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NASCO has asked ICES to advise on possible effects of salmonid aquaculture on wild Atlantic
salmon populations, focusing on the effects of sea lice, genetic interactions, and the impact on
wild salmon production

Advice summary

ICES advises that there is substantial and growing evidence that salmon aquaculture activities can affect wild Atlantic
salmon, through the impacts of sea lice as well as and farm escapees. Both factors can reduce the productivity of wild
salmon populations and there is marked temporal and spatial variability in the magnitude of reported effects.

Effects of sea lice on wild Atlantic salmon

The sea louse (Lepeophtheirus salmonis) is a parasite of salmonids that has widespread geographic
distribution. Salmon farming has been shown to increase the abundance of lice in the marine environment
and the risk of infection among wild salmon populations. There is considerable spatial and temporal variability
in the extent of affected areas.

Lice are also a serious problem for the Atlantic salmon farming industry and have been so since the 1970s.
Laboratory studies show that 0.04-0.15 lice per gram fish weight can increase stress levels and that infections
of 0.75 lice per gram fish weight can kill hatchery-reared smolts if all the lice develop into pre-adult and adult
stages. This is the equivalent of 11 lice per smolt. This is also supported by field studies.

Current marine mortality rates for salmon are often at or above 95%, the causes of which are largely unknown.
There are differing perspectives on the impact of lice. In one perspective, the “additional” marine mortality
attributable to lice is estimated at around 1%. In another perspective of the same data, losses are expressed
at between 0.6% and 39% reduction in adult returns to rivers. The most important factor causing this
variability is the level of total marine mortality. The greatest impact from lice is likely to occur on post smolts
during the early period of marine migration.

Effects of escapees and genetic interactions on wild Atlantic salmon

Request

Farmed salmon are domesticated and display substantial differences to wild salmon in a wide range of fitness-
related traits.

Very large numbers of domesticated salmon escape from fish farms each year. Escapees are observed in rivers
in all regions where farming occurs, although the number of escapees varies both spatially and temporally.
The numbers of escapees have approached 50% or more of the spawning population in some rivers in some
years. There is limited monitoring in rivers away from fish-farming regions.

The spawning success of escaped farmed salmon is much lower than in wild salmon. Despite this, a large
number of Norwegian wild salmon populations exhibit widespread introgression of farmed salmon genomes.
Introgression has also been shown in other countries.

The introgression of farmed salmon reduces the viability of the populations in rivers, caused by maladaptive
changes in life history traits.

The presence of farmed salmon and their offspring in a river has been shown to result in a decreased overall
productivity of the wild population through competition for territory and food.

The long-term consequences of introgression across river stocks can be expected to lead to erosion of genetic
diversity and therefore to decreased resilience.

1.  With respect to Atlantic salmon in the North Atlantic area:

14

advise on possible effects of salmonid aquaculture on wild Atlantic salmon populations focusing on the effects
of sea lice, genetic interactions and the impact on wild salmon production®;

Notes:

* This advice is part of ICES 2016 advice on North Atlantic salmon stocks (ICES, 2016b).
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4 In response to question 1.4, ICES is requested to review and update the findings of the ICES/NASCO sympo-

sium on the impacts of aquaculture and the request for advice from OSPAR in June 2010.

The ICES Secretariat asked NASCO for further clarification via email and received the following from NASCO on 23 Sep-
tember 2015. These clarifications were consequently incorporated into the Terms of Reference for a Workshop to ad-
dress the request for advice on possible effects of salmonid aquaculture on wild Atlantic salmon populations in the
North Atlantic (WKCULEF; ICES, 2016a).

Clarification 1: The request is referring to the most recent of the series of international symposia organised by NASCO
and ICES in 2005. These symposia focused on both the scientific and management issues concerning interactions between
aquaculture and wild salmon and other diadromous fish. The advice sought should focus on the effects of sea lice, genetic
interactions and the impact on wild salmon production and not on the management approaches to addressing these.
Furthermore, this request relates to impacts of salmonid farming and not other forms of aquaculture such as stocking.
NASCO is holding a Theme-based Special Session on the topic of developments in relation to minimising the impacts of
farmed salmon on wild salmon stocks and the advice will provide a very useful input to that process.

Clarification 2: Updating of the 2014 advice provided to OSPAR would be appreciated; there was no intention to request
that ICES review its advice to OSPAR in the sense of assessing its quality but rather that ICES consider the advice already
provided and update it as necessary in the light of new information. In the case of the advice to NASCO, the focus should
be on the effects of sea lice, genetic interactions and impacts on wild salmon production whereas the advice to OSPAR
also covered introduction of antibiotics and other pharmaceuticals; release of nutrients and other organic matter; effects
on small cetaceans and introduction of non-indigenous species.

Basis of the advice
Background

The farming of Atlantic salmon has expanded rapidly since the early 1980s. Production of farmed salmon in the North
Atlantic is now approximately 1.5 million tonnes (over 2 million tonnes worldwide) and vastly exceeds the nominal catch
of wild Atlantic salmon (Fishstat); FAO, 2013). In 2014, it was estimated that farmed Atlantic salmon production ex-
ceeded the nominal wild catch in the North Atlantic by over 1900 times (ICES, 2015).

Interactions between salmon farming and wild stocks have raised concerns, in particular related to disease, parasite,
genetic, and ecological interactions. Such issues have been subject to extensive research and dialogue as efforts have
been made to balance current needs of industry with the need to safeguard wild stocks. The topic remains an area of
continued intensive research interest.

This request for advice was addressed by a workshop, (Workshop to address the NASCO request for advice on possible
effects of salmonid aquaculture on wild Atlantic salmon populations in the North Atlantic, WKCULEF). This enabled ex-
perts in aquaculture effects, wild Atlantic salmon, disease transmission, and genetic interactions to share and discuss
relevant information and recent findings. WKCULEF was convened in Copenhagen, 1-3 March 2016, and was attended
by 25 representatives from five ICES Member Countries.

Methods

The WKCULEF terms of reference were addressed though a comprehensive review of recent peer-reviewed literature,
presentations from participants, reviews of working documents prepared ahead of the meeting, as well as the develop-
ment of documents and text for the report during the meeting. It was particularly difficult to disentangle the issue of
the possible impact of salmon aquaculture on wild salmon production from the sea lice and genetic interaction ques-
tions. Information pertaining to population level effects was incorporated into the sections dealing with these main
issues.

The published literature with respect to the effects of lice and genetic interactions on wild salmon populations from
salmonid aquaculture is inevitably focused on countries that have established salmon farming industries. This is a con-
sequence of the importance of both farmed salmon production and wild stocks to national interests. However, relatively
little is known about the scale of possible effects of lice and genetic changes on wild salmon in areas without salmon
farms in the immediate vicinity.
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The terms of reference for WKCULEF focus on interactions between salmon farming and Atlantic salmon. However,
salmon farming activities can impact on other salmonid species, in particular sea trout, Arctic char, and species of Pacific
salmon, and selected references relating to these species have been included where considered relevant.

Elaboration on the advice
The effects of sea lice on Atlantic salmon

The sea louse (Lepeophtheirus salmonis) has a widespread geographic distribution, is a specific parasite of salmonids,
and has been a serious problem for the Atlantic salmon farming industry since the 1970s (Thorstad et al., 2015). Lice
have a greater economic impact on the industry than any other parasite (ICES, 2010) and control of lice levels on farms
is of key importance. In recent years, lice have also developed resistance to one or more of the chemicals commonly
used to manage lice levels and resistant lice have been reported in all areas of Norway, except Finnmark County in
northernmost Norway (Aaen et al., 2015; Besnier et al., 2014). The high density of salmon in cages has provided a high
number of potential hosts and promoted the transmission and population growth of the parasite (Torrissen et al., 2013).
As a result, salmon farming has been shown to increase the abundance of lice in the marine environment. However,
knowledge of parasite infection rates and resulting effects in wild populations of fish is relatively poor.

Historically, naturally occurring lice levels on wild salmonids have typically been low — a few (0-10) adult lice per return-
ing salmon and sea trout (Torrissen et al., 2013; Serra-Llinares et al., 2014). Elevated levels of lice on wild salmon col-
lected from coastal areas in the vicinity of salmon farms have been regarded as evidence that mariculture is a main
source of the infections and studies have demonstrated a link between fish farming activity and lice infestations on wild
salmonids (Helland et al., 2012, 2015; Serra-Llinares et al., 2014). Thus, the risk of infection among wild salmon popula-
tions can be elevated in areas that support salmon mariculture, although louse management activities can reduce the
prevalence and intensity of infection on wild fish (Penston and Davies, 2009; Serra-Llinares et al., 2014). There is con-
siderable uncertainty about the extent of the zones of elevated risk of infection and this will be subject to both spatial
and temporal variability, for example as a result of changes in local hydrological processes (Amundrud and Murray,
2009; Salama et al., 2013, 2015; Jones et al., 2015; Johnsen et al., 2016).

The extent to which elevated infections of lice pose a risk to the health of wild salmon populations has been the subject
of extensive research. However, there are many difficulties in quantifying effects at the population level, particularly for
fish stocks that are characterized by highly variable survival linked to environmental variables, such as Atlantic salmon
(Vollset et al., 2015; Helland et al., 2015). The following sections aim to summarize the current state of knowledge in
relation to the impact of lice on Atlantic salmon. The literature reviewed includes some results from studies on Pacific
salmon. This is considered to provide added insight, but needs interpreting with some caution since there are differ-
ences between the situation in the Pacific and the Atlantic, including in the genome of the lice themselves as well as the
ecological context of the salmon. In the Pacific, salmonids are more diverse in their life-history traits, species composi-
tion, and abundance; the salmon farming industry is also smaller.

Physiological effects

Several laboratory studies have presented the effect of lice on the physiology of Atlantic salmon, sea trout, and Arctic
charr smolts (reviewed in Finstad and Bjgrn, 2011; Thorstad et al., 2015). Major primary (nervous, hormonal), secondary
(blood parameters), and tertiary (whole body response) physiological effects (e.g. high levels of plasma cortisol and
glucose, reduced osmoregulatory ability, and reduced non-specific immunity) occur when the lice develop from the
sessile chalimus second stage to the mobile first pre-adult stage. Reduced growth, reproduction, swimming perfor-
mance, and impaired immune defence have also been reported (Finstad and Bjgrn, 2011). The susceptibility and re-
sponse to louse infection varies among individuals, populations, and species of salmonid.

It has been shown in laboratory studies that 0.04—0.15 lice per gram fish weight can increase stress levels, reduce swim-
ming ability, and affect the water and salt balance in Atlantic salmon (Finstad et al., 2000). In sea trout, the same authors
found around 50 mobile lice are likely to give direct mortality, and 13 mobile lice, or approximately 0.35 lice per gram
fish weight might cause physiological stress in sea trout (weight range 19-70 grams). Around 0.05-0.15 lice per gram
fish weight were found to affect growth, condition, and reproductive output in sexually maturing Arctic charr (Tveiten
etal., 2010).

Finstad et al. (2000) also found that infections of 0.75 lice per gram fish weight, or approximately 11 lice per fish, can

kill a recently emigrated wild salmon smolt of about 15 gram if all the lice develop into pre-adult and adult stages. This
is consistent with field studies on infections in salmon post-smolts in the Norwegian Sea where more than 3000 post-
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smolts have been examined for lice, but none observed carrying more than 10 adult lice (Holst et al., 2003). Fish with
up to 10 mobile lice were observed to be in poor condition with a low haematocrit level and poor growth. These authors
also conducted an experimental study of naturally infected migrating salmon smolts collected during a monitoring
cruise. Half of the fish were deloused as a control, and the health of the two fish groups were monitored in the labora-
tory. Only fish carrying 11 mobile lice or less survived. The results have been further verified in the laboratory on wild-
caught Atlantic salmon post-smolts infected with lice and showing the same level of tolerance for lice infections (Karlsen
etal., in prep.).

These results have been used to provide estimates of death rates according to lice densities on migrating salmon smolts
and have been adopted in the Norwegian risk assessment for fish farming (Taranger et al., 2015). The categories are:
100% mortality in the group > 0.3 lice per gram fish weight, 50% in the group 0.2—-0.3 lice per gram fish weight, 20 % in
the group 0.1-0.2 lice per gram fish weight and 0% in the group < 0.1 lice per gram fish weight. Wagner et al. (2008)
discuss the wider factors that should be taken into account when estimating sea louse threshold levels detrimental to a
host.

In practice, numerous biotic and abiotic stressors (e.g. pollutants) and ecological processes are likely to mediate the
relationship between lice and the marine survival of Atlantic salmon. While laboratory estimates of lethal loads and
physiological responses are attractive to predict impacts on wild populations, this is likely an over-simplified view be-
cause natural ecological processes such as predation and competition will probably remove infected fish before lice kill
the fish directly. Early marine growth is important for smolts to enable them to reduce the risk of predation and to allow
access to more diverse prey fields, and reduced growth rates will affect fish under resource-limited or parasitized con-
ditions. Furthermore, studies with Pacific salmon (Peacock et al., 2014) have demonstrated that sub-lethal effects seen
in laboratory trials may increase or decrease observed mortality in the field. As such, laboratory results ideally need to
be connected with behavioural changes (e.g. migration behaviour; Birkeland and Jakobsen, 1997) in the fish that alter
predator—prey interactions between the smolts and their predators as well as the smolts and their prey.

Evidence from monitoring programmes

Monitoring programmes have been implemented in a number of countries to assess lice levels to inform management
decisions. Given the difficulties of sampling outmigrating wild salmon smolts, sea trout are commonly sampled and may
in some cases be used as a proxy for potential levels on salmon (Thorstad et al., 2014).

In Norway, lice infection on wild salmonid populations is estimated through a national monitoring programme (Serra-
Llinares et al., 2014; Taranger et al., 2015). The aim of the lice monitoring programme is to evaluate the effectiveness
and consequences of zone regulations in national salmon fjords (areas where salmon farming is prohibited), as well as
the Norwegian strategy for an environmentally sustainable growth of aquaculture.

Monitoring is carried out during the salmon smolt migration and in summer to estimate lice levels on sea trout and
Arctic charr. The fish are collected using traps, fishing nets, and surface trawling (Holm et al., 2000; Holst et al., 2003;
Heuch et al., 2005; Bjgrn et al., 2007). Sentinel cages have also been used to investigate infestation rates (Bjgrn et
al., 2011).

The results of monitoring indicate considerable variation in the risk of lice-related mortality (low: < 10%, moderate 10—
30%, and high: > 30%) between years and sampling locations. The risk for sea trout (and also Arctic charr in the Northern
regions) is higher compared with Atlantic salmon post-smolts and the results show moderate-to-high risk of lice-related
mortality on sea trout in most counties with high salmon farming activity.

The estimated risk of lice-related mortality for Atlantic salmon varies between years and sites. It was low at most sites
in Norway in 2010 and 2013, but moderate or high at several sites in 2011, 2012, and 2014.

In Scotland, analysis of wild sea trout monitored over five successive farm cycles found that lice burdens above critical
levels were significantly higher in the second year of the production cycle (Middlemas et al., 2010). In Norway, prelimi-
nary analysis of data from fallowing zones indicate that lice levels in farming areas are also correlated with biomass. In
years with high biomass, lice epidemics are present in some zones, but such epidemics are not seen in years with low
biomass (Serra-Llinares et al., submitted).

As noted previously, research effort on interactions between farmed and wild salmon is concentrated in areas where

salmon farming is most prevalent. The same applies to monitoring efforts and little, if any, monotoring is undertaken in
many areas more remote from salmon farming areas, representing a potential gap in our knowledge.
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Population effects

Population-level impacts of lice infestation have been estimated in Atlantic salmon post-smolts from a series of long-
term studies and analyses in Ireland and Norway involving the paired release of treated and control groups of smolts
(Jackson et al., 2011a, 2011b; Jackson et al., 2013; Gargan et al., 2012; Skilbrei et al., 2013; KrkosSek et al., 2013; Vollset
et al., 2014, 2015). These studies assumed that the louse treatments were efficacious and that released smolts were
exposed to lice during the period of the outmigration in which the treatment was effective. Furthermore, the studies
were not designed to discriminate between lice from farm and non-farm sources. In addition, the baseline marine sur-
vival from untreated groups, which is used as a comparator for treated groups, is itself likely to be affected by louse
abundance, introducing an element of circularity that leaves the interactive effects between lice and other factors on
salmon survival poorly characterized.

Survival estimates have been based on a statistical analysis of differential survival to adults among release groups (Gar-
gan et al., 2012; Jackson et al., 2011a, 2011b, 2013), including odds ratios (Jackson et al., 2013; Skilbrei et al., 2013;
Krkosek et al., 2013, 2014; Torrissen et al., 2013; Vollset et al., 2015). An odds ratio is a measure of association between
an exposure and an outcome and represents the odds that an outcome will occur given a particular exposure, compared
to the odds of the outcome occurring in the absence of that exposure. Thus, in these studies, the odds ratio represented
the probability of being recaptured in the treated group divided by the probability of being recaptured in the control
group. All studies reported an improved return rate for treated versus control salmon, but all showed significant spatial
and temporal variability.

Gargan et al. (2012) reported that the ratio of return rates of treated:control fish in individual trials ranged from 1:1 to
21.6:1, with a median ratio of 1.8:1. Similarly, odds ratios of 1.1:1 to 1.2:1 in favour of treated smolts were reported in
Ireland and Norway, respectively (Torrissen et al., 2013). KrkosSek et al. (2013) reported that treatment had a significant
positive effect with an overall odds ratio of 1.29:1 (95% Cl: 1.18-1.42). A recent meta-analysis of Norwegian data (Vollset
et al., 2015) based on 118 release groups (3 989 recaptured out of 657 624 released), reported an odds ratio of 1.18:1
(95% Cl: 1.07-1.30) in favour of treated fish. Untreated returning salmon were on average older and had a lower weight
than treated fish (Vollset et al., 2014; Skilbrei et al., 2013).

The survival of Atlantic salmon during their marine phase has fallen in recent decades (Chaput, 2012; ICES, 2015). This
downturn in survival is evident over a broad geographical area and is associated with large-scale oceanographic changes
(Beaugrand and Reid, 2003; Friedland et al., 2000, 2005, 2009, 2014). For monitored stocks around the North Atlantic,
current estimates of marine survival are at historically low levels, with typically fewer than 5% of outmigrating smolts
returning to their home rivers for the majority of wild stocks and with even lower levels for hatchery-origin fish (ICES,
2015).

The scientific literature provides differing perspectives of the mortality attributable to lice (Jackson et al., 2013; Krkosek
et al., 2013). In one view (Jackson et al., 2013), the emphasis is placed on the absolute difference in marine mortality
between fish treated with parasiticides and those that are not. In this instance, viewed against marine mortality rates
at or above 95% for fish in the wild, the mortality attributable to lice has been estimated at around 1% (i.e. mortality in
treated groups is 95% compared to 96% in untreated groups). This “additional” mortality between groups is interpreted
as a small number compared to the 95% mortality from the treatment groups.

The other perspective of this same example is in terms of the percent loss of recruitment, or abundance of returning
adult salmon, due to exposure to sea lice. In this perspective, the same example corresponds to a 20% loss in adult
salmon abundance due to sea lice; for every five fish that return as adults in the treated groups (95% mortality), four
fish return as adults in the untreated group (96% mortality). In other words, one in five fish is lost to sea lice effects.
These perspectives are solely differences in interpretation of the same data. Where impacts of lice have been estimated
as losses of returns to rivers, these indicate marked variability, ranging from 0.6% to 39% (Gargan et al., 2012; Krkosek
et al., 2013; Skilbrei et al., 2013). These results suggest that a small incremental increase in marine mortality due to lice
(or any other factor) can result in losses of Atlantic salmon that are relevant for fisheries and conservation management
and which may influence the achievement of conservation requirements for affected stocks (Gargan et al., 2012). Vollset
et al. (2015) concluded that much of the heterogeneity among trials could be explained by the release location, time
period, and baseline (i.e., marine) survival. Total marine survival was reported to be the most important predictor vari-
able. When marine survival was low (few recaptures from the control group), the effect of treatment was relatively high
(odds ratio of 1.7:1). However, when marine survival was high, the effect of treatment was undetectable (odds ratio of
~1:1). One explanation for this finding is that the detrimental effect of lice is exacerbated when the fish are subject to
other stressors, and the findings of other studies support this hypothesis (Finstad et al., 2007; Connors et al., 2012;
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Jackson et al., 2013; Godwin et al., 2015). Potential interactive effects of multiple factors are likely to be important for
explaining the result from meta-analysis where the effect of sea lice on salmon survival depends on the baseline survival
of untreated fish (Vollset et al., 2015). In conclusion the authors cautioned that though their study supported the hy-
pothesis that lice contribute to the mortality of salmon, the effect was not consistently present and strongly modulated
by other risk factors, suggesting that population-level effects of lice on wild salmon stocks cannot be estimated inde-
pendently of the other factors that affect marine survival.

Escapees, genetic interactions and effects on wild Atlantic salmon
Numbers of escapees and observations in rivers

Although aquaculture technology and fish-farm safety has significantly increased over the past decade or more, each
year, large numbers of Atlantic salmon still escape from aquaculture installations into the wild. Although many of these
are reported (e.g. http://www.fiskeridir.no/Akvakultur/Statistikk-akvakultur/Roemmingsstatistikk), in many circum-
stances, escapes go unnoticed. In Norway, the true numbers escaping from farms have been estimated to be 2-5 times
higher than the official statistics (Skilbrei et al., 2015). The numbers of farmed escapees are also reported in Scotland
(http://aquaculture.scotland.gov.uk/data/fish_escapes.aspx) and in eastern Canada and the United States (NASCO,
2015), but the degree of underreporting in these regions has not been estimated.

Farmed salmon may escape from both the freshwater (Clifford et al., 1998a; Carr and Whoriskey, 2006; Uglem et al.,
2013) and the marine stages of production (Clifford et al., 1998b; Webb et al., 1991; Carr et al., 1997a). Most known
escapes occur from sea cages (Jensen et al., 2010). However, due to differences in rearing practices between countries
and regions, the magnitude of freshwater escapes may differ. In some countries, such as Scotland, it is likely to be higher
than, for example, in Norway. In Scotland, in the order of 20 million smolts are produced annually from freshwater pens
(Franklin et al., 2012). In Norway, most smolts are produced in land-based tanks from which escape is less likely. Alt-
hough the probability of surviving to adulthood and maturing vary between the different life-history stages at which the
salmon escape, the great majority of salmon that escape from farms disappear, never to be seen again (Skilbrei, 2010a,
2010b; Hansen, 2006; Whoriskey et al., 2006). Nevertheless, some escapees enter rivers where native salmon popula-
tions exist and other fish escape direct to river systems. While not all escapees are sexually mature (Carr et al., 1997b;
Madhun et al., 2015), some may attempt to spawn with wild salmon (this can include both precocious parr and adults).
Farmed escaped salmon have been observed in rivers in all regions where Atlantic salmon farming occurs: Norway
(Gausen and Moen, 1991; Fiske et al., 2006), United Kingdom (Youngson et al., 1997; Webb et al., 1991; Green et al.,
2012), eastern Canada and the United States (Morris et al., 2008; Carr et al., 1997a), and Chile (Sepulveda et al., 2013).
Furthermore, farmed salmon can migrate great distances post escape (Hansen and Jacobsen, 2003; Jensen et al., 2013),
and have been observed in rivers at a considerable distance from the main concentrations of salmon farming , for ex-
ample in Iceland (Gudjonsson, 1991). Still, the incidence of farmed escaped salmon in rivers has been correlated with
the volume of farming in Norway (Fiske et al., 2006), and in Scotland (where there are differences between the east and
west coasts; Green et al., 2012). Relatively little is known about possible levels of spawning by escapees in river systems
away from centres of aquaculture production. Numbers of escapees in such areas are typically assumed to be low (ICES,
2015), but can be subject to temporal variation (e.g. higher in rivers at spawning time than evidenced from in-season
catches).

The incidence of farmed escaped salmon has been investigated in a number of rivers in Norway (Fiske et al., 2006). A
new national monitoring programme for farmed escaped salmon was established in Norway in 2014 based upon data
from angling catches, dedicated autumn angling, and diving surveys. The results for 30 of the 140 rivers surveyed ex-
ceeded a frequency of 10% escapees (see http://www.imr.no/publikasjoner/andre pub-
likasjoner/romt_oppdrettslaks i vassdrag/nb-no). These studies demonstrate that the number of escapees within
rivers varies in time and space (Gausen and Moen, 1991; Fiske et al., 2006).

Farmed salmon escapees may attempt to spawn with wild salmon or among themselves. Observations of farmed salmon
spawning with wild fish have been reported in rivers in Scotland (Webb et al., 1991, 1993; Butler et al., 2005), Norway
(Lura and Saegrov, 1991; Saegrov et al., 1997), and Canada (Carr et al., 1997a). However, experiments demonstrate that
the spawning success of farmed salmon is significantly reduced (Fleming et al., 1996; Fleming et al., 2000; Weir et al.,
2004), perhaps just 1-3% and < 30% of the success of wild males and females, respectively (Fleming et al., 1996). How-
ever, the relative spawning success is likely to also vary with the life stage at which the fish escaped (Fleming et al.,
1997; Weir et al., 2005). Therefore, if a river has, for example, 10% farmed escapees observed on the spawning grounds,
the genetic contribution to the next generation is likely to be significantly lower than 10%. One explanation for the wide
range of estimates of the relatively low spawning success of escapees is that they originate from aquaculture stocks that
have been changed the most by domestication. If so, these interbreeding events likely have more serious consequences
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than interbreeding events of a similar magnitude involving less domesticated stocks. This would mean that simply fo-
cusing on the rate of interbreeding will not necessarily provide a full picture of the genetic consequences of escapees
(Baskett and Waples, 2013).

The life stage of the escapees affects potential impact. Escapes of smolts are believed to assume a normal migration
pattern, few immature adults return to rivers, maturing fish have a higher tendancy to return to nearby rivers (Skilbrei
et al., 2015). This is also affected by the time of year relative to migration patterns in the wild. Thus smolts that escape
when natural migration is occurring in the spring have a greater tendancy to return than those escaping at other times
of the year (Skilbrei et al., 2015).

The rate at which escapes occur may also have implications for the possible impact. Hindar et al. (2006) concluded that
large pulses of escapes are more damaging than small amounts of gradual “’eakage”. However, Baskett et al. (2013)
reached the opposite conclusion; that constant, small-scale leakage created greater fitness losses to the wild population.
The different conclusions can be largely explained by different time frames of reference: Hindar et al. (2006) focused
on short-term effects, while Baskett et al. (2013) evaluated mean effects over long periods of time. However, this topic
merits more detailed study. Baskett et al. also did not explicitly consider overlapping generations, and so more work is
needed in order to evaluate results as a function of escapes across generations in Atlantic salmon. This is important to
resolve, as it is convenient to ignore low-level leakage because it is very difficult to eliminate or even monitor, but some
results, at least, suggest it can have extremely important effects on wild populations.

Identification of escapees

Farmed salmon escapees are typically identified using external morphological characteristics, including growth patterns
on fish scales (Fiske et al., 2006; Lund and Hansen, 1991). In Norway, genetic methods to identify farmed escaped
salmon back to their farm(s) of origin have been developed and are routinely implemented in cases of unreported es-
capes (Glover et al., 2008; Glover, 2010). By the start of 2016, the method has been used in ~20 cases of unreported
escape and has resulted in initiation of legal investigations successfully resulting in fines for companies found in breach
of regulations (Glover, 2010). Since 2003, all aquaculture salmon in Maine must be marked before placement into ma-
rine net pens, so that in the event of an escape the fish can be traced to the farm of origin (NMFS, 2005). Maine’s
marking programme utilizes a genetic pedigree-based approach to identify fish. In other countries, no formal active
identification programmes are in place. There are ongoing efforts to develop other genetic and non-genetic tagging
methods to permit the routine identification of escapees back to their farms of origin.

Intraspecific hybridization and introgression

Only few published studies have addressed genetic changes in wild populations following the invasion of escaped
farmed Atlantic salmon. This may be due to the fact that such studies are often challenging. For example, they often
require representative samples of the wild populations ideally before and after invasion, and access to representative
farmed samples, as well as an informative set of molecular genetic markers (Besnier et al., 2011; Karlsson et al., 2011).

The first studies of introgression were conducted in Ireland (Clifford et al., 1998b, 1998a) and Northern Ireland (Crozier,
1993; Crozier, 2000), demonstrating introgression of farmed salmon in rivers as a response to escapes from local farms.
These escapees originated from both cage escapes in salt water, as well as escapes from freshwater smolt rearing facil-
ities located within rivers. The first studies in Norway demonstrated temporal genetic changes in three out of seven
populations located on the west and middle parts of the country, and concluded that introgression of farmed salmon
was the primary driver (Skaala et al., 2006). A more recent spatio-temporal investigation of 21 populations across Nor-
way revealed significant temporal genetic changes in several rivers caused by introgression of farmed salmon, and im-
portantly, observed an overall reduction in interpopulation genetic diversity (Glover et al., 2012). The latter observation
is consistent with predictions of population homogenization as a result of farmed salmon breeding with wild fish (Mork,
1991). Importantly, all rivers that displayed temporal genetic changes due to spawning of farmed escapees displayed
an increase in genetic variation, revealed as the total number of alleles observed in the population. This is consistent
with introgression from fish of a non-local source. The final published study in Norway used recently developed diag-
nostic genetic markers for identification of farmed and wild salmon (Karlsson et al., 2011) to estimate cumulative intro-
gression of farmed salmon escapees in 20 wild populations (Glover et al., 2013). In this study, cumulative introgression
over 2-3 decades ranged from 0% to 47% between rivers. Differences in introgression levels between populations were
positively linked with the observed proportions of escapees in the rivers, but it was also suggested that the density of
the wild population, and therefore level of competition on the spawning grounds and during juvenile stages, also influ-
enced introgression (Glover et al., 2013). A recent study conducted in the Magaguadavic River in eastern Canada has
also demonstrated introgression of farmed escapees with the native population (Bourret et al., 2011).
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The most recent and extensive investigations of introgression of farmed salmon were recently published as a report in
Norwegian by researchers from NINA and IMR (http://www.nina.no/english/News/News-article/Articleld/3984). A total
of 125 Norwegian salmon populations were classified using a combination of the estimate of wild genome P(wild) (Karls-
son et al., 2014) and the introgression estimates from the study by Glover et al. (2013). The latter authors established
four categories of introgression: green = no genetic changes observed; yellow = weak genetic changes indicated —i.e.
less than 4% farmed salmon introgression; orange = moderate genetic changes documented —i.e. 4-10% farmed salmon
introgression; red = large genetic changes demonstrated — i.e. >10% farmed salmon introgression. Based upon these
analyses, 44, 41, 9, and 31 of the populations studied fell into categories green to red, respectively. There are no similar
estimates in other countries.

Domestication and divergence from wild salmon

From the very start of the Atlantic salmon aquaculture industry in the early 1970s, breeding programmes to select
salmon for higher performance in culture were initiated (Gjedrem et al., 1991; Ferguson et al., 2007; Gjoen and Bentsen,
1997). The largest and most significant of these programmes globally have been those initiated in Norway, based upon
material originating from >40 Norwegian rivers (Gjedrem et al., 1991). Other programmes in Norway were also estab-
lished from wild salmon, and in other countries salmon breeding programmes have also been established. Farmed
salmon originating from the three main breeding companies in Norway: Marine Harvest — Mowi strain, Aqua Gen AS,
and SalmoBreed AS, dominate global production although this varies from country to country. For example, in eastern
Canada only the St John River domesticated strain (Friars et al., 1995) is permitted for use in commercial aquaculture,
and in Scotland some locally based strains, e.g. Landcatch (Powell et al., 2008) are also being used.

Initially, salmon breeding programmes concentrated on increasing growth, but then expanded to include other traits
that are also of commercial importance, such as flesh characteristics, age-at-maturation, and disease resistance
(Gjedrem, 2000, 2010). Currently, breeding programmes have advanced to 12+ generations, and genome-assisted se-
lection is being utilized in several of the breeding programmes. Quantitative Trait Loci (QTL)-selected sub-strains are
now commercially available, displaying characteristics such as reduced sensitivity to specific diseases (Moen et al., 2009)
and increased growth. It is likely that full utilization of genomic selection will increase the number of traits that can be
accurately targeted by selection for rapid gains in breeding. For example, the recently identified strong influence of the
vgll3 locus on age-at-maturation in salmon (Ayllon et al., 2015; Barson et al., 2015) could represent an effective target
to inhibit grilsing (i.e. early maturation) in aquaculture.

As a result of: (1) directional selection for commercially important traits, (2) inadvertent domestication selection (the
widespread genetic changes associated with adaptation to the human-controlled environment and its associated reduc-
tion in natural selection pressure), (3) non-local origin, and (4) random genetic changes (drift), farmed salmon display a
range of genetic differences to wild salmon (Ferguson et al., 2007). Examples of these differences include growth rate
under controlled conditions (Glover et al., 2006; Glover et al., 2009; Solberg et al., 2013a, 2013b; Thodesen et al., 1999),
gene transcription patterns (Bicskei et al., 2014; Roberge et al., 2006, 2008), stress tolerance (Solberg et al., 2013a), and
behavioural traits including predator avoidance and dominance (Einum and Fleming, 1997). In addition, farmed salmon
strains typically display lower levels of allelic variation when compared to wild salmon strains (Norris et al., 1999; Skaala
et al., 2004), although not all classes of genetic marker reveal the same trends (Karlsson et al., 2010). Looking at the
level of genetic variation coding for phenotypic traits such as growth, some data are emerging that suggest a possibly
reduced variation in farmed strains (Solberg et al., 2013a; Reed et al., 2015). The latter observation is expected given
the fact that farmed fish have been selected for this trait since the early 1970s.

Fitness studies

Thus far, only three published studies have addressed survival of farmed, hybrid, and wild salmon in the natural envi-
ronment. Such studies are exceptionally demanding on logistics, and require unusually long and costly experimental
periods.

The first study was conducted in the river Burrishoole in Ireland, and involved planting eggs of farmed, hybrid, and wild
parentage into a natural river system (McGinnity et al., 1997). These fish were identified using DNA profiling and fol-
lowed through a two-generation experiment. The authors concluded that the survival from fertilization to adult return
(life-time success) of farmed fish was just 2% of wild fish (McGinnity et al., 2003). The relative life-time success increased
along a gradient towards the offspring of F1 hybrid survivors spawning together with wild salmon (i.e. back crosses) that
displayed life-time success of 89% compared to pure offspring of wild salmon. The authors concluded that repeated
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invasions of farmed salmon in a wild population may cause the fitness of the native population to seriously decline, and
potentially enter an “extinction-vortex” in extreme cases.

In Norway, a slightly different but complimentary investigation was conducted in the River Imsa (Fleming et al., 2000).
Here, the authors permitted migrating adult salmon of farmed and wild native origin entry to the River Imsa, once they
had been sampled in the upstream trap. They thereafter spawned naturally and their offspring were monitored until
adulthood. This study reported a lifetime fitness of farmed salmon (i.e. escaped adult to adult) of 16% compared with
wild salmon (Fleming et al., 2000). Important additional data from this study was the fact that productivity of the wild
salmon from the river decreased, following the permitted invasion of farmed salmon, both with respect to the total
smolt production and when smolt production from native females was considered alone (Fleming et al., 2000). This is
because the offspring of the farmed and hybrid salmon competed with wild salmon for both territory and resources,
and the dynamics of this may vary across life-history stages (Sundt-Hansen et al., 2015).

The most recently published study to address the relative fitness of farmed and wild Atlantic salmon in a natural envi-
ronment was conducted in the River Guddal in Norway (Skaala et al., 2012). Here, these authors used a similar design
to the Irish study, releasing large numbers of farmed, hybrid, and wild salmon eggs into a river that had no native Atlantic
salmon population and following their survival. The study included planting out eggs across three cohorts, and permitted
for the first time comparisons of family as well as group-fitness (farmed, hybrid, and wild) in freshwater. As there were
no local wild fish, salmon from the Norwegian gene-bank were used as a wild-fish proxy. While these authors reported
reduced genetic fitness of farmed salmon offspring compared to the non-local wild salmon, egg size was closely related
to family survival in the river. Therefore, some farmed salmon families with large eggs displayed relatively high survival
rates in freshwater (higher than some wild families). When these studies were controlled for egg size, farmed salmon
offspring displayed significantly lower survival in freshwater compared to the wild salmon. To illustrate this, in 15 of 17
pair-wise comparisons of maternal half-sib groups, families sired with wild males performed better than families sired
with farmed fish. The study also revealed that farmed and wild salmon overlapped in diet in the river, an observation
also reported from an earlier small-scale release study (Einum and Fleming, 1997) and from the full-generation study in
the river Imsa (Fleming et al., 2000).

Studies examining the underlying details, mechanisms, and genomics of the observed survival differences between
farmed and wild salmon in natural habitats have also been published (Besnier et al., 2015; Reed et al., 2015), although
the exact mechanisms still remain elusive. For example, attempts at quantifying predation in the wild (Skaala et al.,
2014), and predation susceptibility in semi-natural contests (Solberg et al., 2015) have not revealed greater predation
of farmed salmon offspring than wild salmon offspring, despite earlier studies suggesting reduced predation awareness
caused by domestication (Einum and Fleming, 1997).

Collectively, the results of the whole-river studies outlined above are supported by the widespread literature demon-
strating the reduced fitness of hatchery reared salmonids, including those fish used in stocking programmes (Araki et
al., 2007, 2009; Christie et al., 2014).

Short-term (few generation) consequences of introgression for wild salmon populations

In natural habitats such as rivers, territory and food resources are typically limited, and survival is often controlled by
density-dependent factors, and habitats have carrying capacities (Jonsson et al., 1998; Bacon et al., 2015). Studies have
demonstrated that the offspring of farmed salmon compete with wild salmon for resources such as food and space
(Skaala et al., 2012; Fleming et al., 2000). Therefore, when farmed salmon manage to spawn, and their offspring consti-
tute a component of a given rivers’ juvenile population, the production of juveniles with a pure wild background will be
depressed though competition for these resources. In addition, data from controlled studies have indicated that the
total productivity of smolts in the river following introgression of farmed salmon can decrease (Fleming et al., 2000;
McGinnity et al., 1997).

As discussed in the section above, farmed salmon display a range of genetic differences to wild populations, which
includes various life-history and behavioural traits. In whole-river experiments with farmed and wild salmon (McGinnity
et al., 1997, 2003; Fleming et al., 2000; Fraser et al., 2010a; Skaala et al., 2012) differences in freshwater growth and
body shape, timing of smolt migration, age of smoltification, incidence of male parr maturation, sea-age at maturity,
and growth in the marine environment have been observed, with some variation across farmed—wild comparisons (Fra-
ser et al., 2010b). Therefore, where farmed salmon have introgressed in natural populations, it is likely that recipient
populations will display changes in life-history traits in the direction of the farmed strains. Given that life-history traits
are likely to be associated with fitness in the wild and local adaptation (Garcia de Leaniz et al., 2007; Taylor, 1991; Fraser
et al., 2011; Barson et al., 2015), these changes in life-history characteristics are likely to be associated with a loss of
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fitness (which will also contribute to an overall reduction in productivity). These changes will be difficult to detect against
the background of natural variability in stock abundance and require long-term studies to quantify accurately. At pre-
sent, there is a lack of empirical data demonstrating such changes in affected wild populations.

The short-term consequences for wild populations is expected to be dependent on the magnitude and frequency of
interbreeding events. For example, in rivers where density of wild spawners is low, spawning success of escapees should
increase compared with locations where density of wild spawners is high. Similarly, low density of wild juveniles with
reduced ability to compete should give farm offspring better survival opportunities than they will have in locations with
a high density of wild juveniles. Thus, when populations are under stress and the density of individuals goes down,
impact from escapees is expected to increase. These expectations are supported both by modelling (Hutchings, 1991;
Hindar et al., 2006; Castellani et al., 2015) and by studies on observed introgression rates in salmon (Glover et al., 2012;
Heino et al., 2015; Glover et al., 2013), and also by studies on brown trout supplemented by non-local hatchery fish
(Hansen and Mensberg, 2009).

Atlantic salmon river stocks are characterized by widespread structuring into genetically distinct and differentiated pop-
ulations (Stahl, 1987; Verspoor et al., 2005). This is conditioned by the evolutionary relationships among populations
(Dillane et al., 2008; Dionne et al., 2008; Perrier et al., 2011) and adaptive responses to historical and contemporary
environmental differences (Taylor, 1991; Garcia de Leaniz et al., 2007). A spatio-temporal genetic study of 21 popula-
tions in Norway revealed an overall reduction in inter-population diversity caused by interbreeding of farmed escaped
salmon (Glover et al., 2012). It is likely that further introgression of farmed salmon will continue to erode this diversity.

Long-term (more than a few generations) consequences of introgression for wild salmon populations

The conservation of genetic variation within and among populations (as outlined in the UN Convention on Biological
Diversity, 1992) is important for the resilience of local stocks to human or natural disturbances (Ryman, 1991; Schindler
et al., 2010), and in the long term, reduced genetic variability will affect the species’ ability to cope with a changing
environment (Lande and Shannon, 1996; McGinnity et al., 2009). Therefore, gene flow into wild populations caused by
successful spawning of farmed escapees potentially represents a powerful evolutionary force. It erodes genetic variation
among these populations (Glover et al., 2012), and in the long run, may also erode the genetic variation within popula-
tions under certain situations (Tufto and Hindar, 2003) as the recipient wild populations become more similar to the
less variable farmed populations.

Although evolutionary theory and modelling permits us to outline general trajectories, it remains difficult to predict and
demonstrate the evolutionary fate of specific wild populations receiving farmed immigrants. The severity and nature of
the effect depends on a number of factors. These include:

e the magnitude of the differences between wild and farmed populations (both historical and adaptive
differences),

e the mechanisms underlying genetic differences between wild and farmed salmon,

e the frequency of intrusions of farmed fish, and

e the numbers of intruding farmed fish relative to wild spawning population sizes (Hutchings and Fraser, 2008).

Furthermore, wild populations that are already under evolutionary pressure from other challenges such as diseases, lice
infection, overharvest, habitat destruction, and poor water quality, etc., are more likely to be sensitive to the potential
negative effects of genetic introgression and loss of fitness. Therefore, genetic introgression has to be seen in the con-
text of other challenges.

There have been a number of attempts to model the persistence of wild salmon populations interbreeding with farmed
conspecifics. Early modelling work by Hutchings (1991) predicted that the extinction risk of native genomes is largest
when interbreeding occurs and when farmed fish occur frequently and at high densities. The risk is largest in small, wild
populations, which is related to both demographic and genetic effects. Hindar et al. (2006) refined this work by using
life-stage specific fitness and narrowing the modelling to scenarios based on experimental data. They found that under
high intrusion scenarios the recovery of the wild population is not likely under all circumstances, even when interbreed-
ing has not occurred for many decades. Baskett et al. (2013) used a model with coupled demographic and genetic dy-
namics to evaluate how genetic consequences of aquaculture escapes depend on how divergent the captive and wild
populations are. They found negative genetic consequences increased with divergence of the captive population, unless
strong selection removes escapees before they reproduce. Recent modelling work by Castellani et al. (2015) has focused
on using individual-based eco-genetic models, which are parameterized taking processes such as growth, mortality, and
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maturation as well environmental and genotypic variation into account. This should allow improved power for predict-
ing the outcome of genetic and ecological interactions between wild and farmed salmon. Further field studies would be
required to verify (or otherwise) these models.

Taken collectively, existing understanding makes it clear that the long-term consequences of introgression across river
stocks can be expected to lead to reduced productivity and decreased resilience to future changes (i.e., less fish and
more fragile stocks).

Knowledge gaps

This advice provides a review of the current evidence based on the latest available information in the peer-reviewed
literature. While these recent findings have advanced our understanding of the interactions between salmonid aqua-
culture and wild salmon, substantial uncertainties remain and further investigations are recommended.

Knowledge gaps in relation to impacts of lice include:

e Natural mortality. In order to put mortality from lice into context, there is a need to better understand the
causes underlying the current approximate 95% natural mortality of wild salmon and their interactions.

e Transfer of lice. In order to understand better the variation in infestation rates in wild salmon, there is a need
to further explore the temporal and spatial variability in the mechanisms underlying the transfer of lice from
farmed fish to wild salmonids.

e Long-term effects. There have been few studies of long-term effects of lice on wild salmon populations.

e Distance effects. Little is known on impacts in areas further away from salmon farming concentrations (applies
also to escapees).

Knowledge gaps in relation to impacts of farm escapees include:

e Scale of introgression. Monitoring should continue in order to characterize changes in introgression through
time. In addition, further characterization of aquaculture strains would better inform management decisions.

e Factors affecting introgression. There is uncertainty around the environmental and biological factors that
influence levels of farmed salmon introgression.

e Consequences of introgression and escapees. There is limited knowledge of the ecological consequences of
introgression and escapees. This particularly includes effects on the productivity of fish populations in rivers.

e Effects of escapes on the genetic structure of wild Atlantic salmon populations. There is a need for a better
understanding of the underlying genetic differences between farmed and wild salmon and how these affect
fitness.

e Timing and pace of escapes. There is conflicting evidence surrounding the long-term differences in impact
between escapes resulting from major events and gradual leakage.
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