with
Lepeophtheirus salmonis (Copepoda: Caligidae) from Atlantic salmon, Salmo salar L.
J. Fish Dis. 32, 477-479.
Pike, A.W., Wadsworth, S.L., 2000. Sealice on salmonids: Their biology and control. Adv.
Parasitol. Vol 44 233-337.
Plarre, H., Devold, M., Snow, M., Nylund, A., 2005. Prevalence of infectious salmon anaemia
virus (ISAV) in wild salmonids in western Norway. Dis. Aquat. Organ. 66, 71-79.
Poppe, T., 1999. Fiskehelse og fiskesykdommer (In Norwegian). Universitetsforlaget, Oslo.
76

ACCEPTED MANUSCRIPT
Poppe, T.T., Mo, T.A., Iversen, L., 1992. Disseminated hexamintosis in sea-caged Atlantic
salmon Salmo salar. Dis. Aquat. Organ. 14, 91-97.
Poynton, S.L., Fard, M.R.S., Jenkins, J., Ferguson, H.W., 2004. Ultrastructure of

T

Spironucleus salmonis n. comb. (formerly Octomitus salmonis sensu Moore 1922,

RI
P

Davis 1926, and Hexamita salmonis sensu Ferguson 1979), with a guide to
Spironucleus species. Dis. Aquat. Organ. 60, 49-64.

SC

Pulkkinen, K., Suomalainen, L.-R., Read, A.F., Ebert, D., Rintamäki, P., Valtonen, E.T.,

NU

2010. Intensive fish farming and the evolution of pathogen virulence: the case of
columnaris disease in Finland. Proc. R. Soc. B. 277, 593-600.

MA

Raja-Halli, M., Vehmas, T.K., Rimaila-Parnanen, E., Sainmaa, S., Skall, H.F., Olesen, N.J.,
Tapiovaara, H., 2006. Viral haemorrhagic septicaemia (VHS) outbreaks in Finnish

ED

rainbow trout farms. Dis. Aquat. Organ. 72, 201-211.
Raynard, R., Wahli, T., Vatsos, I., Mortensen, S., 2007. Review of disease interactions and

PT

pathogen exchange between farmed and wild finfish and shellfish in Europe. In:

CE

DIPNET (Ed.), http://www.dipnet.info/docs/doc.asp?id=48, Aberdeen, pp. 459
Raynard, R.S., Murray, A.G., al., e., 2001. Infectious salmon anaemia virus in wild fish from

AC

Scotland. Dis. Aquat. Organ. 46, 93-100.
Reno, P.W., 1998. Factors involved in the dissemination of disease in fish populations. J.
Aquat. Animal Health. 10, 160-171.
Revie, C., Dill, L., Finstad, B., Todd, C.D., 2009. Salmon Aquaculture Working Group
Report

on

Sea

http://wwf.worldwildlife.org/site/PageNavigator/SalmonSOIForm.

Lice,
Salmon

Aquaculture Dialogue, pp. 117.
Rimstad, E., Dalsgaard, I., Hjeltnes, B., Håstein, T., 2010. Risk assessment – broodstock
surveilence and vertical transmission of pathogens (in Norwegian). Norwegian
Scientific Committee for Food Safety, pp. 42

77

ACCEPTED MANUSCRIPT
Rintamaki Kinnunen, P., Valtonen, E.T., 1997. Epizootiology of protozoans in farmed
salmonids at northern latitudes. Int. J. Parasitol. 27, 89-99.
Rombaut, G., Suantika, G., Boon, N., Maertens, S., Dhert, P., Top, E., Sorgeloos, P.,

T

Verstraete, W., 2001. Monitoring of the evolving diversity of the microbial

RI
P

community present in rotifer cultures. Aquaculture. 198, 237-252.

Ruane, N.M., Murray, A.G., Geoghegan, F., Raynard, R.S., 2009. Modelling the initiation and

SC

spread of Infectious Pancreatic Necrosis Virus (IPNV) in the Irish salmon farming

NU

industry: The role of inputs. Ecol. Modelling. 220, 1369-1374.
Sandaa, R.A., Magnesen, T., Torkildsen, L., Bergh, O., 2003. Characterisation of the bacterial

MA

community associated with early stages of great scallop (Pecten maximus), using
denaturing gradient gel electrophoresis (DGGE). Syst. Appl. Microbiol. 26, 302-311.

ED

Sandaa, R.A., Brunvold, L., Magnesen, T., Bergh, O., 2008. Monitoring the opportunistic
bacteria Pseudoalteromonas sp. LT-13 in a great scallop, Pecten maximus hatchery.

PT

Aquaculture. 276, 14-21.

CE

Scheel, I., Aldrin, M., Frigessi, A., Jansen, P.A., 2007. A stochastic model for infectious
salmon anemia (ISA) in Atlantic salmon farming. J. R. Soc. Interface. 4, 699-706.

AC

Schram, T.A., 1993. Supplementary description of the developmental stages of
Lepeophtheirus salmonis (Krøyer, 1937) (Copepoda: Caligidae). In: Boxhall, G.A.,
Defaye, D. (Eds.), Pathogens of wild and farmed fish. Ellis Horwood, New York, pp.
30-47.
Shearer, T.L., Van Oppen, M.J.H., Romano, S.L., Worheide, G., 2002. Slow mitochondrial
DNA sequence evolution in the Anthozoa (Cnidaria). Mol. Ecol. 11, 2475-2487.
Skall, H.F., Olesen, N.J., Mellergaard, S., 2005. Viral haemorrhagic septicaemia virus in
marine fish and its implications for fish farming-a review. J. Fish Dis. 28, 509-529.
Skov, M.N., Pedersen, K., Larsen, J.L., 1995. Comparison of pulsed-field gel electrophoresis,
ribotyping, and plasmid profiling for typing of Vibrio anguillarum serovar O1. Appl.
Environ. Microbiol. 61, 1540-1545.
78

ACCEPTED MANUSCRIPT
Smail, D., Burnside, K., Watt, A., Munro, E.S., 2003. Enhanced cell culture isolation of
infectious pancreatic necrosis virus from kidney tissue of carrier Atlantic salmon
(Salmo salar L.) using sonication of the cell harvest. Bull. Eur. Assn. Fish Pathol. 23,

T

250-254.

RI
P

Smail, D.A., Bain, N., Bruno, D.W., King, J.A., Thompson, F., Pendrey, D.J., Morrice, S.,
Cunningham, C.O., 2006. Infectious pancreatic necrosis virus in Atlantic salmon,

SC

Salmo salar L., post-smolts in the Shetland Isles, Scotland: virus identification,

NU

histopathology, immunohistochemistry and genetic comparison with Scottish
mainland isolates. J. Fish Dis. 29, 31-41.

MA

Sniezko, S., 1974. The effect of environmental stress on outbreaks of infectious diseases of
fishes. J. Fish Biol. 6, 197-208.

ED

Snow, M., McKay, P., McIntosh, R., 2009. Relative resistance of juvenile Atlantic cod to oral
and immersion infection with VHSV mimicking natural routes of exposure. Bull. Eur.

PT

Assn. Fish Pathol. 29, 78-85.

CE

Snow, M., Cunningham, C.O., Melvin, W.T., Kurath, G., 1999. Analysis of the nucleoprotein
gene identifies distinct lineages of viral haemorrhagic septicaemia virus within the

AC

European marine environment. Virus Res. 63, 35-44.
Snow, M., Bain, N., Black, J., Taupin, V., Cunningham, C.O., King, J.A., Skall, H.F.,
Raynard, R.S., 2004. Genetic population structure of marine viral haemorrhagic
septicaemia virus (VHSV). Dis. Aquat. Organ. 61, 11-21.
Sommerset, I., Krossoy, B., Biering, E., Frost, P., 2005. Vaccines for fish in aquaculture.
Expert Rev. Vaccines. 4, 89-101.
Sonstegard, R.A., McDermott, L.A., Sonstegard, K.S., 1972. Isolation of infectious pancreatic
necrosis virus from white suckers (Catastomus commersoni). Nature. 236, 174-175.
Stephens, E.B., Newman, M.W., Zachary, A.L., Hetrick, F.M., 1980. A viral etiology for the
annual spring epizootics of Atlantic menhaden Brevoortia tyrannus (Latrobe) in
Chesapeake Bay. J. Fish Dis. 3, 387-398.
79

ACCEPTED MANUSCRIPT
Storset, A., Evensen, O., Midtlyng, P.J., 2006. A user's inter-laboratory comparison of
broodfish screening for infectious pancreatic necrosis virus using molecular and
conventional diagnostic methods. Dev Biol (Basel). 126, 101-105; discussion 325-

T

326.

RI
P

Svendsen, Y.S., 1991. Gyrodactylus på torsk (In Norwegian), Norsk fiskeoppdrett pp. 26-27.
Sørum, H., Holstad, G., al., e., 2000. Grouping by plasmid profiles of atypical Aeromonas

SC

salmonicida isolated from fish, with special reference to salmonid fish. Dis Aquat

NU

Organ. 41, 159-171.

Sørum, H., Hvaal, A.B., Heum, M., Daae, F., Wiik, R., 1990. Plasmid profiling of Vibrio

MA

salmonicida for epidemiologic studies of cold-water vibriosis in Atlantic salmon
(Salmo salar) and cod (Gadus morhua). Appl. Environ. Microbiol. 56 1033-1037.

ED

Taksdal, T., Ramstad, A., Stangeland, K., Dannevig, B.H., 1998. Induction of infectious
pancreatic necrosis (IPN) in covertly infected Atlantic salmon, Salmo salar L., post

PT

smolts by stress exposure, by injection of IPN virus (IPNV) and by cohabitation. J.

CE

Fish Dis. 21, 193-204.

Tandstad, N., E. Helgason, L., Brown, N. P., Willassen, M., Reith, D., Milton, D. Colquhoun

AC

(2009). Development and use of Multiple Locus Variable number of tandem repeats
Assay (MLVA) for the fish pathogens Aeromonas salmonicida and Vibrio
anguillarum. EAFP meeting September 2009, Prague.
Tingley, G.A., Ives, M.J., Russell, I.C., 1997. The occurrence of lice on sea trout (Salmo
trutta L.) captured in the sea off the East Anglian coast of England. ICES J. Marine
Sci. 54, 1120-1128.
Tjensvoll, K., Glover, K.A., Nylund, A., 2006. Sequence variation in four mitochondrial
genes of the salmon louse Lepeoptheirus salmonis. Dis. Aquat. Organ. 68, 251-259.
Todd, C.D., Whyte, B.D.M., MacLean, J.C., Walker, A.M., 2006. Ectoparasitic sea lice
(Lepeophtheirus salmonis and Caligus elongatus) infestations of wild, adult, one sea-

80

ACCEPTED MANUSCRIPT
winter Atlantic salmon Salmo salar returning to Scotland. Marine Ecol. Prog. S., 183193.
Todd, C.D., Walker, A.M., Ritchie, M.G., Graves, J.A., Walker, A.F., 2004. Population

T

genetic differentiation of sea lice (Lepeophtheirus salmonis) parasitic on Atlantic and

hosts. Can. J. Fisheries Aquatic Sci. 61, 1176-1190.

RI
P

Pacific salmonids: analyses of microsatellite DNA variation among wild and farmed

SC

Tuntiwechapikul, W., Salazar, M., 2002 Mechanism of in vitro expansion of long DNA

NU

repeats: Effect of temperature, repeat length, repeat sequence, and DNA polymerases.
Biochemistry. 41, 854-860.

MA

Tuya, F., Sanchez-Jerez, P., Demster, T., Boyra, A., Haroun, R., 2006. Changes in demersal
wild fish aggregations beneath a sea-cage fish farm after the cessation of farming. J.

ED

Fish Biol. 69, 682-697.

Uglem, I., Dempster, T., Bjorn, P.A., Sanchez-Jerez, P., Okland, F., 2009. High connectivity

PT

of salmon farms revealed by aggregation, residence and repeated movements of wild

CE

fish among farms. Mar. Ecol. Prog. S. 384, 251-260.
Urquhart, K., Bowden, T.J., Buckett, B.E., Garcia, J., Fryer, R.J., Ellis, A.E., 2009.

AC

Experimental study of the susceptibility of Atlantic cod, Gadus morhua (L.), to
infection with an IPNV strain pathogenic for Atlantic salmon, Salmo salar L. J. Fish
Dis. 32, 447-456.
Urquhart, K., Murray, A.G., Gregory, A., O'Dea, M., Munro, L.A., Smail, D.A., Shanks,
A.M., Raynard, R.S., 2008. Estimation of infectious dose and viral shedding rates for
infectious pancreatic necrosis virus in Atlantic salmon, Salmo salar L., post-smolts. J.
Fish Dis. 31, 879-887.
van Belkum, A., 2007. Tracing isolates of bacterial species by multilocus variable number of
tandem repeat analysis (MLVA). FEMS Immunol. Med. Microbiol. 49, 22-27.
Vike, S., Nylund, S., Nylund, A., 2009. ISA virus in Chile: evidence of vertical transmission.
Arch. Virol. 154, 1-8.
81

ACCEPTED MANUSCRIPT
Viljugrein, H., Staalstrom, A., Molvaelr, J., Urke, H.A., Jansen, P.A., 2009. Integration of
hydrodynamics into a statistical model on the spread of pancreas disease (PD) in
salmon farming. Dis. Aquat. Organ. 88, 35-44.

T

Vågsholm, I., Djupvik, H.O., Willumsen, F.V., Tveit, A.M., Tangen, K., 1994. Infectious

RI
P

salmon anaemia (ISA) epidemiology in Norway. Prev. Vet. Med. 19, 277-290.
Wallace, I.S., Gregory, A., Munro, E.S., Bain, N., Raynard, R.S., 2005. Infectious pancreatic

SC

necrosis virus isolated from hake, Merluccius merluccius, from Scotland. Bull. Eur.

NU

Assn. Fish Pathol. 25, 86-90.

Wallace, I.S., Gregory, A., Murray, A.G., Munro, E.S., Raynard, R.S., 2008. Distribution of

MA

infectious pancreatic necrosis virus (IPNV) in wild marine fish from Scottish waters
with respect to clinically infected aquaculture sites producing Atlantic salmon, Salmo

ED

salar L. J. Fish Dis. 31, 177-186.

West, P.A., Lee, J.V., 1982. Ecology of Vibrio species, including Vibrio cholerae, in natural-

PT

waters of Kent, England. J. Appl. Bacteriol. 52 435-448.

CE

Weston, J., Villoing, S., Bremont, M., Castric, J., Pfeffer, M., Jewhurst, V., McLoughlin, M.,
Rodseth, O., Christie, K.E., Koumans, J., Todd, D., 2002. Comparison of two aquatic

AC

alphaviruses, salmon pancreas disease virus and sleeping disease virus, by using
genome sequence analysis, monoclonal reactivity, and cross-infection. J. Virol. 76,
6155-6163.

White, H.C., 1940 Sea lice (Lepeophtheirus) and death of salmon. J. Fisheries Res. Brd. Can.
5, 172-175.
Wiklund, T., Dalsgaard, I., 1998. Occurrence and significance of atypical Aeromonas
salmonicida in non-salmonid and salmonid fish species: a review. Dis. Aquat. Organ.
32, 49-69.
Wilson, M.K., Lane, A.B., Law, B.F., Miller, W.G., Joens, L.A., Konkel, M.E., White, B.A.,
2009. Analysis of the pan genome of Campylobacter jejuni isolates recovered from
poultry by Pulsed-Field Gel Electrophoresis, Multilocus Sequence Typing (MLST)
82

ACCEPTED MANUSCRIPT
and Repetitive Sequence Polymerase Chain Reaction (rep-PCR) reveals different
discriminatory capabilities. Microb. Ecol. 58, 843-855.
Wolf, K., Quimby, M.C., Bradford, A.D., 1963. Egg-associated transmission of IPN virus of

T

trouts. Virology. 21, 317-321.

RI
P

Wolf, K., Quimby, M.C., Carlson, C.P., Bullock, G.L., 1968. Infectious pancreatic necrosis:
selection of virus free stock from a population of carrier trout. J. Fisheries Res. Brd.

SC

Can. 25, 383-391.

NU

Zerihun, A.M., Feist, S., Olsen, A.B., Bucke, D., Wiik, J., Colquhoun, D., 2008.
Retrospective identification of Francisellosis in Atlantic cod (Gadus morhua) sampled

MA

from the southern North Sea during the 1980’s (poster), Havbrukskonferansen,
Tromsø.

ED

Ziętara, M.S., Lumme, J., 2003. The crossroads of molecular, typological and biological
species concepts: two new species of Gyrodactylus Nordmann, 1832 (Monogenea :

PT

Gyrodactylidae). Syst. Parasitol. 55, 39-52.

CE

Ziętara, M.S., Arndt, A., Geets, A., Hellemans, B., Volckaert, F.A.M., 2000. The nuclear
rDNA region of Gyrodactylus arcuatus and G. branchicus (Monogenea :

AC

Gyrodactylidae). J. Parasitol. 86, 1368-1373.

83

ACCEPTED MANUSCRIPT
Figure 1. Summary statistics for Norwegian production of marine farmed Atlantic salmon and
Rainbow trout from 2003 to 2009. The upper panel shows the number of marine sites holding
salmonids, the mid panel shows the total stock of farmed salmonids (in millions) and lower
panel shows the total biomass (in hundred thousand tonnes), at any point in time.

AC

CE

PT

ED

MA

NU

SC

RI
P

T

Figure 2. The number of officially reported escapees of Atlantic salmon, Rainbow trout and
Atlantic cod over the years 2001 – 2009 (source: Directorate of Fisheries).
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