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Abstract

Thorstad, E.B. & Finstad, B. 2018. Impacts of salmon lice emanating from salmon farms on wild
Atlantic salmon and sea trout. NINA Report 1449: 1-22.

Results from scientific studies on the impacts of salmon lice on Atlantic salmon and sea
trout are summarized here. Considerable evidence exists that that there is a link between
farm-intensive areas and the spread of salmon lice to wild Atlantic salmon and sea trout.
Several studies have shown that the effects of salmon lice from fish farms on wild salmon
and seatrout populations can be severe; ultimately reducing the number of adult fish due
to salmon lice induced mortality, resulting in reduced stocks and reduced opportunities
for fisheries. Depending on the population size, elevated salmon lice levels can also result
in too few spawners to reach conservation limits.

Salmon lice are external parasites on salmon and trout at sea. They feed on fish’s mucus, skin
and muscle. Mortality due to salmon lice primarily occurs in young fish after they enter the sea
from fresh water (11 mobile lice per fish is lethal level for a 15 g wild salmon), but severely
infested sea trout can also die from salmon lice later in life. Mortality occurs because salmon lice
can cause severely damaged fins and skin lesions, and thereby physiological stress, problems
with salt regulation, increased susceptibility to other infections and reduced disease resistance
in individual fish. Salmon lice can also cause reduced swimming performance, feeding and
growth and altered behaviour of the fish.

Salmon farming increases the spread and abundance of salmon lice in marine habitats, and
thereby the risk of infection and mortality among wild salmon and sea trout in areas with fish
farms. These facts are both verified by field monitoring of salmon lice on wild fish and by the fact
that salmon lice on wild fish in farm-intensive areas have lice with the same resistance to chem-
icals as used in farms. Wild fish in farm-free areas generally show low lice levels. In farm-inten-
sive areas, lice levels on wild fish are typically higher, but variable. With the expansion of fish
farming, marked salmon lice outbreaks on salmonids have been reported from Canada, Ireland,
Norway and Scotland.

Studies indicate an annual loss of 50 000 adult wild Atlantic salmon to Norwegian rivers because
of salmon lice, which corresponds to an overall loss of 10% of the wild salmon because of salmon
lice on a national level (i.e., including both farm-free and farm-intensive areas, based on data
from the years 2010-2014). Salmon lice from fish farms are identified as one of the two largest
threats to wild salmon in Norway.

Population-level effects of salmon lice in Ireland and Norway have been quantified in large-scale
studies in nature by comparing the survival of individually tagged fish chemically protected
against salmon lice with untreated control fish. These studies show that lice-induced mortality in
farm-intensive areas can lead to an average of 12-29% fewer adult salmon. To exemplify this
loss, a 20% reduction due to salmon lice in a river where 4000 Atlantic salmon spawn each year
equals a loss of 800 spawners, which means that 3200 salmon spawners will return to the river
in a given year instead of 4000. Mortality of sea trout is likely to be higher than in Atlantic salmon,
because unlike the ocean-migrating Atlantic salmon, they usually remain in coastal waters,
where fish farms are situated.

There are a large number of scientific studies on the impacts of salmon lice on Atlantic salmon
and sea trout, ranging from laboratory and field investigations of the effects of salmon lice on
individual fish, to analyses of impacts on wild populations. There is year-to-year and local varia-
tion in the population effects of salmon lice, and abilities to estimate effects in different areas
depend on sufficient resolution of the monitoring of wild fish and salmon lice levels.

Eva B. Thorstad eva.thorstad@nina.no, Bengt Finstad bengt.finstad@nina.no
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Foreword

Results from scientific studies on the impacts of salmon lice on Atlantic salmon and sea trout
have been summarized in several earlier reviews (e.g. Finstad & Bjgrn 2011, Finstad et al. 2011).
The most recent review summarized the impacts on sea trout (Thorstad et al. 2015). In this
report, we summarize the impacts on both Atlantic salmon and sea trout based on earlier reviews
and new publications from recent years. The report was commissioned by Salmon and Trout
Conservation Scotland.

January 2018

Eva B. Thorstad
Bengt Finstad




NINA Report 1449

1 Introduction

This is a summary of the knowledge of impacts of salmon lice emanating from salmon farms
on wild Atlantic salmon and sea trout. Atlantic salmon and brown trout are in general among
the most studied fish species. The impacts of salmon lice on Atlantic salmon and sea trout
is also a well-studied topic compared to many other anthropogenic impacts on natural re-
sources (e.g. reviews by Pike & Wadsworth 1999, Todd 2007, Wagner et al. 2008, Costello
2009, Revie et al. 2009, Finstad & Bjgrn 2011, Finstad et al. 2011, Torrissen et al. 2013,
Thorstad et al. 2015).

Atlantic salmon and sea trout

Atlantic salmon (Sa/mo salar) and sea trout (which is the
sea run form of brown trout, Saluo trutta) spawn and stay
in freshwater as juveniles. After one to eight years in
freshwater, when they are about 10-20 cm long, they mi-
grate to sea. When migrating to the sea for the first time,
they are termed smolts as long as they are in freshwater
and post-smolts as soon as they have entered the sea.

Atlantic salmon. Photo Eva B. Thorstad

Atlantic salmon perform long-distance feeding migrations in the
Atlantic Ocean, before returning to the rivers to spawn after one
or several years. On their way to ocean feeding areas, they spend
up to a few weeks migrating through coastal waters, where fish '
farms are situated and lice levels may be high. In contrast, sea trout
typically remain feeding in coastal waters (usually within 80 km of
their home river, although some migrate further). Sea trout spend
a variable amount of time at sea, from a few months during sum- — |
mer, to periods lasting a year or more. Some sea trout return to S P Photo Eva B. Thorstad
freshwater to spend the winter there, whereas some stay at sea.
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2 Effects of salmon lice on individual fish in laboratory
and field studies

The development of salmon lice and impacts on individual Atlantic salmon and sea trout
have been extensively investigated in several laboratory and field studies (see references
in Finstad & Bjgrn 2011, Finstad et al. 2011, Thorstad et al. 2015, Karlsen et al. 2016, Nilsen
et al. 2017a). Similar tissue damage (fig. 1 and 3) and responses are found in salmon and
trout. Laboratory and field studies show similar results. Sea trout may be more susceptible
to acquire lice than Atlantic salmon (Bui et al. 2017).

Laboratory and field studies have shown that salmon lice may induce osmoregulatory dys-
function (i.e. problems with the salt balance), physiological stress responses, anaemia, re-
duced feeding and growth, increased susceptibility to secondary microbial infections, re-
duced disease resistance and increased mortality in individual fish (see references in Fin-
stad & Bjgrn 2011, Finstad et al. 2011, Thorstad et al. 2015). Mortality starts to occur in the
most severely infested fish within 10-20 days of exposure to lice larvae, when the lice have
developed into preadult and adult stages.

Atlantic salmon and sea trout experience a challenging environmental shift when they mi-
grate from freshwater to the sea and must adapt to the increased salinity, and problems with
the salt balance induced by salmon lice may ultimately lead to mortality. Problems with the
salt balance are likely caused by both the mechanical damage of the skin and tissue per se
and to the overall physiological stress responses (see references in Thorstad et al. 2015).
The damage of the skin, mucus surfaces and dermal tissue caused by salmon lice impairs
the physical barrier between the fish body and seawater, and results in increased leakage
of water from the fish and thereby osmotic and ionic imbalance.

Salmon lice-infested fish have shown a reduced body mass and condition factor compared
to control fish (see references in Finstad & Bjgrn 2011, Finstad et al. 2011, Thorstad et al.
2015). This may be due to harmful stress responses, dehydration, and reduced feeding ac-
tivity. Sublethal levels of salmon lice may also reduce the swimming performance of the fish
(Wagner et al. 2003, 2004).

Figure 1. Salmon lice grazing on wild sea trout (upper and
lower left) and a resulting cranial lesion (lower right)
Salmon lice feed on the mucus, skin and underlying tissue
including blood. The mobile preadult and adult stages of
salmon lice (fig. 2) cause more severe tissue erosion than
earlier stages. Tissue damage by the mobile stages ulti-
mately causes mortality of the most heavily infested fish.
Photos: Eva B. Thorstad (upper) and Steinar Kalas (lower)
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Figure 2. Life cycle of salmon lice

-_.\'\ 2 - - - -
» 57 : & p Salmon lice are external parasites on salmonids in
L 4 A e *'| the sea (scientific name Lepeophtheirus salmonis).
2stages Sbiges They occur naturally on wild fish in the North At-

lantic and North Pacific Oceans. Aquaculture ac-
tivities have not extended the geographic distribu-
tion range, but because farmed salmon also act as
hosts, open net cage farms have increased the pro-
duction of larvae in coastal areas. Salmon lice are

e free-living in the sea during the first life-stages

1 stage

AR (lower part of the figure), before they attach exter-
2 stages nally to the host fish (upper part).
\;@ ©Norwegian Institute for Nature Research

Figure 3. Wild sea trout with dorsal fin damaged from salmon lice

Salmon lice larvae tend to show a preference for gills and fins, especially the dorsal fin. The damage caused by
the chalimus larvae is typically rather minor except in dorsal fin areas, where damage may be severe. The mobile
preadult and adult lice cause more severe skin damage, especially on the preferred head and dorsal areas, but
also in more anterior regions. Photo: Bengt Finstad

3 Lethal levels of salmon lice in individual fish

Lethal levels of salmon lice in Atlantic salmon and sea trout are examined from laboratory
studies and used to develop classification systems (Grimnes & Jakobsen 1996, Bjgrn &
Finstad 1997, Finstad et al. 2000, Finstad & Bjgrn 2011, Finstad et al. 2011, Taranger et al.
2015). Eleven attached/mobile salmon lice can cause death of an Atlantic salmon post-smolt
of 15 g. Further, 50 attached/mobile lice may cause death of a sea trout post-smolt of 60 g.
In sea trout post-smolts (fish body mass 19-70 g), the critical level for a sublethal stress
response was found to be 12-13 mobile lice per fish (Wells et al. 2006).

These threshold levels are based on effects in relatively short-term laboratory studies, and
values are indicative and not absolute. For instance, density dependent mortality by lice may
affect estimates of threshold values, and in some cases lead to overestimates. On the other
hand, mortality in the natural environment may be higher than in laboratory studies because
of additive effects. The effects of salmon lice have, for example, been shown to be more
severe for Atlantic salmon post-smolts impaired also by other influences such as suboptimal
water quality (Finstad et al. 2007, 2012). Furthermore, compromised fish may in general
experience an elevated mortality risk from predators (e.g. Thorstad et al. 2013).

Lethal levels from laboratory studies are supported from field observations by Holst et al.
(2003). They sampled more than 3000 wild salmon post-smolts in the Norwegian Sea, and
found none carrying more than 10 adult salmon lice, suggesting a lethal dose around this
level.
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4 Premature return to freshwater by sea trout due to
salmon lice

Premature return of salmon lice-infested sea trout from the sea to freshwater has repeatedly
been documented in Ireland, Norway and Scotland (Whelan 1991, Tully & Whelan 1993,
Tully et al. 1993ab, Birkeland 1996, Birkeland & Jakobsen 1997, Gargan 2000, Bjgrn et al.
2001, Butler & Walker 2006, Hatton-Ellis et al. 2006, Pert et al. 2009, Gjelland et al. 2014,
Halttunen et al. 2017). This is interpreted as an adaptive response by the fish to salmon lice-
induced problems with salt regulation in seawater (Birkeland 1996, Birkeland & Jakobsen
1997, Bjgrn et al. 2001, Wells et al. 2007).

Return to freshwater may in the short term enable the fish to regain osmotic homeostasis
and survive. Return to freshwater also allows short-term recovery from salmon lice infesta-
tion, because salmon lice have a low tolerance to and survive only for short periods in fresh-
water. In the long term, however, growth opportunities and future reproduction of individuals
may be greatly reduced by a shortened sea migration caused by salmon lice infestation.

5 Links between fish farming and salmon lice levels in
wild fish

Salmon lice generally occur in low numbers on wild salmonids in areas lacking fish farming
(Tingley et al. 1997, Schram et al. 1998, Heuch et al. 2002, Rikardsen 2004, Bjgrn et al.
2007, Urquhart et al. 2010, Bjgrn et al. 2011, Gargan et al. 2016b). Salmon lice have histor-
ically been observed in low numbers on wild salmonids, and few adverse effects on the host
have been reported. However, since the late 1980s, in parallel with the expansion of fish
farming, there have been several reports of marked sea lice outbreaks on salmonids in Nor-
way, Canada, Ireland and Scotland (summarized by Revie et al. 2009, Finstad et al. 2011,
Thorstad et al. 2015). Salmon lice epizootics are not a common phenomenon for wild salm-
onids in farm-free areas (Thorstad et al. 2015).

Salmon lice levels on wild fish vary considerably among studies in farm-intensive areas,
ranging from lice levels resembling those recorded in farm-free areas to those indicating a
risk of significant lice-induced mortality (Finstad et al. 2000, Bjgrn et al. 2007, 2011, sum-
marized by Thorstad et al. 2015, Gargan et al. 2017, Nilsen et al. 2017bc). This is to be
expected because studies vary considerably in the time of the year of the survey, fish sizes
collected, sampling methods and sample sizes. It should also be noted that in field sampling
studies, only fish that survived infestation will be caught.

Salmon farm. Photo Eva. B. Thorstad
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Hatchery-reared Atlantic salmon with preadult salmon lice. Photo: Bengt Finstad

The increased host density in areas with fish farming promotes transmission and population
growth in salmon lice (Jansen et al. 2012, Torrissen et al. 2013). In coastal areas with inten-
sive Atlantic salmon farming, the large disparity in abundance between cultured and wild
hosts means that larval production of salmon lice must originate primarily from farmed
salmon and not from wild fish (Tully & Whelan 1993, Heuch & Mo 2001, Butler 2002, Heuch
et al. 2005, Penston & Davies 2009). This is verified in a new study showing that salmon lice
on wild fish in farm-intensive areas have lice with the same resistance to chemicals used in
farms (Fjortoft et al. 2017).

A number of field studies in Ireland, Norway and Scotland have demonstrated a link between
Atlantic salmon farms and salmon lice levels in wild Atlantic salmon and sea trout, with in-
creased salmon lice levels on wild fish closer to salmon farms (Tully et al. 1999, Gargan
2000, Bjgrn et al. 2001, Bjgrn & Finstad 2002, Gargan et al. 2003, Bjgrn et al. 2007, 2011,
Middlemas et al. 2013, Serra-Llinares et al. 2014, Helland et al. 2015, Shephard et al. 2016,
Gargan et al. 2017, Nilsen et al. 2017bc). Studies in Ireland, Norway and Scotland have
shown elevated salmon lice levels on wild sea trout particularly within 30 km of the nearest
farms (Gargan et al. 2003, Middlemas et al. 2013, Serra-Llinares et al. 2014, 2016, Gargan
et al. 2017). Elevated salmon lice levels on wild sea trout also may be recorded at distances
exceeding 25-30 km (Bjgrn & Finstad 2002, Bjegrn et al. 2011). Numerical models have
shown that salmon lice larvae can be passively dispersed on currents to distances >15 km
(Salama et al. 2016) and even >100 km (Asplin et al. 2011, 2014). The results from these
studies correspond with others showing increased concentrations of salmon lice larvae in
the water column near salmon farms (Gillibrand et al. 2005, Penston et al. 2008ab). Moreo-
ver, there is support for a correlation between salmon lice larvae in the water column and
the number of gravid salmon lice at the local salmon farms (Penston & Davies 2009).

The correlation between salmon farming and lice production is even more apparent in
farmed areas employing synchronized production cycles. Where salmon farms operate on
a synchronised 2-year production cycle, biomass of the fish increases with time during the
production cycle, and thereby the potential for salmon lice larval production (Butler 2002,
Revie et al. 2002b, Gillibrand et al. 2005, Gargan et al. 2016a, Harte et al. 2017). Several
studies have shown a relationship between the production cycle in salmon farms and salmon
lice levels on wild sea trout, with higher lice levels on trout in the second year of the produc-
tion cycle (Butler 2002, Marshall 2003, Hatton-Ellis et al. 2006, Middlemas et al. 2010, 2013,
Gargan et al. 2016a), which supports a link between aquaculture farms and salmon lice
burdens in wild sea trout. This has also been shown as a relationship between density of
salmon lice larvae in the water and production year on the west coast of Scotland (Harte et
al. 2017).

10
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6 Effects of salmon lice on wild fish populations

There are several types of studies showing effects by salmon lice on wild fish populations.
The first indications of population effects by salmon lice were Atlantic salmon and sea trout
collapses and declines in several farm-intensive areas in Ireland, Scotland and Norway,
which have been attributed to increased salmon lice production from fish farms (Northcott &
Walker 1996, Poole et al. 1996, Whelan & Poole 1996, Gargan 2000, Butler 2002, Gargan
et al. 2003, Butler & Walker 2006, Gargan et al. 2006ab, Ford & Myers 2008, Vgllestad et
al. 2009, Otero et al. 2011, Skaala et al. 2014ab, Vollset et al. 2014, Gargan et al. 2016a).
Several of these studies indicate severe effects by salmon lice on wild fish on a population
level. However, populations effects of salmon lice from catch statistics data and comparisons
between farm-intensive and less farm-intensive or farm-free areas are difficult to quantify
because field data on salmon lice have been lacking. Other factors may also contribute to
variation between years, rivers and regions in size of spawning stocks.

Indications of population-level effects on Atlantic salmon and sea trout have also been based
on monitoring of lice levels on wild fish in nature in relation to threshold levels known to
induce physiological compromise and mortality of individual fish (Finstad et al. 1994, 2000,
Bjarn et al. 2001, Gargan et al. 2003, Taranger et al. 2015, Gargan et al. 2017). Bjgrn et al.
(2001) found that 32% of the sea trout post-smolts captured at their study site in northern
Norway exhibited relative densities of salmon lice above the level that caused mortality in
experimentally infested fish in the laboratory. In a large-scale Irish study, including 4600 sea
trout sampled at 15-52 sites, 3.4% of the sea trout in bays without farms had salmon lice
levels above a critical threshold of 0.7 chalimi per gram fish mass, whereas in bays with
farms, 31% of the sea trout had salmon lice levels above this level (Gargan et al. 2003).
Taranger et al. (2015) investigated sea trout at 109 stations along the Norwegian coast for
salmon lice infestation, and found that data from 67 stations indicated moderate-to-high mor-
tality of wild sea trout. In a large-scale Scottish study, including nearly 5000 sea trout sam-
pled from 48 different sites along the Scottish west coast and Outer Hebrides during 2003-
2009, 13% of the sea trout carried salmon lice levels above the critical threshold of 13 mobile
lice per sea trout (Middlemas et al. 2013, applying threshold levels proposed by Wells et al.
2006). Gargan et al. (2017) found that lice loads on sea trout were reduced in recent years
compared to the early years of monitoring in farm-intensive areas. These large-scale field
studies from Ireland, Norway and Scotland indirectly indicate an elevated risk of salmon lice-
induced mortality of sea trout in areas with high salmon lice levels. However, it is not known
to what degree threshold levels based on laboratory results are directly applicable to field
data, and there are uncertainties in how well the sampled fish represent entire populations,
and it is therefore difficult to extrapolate these data to a quantitative estimate of the popula-
tion effects for sea trout in farm-intensive areas. One problem is that the most severely at-
tacked individuals will die, and therefore never will be sampled in studies like this. Also,
some severely infested sea trout may prematurely return to freshwater due to salmon lice
infestations, and therefore not be included.

Large-scale experimental studies on salmon lice induced mortality in Atlantic salmon post-
smolts have been conducted in nature by comparing individually tagged fish chemically pro-
tected from salmon lice with unprotected fish. The purpose is to quantify the impact of
salmon lice by releasing parallel groups of smolts treated with anti-parasitic medication and
non-treated control groups, recapturing the returning adults, and monitoring survival differ-
ences between the groups (Vollset et al. 2016). Higher survival at sea of protected salmon
smolts have been found in all these studies, but not in every location or in each year. The
estimated average risk ratio of protected fish returning to the rivers to spawn compared to
unprotected fish ranged from an average 1.14:1 to 1.41:1 (Jackson et al. 2011a,b, Gargan
et al. 2012, Jackson et al. 2013, KrkosSek et al. 2013, Skilbrei et al. 2013, Jackson et al.

11
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2014, KrkoSek et al. 2014, Vollset et al. 2014). Within any given release group a risk ratio of
1.14-1.41:1 reflects that 12-29% fewer unprotected than protected fish ultimately are recap-
tured as adults, which is an indication of the effect of salmon lice at these localities at the
time the fish were released. A meta-analysis including all the Norwegian studies showed an
overall risk ratio of 1.18:1, but the effect varied strongly between groups (Vollset et al. 2016).

Wild Atlantic
salmon male
in spawning
colours.
Photo Eva B.
Thorstad

The variation in fish survival in the studies described above may reflect both the variation in
treatment efficacy and the variation in actual exposure of the released fish to salmon lice
(Skilbrei & Wennevik 2006, Gargan et al. 2012). The effect of such treatments is only tem-
porary for the first few weeks of the marine migration, the acquired dose of the active com-
ponent will vary among individuals, and mortality for treated fish may therefore underesti-
mate the impact of salmon lice. We should, therefore, be cautious in extrapolating data from
single studies to a population level. Nonetheless, comprehensive meta-analyses and long-
term studies, and similar results from an increasing number of experimental studies, support
that 12-29% fewer returning adult spawners can be expected for Atlantic salmon populations
because of salmon lice induced mortality in farm-intensive areas. In Ireland, it was even
found that the reduction in adult spawners due to salmon lice may be more than 50% in high
lice years (based on spawners returning to the Erriff after one year at sea, Shephard &
Gargan 2017). They found that there had been a general declining trend in Atlantic salmon
returning to the Erriff, likely due to a general decline in marine survival, but that the salmon
lice induced reduction came in addition to that.

To exemplify the losses due to salmon lice indicated in the studies referred to above, a 20%
reduction due to salmon lice in a river where 4000 Atlantic salmon spawn each year equals
a loss of 800 spawners, which means that 3200 salmon spawners will return to the river in
a given year instead of 4000. (In the same example, a 10% reduction means a loss of 400
spawners, a 30% reduction means a loss of 1200 spawners and a 50 % reduction means a
loss of 2000 spawners.) Hence, impacts on salmon populations due to salmon lice in farm-
intensive areas can be severe, ultimately reducing the number of adult fish due to salmon
lice induced mortality, resulting in reduced stocks and reduced opportunities for fisheries.
Depending on the population size, elevated salmon lice levels can also result in too few
spawners to reach conservation limits.

Jackson et al. (2013) reported a level of marine mortality attributable to salmon lice infesta-
tion of 1%, and pointed out that this is small in absolute terms and as a proportion of the
overall marine mortality and therefore stated that at these levels it is unlikely to influence the
conservation status of stocks. However, to understand the consequences of an increased
mortality at this level for populations, it is necessary to calculate what this percentage equals
in terms of reduced spawning stocks. The return rates of 1SW wild salmon smolts to the

12
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Southern North East Atlantic Commission area of NASCO area averaged around 6% during
the period 2000 to 2008 (Anon. 2014), when the majority of the experimental releases in the
study of Jackson et al. (2013) were undertaken. As pointed out by Thorstad et al. (2014),
precisely because natural mortality rates of salmon are high, even a proportionally small
additional mortality from salmon lice can amount to a large loss in adult salmon returning.
Hence, if the natural survival is 6%, an additional mortality of 1% due to salmon lice as
estimated by Jackson et al. (2013), equals a survival of 5% instead of 6%. To put this re-
duction in return rates into the same context as in the paragraph above, if a return of 4000
salmon to a river represents a 6% return rate, a reduction in the return rate to 5% translates
into a reduction of 17% of the adult salmon, or 680 fewer fish returning.

All these results mentioned above have been summarized in ICES (2016), agreed upon and
these estimates indicate marked variability with losses in individual experiments ranging
from 0.6% to 39%. The results suggest that sea lice induced mortality has an impact on
Atlantic salmon returns, which may influence the achievement of conservation requirements
for affected stocks (ICES 2016).

In Norway, the Norwegian Scientific Advisory Committee for Atlantic Salmon has estimated
the likely effect of salmon lice on the population level in an analysis that - for the first time -
covered the entire country, including both farm-free and farm-intensive areas (Anon. 2017).
The annual loss of wild salmon to Norwegian rivers due to salmon lice was estimated at 50
000 adult salmon for the years 2010-2014. This corresponds to an annual loss of 10% of
wild salmon due to salmon lice, on a national level (i.e., 10% of the total pre-fishery abun-
dance). Salmon lice from fish farms are identified as one of the two largest threats to wild
Atlantic salmon in Norway (Forseth et al. 2017).

Atlantic salmon post-smolts migrate through farm-intensive areas in near-coastal areas on
their way to ocean feeding grounds (Thorstad et al. 2011, 2012, Halttunen et al. 2018). The
results from studies of Atlantic salmon should therefore be regarded as minimum estimates
for sea trout mortality (Thorstad et al. 2015). Sea trout normally remain for extended periods
(weeks, months or sometimes even a year or more) in near coastal areas. If those coastal
areas are characterised by high salmon lice levels, sea trout post smolts are likely to be
more affected by salmon lice than Atlantic salmon. Since sea trout remain in coastal areas
later in the spring and summer than Atlantic salmon, they are also exposed to seasonally
higher risks of salmon lice infestation.

In addition to reduced growth and increased mortality, studies in Ireland, Norway and Scot-
land have shown that salmon lice infestations may alter fish sizes and life history traits in
both Atlantic salmon and sea trout (Skilbrei et al. 2013, Vollset et al. 2014, Thorstad et al.
2015, Gargan et al. 2016a, Shephard et al. 2016). In sea trout, reduced growth and in-
creased mortality will reduce the benefits of marine migrations, and may also result in selec-
tion against anadromy in areas with high lice levels, and possibly to the local loss of sea
trout and establishment of exclusively freshwater resident populations (Thorstad et al. 2015).
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7 A model-based prediction system for salmon lice
infestation pressure

The number of lice eggs spread from fish farms and hatched into the water masses, the
pelagic life stages of nauplii and copepodites and the high spatiotemporal variability of ocean
currents all have a major influence on the local lice infestation pressure on salmonids
(Sandvik et al. 2016). A model-based prediction of salmon lice infestation pressure matches
well the field observation of lice in sentinel cages, as presented in Sandvik et al. (2016).
Models have been developed to quantify lice induced mortality in Norwegian fjords by taking
into account timing of smolt migration, duration of postsmolts in fjords, lice pressure in fjords
and as a sum the total modelled lice induced mortality due to these factors (Taranger et al.
2015, Vollset et al. 2017). Such models have recently been developed for the Norwegian
government for use as first generation management advice for fish farming along the Nor-
wegian coast (Nilsen et al. 2017a). Methods from these studies may well be implemented in
other countries.

Salmon farm. Photo Eva. B. Thorstad
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8 Conclusions

Scientific studies indicate that salmon farming increases the abundance of salmon lice in the marine
habitat and that salmon lice in the most intensively farmed areas have negatively impacted wild At-
lantic salmon and sea trout populations. The effects of salmon lice on Atlantic salmon and sea trout
include increased marine mortality, reduced marine growth, and for sea trout as changes in migratory
behaviour. Published studies range from those investigating the effects of salmon lice on individual
fish, both in the laboratory and the field, to analyses of their impacts on wild populations.

Conclusions are based on comprehensive studies of the effects by salmon lice, which include:

1) Studies of individual fish in laboratory and field studies documenting (i) tissue damage, (ii) prob-
lems with salt regulation and other physiological stress responses, (iii) reduced growth, and (iv) in-
creased susceptibility to secondary infections and reduced disease resistance. One or more of these
effects have frequently been reported to occur as the result of heavy salmon lice infestations.

2) Studies documenting premature migratory return to freshwater of sea trout with high levels of
salmon lice. Premature migratory return may facilitate individual survival and recovery from infesta-
tion, but reduce growth and thereby future reproduction by reducing the time spent feeding at sea.
Sea trout with excessive skin lesions also may be more vulnerable to fungal and bacterial infection in
fresh-water.

3) Studies based on catch statistics and routine population monitoring utilizing in-river traps that have
indicated salmon lice-induced changes in population abundance, age structure and altered life history
characteristics.

4) Monitoring of salmon lice levels on wild fish.
5) Comparisons of salmon lice levels in farm-intensive and less farm-intensive (or farm-free) areas.

6) Indications of population-level effects on sea trout based on monitoring of salmon lice levels on
wild fish in relation to experimentally determined threshold levels known to induce physiological
compromise and mortality of individual fish.

7) Quantification of Atlantic salmon mortality due to salmon lice in large-scale field studies by com-
paring growth and marine survival of salmon treated with prophylactic chemicals against salmon lice
with un-protected control groups.

In sum, the combined knowledge from scientific studies provides evidence of a general and pervasive
negative effect of salmon lice on salmonid populations in intensively farmed areas of Ireland, Norway
and Scotland. Premature migratory return, increased marine mortality and reduced growth of survi-
vors that are induced by elevated salmon lice levels inevitably imply a reduction in numbers and body
size of fish returning to freshwater for spawning, and hence in number of fish available to fisheries.
Levels of additional mortality by salmon lice as indicated in several scientific studies may result in
salmon stocks not achieving river specific conservation limits and, if sustained over time, could result
in significant cumulative reductions in adult salmon recruitment.

This summary is based on an earlier reviews (Finstad & Bjgrn 2011, Finstad et al. 2011, Thorstad et
al. 2015) and new studies on the effects of salmon lice. New studies have confirmed and strengthened
conclusions in previous reviews. Sea lice Caligus elongatus is another parasite species that may occur
on farmed and wild salmonids, but is not covered here. A full list of earlier references to the scientific
literature is not included, but extensive reference lists can be found in the previous reviews.
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