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Abstract – The production of salmonids in sea-cages has been developed for monoculture of the target
species. However, we show here for the first time, that wild fish may enter sea-cages used for farming of
Atlantic salmon (Salmo salar L.) in Norway, out-grow the mesh size, and thereafter become permanently
trapped. Within seven different sea-cages located in western Norway, eight different species of wild fish
were identified; European eel (Anguilla anguilla), sea trout (Salmo trutta L.), cod (Gadus morhua), haddock
(Melanogrammus aeglefinus), saithe (Pollachius virens), pollack (Pollachius pollachius), hake (Merluccius
merluccius) and whiting (Merlangius merlangus). In the two most extreme cases, a 5� 5� 7m cage with
311 farmed salmon (903 g) also contained 542 whiting (79 g), 77 haddock (43 g), and 5 cod (26 g), and a
12� 12� 15m cage with 1695 farmed salmon (559 g) also contained 1196 haddock (35 g), 1115 whiting
(31 g), 46 cod (23 g), 23 saithe (48 g), 15 pollock (22 g), 5 sea trout (54 g), and 2 hake (29 g). The present
study thus demonstrates that aquaculture cages designed for monoculture may attract and effectively ‘trap’
wild fish. We did not investigate the frequency of this occurrence, and the ecological significance of these
observations remains unclear. However, with the ever-increasing number of sea-cages used for global
aquaculture, this is clearly a topic for further research.
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1 Introduction

World aquaculture production is increasing, and within the
marine environment, sea-cages that are open to the surround-
ing water masses represent the standard approach to
production. In Norway, which is the world's largest producer
of Atlantic salmon (Salmo salar L.), 3460 sea-cages were
distributed among 535 localities along the coastline as of
January 2016 (http://www.fiskeridir.no/fiskeridir/Akvakultur/
Statistikk-akvakultur/Biomassestatistikk). On a global scale,
the number of sea-cages may well run into the tens of
thousands or more.

A number of challenges linked with environmental
sustainability of cage-based salmonid aquaculture have been
reported, and of these, farmed escaped salmon that may display
genetic interactions with wild conspecifics (Glover et al., 2017),
and increased mortality of wild smolts via infection with the
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n Open Access article distributed under the terms of the Creative Co
which permits unrestricted use, distribution, and reproduction in
parasitic salmon louse,Lepeophtheirus salmonis, rank as the two
major challenges inNorway (Taranger et al., 2015; Forseth et al.,
2017). However, another possible negative interaction, not yet
studied in the Eastern Atlantic Ocean, where most of the
productionof farmedAtlantic salmon takesplace, is that juvenile
wildmarinefishmay enter and thereafter become trappedwithin
sea-cages. Indeed, inCanada, the Fisheries andOceansCanada's
(DFO's) Conditions of License for finfish aquaculture require
facilityoperators tomaintain an incidental catch log (http://open.
canada . c a / d a t a / en / da t a s e t / 0b f04c4e -d2b0 -4188 -
9053-08dc4a7a2b03). This database dates back to 2011, and
demonstrates that a wide variety of wild fish species have been
incidentally recovered from commercial cages in the Western
AtlanticOcean.Also in theMediterraneanSea, Fernandez-Jover
et al. (2009) found that several juvenilefish species settled at sea-
cage fish farms, while Sanchez-Jerez et al. (2008) found that
adult bluefish (Pomatomus saltatrix L.) can enter aquaculture
sea-cages, and prey on the cultured fish.

Knowledge about the possible negative interactions
between aquaculture and the natural environment is a
mmons Attribution License (http://creativecommons.org/licenses/by/4.0),
any medium, provided the original work is properly cited.
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Fig. 1. Map showing the location of the aquaculture sites Smørdalen and Solheim, western Norway (black star) where the present wild fish were
documented inside sea-cages stocked with farmed Atlantic salmon (Salmo salar L.). The sites are located 6000m apart.
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prerequisite for the development of sustainable production
practices. To investigate if salmon sea-cages may attract and
trap wild fish, we examined the total fish content of seven
research sea-cages stocked with farmed salmon in western
Norway. These cages were investigated with respect to the
species observed, their abundance and size.

2 Material and methods

The Institute of Marine Research (IMR) in Norway
operates two Atlantic salmon experimental farm sites in
Masfjorden, on the west coast (Fig. 1). This is one of the major
production areas for Norwegian aquaculture, and the
experimental farms are situated in an area typical for
commercial farms. While sampling experimental fish from
some of the cages located on these farms, various wild marine
fish were observed. Consequently, we quantified the total
number of wild fish in seven of these sea-cages in order to
identify the numbers and types of species trapped. The cages
examined were located at the Smørdalen (cages 1–6) and
Solheim (cage 7) marine farming facilities (60°N, 5°E). The
depth under the cages varies between 40 and 120m, and there
is a clear temperature and salinity gradient with depth
(Oppedal et al., 2007), typical of fjords in this area. General
information about stocking dates, duration, smolt size at
stocking, number of net replacements are given in Table 1,
while more specific details are given below:
Page 2
2.1 Cage 1

5� 5m (7m deep) net pen stocked on 16 August 2012,
with 1000 diploid PIT tagged Atlantic salmon (average smolt
weight as of 14–20 March 2012; 62 g). The half mask mesh
size (knot to knot, hereafter termed mesh size) at stocking was
15.5mm. The net pen was replaced with a clean net (15.5mm
mesh size) late September 2012. In April 2013, the 15.5mm
mesh size net pen was replaced with a clean 22.5mmmesh size
net pen. Thereafter, the net pen was replaced with a clean
22.5mm mesh size net pen on a regular basis in June, July,
August, and September in 2013. On 26 September 2013, the
788 fish inside the net were species identified and measured for
fork length and body weight.

2.2 Cage 2

Initially, two 5� 5m (7m deep) net pens were stocked on
30 May 2013, with 1200 diploid PIT tagged Atlantic salmon
per net pen (average smolt weight as of 5–8 March 2013;
105 g). The mesh size at stocking was 15.5mm. The net pens
were replaced with clean nets (15.5mm mesh size) in June,
July, and August 2013. Then in September 2013, the 15.5mm
mesh size net pens were replaced with clean 22.5mm mesh
size net pens. In the period September 2013 to September
2014, the net pens were replaced with clean 22.5mmmesh size
net pens in April, June, July and August. The two replicate
5� 5m net pens were merged into a 12� 12m (15m deep) net
of 6
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pen in September 2014 (immature individuals only, as mature
individuals were transferred to freshwater consecutively each
autumn). In the period September 2014 to February 2016, the
12� 12m 22.5mm mesh size net pen was replaced with an
equal clean net pen on a regular basis in April, June, July,
August, and September. On 4–5 February 2016, ∼500 adult
immature fish were transferred from the net pen to land-based
salt water tanks, and non-experimental fish were at this point
identified and sampled. Experimental fish were not sampled at
this point, thus their fork length and body length as of the last
measurement on 14 September 2015 is presented in Table 1.

2.3 Cage 3

5� 5m (7m deep) net pen stocked on 30 May 2013, with
300 diploid PIT tagged Atlantic salmon (average smolt weight
as of 5–8 March 2013; 114 g). The mesh size at stocking was
15.5mm. The net pen was replaced by an equal clean net pen in
June, July, and August 2013. In September 2013, the 15.5mm
mesh size net pen was replaced with a clean 22.5mmmesh size
net pen. Thereafter, in the period September 2013 to February
2015, the 22.5mm mesh size net pen was replaced by an equal
net pen on a regular basis in April, June, July, August, and
September. On 10 February 2016, 138 adult fish were
transferred from the net pen to salt water tanks on land, and
non-experimental fish were at this point identified and
sampled. The experimental fish were not sampled on a regular
basis, however, as they were siblings of the fish in cage 2, and
they were expected to display similar growth measurements.

2.4 Cage 4

5� 5m (7m deep) net pen stocked on 16 June 2015 with
295 diploid Atlantic salmon (150 g). The mesh size at stocking
was 15.5mm. The net was replaced with a clean 22.5mmmesh
size net on 20 August 2015. On 27 November 2015, the fish
inside the net were species identified and measured for fork
length and body weight.

2.5 Cage 5

5� 5m (7m deep) net pen stocked on 16 June 2015 with
311 triploid Atlantic salmon (150 g). The mesh size at stocking
was 15.5mm. The net was replaced with a clean 22.5mmmesh
size net on 20 August. On 27 November 2015, the fish inside
the net were species identified and measured for fork length
and body weight.

2.6 Cage 6

5� 5m (14m deep) pen stocked on 6 January 2016 with
440 diploid Atlantic salmon (∼200 g). The very same net with
mesh size 15.5mmwas used throughout the production. On 18
August 2017, the fish inside the net were species identified and
measured for fork length and body weight.

2.7 Cage 7

12� 12m (15m deep) pen stocked on 1 June 2017 with
1695 diploid salmon average smolt weight as of 10 May 2017;
112 g). The mesh size at stocking was 15.5 cm. The net pen was
Page 4
not changed during the study period; it was coated with
antifouling paint. On 22 August 2017, the fish inside the net
were species identified and measured for fork length and body
weight.

In all of the above-described cages, the farmed salmon
were fed a commercial salmon feed, with increasing pellet
sizes according fish size. All cages at Smørdalen (cages 1–6)
were operated with natural daylight for this latitude, while the
cage at Solheim (cage 7) had an additional artificial light
source at 7m depth throughout the study period. The light
source was a submersible lamp (Idema Aqua A/S, N-1344
Haslum) with a 400W lamp bulb (Powerstar, HQI-BT 400W/
D Colour temperature: 32 000 lumen, Osram, Lysaker,
Norway), and was lit 24 h per day. With the exception of
cage 6 that was manually cleaned by power washing, and cage
7 that was treated with antifouling paint, all nets were replaced
on regular basis to avoid fouling. During the replacement of
nets, it was not possible for the farmed fish to escape or wild
fish to become trapped. The net replacement was done as
follows: (i) the old and new nets were mounted side by side; (ii)
¼ of the top lining (one side) of the old and new nets were
sewed tightly together and fused by a thin rope; (iii) the mid
portion of the fused area was submerged allowing the fish to
swim from the old to the new net; (iv) the netting in the old net
was hauled in order to decrease the space inside the net,
making all fish swim into the new net. All nets were checked
for damage or holes before and after use. No holes were
detected.
3 Results and discussion

This is the first report of wild fish trapped inside
aquaculture sea-cages in Norway, the world ́s largest producer
of farmed Atlantic salmon. Based upon total inspection of
seven sea-cages containing farmed Atlantic salmon, where
marine fish had been observed, we identified varying numbers
of wild sea trout (Salmo trutta L.), European eel (Anguilla
anguilla), whiting (Merlangius merlangus), haddock (Mela-
nogrammus aeglefinus), Atlantic cod (Gadus morhua), saithe
(Pollachius virens), pollack (Pollachius pollachius), and hake
(Merluccius merluccius) (Tab. 1). Supplementary file 1 shows
an underwater film of the large shoals of wild fish trapped
inside cage 7.

Stomach contents were studied in 3 randomly sampled
haddock in cage 6, and all three had pellets in their stomachs.
All sea trout were genotyped using a panel of 18 microsatellite
markers developed for Atlantic salmon according to the
established method (Glover et al., 2015), to exclude the remote
possibility that they were salmon (data not shown). The wild
fish documented in all seven sea-cages were all too big to pass
through the meshes at the time of sampling. Therefore, we
conclude that they swam into the sea-cages at some stage
during the production cycle, out-grew the mesh-size, and
ultimately became trapped within the sea-cage. Whether these
wild fish repeatedly swam in and out of the sea-cages at a
smaller size, before finally becoming trapped, is not known.

The sea-cages investigated are located in the inner end of a
Norwegian fjord, a spawning area for several different marine
species. Although gadoids such as Atlantic cod, whiting and
haddock are demersal, 0-group fish live in the upper water
of 6
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layers (�40m) for a period of a few months before migrating
to the seabed (Daan et al., 1990; Bjorke and Saetre, 1994).
During this pelagic phase, juveniles may come in contact with,
and indeed be attracted to, floating structures including sea-
cages on commercial fish farms. 0-group gadoids, especially
whiting and haddock, may find shelter under jellyfish (Hay
et al., 1990) during this pelagic phase of their life-cycle. For
whiting, Lynam and Brierley (2007) found a positive
correlation between whiting 0-group residual survival and
Cyanea spp. abundance. With their natural attraction to larger
objects, 0-group gadoids may be attracted to sea-cages during a
certain period of their life cycle. In the cages that we sampled
in the present study, whiting and haddock were the dominant
species, which could reflect a high abundance of these two
species in the study area. However, Salvanes and Nordeide
(1993) in their study on the fish fauna in the sublittoral habitat
in Masfjorden between 1985 and 1987, reported totals of 3287
saithe, 1582 pollock, 989 cod, 66 whiting, 55 haddock, and 8
hake caught in gillnets. Although the relative abundance of
these species in Masfjorden has not been studied in more
recent years, and coastal cod catches in Norway have strongly
declined (Aglen et al., 2016), the high number of whiting and
haddock in our study could indicate that these species are more
attracted to the sea-cages.

Larval and juvenile marine fish may enter sea-cages to seek
food, such as zooplankton. For instance, blooms of jellyfishmay
induce behavioral changes in some zooplankton (Carr and Pitt,
2008). Jellyfish are big zooplankton consumers (Möller, 1980;
Purcell, 1992;Båmstedt et al., 1994;BarzandHirche, 2007), that
are too large to enter aquaculture sea-cages.Moreover, the water
body closest to the large masses of farmed fish are rich in
nutrients, and a highly productive area for low trophic levels,
facilitating high abundance of both phyto- and zooplankton.
Indeed, coastalfish farmsmay act as settlement sites for juvenile
marine fish in the Mediterranean Sea, where copepods were
found to be the main prey (Fernandez-Jover et al., 2009).
Furthermore, it has been previously documented that aggrega-
tions of adult wild fish are found in association aquaculture sea-
cages (e.g. Deudero et al., 1999; Bacher et al., 2015). For
example, aggregations of wild fish have been reported
immediately outside sea-cages on farms containing gilthead sea
bream (Sparus aurata L.) and European seabass (Dicentrarchus
labrax) in both theMediterranean Sea (Dempster et al., 2002) and
theCanary Islands (Tuya et al., 2006), and aroundAtlantic salmon
farms in theNEAtlantic (Dempster et al., 2004, 2009, 2010, 2011;
Skilbrei and Otterå, 2016; Otterå and Skilbrei, 2014). Several
reasonsforaggregationsofmarinefisharoundsea-cageshavebeen
suggested, among them an increased food supply and shelter from
predators (Deuderoetal.,1999). Inaddition,Dempsteret al. (2011)
investigated whether sea-cages could act as ecological traps
(Battin, 2004) for wild gadoids, by attracting them and making
them mistakenly prefer to stay in a potential low-quality area.
However, based upon increased condition-factor and possibly
higher reproductiveoutputof thefishaggregatedaroundsea-cages,
they concluded that marine farms could contribute to increased
productivity of wild populations.

The use of artificial light in sea-cage aquaculture may
further impact on behavior of zooplankton and marine fish
larvae. Most marine fish larvae are obligate visual feeders/
hunters (Blaxter, 1986). Cod larvae have a positive phototactic
response (Nicolaisen and Bolla, 2016), and the copepod
Page 5
Calanus finmarchicus shows a phototactic response depending
on the sex and life stage (Miljeteig et al., 2014). Artificial light
is commonly used in salmon aquaculture to support growth and
suppress sexual maturation in sea cages (e.g. Hansen et al.,
1992). A typical period which includes 24 h artificial light,
with submerged lights hanging in the center of the cages, is
from mid-January to the summer solstice (Oppedal et al.,
1997). This period with 24 h artificial light lies within the
hatching and larvae/juvenile period of many marine fish
species. In the present context, however, only cage 7 was
exposed to artificial 24 h light. Although this cage was the one
with highest abundance of wild gadoids, no conclusion on
the impact of artificial light can be drawn based on this
single cage.

Some of the factors that attracted the wild marine fish to
enter the sea-cages may also have attracted the trapped sea trout
documented here. Furthermore, the observation of sea trout
inside salmon sea-cages indicates thatwild salmon smolts could
also enter sea-cages. Eels on the other hand, are probably more
attracted by dead fish and/or uneaten food at the bottom of the
sea-cages.

Although marine fish larvae may display high survival rates
in the absence of predation (Øiestad, 1985), gadoids were often
absent in cages that held large salmon (Tab. 1). At the IMR's
coastal farm inAustevoll, gadoids are rarely found in cageswith
larger salmon, but in a study with snorkel cages (Oppedal et al.,
2017), several thousand juvenile gadoids were found inside a
volume of the cage that was not accessible for the salmon (J.E.
Fosseidengen, personal communication). Farmed Atlantic
salmon are normally constantly fed pellets to satiation, but
periods of hunger unintentionally caused by under-feeding or
failure to the feeding system may impact on their feeding
behavior. The possibility that the lack of observations of juvenile
gadoids in cages containing larger salmon may thus be due to
predation,but suchbehaviorhasyet tobedocumented.However,
notice, in the present cages with larger salmon, the absence of
wild gadoids in the cageswere the nets were frequently replaced
(cages 1, 2, 3) and presence of wild gadoids in the cage (cage 6)
that was manually cleaned by power washing and not replaced.
How replacement of nets, and change in mesh size, affects
trapped wild fish, and if farmed salmon may prey on trapped
marine fish larvae needs to be further studied.

In conclusion, the present study is the first to provide
unequivocal evidence for the entrapment of wild marine fish in
Norwegian salmon sea-cages. While it was not the aim of this
study to quantify the frequency of this occurrence, and the
ecological significance of these observations remains unclear,
the diverse set of species and large numbers of individuals
trapped in these cages suggests that the effect has potential
significance. Given the fact that cage-basedmarine aquaculture
is expanding throughout theworld, this represents a topic clearly
in need of systematic investigation. The regulations currently in
operation inCanada,wherebyfish farmers are required to report
incidental catch in sea-cages, could be implemented in other
regions to investigate further.
Supplementary Material

The Supplementary Material is available at https://www.
alrjournal.org/10.1051/alr/2018020/olm.
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