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A B S T R A C T

Since the beginnings of the aquaculture industry in Norway, the salmon farming industry has grown from a
pioneering niche to a massive industrial adventure. Since 1992, Norwegian salmon production has increased to
ten times its 1992 level. By 2015, the Norwegian production constituted 53% of the world's production of
Atlantic salmon. Therefore, it could be said that salmon farming is the most important industry in rural Norway
today, with a yearly landing value of about 6.1 billion EUR. As the production has grown, along with the income,
numerous environmental issues have arisen. The present paper gives an overview of these environmental pro-
blems and discusses potential solutions, as well as the need for a better and more holistic regulation of the
industry. The experience from Norwegian salmon farming with respect to environmental issues and regulation
may give important insights to both other salmon producing countries as well as producers of other fish species.

1. Introduction

Norway has been a world leader in farmed salmon since the pro-
duction technique was pioneered in the late 1960s. Since then,
Norwegian salmon production has risen steadily from 600 t in 1974 to
about 1,300,000 t today (Asche and Bjørndal [9], [46]). Since the start
of aquaculture production in Norway, the salmon farming industry has
grown from a niche market to a massive industrial adventure. Salmon
farming is, arguably, one of the most important industries in rural
Norway today, with a yearly landing value of about NOK 60 billion (6.5
billion EUR). Production methods have been improved and obstacles
solved at a rapid speed. From the time when the first farmers decided to
put net cages in the fjords to today's massive production facilities, the
need for management and regulation of the industry has changed dra-
matically.

As with any industrial production, there are costs and benefits as-
sociated with farmed salmon production. About 6000 jobs are created
in the industry, and the contribution to GDP of Norway is in the range
from 0,5-1% yearly [46]. Salmon production has ten doubled since
1992, and doubled since 2005. In 2015, Norwegian salmon production
constituted 53% of the world's production of Atlantic salmon, while the
Chilean production was 25% of the world market. As production has
grown, along with the profits gained, the environmental impact has also
increased in turn.

The salmon production industry not only affects the wild salmon
populations, but also the sea trout populations, the coastal fisheries

(especially shrimps and coastal cod), and the sea floor, due to en-
vironmental, noise, and visual pollution. The problem that has received
the most attention is that of maintaining wild salmon stock, which
spawns in the salmon streams of Norway. Currently, Norway has more
than 400 watercourses with Atlantic salmon populations and holds
about 25% of the world's healthy populations [25]. Consequently,
Norwegian authorities have taken a particular responsibility to protect
the species and its populations. According to the scientific board of
salmon management, the two most severe challenges for this species is
the escapement from fish farms and the high sea lice densities [17,4].

The escapement from fish farms has always been a challenge,
causing both direct economic losses to the sea farmers, as well as cross-
spawning and hybrid (farmed and wild) salmon populations. Sea lice
are parasites that attach to the skin of the salmon. Under natural con-
ditions, this parasite is not a major problem for the wild salmon, but
due to the enormous number of hosts in the fjords year round (the
farmed salmon), the number of sea lice in the fjords has proliferated.
First and foremost, this is a problem for the wild smolt (young salmon)
when they leave their river and migrate offshore to grow. On this mi-
gration route, they have to pass the fish farms and high lice density
areas in the fjords. It has been found that if more than 10 lice attach to
the skin of the young fish, they may die [22]. In addition, it turns out it
may be an even bigger problem for the sea trout populations due to
their longer sea journey (sometimes they stay in the fjord all year).

Pollution from aquaculture production takes many forms. One of the
problems is that the high density of fish in small cages produces a lot of
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excrement and undigested feed. A carpet of sludge may cover the
bottom floor, both beneath and around the aquaculture facilities.
Another pollution problem is associated with sea lice. In order to keep
sea lice numbers low in the farms, the industry has used several kinds of
chemical treatments over the years. While the treatments target the sea
lice in the farm, it may also be a problem for shrimps and other crus-
taceans in the surroundings of the farms. Unfortunately, sea lice can
develop resistance to the chemicals, while wild crustaceans likely re-
main vulnerable.

2. Regulation

In the late 60 s, farmers started experimenting with feeding salmon
in sea cages. The activity was supported by the government as a means
of adding to the income among small-scale farmers. Regulation was
poor at this time as the activity was not considered especially im-
portant. In fact, in these early years of aquaculture production, esca-
pements from fish farms were common, and the farmers received in-
surance money in association with such accidents. In 1973, the first law
on concessions in salmon aquaculture was issued, and permission was
needed to start sea farms [1]. In 1985, the first aquaculture law was
issued. Unfortunately, this law failed to require concessions for
hatchery production of smolt, and this resulted in an overinvestment in
this sector. This overproduction resulted in a four-year period, where
the salmon prices went down to half the previous level. In 1991, while
as the industry faced allegations of dumping in the US market, the
concession law was changed to allow one owner to have several con-
cessions. This changed the structure in the sector dramatically, and
small-scale farmers were replaced by fewer and bigger companies. In
2005, a new aquaculture law was issued. This time, the focus shifted
towards sustainable production and growth in the sector [37]. As of
2013, among the regulations a salmon farm must follow is the total
number of salmon allowed per cage, which is restricted to 200,000
salmon. In addition, they have to remain under the total allowed bio-
mass per concession, which is 780 t (945 t in the northernmost counties
Troms and Finnmark). Moreover, to control the sea lice problem, they
have to count the number of lice per salmon on a regular basis and take
action if the number of adult female sea lice per fish is above 0,2 on
average in week 16–22 (the migration period for wild smolts) [5]. The
limit is less than 0.5 in remaining season [5]. This rule is now under
change as the new traffic light system, issued in October 2017, puts
aside this requirement, instead focusing on the presumed effect on the
wild salmon mortality (see below).

3. Challenges with salmon production

3.1. Escapement

Since the very beginning of the salmon farming industry, salmon
have unintentionally escaped from net pens that are damaged by
storms, seals, and otters, or by daily wear and tear. The number of
accidental escapes decreased in the mid-1990s because of safety in-
vestments in the sea ranches. Nevertheless, approximately 200,000
salmon still escape yearly from fish farms in Norway (Fig. 1), which
equals approximately half of the average total wild adult returns [4].
The yearly escapement numbers are uncertain, but according to the
official statistics, farmed salmon escapes constitutes around half of the
total yearly in-run of wild Atlantic salmon to Norwegian rivers. In ad-
dition, a recent meta-analysis of catch statistics and tagging studies has
estimated that the actual numbers of escapees in Norway were 2–4
times higher than the numbers reported by the farmers during the
period spanning 2005 to 2011 [45].

In Norway, the wild Atlantic salmon stock is traditionally harvested
in two different fisheries during its spawning run. First, the commercial
and subsistence marine fishery catches a share of the marine returns in
fishnets in the fjords and inlets. The remaining stock then enters the

rivers and is exploited by a recreational fishery. According to the catch
reports from 2013–2017, about 43% of the total catch is caught in the
marine fishery, while the rest is caught in the rivers [47,48]. When the
fishing season in the river closes, the remaining fish spawns.

The farmed escapees interact with the native species in various
ways. Ecologically, they may interact through competition, predation,
hybridization, colonization, and spreading diseases and parasites [17].
Escaped farmed salmon may hence have a number of effects on the
natural growth and economic value of wild salmon. The most important
effects are the spread of diseases and the mixing of genes through in-
terbreeding (introgession), which affect the reproduction rate
[15,19,34]. Farmed salmon digs in the natives’ spawning gravel, and
their offspring are more aggressive and risk prone. Once farmed esca-
pees survive and strive in the environment where native individuals
reside, they become a part of the ecosystem and directly and indirectly
interact with native individuals. For instance, farmed salmon can es-
cape to the rivers, where they compete with native salmon. This com-
petition over the natural habitat and food sources, as well as mates,
may result in changes in the structure and productivity of the native
stock [14]. In the case of escaped farmed salmon, it is reported that
successful inbreeding between escaped farmed and native salmon re-
duces the fitness and productivity [34], dilutes the genetic gene pools
[14,35,43], and threatens the survival of the native salmon offspring
[24]. Karlsson et al. [29] found statistically significant introgression in
half of the wild populations studied and levels of introgression above
10% in 27 of 109 rivers represented by adult samples.

In addition, escaped farmed salmon can increase the sea lice density
[20]. Also, escaped farmed salmon may spread diseases and parasites,
thus leading to the augmented mortality of native salmon [11,18,30]. If
the number of escapees is low, the effects may be negligible, but the
effects become severe as the number of escapees gets larger. In parti-
cular, some vulnerable native stocks may potentially go extinct with
repeated invasion.

However, escaped farmed salmon may also be regarded as having
positive effects. Farmed salmon can potentially increase the salmon
stock available for both marine and recreational catches, ceteris paribus,
and thus improve the profitability of these fisheries [40]. As reported in
Fig. 1, escaped farmed salmon constitute a substantial part of the stock.
This is not to say that invasion is no problem for the society as a whole,
but it may reveal economic forces inducing a lack of incentives for
different agents to control the invasion. In a sense, the large number of
escaped farmed fish, which may constitute as much as 50% of the
yearly catch of salmon in the sea fishing sector, may also hide the
problem of a decreasing wild stock. Hence, escaped farmed species may
generate economic impacts through markets. If invasive fish have a
similar economic value as native wild fish, escaped farmed fish may
increase the total stock level for harvesting.

Escaped farmed salmon (both Pacific and Atlantic salmon) is of

Fig. 1. Yearly escape of salmon from fish farms and inflow of wild salmon to
Norwegian rivers. Source: Fiskeridirektoratet [16] and Anon [4].
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great concern in a number of countries with fish farming industry, for
example, United Kingdom, Scotland, Ireland, Iceland, Chile, USA, and
Canada. In addition, the increasing farming of other fish species, such
as cod, halibut, clams, and crabs, highlights the importance of ad-
dressing this issue. The bioeconomics of the interrelation between
aquaculture and fisheries is studied by Anderson [7], Ye and Bed-
dington [50], Hannesson [21], Olaussen et al. [40], Liu et al. [32], and
Liu et al. [31] while market interactions have been studied by Anderson
[7], Anderson and Wilen [8], and Asche et al. [10]. Olaussen and Liu
[39] have studied the economic effects in terms of anglers reduced
willingness to pay when the river catch consists of a large share of es-
caped farmed salmon.

3.2. Sea lice

The collective term “sea lice” normally refers to a number of co-
pepod crustaceans of the family Caligidae (Revie et al. [42]). Sea lice are
external parasites that live on the skin of marine and anadromous
species. The most common and extensively studied species is the Le-
peophtheirus salmonis, which is a parasite specific to the salmonid spe-
cies. This parasite is a problem in both the Atlantic and Pacific Oceans,
while the Chilean farming industry experiences challenges with Caligus
teres and Caligus rogercresseyi (Revie et al. [42]). The lice are mainly a
problem for the salmon post-smolts on their seaward migration journey,
as they have to pass the farm areas before they reach their offshore
winter habitat. A recent study ranks the high sea lice densities, together
with escaped farmed salmon from aquaculture, as the two most sig-
nificant and expanding threats to the wild salmon populations in
Norway [17]. Salmon aquaculture increases the sea lice density in the
fjords and along the coast because they amplify the number of hosts for
the lice by a magnitude of 100 [23]. Smolt infected by less than 10 sea
lice are affected but typically survive whereas smolt with more than 10
lice have high mortality ([23,49]; Holst et al. [27]). In some cases, close
examinations of the infected fish have revealed up to 100 sea lice per
fish, which cause certain death (Revie et al. [42]). It is not possible to
give an accurate estimate regarding how much the smolt survival is
reduced due to sea lice-induced mortality on a national scale. The effect
varies between fjords, and from river to river. Recent results suggest an
extensive exchange of lice between farmed and wild hosts, indicating
that in farming-dense regions in Norway, aquaculture represents a
major driver of salmon louse population structure [14]. Furthermore,
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 about 10% on a national level [4]. As
indicated, other salmon stocks, such as Pacific salmon, are also threa-
tened by sea lice infections, and Krkošek et al. [30] found a lice-induced
mortality for pink salmon commonly exceeding 80%. Increased sea lice
densities may be considered a type of biological pollution, and thus, a
unidirectional externality running from the farmed salmon sector to the
wild salmon sector.

3.2.1. Treatment
In order to cope with the increasing sea lice problems, chemical and

mechanical treatments have been tried, as can be seen in Fig. 2. The
problem with chemicals is that the sea lice seems to be very adaptable.
It can take a few years for evidence of resistance to appear following a
new treatment with a new chemical. One solution has been to switch
between different treatment methods, but the problem of resistance
seems to be hard to overcome, and multi-resistance has emerged. In
recent years, freshwater treatment has also become part of the toolbox,
and the fear may be that the sea lice develops more tolerance for
freshwater as well. If this happens, the problem in the rivers for the wild
salmon population may be serious, because today they are, in some
sense, protected by the fact that the sea lice cannot handle freshwater.
Another problem that has recently been highlighted by coastal shrimp
fishermen and others, is that the chemical treatments may also affect

coastal shrimp and other crustaceans populations, as well as fish. As
Samuelsen et al. [44] states, “During medication, most wild fauna
contained teflubenzuron residues, and polychaetes and saith had
highest concentrations. Eight months later, only polychaetes and some
crustaceans contained drug residues. What dosages that induce mor-
tality in various crustaceans following short or long-term exposure is
not known, but the results indicate that the concentrations in defined
individuals of king crab, shrimp, squat lobster, and Norway lobster
were high enough shortly after medication to induce mortality if
moulting was imminent”. Fortunately, it can also be argued that as the
sea lice becomes resistant to a new chemical treatment, it will make no
sense to continue using it, and this may in turn reduce the threat to
crustaceans in general.

The treatment of the sea lice problems also involves costs to the
industry. Abolofia et al. [2] estimated that the cost of sea lice treatment
constituted production costs ranging from 0.12 to 0.67 US$/kg, or in
the range of 2.27 to 13.10% of yearly revenues. In addition, the in-
crease in “other production costs”, where sea lice treatment constitutes
80% of the costs, is the main driver of increased production costs, in-
creasing from an average of 0.36 US$ per kg on average in 2008 to 0.78
US$ per kg in 2015 [13].

On the positive side, the use of antibiotics in the aquaculture in-
dustry in Norway is very low (see Fig. 3). In 1987, the use of antibiotics
was 887mg per kg fish produced, while it was down to 0.20mg in 2015
[6]. In Chile, on the other hand, the use was still 660mg per kg pro-
duced fish [28].

3.3. Fish welfare

The question of fish welfare is closely related to the topics of sea lice

Fig. 2. Yearly use of sea lice treatment chemicals. Hydrogen peroxide (Black
line) measured in tons (right axes). Source: Folkehelseinstituttet [16].

Fig. 3. Yearly use of drugs for the treatment of fish. Source:
Folkehelseinstituttet [16].
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treatment and fighting off diseases. In 2016, 19% of the salmon died in
the sea-cage stage [26], corresponding to 53 million fish. In a study
focusing on the cause of death in the sea cage stage, poor smolt quality
and infections were pointed out as being the two most significant
causes, while the other three categories were mechanical injury, en-
vironmental causes, and miscellaneous [12]. Sea lice infections lead to
death, either through infections in the skin from wounds, or due to
chemical and/or mechanical treatment [26]. In addition, the high
densities of hosts leads to challenges with respect to other diseases, such
as Pancreas disease (PD) and infectious salmon anemia (ISA) [12].

Another aspect of fish welfare is associated with one of the sea lice
fighting strategies. By using cleaning fish, that is, fish species that feed
on sea lice, the aquaculture industry has tried to reduce the treatment
with chemicals. The cleaning fish species are labrid fish (mostly ballan
wrasse, Labrus bergylta, and goldsinny wrasse, Ctenolabrus rupestris), and
lumpfish Cyclopterus lumpus [41]. It turns out the mortality rate of these
species is very high at an average of 33% after only 6 months in the sea.
For the lumpfish, the mortality rate was 48% after 6 months [36]. This
indicates that the ethics of the use of cleaner fish is an issue, with very
little debate thus far. This is quite surprising, given that fish welfare in
aquaculture is explicitly regulated by law, which stipulates that the
operation must be satisfactory with respect to health and welfare [33].

3.4. Pollution

As with all industrial production, the aquaculture industry brings a
level of pollution along with it. We have already mentioned sea lice
treatment chemicals. In addition, the aquaculture industry constitutes a
major part of the release of nutrition to Norwegian fjords. This is mainly
due to releases from feed and fish faeces. Due to the present high level
of production, the release of nutrition from the sector is at the same
level as the sewage from about 10 million people, or about twice the
Norwegian population. Interestingly, while there is a focus on release
from land-based industry, this issue has been more or less ignored in the
fjords. The result is seen in Fig. 4 and 5, where the release of phos-
phorus from the aquaculture industry is about 45 times higher than the
total from the rest of the Norwegian industry, and about 9 times as high
as the natural drainage. In addition, the release of nitrogen from
aquaculture production is about 24 times the release from the re-
maining industry and is almost as high as the natural drainage (0.7
times natural drainage).

4. New regulation, traffic light system

Sea lice infection on salmon farms has been regulated since 1997 to
reduce the harmful effects of lice on farmed and wild fish [23]. Reg-
ulations set thresholds for the maximum mean number of sea lice per
fish and a compulsory reporting system for all mobile stages of infective
lice. From 2000 to 2013, the legal lice infection thresholds were set to
0.5 adult female lice per fish, or 3 lice per fish of other mobile stages
(i.e., adult males or pre-adult mobiles) during the period spanning Jan
1–Aug 31, and 1 adult female or 5 other mobiles per fish across the
period between Sep 1–Dec 31. From 2013, the limits for taking action
have been 0,2 lice per salmon on average in week 16–22 (the wild smolt
migration period), and less than 0.5 lice per salmon in remaining season
[5]. This threshold is enforced by the Norwegian Food Safety Authority
(NFSA). If thresholds are exceeded, it is mandatory for the farmer to
treat or slaughter their fish within two weeks. The NFSA requires
farmers to regularly count sea lice in their pens and report the highest
mean count during a month.1 Before August 2009, farmers were man-
dated to report the highest mean counts of sea lice from a 20-fish
sample from a single net pen. After this date, farmers were required to

report the means from samples of 10 fish from 50% of all active pens. In
addition, all pens are to be counted for every two rounds of sampling in
order to improve control [2].

The government of Norway has decided to introduce a new system
for growth in the aquaculture sector, labelling it as a traffic light
system. The idea is that the key to growth is the sea lice pressure. This
means that the sea lice effect on wild salmon mortality will be the in-
dicator with respect to production growth. In areas where sea lice cause
wild salmon smolt mortality less than 10%, a green light for increasing
production by 6% will be given. A yellow light will be given in the case
where sea lice induced mortality is between 10 and 30%. A yellow light
means that the growth is on hold, i.e., constant production. If an area
gets a red light, the sea lice induced mortality is higher than 30%, and
production should be reduced. However, this reduction will not take
place before the next evaluation period.

There are several problems with this system. First, basing potential
growth on only one indicator is a rather strange idea (see Fig. 6). As
mentioned above, and as the figure indicates, there are several other
factors, and one of them, escapement from fish farms, is considered
equally important for the protection of the wild salmon stock. One
reason why escapement is not yet included may be the poor correlation
between the size of the farming industry in an area and the occurrence
of farmed fish in the rivers. This is because escaped farmed salmon
migrate over long distances and do not necessary return to spawn in
rivers near where they escaped. This asymmetry between escapement
location and damage location may point in the direction of adding es-
capement as an indicator on the national, not regional level.

In addition, as mentioned above, measures to fight sea lice may
introduce new challenges, such as the effect of chemicals on shrimps,
other crustaceans, and local fish populations (see Fig. 6). Second, in the

Fig. 4. Phosphor disposal to fjords by source. Source: Norwegian Environment
Agency [38].

Fig. 5. Nitrogen disposal to fjords by source. Source: Norwegian Environment
Agency [38].

1 If the sea temperature is above 4 °C, the counts must be performed on a
weekly basis, otherwise every 14th day [3].
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former regime, there is a rule associated with the number of sea lice per
fish, that is, an objective criteria. The new criteria is more open for
discussion, as someone will have to estimate how different sea lice
densities affect the mortality of wild salmon, which is a challenging
task. To be fair, there is a large group of scientists within a well-orga-
nized system that do the assessment of infestation and mortality risk
and make these recommendations, but probability considerations are
always open for debate. Third, as the focus is only on one challenge, the
incentives to invest in technologies that mitigate other problems, such
as escapement, will probably be less, as the focus will shift towards sea
lice treatment.

Fourth, there is a fish welfare perspective that is completely ne-
glected. The aquaculture sector is a sector where 19% of the fish (2016)
die in the nets before they reach the market size (Hjeltnes et al. [26]).

Overall, and to sum up, there seems to be many reasons why one
should reconsider the narrow indicator system introduced through the
traffic light system. When the system and problem is complex, and
negative externalities multidimensional, regulating without a holistic
perspective may be directly damaging. On the other hand, sea lice is no
doubt a severe challenge, and it may be argued that the system, at least
in part can give an incentive to develop new and less damaging ways of
production, since growth may be limited in areas with high infection
pressure. Also, it should be mentioned that Norwegian authorities in
parallel has introduced systems for “green concession” and “technology
developing concessions”. While some of these concessions are issued
mainly to initiatives addressing the sea lice problem, there are also
other that aim for more holistic solutions, such as land-based and closed
containment production systems.

5. Discussion and concluding remarks

The main problem with the previous and current regulation in light
of environmental concerns seems to be that there are too weak in-
centives to shift towards new and less damaging ways of production.
One of the most promising solutions would be the development of
closed containment production systems for salmon aquaculture, that is,
a transmission from the open net cages to more closed containment
facilities. Small-scale aquaculture production is already available, and
projects of a commercial scale have also been conducted in Canada and
Denmark. Investing in such technologies will be costly in the short run
for the aquaculture sector, but may turn out beneficial in the long run;

in any case, this technology has the potential to solve many of the
challenges between the wild and farmed salmon. Since closed con-
tainment systems separate farmed fish from wild fish and the en-
vironment, it will alleviate or eliminate most of the problems caused by
open cage farming, such as escapees, spread of diseases, and sea lice. As
a result, the impact of farming on the wild salmon would be con-
siderably reduced.

The underlying institutional challenge in the regulation of the
aquaculture sector is that aquaculture is managed by the Ministry of
Trade, Industry, and Fisheries in Norway, while the wild salmon is
under the management of another department, the Ministry of Climate
and Environment [32]. This problem was highlighted already in the
first year of the traffic light system, as the Ministry of Trade, Industry
and Fisheries acknowledged the advice for yellow light from the sci-
entific committee in one of the counties, that is a hold signal. However,
he executed his right to let other matters count, and as a result the
county were given a green light and the possibility to grow with 6%. It
may seem unfortunate that the Ministry of Climate and Environment is
not part of this decision process, as this could spell weak support from
the government regarding wild salmon interests.

The present paper has highlighted environmental concerns in the
Norwegian salmon aquaculture production. The problems are trans-
ferable to other aquaculture producing countries as well as producers of
other fish species, and many of these challenges are shared with Chilean
and North American producers. Hopefully, the apparent problems due
to rapid growth experienced in the Norwegian region may prevent and
help other potential international producers to manage their aqua-
culture production in a sustainable way, whether in salmon farming or
other production.
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