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Summary

The aquaculture industry has grown exponentially the last 30 years. In Nor-
way the Atlantic salmon is the dominant species and the rapid growth of
the industry has led to both challenges and controversy. The issues faced
by the industry are multifaceted and two of the most pressing issues that
hinder expansion of the industry are lack of space and salmon lice. Several
different solutions are employed to reduce the salmon lice infestation. Some
argue that prevention based methods such as the lice shielding skirt may be
the solution, while others suggest that both issues can be solved by moving
to more exposed farm sites.

Independently of farm design all production units at sea must take into
consideration the impact of the ocean currents. This holds particularly true
for exposed sites where the ocean current is expected to have periods of
stronger and more persistent water flow. For cages based on the traditional
"Grøntvedt" design that utilises nets to keep the fish, the current flow plays
a vital role in how dissolved oxygen, nutrients, waste and food pellets and
transported through and downstream of the cage. As the current passes
through the net the speed is reduced and a portion of the current is diverged
around the cage. At exposed sites, this reduction may be beneficial with
regards to the wellbeing of the fish. However, at more sheltered sites weak
currents may lead to poor water exchange resulting in low dissolved oxygen
levels which are necessary for the fish to thrive. The use of lice shielding
skirts to fend off the salmon lice can further reduce the current flow and
result in an unhealthy environment for the fish.

The main objective of this thesis was to gain new insight into the cur-
rent flow at full-scale sites and inside the cages. Specifically the interest
was how current conditions at exposed sites could be evaluated using fish
welfare criteria, and how lice shielding skirts influenced the current condi-
tions. As the current flow at individual sites depend on many factors such
as topography, hydrography, farm layout, cage design and more, this was
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Summary

studied through collecting existing long-term data sets from five sites along
the Norwegian coastline, as well as designing and executing three full-scale
experiments.

A classification scheme based on the swimming capacities of Atlantic
salmon was developed and applied on the current flow data from the five sites
to evaluate if fish welfare was maintained for Atlantic salmon and lumpfish.
Only one of the five sites was found acceptable for lumpfish, while four were
found acceptable for small salmon post-smolt. The full-scale experiments
investigated different aspects of the interaction between lice shielding skirts
and current flow. The first studied the impact of a non-permeable tarpaulin
skirt on the current flow field inside the cage, while the second established
the characteristic current flow field around a conical sea cage equipped with
a permeable skirt. The results indicated that the influence of the conical
cage on the downstream current disappeared as the diameter of the cage
decreased with depth. The reduction in current speed was established for
both of these cages and were higher than reduction through non-shielded
cages. Finally, the impact of shielding skirt on dissolved oxygen levels inside
cages were determined at two hydrographically different sites, revealing a
complex interaction between dissolved oxygen level, skirt, ocean currents
and local stratification.
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Preface

This thesis is submitted in partial fulfilment of the requirements for the
degree of Philosophiae Doctor (Ph.D.) at NTNU – the Norwegian University
of Science and Technology.

This work has been performed at the department of Engineering Cyber-
netics (ITK) under the supervision of Associate Professor Jo Arve Alfredsen,
Dr. Zsolt Volent at Sintef Oceans and Associate Professor Morten Omholt
Alver.

Funding has been provided by the RACE research grant program funded
by SINTEF Ocean through the research project "Water currents in fish farms
at site scale". The enclosed work was undertaken from 2016 to 2020.

The focus of this thesis is on the Atlantic salmon farming industry
in Norway and builds heavily on full-scale experimental work carried out
in Norway. The details of each study will not be recited in its entirety in
this thesis, instead the interested reader is referred to the enclosed papers
for a more comprehensive description of the experiments. As the marine
aquaculture industry is multi-disciplinary the thesis will consider several
topics ranging from biology, oceanography, instrumentation and policy. It is
my hope that for those new to marine aquaculture this thesis can function
as an introduction to the many relevant research issues of the industry, and
for those more informed as a brief and useful review.
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Chapter 1

Introduction

1.1 Atlantic salmon farming in Norway

By 2050 the current world population of 7.7 billion is predicted to increase to
9.7 billion (UN, 2019). To avoid food shortage it is necessary to enhance food
production. Increased production from the ocean is suggested as a solution as
an expansion in agriculture is not feasible due to limited available arable land
and freshwater sources (Marra, 2005; Duarte et al., 2009). Food production
from the ocean comprises fisheries and aquaculture industry. Global fisheries
can not be expected to meet the raising demands of the future population
as an increase in production would mean forfeiting sustainable fishing levels
(FAO, 2020). Aquaculture on the other hand has increased production by
527% from 1990 to 2018 with a total of 114 mill tonnes in 2018, where 31
mill tonnes were aquatic animals from marine aquaculture (Fig. 1.1) (FAO,
2018, 2020). Since 2014 the aquaculture industry has provided more than
half of the fish and shellfish consumed by humans (FAO, 2020).

Aquaculture is the breeding, rearing and stock raising of fish, crus-
taceans, molluscs, and cultivating of aquatic plants in marine and freshwa-
ter. Freshwater fish is the largest sector in the industry (Fig. 1.1), however
an expansion within this sector is limited by the same factors as agriculture.
It is instead the marine aquaculture sector that has the greatest potential
for expansion and increased production (Marra, 2005; Duarte et al., 2009).

The Norwegian aquaculture production consists mainly of Atlantic salmon
(Fig. 1.1). Globally 2.4 mill tonnes Atlantic salmon were produced in 2018,
with 53% produced in Norway (FAO, 2020). Aquaculture in Norway has a
long history, with the earliest record of cultivating fish in freshwaters written
on a runestone sometime around 1050-1100 stating: “Eiliv Elg carried fish

1
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Figure 1.1: Production from capture and aquaculture industries globally and
in Norway from 1950 to 2018. The second row shows the production of the
main aquaculture industries globally and in Norway. Atlantic salmon are
included in the diadromous fish. Data from FAO (2018).

to Raudsjø” (Hesthagen and Kleiven, 2016). Breeding and hatching of fish
started in the 1850’s, but the production of Atlantic salmon in Norway did
not start until the 1960s (Tilseth et al., 1991; Nash, 2011). Before the 1960s
there had been several trials at rearing Rainbow Trout, but Atlantic salmon
quickly became the dominating species due to technical advancements in
the rearing of anadromous fish combined with the higher market price and
greater marketing potential (Tilseth et al., 1991; Nash, 2011).

The Atlantic salmon is an anadromous fish, meaning it is born in fresh-
water, but spends most of its adult life in saltwater. The production of
Atlantic salmon is therefore divided into two phases. The first phase takes
place on land in freshwater tanks, and the second phase takes traditionally
place in cages out at sea. When the fertilized egg is hatched, the salmon is
known as an alevin. From there it develops into fry and then parr. The parr
then goes through the process of smoltification where it turns into a smolt
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1.1. Atlantic salmon farming in Norway

Figure 1.2: Picture of SINTEF ACE facilities Rataren, Frøya, Norway, con-
sisting of 8 cages arranged in a 2x4 matrix. (Photo: Magnus Oshaug Peder-
sen, SINTEF Ocean, shared with permission).

by going through a number of physiological changes to adapt to a life in
seawater (Thorstad et al., 2011; Bjelland et al., 2015). For farmed Atlantic
salmon it takes roughly 10-16 months from being hatched to smoltification
takes place, however through selective breeding there are now smolts which
are ready after 8 months (Asche and Bjørndal, 2011). For the wild salmon
this process can take anywhere between 1 and 8 years (Thorstad et al., 2011).
After the process of smoltification, the salmon is adapted to sea water and
can be transferred to the fish cages out at sea. This phase is known as the
grow-out phase.

The grow-out phase has traditionally occurred in fish farms located
within fjords and along the coastline, sheltering the farm from extreme
weather conditions. The farm usually consists of several cages, where the
number of cages and how these are arranged varies between farms (see Fig.
1.2 for an example of a 2x4 farm organisation). There are many cage designs
available, and these can be categorized based on three main properties: po-
sition in the water column (floating, submersible, submerged), type of net
(rigid or flexible) and containment method (open or closed) (Lekang, 2020;
Chu et al., 2020).

Since 2015 there has been a rapid development of new designs in Norway
spurred on by the Norwegian government’s development permits. These per-
mits were awarded by the Fisheries Directorate to farms that had developed
new concepts with substantial innovation. Currently most cages in Norway
are in principle modelled after the “Grøntvedt cage” created by the brothers

3



1. Introduction

Sivert and Ove Grøntvedt in the late 1960s (Nash, 2011), and can be cate-
gorised as open net floating flexible cages (Lekang, 2020; Chu et al., 2020).
These cages consist of a surface collar structure from which a net is hung
(Fig. 1.3). The net is weighed down, often by a sinker ring resulting in the
net having a cylindrical shape above this ring, and a conical beneath it (see
Fig. 1.4).

Each cage is allowed to hold up to 200 000 fish. During the grow-out
phase farming operations consist of tasks like feeding and size grading, but
also monitoring water quality, fish welfare and fish density in each cage
(Bjelland et al., 2015). The grow-out phase lasts 12 to 18 months (Asche
and Bjørndal, 2011). Following the grow-out phase the salmon are trans-
ported to shore for slaughtering, processing and packaging. How fast and
how successful the grow-out phase is depends on controllable variables such
as smolt quality, feeding and light (Asche and Bjørndal, 2011), and un-
controllable variables such as water temperature, current conditions and
seasonable variability among others.

Since 2012 the near exponential growth in Atlantic salmon farming in
Norway has leveled off (FAO, 2018, 2020), and in recent years the salmon
farming has consolidated with fewer farmers and locations. The number of
locations decreased from around 1900 in 1991 to 1000 in 2011 while produc-
tion doubled (Gullestad et al., 2011). This intensification of the production
has led to both controversy and challenges related to the grow-out phase
which must be solved for further growth of the industry (Marra, 2005; Troell
et al., 2014).

Figure 1.3: Cage at SINTEF ACE facilities Rataren, Frøya, Norway, with a
diameter of 50 m showing the floating collar, feeding system and the cage
net strung up on the inside (green net). (Photo: Magnus Oshaug Pedersen,
SINTEF Ocean, shared with permission).
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1.2. Overview of challenges and developments in marine aquaculture

1.2 Overview of challenges and developments in
marine aquaculture

Two of the main challenges the marine aquaculture industry must tackle to
become a sustainable industry is its reliance on terrestrial crops and wild
fish for feed, and its impact on the aquatic ecosystem (Marra, 2005; Duarte
et al., 2009; Troell et al., 2014; Röcklinsberg, 2015). As cages are placed out
at sea the stock are affected by the environment, but the production can
also influence the wider environment as illustrated in Fig. 1.4 (Lekang et al.,
2016).

The presence of a fish farm influences the local and regional ecosystem
through the discharge of nutrients, excess feed and faeces (Grefserud et al.,
2019). The consequences of the interaction between farm and ecosystem de-
pend on several factors such as the size of the farm, water depth, water
current and more (Holmer et al., 2005). Salmon releases nitrogen and phos-
phorus through its gills as a by-product of its metabolism. As Norwegian
coastal waters are mainly nitrogen-limited an increase in nitrogen can alter
the local ecosystem, however the risk for regional eutrophication is consid-
ered low (Grefserud et al., 2019). A more pressing concern is the impact
salmon farms have on the wild salmonid population. There are serious con-
flicts between the rapid expanding aquaculture industry and the desire to

Figure 1.4: Overview over challenges related to the internal cage environment
and the cage’s interaction with the nearby ecological system (modified from
Svåsand et al., 2017).
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1. Introduction

keep a healthy and sustainable wild salmon population (Liu et al., 2011).
The largest issues are parasites, diseases and escape of fish (Lekang et al.,
2016).

The main concern regarding escaped fish is its interaction with the
wild salmon population. Wild salmon spawn and spend their juvenile years
in freshwater rivers. Once smoltification occurs they migrate to the open
ocean, avoiding prolonged stays in estuaries and fjords, and after 1-5 years
at sea return to the rivers to spawn (Thorstad et al., 2011). Escaped farmed
salmon that migrate to the same rivers and breed with the wild population
can cause changes in genotype and loss of genetic variation in the wild popu-
lation (Roberge et al., 2008), with the hybrid fish displaying reduced fitness
and survival (McGinnity et al., 2003). It is theorized that the cumulative
reduction of fitness could cause extinction of vulnerable wild populations
(McGinnity et al., 2003).

In addition to interbreeding, escaped fish could increase the spread of
diseases, such as the infectious salmon anaemia (ISA), amoebic gill disease
(AGD) and pancreas disease (PD). Extensive farming has also resulted in
an increase in sea lice infestation pressure, both in salmon farms and on the
wild population (Barrett et al., 2020).

1.2.1 Salmon lice (Lepeophtheirus salmonis)

The salmon lice Leopeophtheirus salmonis is a host-specific parasite that
attaches itself to Atlantic Salmon (Fig. 1.5). The first description of salmon
lice was probably that written by the Danish-Norwegian bishop Erik L.
Pontoppidan (1698 – 1764) (Berland and Margolis 1983, cited in Torrissen
et al., 2013). Louse have historically been observed in low numbers (Finstad
et al., 2011), and there was little scientific interest before the lice became
an issue for aquaculture in the 1970s (Pike and Wadsworth, 1999; Torrissen
et al., 2013).

The life cycle of the salmon lice consists of five phases and 10 stages. The
first two stages are the planktonic nauplius stages, followed by one infective
copepodid stage, four attached chalimus stages, two mobile pre-adult stages
and one adult stage (Pike and Wadsworth, 1999). During the first three
stages the louse are non-feeding and depend on internal stored reserves for
nutrients, but during its third stage the louse starts to search for and infest
hosts. It therefore positions itself in the water column to optimize contact
with hosts (Harris et al., 2011).

Once it has attached itself to a host the copepodids moults into the
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1.2. Overview of challenges and developments in marine aquaculture

Figure 1.5: Close up of adult female salmon lice (Photo: Andreas Hagemann,
SINTEF Ocean, shared with permission.)

first of the four sessile chalimus stages and can now feed on mucus, skin and
body fluids (Harris et al., 2011; Torrissen et al., 2013). It is first after the lice
moults into the larger movable stages (pre-adult and adult) that the lice can
cause lesions to the skin (Finstad et al., 2000; Harris et al., 2011; Svåsand
et al., 2017). As the lesions increase in size they can cause problems with
dehydration, disturbed electrolyte balance and physiological functioning of
the fish, increasing the risk of bacterial infection (Svåsand et al., 2017), and
can in extreme cases be fatal (Finstad et al., 2000; Costello, 2006).

Unfortunately for the marine aquaculture industry the high density of
potential hosts in farms all year is optimal for the salmon lice. The lice are
natural parasites of fish, but due to the extensive farming, there has been an
increased infestation pressure on both salmon farms and the wild popula-
tion (Barrett et al., 2020). Although the quantitative impact of the salmon
farming on lice infestations on the wild populations remains controversial,
there is an agreement that salmon farms have effect on the local abundance
of salmon lice (Heuch and Mo, 2001; Torrissen et al., 2013; Finstad et al.,
2011; Barrett et al., 2020).

To reduce the infestation pressure the Norwegian Ministry of Trade
and Industry (2012) has enforced strict regulations regarding permissible lice
levels on farmed salmon with stricter requirements during the out-migrating
period for wild salmon smolts. As of March 2017 the maximum number of
mature female lice per salmon could not exceed 0.2 during this period, and
0.5 for the rest of the year (Norwegian Ministry of Trade and Industry,
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2012). If this level is exceeded measures must be initiated to reduce the lice
levels.

In 2017 the “Traffic light” system was also introduced in Norway. The
system divides the coastline into 13 regions which are graded as either open
for increased production (green), can continue with same level of produc-
tion (yellow) or must decrease production (red). This grading is based on the
impact aquaculture has had on lice infestations on the wild salmonid pop-
ulation over the last two years (Norwegian Ministry of Trade and Industry,
2017). Salmon lice has a significant economic impact through this system as
it can restrict the regional growth of the industry, but also through the cost
of lice removal operations.

Lice removal, or delousing, is one of the costliest operations in the in-
dustry (Liu and Bjelland, 2014; Abolofia et al., 2017; Iversen et al., 2017).
Delousing treatments can be divided into three main groups: chemical, non-
chemical and preventative (Svåsand et al., 2017). Chemotherapeutants, ei-
ther used in bath treatments or as in-feed additives, has for the last four
decades been the main treatment (Overton et al., 2019). Although effective
against lice there have been massive accidents such as when the use of hy-
drogen peroxide lead to mass death of 136 000 salmon in one cage (NTB,
2016). Using chemotherapeutants can also slow down the growth of salmon
(Liu and Bjelland, 2014), have an adverse impact on the environment by
harming the nearby shrimp populations (Bechmann et al., 2019, 2020), and
there are also several reports of treatment-resistant lice (Aaen et al., 2015).

The use of chemotherapeutants to remove lice has decreased in recent
years indicating that the industry has changed strategy, instead applying
other non-chemical methods such as thermal, fresh water and mechanical
removal (Folkehelseinstituttet, 2019; Overton et al., 2019). Due to the fi-
nancial cost of the salmon lice issue new methods and commercial products
are continuously introduced to the industry, resulting in a disparity between
the rapid rate of development and scientific validation of these new solu-
tions (Bui et al., 2020a). Many of the new methods require handling of the
fish, such as crowding, pumping and moving the fish in and out of the cages
which can stress the fish and cause injuries to the gills, skin, fins and snout
(Svåsand et al., 2017; Noble et al., 2018). A review of delousing from 2012
to 2017 revealed that there was an increase in mortality after using certain
removal methods (Overton et al., 2019). Handling of fish also increase the
probability of escapes and lice removal operations are by farm operators per-
ceived to be particularly risky with regards to salmon escapes (Thorvaldsen
et al., 2015). As was confirmed when the data from 2014 to 2019 revealed
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1.2. Overview of challenges and developments in marine aquaculture

delousing operations and transportation of fish as the two main causes of
escapes during this period (Norwegian Directorate of Fisheries, 2020a).

Another non-chemical solution are cleaner fish which feed on the lice.
The use of cleaner fish has increased exponentially since 2008 (Powell et al.,
2018). Cleaner fish were introduced as a preventative, economic and non-
medical solution to the lice (Bjordal, 1988; Liu and Bjelland, 2014; Imsland
et al., 2014). Compared to the other lice treatments where handling of the
fish are required, cleanerfish have the advantage of not inducing stress in
the salmon (Imsland et al., 2018). The practice of using cleaner fish started
with the use of wrasses (labridae) in the late 1980s (Bjordal, 1988), but the
lumpfish (Cyclopterus lumpus L., Fig. 1.6) quickly became the dominant
species. Unlike the wrasses which are unfit for water temperatures below 6
°C, the lumpfish remains active during the winter months (Imsland et al.,
2014; Powell et al., 2018). In Norway alone, the use of lumpfish increased
from 10.3 million in 2015 to 42.7 million in 2019 (Norwegian Directorate of
Fisheries, 2020b).

Figure 1.6: Image of a lumpfish. (Photo: Stine W. Dahle, SINTEF Ocean,
shared with permission.)

The lumpfish has proven efficient at reducing the number of pre-adult,
mature male and mature female lice per fish in full-scale experiments (Im-
sland et al., 2014, 2018). Its effectiveness is however disputed as there is
a lack of replicated experiments and salmon farmers have reported varying
success (Overton et al., 2020). There are also serious concerns regarding the
welfare of cleanerfish given the reports of mortality rates as high as 40%
(Norwegian Food and Safety Authority, 2020; Overton et al., 2020), and
some suggesting that there is a lack of registration and the real mortality
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1. Introduction

rates are closer to 100% (Poppe, 2017; Berglihn, 2019).

Due to the many issues related to delousing, there has been a plea for
a shift to more prevention-focused louse management (Barrett et al., 2020).
Preventative measures are methods that aim to reduce contact between lice
and fish, and reduce the need for both chemical and non-chemical treat-
ments. These are methods such as barrier technology, geographic spatiotem-
poral management, manipulation of swimming depth, functional feeds, re-
pellents and host cue masking (Barrett et al., 2020). Preventative measures
also include solutions such as moving the entire grow-out phase to land-based
facilities and closed cages, or to more exposed locations.

1.2.2 Exposed sites

The interest in exposed sites has increased with the growth of the industry as
the number of available sites dwindle (Holmer, 2010; Bjelland et al., 2015;
Gentry et al., 2017). Exposed locations are expected to have more stable
water flow conditions and higher water exchange rates which is beneficial
with regards to waste dispersal and water quality (Johansson et al., 2007;
Holmer, 2010; Bjelland et al., 2015). Moving to more exposed sites may
also reduce contamination of lice and other pathogens between farms by
increasing the distance between them (Svåsand et al., 2017), and will also
reduce interaction with coastal flora and fauna (Holmer, 2010).

Despite the growing interest of moving to more exposed locations, there
is no clear definition of an exposed site (Holmer, 2010). There is a general
understanding that these sites are located more remotely off the coast, even
offshore, and are associated with rougher weather conditions, periods of
stronger and more persistent water flow, and high waves (Sandberg et al.,
2012; Bjelland et al., 2015; Hvas et al., 2020). Strong current flow can how-
ever also be experienced at sheltered sites. For instance those placed within
narrow straits where the tidal forces result in the water accelerating as it
passes due to the incompressible nature of water.

To mitigate the many issues related to the expected harsher environ-
ment new cage designs have been developed such as the OceanFarm1 (Salmar
AS, Fig. 1.7) and Havfarm (Nordlaks Oppdrett AS, Fig. 1.7). OceanFarm1
has a diameter of 110 m, and can be categorised as a semisubmersible as it
has the ability to alter the depth of the cage, and potentially lift it all the
way out of the water. Havfarm has the outline of a ship, but with open frame
construction where six net cages can be deployed, and is anchored using a
swivel design. The solid frames of these designs simplifies daily operations
during bad weather. Both of these new structures can still be defined as open

10



1.3. Fish welfare and optimal rearing conditions

Figure 1.7: Towing of Nordlaks’ HavFarm and Salmar’s OceanFarm1.
(Photo: Nordlaks AS and Salmar AS, shared with permission.)

cages as they utilise nets. It is therefore necessary to evaluate how periods
with stronger water currents and high waves impact not only the structure,
but also the fish.

1.3 Fish welfare and optimal rearing conditions

Although the public’s concern for animal welfare has grown the last decades,
this concern is not necessarily extended to fish (Röcklinsberg, 2015). The
industry and scientific community has however had an increased focus on fish
welfare in Atlantic salmon farming. There is however no universal definition
of the term welfare (Noble et al., 2018), and the term is used loosely (Broom,
2017). Broadly speaking there are three categories of welfare definitions. The
first is nature-based and defines good welfare as the animal being able to
lead a natural life and permitted to express natural behaviour (Turnbull
and Huntingford, 2012; Noble et al., 2018). The second category consists
of function-based definitions that state that good welfare is obtained when
the animal can adapt and thrive in its current environment (Broom, 1986;
Turnbull and Huntingford, 2012; Noble et al., 2018). The final category is
feeling-based and defines welfare by the animal’s subjective mental state,
that is being free of negative experiences while experiencing positive ones
(Turnbull and Huntingford, 2012; Stien et al., 2012; Noble et al., 2018). Often
it is a combination of these that is applied, for instance in the definition
by the European Parliament: “the welfare of an individual is its state as
regards its attempts to cope with its environment. Welfare includes feelings
and health and can be measured scientifically” (Broom, 2017).
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Independent of the specific definition of welfare, the methods for as-
sessing the welfare status of fish are important for food and aquaculture au-
thorities to uphold animal protection laws. For instance, in Norway Atlantic
salmon possess animal rights according to the Norwegian Animal Welfare
Law as it is a vertebrate species (Norwegian Ministry of Agriculture and
Food, 2009). According to this law the keeper of the animals must ensure
that the animal is kept in an environment which ensures good welfare de-
fined by its species-specific and individual needs (Norwegian Ministry of
Agriculture and Food, 2009). This means that Atlantic salmon farms utilis-
ing cleaner fish must consider the welfare of both species.

One method for assessing the welfare is the use of animal welfare assess-
ment protocols, such as the Salmon Welfare Index Model protocol (SWIM
1.0) (Stien et al., 2013). These protocols assess the welfare of the animal
by assessing if the needs of the animal are met. The needs of salmon are
divided into two main classes, physical and behavioural. The physical needs
are respiration, osmotic balance, nutrition, health and thermal regulation,
while the behavioural needs are behavioural control, feeding, safety, protec-
tion, social contact, exploration, kinesis, rest, sexual behaviour and body
care (Stien et al., 2013).

Many of the salmon’s needs are met through the environment. The
physiologically influential factors are temperature, salinity, oxygen and wa-
ter flow. The temperature and salinity inside the cages are not influenced
by the fish themselves, but are a result of the conditions outside the cage.
As fish are poikilothermic animals, their body temperature is similar to the
environmental temperature and the temperature can influence metabolic
processes such as food intake and growth (Oppedal et al., 2011; Stien et al.,
2013). For the cold-water fish Atlantic salmon the optimal sea water tem-
perature should be within their preferred range of 11 to 18 °C (Johansson
et al., 2006; Oppedal et al., 2011; Stien et al., 2013). However, the Atlantic
salmon is a versatile fish, and can survive at conditions outside this range,
if there is sufficient dissolved oxygen and a gradual transition between the
temperatures.

Unlike temperature and salinity, dissolved oxygen (DO) levels inside
the cage are influenced by the presence of fish as they use the oxygen for
energy production (Lekang, 2020). Oxygen enters the water either through
the mixing of atmospheric oxygen across the water’s surface or by photo-
synthesis of algae (Le Menn, 2012). In Atlantic salmon farming, physical
transport of water through the cage is the main source for fresh oxygenated
water (Wildish et al., 1993; Johansson et al., 2006). Colder and less saline
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water contain more oxygen (Stien et al., 2013), and higher temperatures re-
sult in enhanced DO demand of Atlantic salmon (Remen et al., 2013, 2016).
Low DO can result in reduced metabolic rates and growth, and if levels are
sufficiently low increased mortality (Oppedal et al., 2011; Stien et al., 2013).

Dissolved oxygen is reported as either a concentration or the percentage
saturation. The concentration gives the amount of gas dissolved in water,
and depends on several factors such as water temperature, pressure, salinity
and substances in the water. It is more common to report DO as percentage
saturation as it gives a more intuitive understanding of the DO levels with
regards to fish welfare. Percentage saturation describes the ratio of DO in
the water to the amount the water could have held at the given temperature
and salinity, that is it is the ratio between the measured concentration and
the concentration at saturation (Le Menn, 2012).

A sufficient water flow through the cage is necessary to supply fresh
oxygenated water, but also for the removal of waste and oxygen depleted
water. Weak currents can result in low DO levels inside cages (Johansson
et al., 2007). While too strong currents can exceed the swimming capacity
of the fish, depriving the fish of its behavioural control and opportunity for
rest, and in extreme cases force the fish into the net (Stien et al., 2013).
With the increased interest for exposed sites current speed has become an
important welfare indicator.

1.4 Current flow and fish farms

All cages related to the grow-out phase at sea must take into account how
they interact with the ocean current and wave loads independently of design.
Most fish farms in Norway are located in sheltered waters, either in fjords,
near land or sheltered by nearby islands. They are therefore influenced by the
two major current systems: the relatively fresh Norwegian Coastal Current
and the more saline Norwegian Atlantic Current (Sætre, 2007). The main
driving forces of the Norwegian Coastal Current are tides, wind conditions,
Atlantic water, bottom topography and freshwater, with the Baltic outflow
as the main source of freshwater followed by runoff from Norway along the
coast (Sætre, 2007). How these driving forces influence the water mass at
any specific fish farm is dependent on both the location of the fish farm, but
also spatial and temporal variability in each driving force.

The current flow at a specific farm site is also influenced by the struc-
tures present such as the net. The nets can be constructed in several different
ways and with different materials, which are either connected through knots

13



1. Introduction

or sewn together (knotless) (Lekang, 2020). At the most fundamental level,
when the current passes through a net panel it is decelerated (see for ex-
ample: Løland 1993, Patursson 2008, Klebert et al. 2013). For a traditional
gravity sea cage there will be a reduction in speed over the front of the
cage, but also over the net at the opposite side of the cage. The reduction in
speed is therefore clearly observed when measuring the current upstream and
downstream of a cage, but also when measuring the current upstream and
downstream of an entire farm (Klebert et al., 2013; Winthereig-Rasmussen
et al., 2016; Klebert and Su, 2020).

How large the reduction is over a sea cage depends on several factors
such as the orientation and organization of the farm (Rasmussen et al., 2015),
flow conditions at the site, local topography (Klebert et al., 2013), biomass
in cage (Chacon-Torres et al., 1988; Klebert et al., 2013; Gansel et al., 2014;
Michelsen et al., 2019; Klebert and Su, 2020), cage structure (Klebert et al.,
2015) and additional structures such as a lice shielding skirt (Frank et al.,
2015). The current speed is further reduced by increased solidity of the net,
which can occur when the cage deforms as the inclination angle between the
incoming current and the cage increases (Fredheim, 2005; Lader et al., 2008;
Bi et al., 2013; DeCew et al., 2013; Lien et al., 2014; Klebert et al., 2015;
Zhao et al., 2015), or by biofouling on the net (Bi et al., 2013; Gansel et al.,
2015).

Sea cages alter the three-dimensional flow field downstream of the cage,
but also the intensity and distribution of the turbulence levels (Klebert and
Su, 2020). The sedimentation near the cage is greatly affected by the com-
bination of turbulence downstream which keeps some particles suspended,
and the flow reduction which reduces transportation away from the farms
(Klebert and Su, 2020). The local current flow field thereby influences many
of the described challenges in Chap. 1.2, both transportation of particles
away from the farm, and the influx of oxygenated water into the farm.

The current flow through fish cages and farm can be studied by use of
full-scale experiments and mathematical and physical modelling. Extensive
work has been done on the interaction between water flow and cage struc-
ture using model-scale experiments and simulations (see for instance: Løland
1993, Fredheim 2005, Patursson 2008, Gansel et al. 2013, Klebert et al.
2013), creating a solid foundation for the understanding of the many factors
which influence the current flow. The study of far-field effects of fish farms
is usually permed by use of numerical ocean models such as the SINMOD
(SINtef MODel) (Slagstad and McClimans, 2005). The spatial resolution
of numerical ocean models range from >10 km down to 30 m. Finer mod-
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elling is required to include the effects of sea cages into these models. This
was recently done in a study by Broch et al. (2020). Parameters obtained
through near-field computational fluid dynamics (CFD) simulations of cages
were implemented in the SINMOD model which improved the comparison
between the simulated flow field and the measured flow field.

Correctly scaled model-experiments and accurate simulations of cages
allow for the controlled study of sea cage’s impact on current flow, however,
full-scale measurements are necessary for two reasons. Firstly, as of 2020,
model-scale experiments and simulations lack the ability to fully integrate
the effect the fish may have on the current as scaling the influence of fish
is not fully understood (Xu and Qin, 2020). The three-dimensional flow
is altered by the presence of fish with swimming activity increasing water
exchange across the net (Chacon-Torres et al., 1988), high fish densities
deflecting the ambient current (Gansel et al., 2014) and biomass presence
increasing the reduction in current speed through a cage (Klebert and Su,
2020). It is also suggested that the specific swimming pattern will influence
how the water current is attenuated and redirected (Chacon-Torres et al.,
1988; Johansson et al., 2007).

It should be noted that there have been some experimental attempts
such as He et al. (2018) using 814 fish of 16 cm length in one trial, and
nine rigid model fish in another trial, to determine the mooring loads with
fish. However, the scaling of fish is not straight forward, and as pointed out
in Juell and Westerberg (1993), conclusions drawn from laboratory experi-
ments with few fish are not necessarily representative for commercial farming
situations as the behaviour of fish is influenced by both other individuals
and environmental factors. Simulations of the influence of fish on the current
flow resulted in different current flow patterns based on swimming behaviour
(Tang et al., 2017). The results from these simulations could be improved
by including the behavioural response of Atlantic salmon to several environ-
mental cues, such as the behavioural Lagrangian model developed by Føre
et al. (2009). However, to establish the correct environmental cues, data
from the real world are still necessary.

Secondly, full-scale measurements are necessary for validation. For ex-
ample, in the study by Broch et al. (2020) the model results were compared
with full-scale data gathered from nearby current meters. Independently of
type of simulation, validation is essential. Given the many factors which in-
fluence the current, full-scale data can also reveal new aspects which should
be implemented in the models of the near-field effects of farming sites.
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1.5 Thesis outline and contributions

This thesis is a contribution to the marine aquaculture field. The findings in
contribute to the knowledge of current flow conditions at full-scale Atlantic
salmon farm sites. The focus of this thesis is the local current conditions
on sites. Specifically how to evaluate these with fish welfare in mind and
how lice shielding skirts interact with the current and impact the internal
environment of the cage.

The thesis is organized into five chapters. Chapter 1 gives an intro-
duction to aquaculture in Norway and developments within the industry.
Chapter 2 presents the instrumentation used at fish farms and in this thesis.
Chapter 3 and 4 contain in-depth presentations of the contributions of this
thesis. Chapter 3 focuses on on-site current conditions and fish welfare, pre-
senting a more extensive discussion about conditions at exposed sites, and
how species specific swimming capacities can be utilised for site evaluation.
Chapter 4 revolves around the use of lice shielding skirts, and therefore in-
cludes a detailed description of this technology and how the skirts influence
current conditions and the environment inside the fish cage. Lastly, Chap-
ter 5 attempts to draw a conclusion and discuss potential further work.
The following list summarizes the main academic contributions presented in
Chapter 3 and 4:

Chapter 3: On-site current conditions and site evaluation

• A new classifying method for current data from site surveys taking into
account the swimming capabilities of Atlantic salmon was presented.
This novel method was applied to data from five farming sites along the
Norwegian coastline and the sites were evaluated with regards to both
Atlantic salmon and lumpfish. Of the five sites only one was suitable
for lumpfish, while only one was not suitable for small post-smolts.

• Publications related to this chapter: A

Chapter 4: Current flow and shielding skirts

• Current conditions were measured inside the same stocked fish cage
with the shielding skirt deployed and without. When the skirt was de-
ployed there was a weak vertical upwelling in the centre of the cage and
the reduction in current speed from upstream to inside the cage was
higher than when the skirt was removed. The skirt had no visible im-
pact on the vertical swimming behaviour of the salmon. However, the
skirt did accentuate the drop in DO causing unfavourable levels. The
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DO levels reached similar levels to those outside the cage 30 minutes
after the skirt was removed (Paper C).

• The characteristic current flow pattern around a conical cage with a
permeable skirt was established and compared with previous studies
of the flow pattern around cylindrical cages. The current speed inside
and downstream of the cage was significantly reduced compared to the
upstream current, and the weakest recorded current speed was inside
the cage at 6 m depth. Unlike the current flow field downstream of
cylindrical cages, the reduction in current speed downstream of the
conical cage became little to non-existing at 22 m depth, probably
due to the tapered form of the cage. This may have implications for
the benthic impact of the farm (Paper D).

• DO data was presented from two hydrographically different sites demon-
strating how different hydrographical conditions interact with shield-
ing skirts. The more homogeneous site had better DO levels inside the
cage than the more stratified site, which aligns with previous studies.
At the stratified site DO conditions inside the cage appeared to change
together with the stratification in the water column outside, indicating
a complicated relation between shielding skirt, hydrography, DO and
current conditions (Paper B).

• Publications related to this chapter: B, C, D.

1.6 List of publications

1.6.1 Journal papers

Paper A:

• Jónsdóttir, K. E., Hvas, M., Alfredsen, J. A., Føre, M., Alver, M. O.,
Bjelland, H. V., Oppedal, F., 2019. Fish welfare based classification
method of ocean current speeds at aquaculture sites. Aquaculture En-
vironment Interactions, 11, 249-261

Paper B:

• Jónsdóttir, K. E., Volent, Z., Alfredsen, J.A., 2020. Dynamics of dis-
solved oxygen inside salmon sea-cages with lice shielding skirts at
two hydrographically different sites. Aquaculture Environment Inter-
actions, 12, 559-570
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Paper C

• Jónsdóttir, K. E., Volent, Z., Alfredsen, J.A., 2021. Current flow and
dissolved oxygen in a full-scale stocked fish-cage with and without lice
shielding skirts. Applied Ocean Research, 108, 102509

Paper D:
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Chapter 2

Instrumentation in fish farming

2.1 Ocean processes and measurements

Instrumentation in sea cages is not new, and the greatest potentials were
early identified to be environmental monitoring and control, and fish stock
inventory assessment (Zahradnik, 1987). The continuous development of new
instrumentation has resulted in an increase of available and affordable sen-
sors for the harsh ocean environment. This has opened the possibilities for
precision fish farming (PFF). PFF aims to apply control-engineering prin-
ciples to fish production by monitoring, controlling and documenting the
biological processes to facilitate informed decision making and optimise pro-
duction results (Føre et al., 2018). Despite this growing interest in instru-
mentation in sea cages the parameters monitored daily at fish farms remain
low (Misund et al., 2020).

The most relevant oceanic parameters for environmental monitoring are
temperature, salinity, dissolved oxygen (DO), turbidity, chlorophyll, ocean
currents, waves, wind and turbulence. These properties change with time and
space, and monitoring requires different instrumentation and measurement
techniques with correct sampling procedures. The use of instrumentation
in the marine aquaculture industry today can roughly be divided into two:
site selection and daily rearing operations. Which oceanic parameters are
monitored varies for these two tasks.

In Norway the NYTEK regulations dictate that before any facilities can
be installed, a site survey must be carried out in accord with the technical
standard NS-9415:2009 (Standards Norway, 2009). The site survey is exe-
cuted to establish design parameters for the future installation, and must
therefore document the topography, current, wind and wave conditions at
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the site. The current is estimated to be the largest environmental load on
the farm, hence it must be well documented to ensure proper design (Fred-
heim and Langan, 2009). The survey must also establish what are the main
contributors to the current, that is, tidal current, wind-generated surface
current, outbreaks from the coastal current or spring flood due to snow and
ice melting (Standards Norway, 2009). Despite these requirements, NS-9415
only require one month of monitoring.

After installation of a site in Norway the “Regulations on the operation
of aquaculture facilities” require monitoring to ensure that the water quality
and current strength are sufficient to ensure good living conditions. Specifi-
cally, dissolved oxygen, temperature and other water parameters which have
significant influence on welfare must be measured (Norwegian Ministry of
Trade and Industry, 2017).

Monitoring of daily rearing operations has traditionally been a manual
activity. This has changed due to the rapid increase in available and reli-
able instrumentation for automation and monitoring in aquaculture (Lekang,
2020). There are still uncertainties regarding which variables are crucial to
monitor, and where in the cage they should be sampled. Dissolved oxygen
and temperature are mentioned specifically in Norwegian Ministry of Trade
and Industry (2017), but "other water parameters" is not defined, and nei-
ther are the sampling procedures. It is therefore up to the farmers to decide
what, where and when to sample. In a recent in-depth interview of 13 infor-
mants from sites along the Norwegian coastline it was revealed that apart
from DO and temperature, the variables that were monitored varied, and
also the measurement procedures (Misund et al., 2020).

Although it is often the variables that vary through a production cycle
that interest the farmers, the slow varying changes of the ocean also have a
direct impact on the industry. Monitoring these slow-varying changes of the
ocean requires considerable scientific cooperation and is there most often
studied through global research programs. For instance, to study the long-
term fluctuations and impact of climate change large areas are monitored
for long periods of time. One method for monitoring large areas is using
non-contact or remote sensing instruments such as satellites equipped with
radars and hyperspectral cameras. These instruments collect quantitative
and qualitative information regarding Chlorophyll a, total suspended matter,
water transparency, coloured dissolved organic matter and the sea surface
temperature by use of the ocean colour (Johnsen et al., 2009).

These large scales studies are relevant for the aquaculture industry as
the rise in temperatures will influence the ocean currents (Sætre, 2007) which
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Figure 2.1: A stack of instrumentation used during the experimental work
done for this thesis. The sensors were attached to the orange buoys us-
ing rope at different depths. To the right of the box on the pallet is one
acoustic Doppler current profiler from Nortek and one from Aanderraa
(ADCP/DCP). Ontop of the box is a Nortek Vector (ADV) with a "wing"
attached to make it turn towards the current. Behind it is an Opotode with
it’s sensing head protected by bubble-wrap.

can have detrimental effects given the optimal rearing temperature of At-
lantic salmon. More commonly in marine aquaculture research it is spe-
cific sites and variations through shorter periods or entire production cycles
which are of interest. This chapter presents the most common instrumenta-
tion used in this setting and during the field experiments executed as part
of this thesis. Specifically the instrumentation used for monitoring the water
environment, fish development and current conditions.

2.2 Monitoring the water environment

Optimal water quality depends both on the species and its life stage. Based
on the interviews performed by Misund et al. (2020) the most common water
environment variables that were monitored, in addition to temperature and
DO, were salinity and turbidity. How often and where in the farms these
variables were monitored differed, with some sampling continuously, and
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others sampling only once a day.

As the upper water column temperature is influenced by solar radiation,
it has both temporal and spatial variations with a strong seasonal charac-
teristics (Parra et al., 2018). Temperature is a slow varying variable and is
the easiest ocean property to measure accurately. The three most common
approaches to measure temperature in oceanography has been the expansion
of a liquid or metal, change in electrical resistance or infrared radiation from
the sea surface (Thomson and Emery, 2014).

Infrared radiation from the sea surface is the only non-contact method
of these three utilised by for instance satellites, while the other two sensors
are contact sensors. The most common non-electrical temperature sensor
is the mercury- or alcohol-in-glass thermometers where the temperature is
determined visually by the liquids expansion. In oceanography however, the
electrical temperature sensor is most common due to their fast response and
accuracy, and they can be divided into two main groups: Resistance and
voltage instruments. Thermocouple is a voltage instrument where the tem-
perature is determined from the voltage difference over two different elements
(The Seebeck-effect). The resistance instruments, resistance-temperature de-
tectors (RTD) and thermistors, are more commonly used. These contain a
material which changes resistance as a function of temperature and the phys-
ical properties of the material.

Temperature measurements are necessary both to monitor if tempera-
tures are within the optimal range for salmon, but also to determine other
variables such as salinity and density. Historically, salinity was measured
using a variation of titration methods, but electrical conductivity quickly
became the main approach as the conductivity of a water mass depends on
the ion content in the sample, which is proportional to the salinity. Con-
ductivity can be measured using either conductive or inductive methods,
with conductive methods being the most used as it has greater accuracy
and faster response (Thomson and Emery, 2014). The conductive methods
consists of two or more electrodes with a voltage applied across them. The
electric current which occurs between the electrodes is proportional to the
ion concentration in the water (Lekang, 2020).

Temperature measurements are necessary for salinity measurements as
conductivity varies with temperature, and both of these variables can vary
both horizontally and vertically inside the cage. The position of the measure-
ment must therefore also be documented. The vertical position, or depth is
most commonly measured indirectly through measurements of pressure us-
ing strain gauges (Thomson and Emery, 2014). These three variables are
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all interlinked, and are often measured simultaneously using a conductivity-
temperature-depth (CTD) sensor usually consisting of a resistance ther-
mometer, a conductive conductivity sensor and a strain-gauge pressure sen-
sor. The CTD is lowered (downcast) and lifted (upcast) through the water
column to create profiles of the water column and determine the water den-
sity which cannot be measured directly, but is determined from the salinity
and temperature measurements. Density does not have a direct impact on
fish welfare, but the information can be used to establishing if there are any
stratifications in the water column, and to identify different water masses
and their motions.

Seawater density increases with higher temperature and salinity, while
it decreases with colder and less saline water. Temperature gradients can
occur when the upper layers of the water are heated or cooled by the ambient
temperature, or by the influx of water with different temperature, such as
from a river. Salinity gradients can occur due to the influx from freshwater,
for instance a river, melting snow or precipitation, or from the influx of saline
water from the Atlantic current (Sætre, 2007). Stratification in the water
column will therefore vary throughout the season, with weather conditions
and local variations.

The stratification may not have a direct impact on the water quality
at a site, but stratification can have a direct influence on the current flow.
When a vertical stratification is present in the water column, it will inhibit
vertical mixing between the layers (Imberger, 2013). The lower density water
will position itself above the higher density water, and these two layers can
now operate independently of one another and even have opposite facing
current flows outside of the boundary layer. Stratification at sites has also
been shown to have a direct link to DO levels at sites, with stratified sites
showing lower DO levels than homogeneous sites (Johansson et al., 2006).

For measuring dissolved oxygen there are two main methods: chemi-
cally and optically. The wet-chemical Winkler titration technique (1888) is
still to this day the standard reference method (Bittig et al., 2018), but is
impractical for in situ measurements as it requires the addition of reagents
to the water bottle sample and titration. The two electronic options are the
use of a membrane covered polarographic “Clark” cell, and the fluorescence
quenching technology. The polarographic cell’s membrane needs to be rou-
tinely replaced as it ages, and is susceptible to biofouling (Lekang, 2020).
Another option is then to use optodes.

Optodes utilise the principle of quenching or dynamic extinction of flu-
orescence (Le Menn, 2012). The optode consists of a film with several layers.
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The oxygen molecules in the ambient environment diffuse through to a sens-
ing foil. This sensing foil has the characteristic that when exposed to blue
light fluoresces it is excited, and relaxes to its ground state by light emission
of a red light (Le Menn, 2012). When the sensing foil is in contact with
oxygen molecules a non-radiative transition takes place. This reduces the
intensity of the returned light signal and a faster decay (Bittig et al., 2018).

Some of the farmers interviewed in Misund et al. (2020) measured tur-
bidity at their sites, which is related to suspended sediments in the water
column, either due to inert particles or by living particles, such as plank-
ton. Abrupt changes in turbidity is not normal and can be caused by high
phytoplankton blooms (Parra et al., 2018). The simplest and oldest method
for measuring turbidity is the use of a Secchi disk. The disk is manually
lowered until it is no longer visible, the depth is noted, and then the disk is
lifted, and the depth it becomes visible at is noted. Instruments that don’t
require manual labour however apply either optical or acoustic methods.
The optical methods either measure the absorption of transmitted light in
the medium or the percentage scattered light (Le Menn, 2012). The acoustic
method can be done using an acoustic Doppler velocimeter (ADVs), which
is mainly used to measure the current speed, and is discussed in more detail
in subsequent chapters.

In addition to providing information on the specific variables, the de-
scribed variables can be applied to study the dynamics of the water mass.
Temperature, salinity, DO and nutrients are all conventional tracers which
can be used to track the diffusive and advective processes. Salinity is a con-
servative tracer, which is only affected by mixing and diffusive processes,
while DO is a non-conservative tracer which is also modified by chemical
and biological processes (Thomson and Emery, 2014), for instance fish feed-
ing activities. However, these variables are mostly measured to investigate
whether environmental conditions meet acceptable levels at farm sites.

2.3 Monitoring fish development and behaviour

The growth and development of the fish is one of the most important factors
for the success of a fish farm (Balchen, 1987). The counting of stock and
monitoring of growth rates are necessary to plan and execute precise feeding
strategies (Zion, 2012), while behavioural changes such as sudden lethargic
or erratic swimming are key indicators of unfavourable conditions, stress,
distress or pathogenic conditions (Conte, 2004).

Both growth rates and fish behaviour can be monitored through visual
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inspection (Ruff et al., 1995), with submerged cameras being one of the most
common tools found on fish farms (Føre et al., 2018). The use of automatic
image analysis for remote monitoring of fish was early identified as a poten-
tial improvement of the aquaculture process (Balchen, 1987). Following the
introduction of visual inspection through use of cameras, stereo image anal-
ysis was presented for observing and measuring fish in three dimensions to
estimate mass (Ruff et al., 1995). In recent years, computer vision technolo-
gies and improved image-processing algorithms present exciting possibilities
in both improved mass estimation and welfare monitoring (Zion, 2012), but
also identifying and counting sea lice (Horntvedt, 2020).

Hydroacoustic devices are the most common research tool used for
fish monitoring (Føre et al., 2018). The salmon can either be monitored
as a group using echosounder and sonar, or individually using acoustic fish
telemetry. Individual tracking can be done by equipping the fish with elec-
tronic transmitters containing sensors measuring different properties, such
as heart beat rate or swimming activity (Føre et al., 2017; Svendsen et al.,
2020). However, all of these require handling of the fish, and often surgery
(Føre et al., 2018), it is therefore often more convenient to monitor the group
dynamics.

To monitor the welfare of the group, behavioural swimming patterns
and responses are considered good operational welfare indexes (McKenzie
et al., 2020). Echosounders are the most common tool used in aquaculture
research for the study of group behaviour in cages (Føre et al., 2018). They
can monitor the vertical distribution of the fish by either being mounted on
the sea bottom, or from floating buoys. The vertical positioning of the fish
is strongly affected by environmental factors such as temperature, light and
feeding (Oppedal et al., 2011), hence deviant behaviour can be discovered
through monitoring the vertical behaviour.

There are many different types of echosounders, the simplest one being
the single-beam echosounder. The echosounders converts electronic vibra-
tions into mechanical vibrations, typically by using piezoelectric ceramic
disks to emit a soundwave. The acoustic wave is reflected when it meets
an object with different acoustic impedance than the medium the sound is
travelling through. For Atlantic salmon, the reflection is caused by the swim
bladder which contains air. The time it takes from the signal was emitted
until the echo is received is proportional to distance travelled (Thomson
and Emery, 2014). Information regarding the position and type of obstacle
is thereby found from the time between emitted sound and received echo,
and the strength of that echo.
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As the single-beam echosounder provide little information about the
quantity of the targets, it is more common to use the split-beam echosounder
which was developed to record the target strength directly. The split-beam
emits a range of frequencies and its transducer consists of a series of elements
divided into quadrants that emit and receive the echo. By determining the
difference in phase shift between these four quadrants it is possible to ex-
tract information regarding swimming speed, location and direction of travel
(Simmonds and MacLennan, 2005). The 3D distribution and movement of
fish can also be tracked using the multibeam sonar system (Simmonds and
MacLennan, 2005). However, when the density of fish is high within the
beam, it can no longer isolate the echo of individual fish. Echosounders in
aquaculture settings are therefore mainly used to determine how the fish
shoal is behaving.

There are several complexities involved in any form of underwater acous-
tic propagation. The soundwave radiates spherically from the transmitter,
and how fast it travels depends on the elasticity and density of the material
it travels through. As the density of seawater changes with temperature,
salinity and pressure, an assumption must be made regarding the propaga-
tion of the soundwave. Another issue with the use of soundwaves is that a
portion of the acoustic wave is lost due to absorption, scattering and geo-
metrical spreading. The absorption is mainly caused by the conversion of
soundwave into heat, while the scattering can be caused by suspended ma-
terial in the water column. Bubbles in the upper 25 m of the water column
are also major scatterers (Thomson and Emery, 2014). These air bubbles
are introduced and pulled down into the water column when waves break,
and are a major problem when using upwards looking echosounders at wave
exposed sites.

A new approach which is currently being investigated is using the sound
emitted by the fish itself to monitor its wellbeing (OWITOOLS, FHF project
nr: 901594). Here sound recordings are used to interpret the state of the
fish, for instance if they are hungry or stressed. The future development and
improvement of tags for individual monitoring, combined with use of sound
to monitor group behaviour, presents interesting possibilities for the study
of behaviour and welfare of fish.

2.4 Monitoring current conditions

Sufficient water transport is necessary to ensure good environmental con-
ditions within the cage, but very few farms measure and monitor current
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speed and direction routinely as part of their daily operation. There are a
documented cases of farms using current measurements to aid in decision
making regarding feasibility of operations such as delousing with tarpaulin
(Sandberg et al., 2012), but more commonly currents are monitored prior
to site installation or in research settings.

There are several different principles which can be utilised when mea-
suring water flow, but not all of these are applicable for measurements in
the open ocean. Several of the available sensors, such as the turbine flowme-
ter, are limited by their ability to only measure flow at one discrete point.
The preferable method for measuring current speed is the use of acoustic
Doppler current profilers (ADCPs) which measure the current speed at sev-
eral depths.

The ADCP, like the echosounder, uses acoustics to gather information,
and thereby suffers the same limitations. Unlike the echosounder however,
the ADCP contains a minimum of three transducers as separate beams
are required for the measurement of each current velocity component. The
beams are installed with a fixed orientation from the vertical plane, often
20°, 25°or 30°. ADCPs emit a pulse at a known frequency in each beam
which is scattered by suspended particles such as zooplankton in the water
column. The echo that is reflected back to the transmitter is Doppler shifted
and it is this information that is used to determine the current speed. The
key assumption for all ADCPs is that the water is loaded with suspended
particles that drift with the current and that these have a radial component
towards or away from the emitted soundwave (Le Menn, 2012).

The Doppler frequency shift that occurs in the signal is based on the
radial motion of the suspended particles with respect to the transducer. The
frequency is reduced when the scatterers move away from the beam and in-
creased when moving towards the beam, proportional to the relative velocity
between the ADCP and scatterers. Hence the radial velocity component in
each beam is determined from the Doppler frequency shift. Some Doppler
sonars measure the frequency shift directly, while others use the time dila-
tion by measuring the change in arrival time from successive pulses. This is
broadly speaking the main difference between using a narrowband or broad-
band approach. The broadband emits a pulse pair with a lag, where the
phase shift between the pulses is used to find the current speed. Narrow-
band instead emits a long pulse with known frequency, and the along-beam
velocity is determined by comparing the difference in sent and received fre-
quency. The main limitations of the two approaches is the poorer depth
resolution of narrowband, while broadband allows range ambiguity and may
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struggle if the current is too high (Le Menn, 2012).

The current profile is created by range gating. The results of each beam
is grouped into depth cells, which are uniformly spaced, by dividing the re-
ceived signal into successive segments based on the travel distance of the
signal. A second assumption when using ADCP is that the flow is homo-
geneous within each depth cell and between each beam, that is the current
must be horizontally homogeneous (Gordon and Instruments, 1996).

Due to the nature of the data gathered using acoustic sensors, a certain
amount of processing is necessary. The instantaneous current flow is quite
complex due to its temporal variability, and it is therefore often the averaged
velocity field which is of interest. The profilers average over the entire depth
of each cell to reduce the effects of spatial aliasing, that is the effect where
high frequency signals appear like low frequency signals. The averages over
each depth cell is typically not uniform, rather the cell is most sensitive
to the velocities at the centre of the defined cell (Gordon and Instruments,
1996).

Temporal averaging is also necessary as the velocity errors in a single-
ping are often large. This averaging is also why the assumption of horizon-
tal homogeneity is necessary. The short-term uncertainty, or random error,
is usually removed in the averaging process. Short-term errors are usually
caused by internal factors such as profiler frequency, depth cell size, number
of pings averaged together and beam geometry, or by external factors such
as turbulence, internal waves and motion of the profiler.

Averaging does however not remove biases, or long-term errors, however
these are often of a much smaller magnitude. The size of the bias depends on
several factors such as temperature, mean current speed, signal/noise ratio,
beam geometry and more (Gordon and Instruments, 1996). In addition,
the ADCP uses an estimation of speed of sound based on a temperature
measurement done at the ADCPs position. If the temperature were to change
drastically with depth, this would alter the speed of sound and could cause
large issues for the measurement of the vertical velocity component.

The underlying assumption that the particles in the water column float
and on average move at the same velocity as the water is the main reason why
ADCPs can not be used inside stocked fish cages. The echo from a volume
with a moving fish would not measure the ambient current speed, but rather
the swimming speed of the fish. To measure current speeds inside a stocked
fish cage the same principle can be applied, but instead of taking the average
over a depth cell one only measures the current at one discrete point in

30



2.4. Monitoring current conditions

space. As with the ADCP, the Acoustic Doppler Velocimeters (ADVs) have
a minimum of three transducers, but these are all focused on a small volume
roughly 15 cm away from the sensor. The different between profilers and
the single-point velocimeters is usually the precision and accuracy of each
measurement. ADVs can be applied to measure turbulence due to their high
resolution.

One of the main complications of using ADVs is the Doppler noise floor
and ADV spikes caused by aliasing. Spike detection is therefore an important
step when using ADV data. And even more so when used inside a stocked
fish cage, as the fish can cause additional spikes in the sample volume and
obstruct one or more of the acoustic beams. Studies done on water con-
taining air bubbles have concluded that noise filtering methods using low
correlation and signal-to-noise ratio as thresholds are not adequate (Mori
et al., 2007), while the phase-space filter by Goring and Nikora (2002) sig-
nificantly removed spike noise. A hybrid method suggested by Birjandi and
Bibeau (2011) has also shown promising results in bubbly flows. The hybrid
method first removes the high amplitude spikes to reduce the standard de-
viation of the data set before filtering using the phase-space filter. In this
thesis the hybrid method has been applied to all ADV data.

There are several ways to install and use these sensors. Installing the
ADCPs on the sea-bottom looking upwards would create more reliable mea-
surements of the vertical component, but this is an expensive and compli-
cated operation compared to simply mounting them from buoys. Mounting
them from buoys however allows for larger range of motion of the sensor with
waves and wind, which can disrupt the vertical velocity data. ADCPs can
also be installed on moving platforms, and through use of statistical space-
time methods, such as Kriging, create estimates for the flow field behind fish
farms (see for instance Winthereig-Rasmussen et al. 2016 and Klebert and
Su 2020).
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Chapter 3

On-site current conditions and
site selection

3.1 Exposed sites and current conditions

Exposed sites are expected to experience periods of strong water currents.
This is potentially an advantage for the production environment as higher
water exchange rates increases the nutrient assimilation capacity and sup-
ply of fresh dissolved oxygen (Marra, 2005; Johansson et al., 2007; Holmer,
2010; Klebert et al., 2013; Gentry et al., 2017). Stronger water currents can
however also cause large net deformations, excessive loads on farm struc-
tures and complicate farming operations (Lader et al., 2008; Kristiansen
and Faltinsen, 2012; Bjelland et al., 2015; Klebert et al., 2015; Gansel et al.,
2018). Particularly operations that require handling of equipment under wa-
ter are challenging at sites exposed to strong currents (Sandberg et al., 2012).
Exposed sites are also expected to have periods of higher waves, which is
a challenge when using lifting equipment from working boats and carrying
out operations on the floating collar (Sandberg et al., 2012).

Stronger currents and higher wave conditions have also raised concern
for the welfare of the fish. The primary concern regarding current flow is
how the magnitude, duration and frequency of strong current events will
affect behaviour, growth, stress and mortality rates (Johansson et al., 2014;
Solstorm et al., 2015; Remen et al., 2016; Hvas and Oppedal, 2017; Hvas
et al., 2020). A constant current speed of 1.5 body lengths per second over 6
weeks caused a significant reduction in growth (Solstorm et al., 2015), while
the group behaviour of Atlantic salmon is observed to change as a function of
current speed both in commercial farms and experimental setups (Johansson
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et al., 2014; Hvas et al., 2017b).

At low current speeds salmon are observed to swim in a circular school-
ing pattern. This behaviour is believed to be a density-dependent adaption
to the cage environment (Juell, 1995) and a result of the fish avoiding the
wall (Føre et al., 2009). Swimming speeds are voluntary and independent of
the ambient environment when currents are weak, while stronger currents
may force the fish to swim at speeds dictated by the environment (Johansson
et al., 2014; Hvas et al., 2017b). In general, stronger water currents up to
a threshold lead to more organised swimming behaviour (Johansson et al.,
2014; Solstorm et al., 2016; Hvas et al., 2017b) and a reduction in agonistic
behaviour (Solstorm et al., 2016). As the current speed increases, the salmon
stop swimming in a circular pattern, and instead stand on the current re-
maining stationary while swimming against the current (Johansson et al.,
2014; Hvas et al., 2017b). In extreme current conditions fish can experience
physiological fatigue, severe stress, injury and even death as the fatigued
fish loses locomotive control and gets stuck on the downstream net pen wall
(Oppedal et al., 2011; Remen et al., 2016).

There are claims that providing the salmon with an active current to
swim against may promote growth. In a report describing experiences and
analysis of five sites regarded as exposed it was concluded that there was
little evidence of reduced fish welfare, and that it instead appeared to be
improved (Sandberg et al., 2012). However a recent review on the subject of
utilising current speeds to exercise the fish concluded that more research is
still required to understand the potential advantages of swimming exercise
and how this can be applied to improve production (McKenzie et al., 2020).

The impact of waves on fish behaviour is not well documented. Little
research exists on the impact of waves on fish behaviour, mostly due to the
practical limitations of how to study the behaviour in waves (Hvas et al.,
2020). The studies that exist indicate that the impact of waves on fish be-
haviour depends on the wave’s period (Johannesen et al., 2020). Shorter
choppy waves may prevent the salmon from avoiding collisions with each
other and the net, but its influence in the water column decreases with
depth hence the fish may in theory avoid the waves by swimming deeper
(Johannesen et al., 2020). This is not the case with long period swells. In
general, the few studies carried out indicate a complex interaction between
waves with different periods, current speed and cage deformation (Johan-
nesen et al., 2020). Further research is needed to determine the consequences
of waves on Atlantic salmon.

The uncertainty regarding how waves and currents affect fish welfare
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raises the question of how to chose optimal exposed sites. To ensure fish
welfare at future sites it is necessary to establish an assessment tool for the
local environment with regards to both Atlantic salmon and any potential
cleaner fish species. One potential method for evaluation sites with regards to
current speed is to utilise the swimming performance of the relevant species
(Plaut, 2001).

3.2 Species specific swimming capacity

According to Norwegian law the lumpfish as a vertebrate species has the
same animal rights as Atlantic salmon (Norwegian Ministry of Agriculture
and Food, 2009). However, as they are mainly used to combat the lice issue,
the species needs are often not prioritized. This may have led to unsuitable
environmental conditions for the lumpfish (Overton et al., 2020). The opti-
mal environment for the two cohabiting species differ in several ways. For
instance, their response to strong currents vary significantly due to different
swimming capacities.

There are three main categories of swimming to describe a fish’s swim-
ming capacity: sustained, prolonged and burst swimming (Beamish, 1978).
Sustained swimming is defined as speeds that can be maintained by the
fish for extended periods of time (>200 minutes) without exhaustion (Brett,
1964; Beamish, 1978). Prolonged and burst swimming on the other hand
both end in fatigue, where burst swimming can only be maintained for short
periods (<20 seconds) while prolonged can be maintained for up to 200 min-
utes (Beamish, 1978).

The main methods for evaluating swimming performance focus on gait
transition speed (Drucker, 1996), endurance (Beamish, 1978) and critical
swimming speed (Brett, 1964). The critical swimming speed (Ucrit) of fish
is a standardized method of assessing the upper current velocities fish can
handle on an acute timescale (Brett, 1964). Ucrit values are determined in
swim tunnels, where fish are exposed to a flow of constant velocity in sys-
tematic increments. Typically this is done by increasing the current speed
by a specific amount at every 15-30 min until the fish is fatigued. In that
sense it is an evaluation of prolonged swimming, but of a shorter period
than suggested by Beamish (1978). The Ucrit value is determined for indi-
vidual fish as a function of the current speed of the last completed current
velocity Uf , time spent in the current velocity where fatigue was reached tf ,
time spent at each velocity increment ti and the magnitude of the velocity
increments Ui (Brett, 1964):
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Ucrit = Uf +
tfUi

ti

This incremental increase in current and stable flow is a situation rarely
experienced in nature (Plaut, 2001). Hence when evaluating the current at a
potential site, sustained swimming speed should also be considered because
sustained swimming assesses the maximum swimming speed that can be
maintained without resulting in fatigue (Beamish, 1978). Atlantic salmon
can sustain at least 80% of their Ucrit for up to 4 hr (Hvas and Oppedal,
2017).

As swimming at Ucrit or higher speeds can result in fatigue, which is
detrimental for the fish, it is a good proxy for the maximum acceptable
current speed at a site. Using Ucrit as a limit when evaluating site data is
complicated by the fact that Ucrit varies with environmental and biological
factors such as water temperature, fish size, individual variations and dis-
eases (Brett, 1964; Beamish, 1978; Remen et al., 2016; Hvas et al., 2017a,b).
However, the use of swimming capacity for evaluating current data from
different sites opens up the opportunity to evaluate if the site is suitable for
all species present in the cage including cleanerfish.

The Ucrit of lumpfish is considerably lower than for Atlantic salmon.
This is due to the lumpfish’ smaller size and it’s morphology being unfit for
fast swimming (Hvas et al., 2018). Vaccinated lumpfish are usually deployed
when they are near 30 g (Sigstadstø, 2017). They are most efficient at eating
lice before they reach sexual maturation, which occurs roughly around 400
– 500 g or after 16-18 months (Imsland et al., 2014, 2016). In that same
period the Atlantic salmon post-smolt will have grown from 80 g to 4.5 - 5
kg.

Fig. 3.1 visualises the difference in swimming performance of the two
species taking into account the effect of temperature. The temperature de-
pendent critical swimming was derived by polynomial regression. A 2nd de-
gree polynomial was fitted to the data for Atlantic salmon of ∼450 g ac-
climated to five different temperatures (Hvas et al., 2017a). The derived
function for the salmon of 450 g was scaled to fit the critical swimming
speed of the smaller and larger salmon. For the smaller smolt of 80 g and
the adult salmon of 1750 g, the data from Remen et al. (2016) was used.
The same approach was applied for the lumpfish with data for lumpfish
of ∼300 g (Hvas et al., 2018), which was then scaled down to lumpfish of
∼75 g. It should be noted that there are individual differences within each
species, for instance can the Ucrit of larger salmon be as high as 125 cm/s
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Figure 3.1: Temperature-dependent critical swimming speed (Ûcrit) for At-
lantic salmon (black lines) and lumpfish (red lines) of different sizes. The
empirical critical swimming speed data (Uempir) for Atlantic salmon are from
Hvas et al. (2017a) and Remen et al. (2016), and for lumpfish from Hvas
et al. (2018)

(Hvas et al., 2017b). If however the individual is exposed to either disease
of parasites, the Ucrit can be reduced (Hvas et al., 2017c). This also holds
true for lumpfish.

A similar graph could be made for other potential species at the farm
site, for instance the much used cleanerfish ballan wrasse. However, the Ucrit

for ballan wrasse could not be established for fish acclimated at temperatures
lower than 25 °C as they could not be stimulated to swim for prolonged
periods. At 25 °C their critical swimming speed was 27.3 cm/s (Yuen et al.,
2019).

Although the lumpfish has a low critical swimming speed they can
sustain strong currents for a short period using their ability to adhere to
surfaces. The lumpfish can remain attached to a surfaces for 1 min when
exposed to currents of 110 cm/s (Hvas et al., 2018). Independently of cur-
rent speed however the lumpfish could not adhere to a surface for more than
20 min (Hvas et al., 2018). As exposed sites may experience strong currents
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for longer periods, the difference in critical swimming speed between salmon
and lumpfish, and the short duration it can adhere to surfaces, suggests
that lumpfish are at greater risk of experiencing poor welfare at exposed
sites. A comprehensive evaluation of a site should therefore also include an
evaluation of which species are acceptable to use.

3.3 Site evaluation using fish welfare parameters

In Paper A an outline was drawn for how to evaluate current data from
sites with regards to fish welfare. The main concept of Paper A was that
the current data gathered during a site survey could be examined and clas-
sified applying knowledge of the Atlantic salmon’s swimming performance.
Specifically, a new class system for the current strength in the likes of NS-
9415 was presented (Table 3.1 and 3.2), but the classes were defined based
on behavioural patterns (Gansel et al., 2014; Johansson et al., 2014) and
critical swimming speed (Remen et al., 2016; Hvas et al., 2017a,b).

The ‘Very weak’ and ‘Weak’ classes in Table 3.2 have the same swim-
ming behaviour, but were separated to isolate events of low dissolved oxygen
(DO) levels inside the cages, which may occur during periods of low current
flow. ‘Moderate’, ‘Substantial’ and ‘Strong’ were all defined applying the
noted swimming behaviour. The ‘Very strong’ was defined using conserva-
tive estimates of critical swimming speed. Ucrit was defined as the lowest
value found in the polynomial regression for the smallest post-smolt (80 g)
at 3 °C, that is 64.5 cm/s (Fig. 3.1). To account for individual differences,
the limit was set to 60 cm/s. This is a very conservative estimate as there
is a substantial reduction in current speed through the cage net of roughly
21.5% (Klebert et al., 2015). The reason for using such a conservative esti-

Current
class Vc(m/s)

Exposure
designation

A 0.0-0.3 Little
B 0.3-0.5 Moderate
C 0.5-1.0 Substantial
D 1.0-1.5 High
E >1.5 Extreme

Table 3.1: Classification of aquaculture sites in Standard NS-9415 (Standards
Norway, 2009) based on the 10 yr return period of the current velocity (Vc).
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mate was to determine a limit which would ensure that the wellbeing of all
fish including those that might suffer some ailment would be preserved.

The NS-9415 determines the current class at a site by multiplying the
maximum current recorded at 5 m depth and 15 m depth by a given factor
(Table 3.1). The idea behind the new classification scheme was that by
classifying each measurement at each depth, and finding the percentage of
time the current was defined as each class, would provide more insight into
the environment experienced by the fish. The new classification scheme was
applied on current data gathered by use of ADCPs at five different sites for
a minimum of 5 months (Fig. 3.2). The NS-9415 classes of each site were
also determined and are summarised in Table 3.3.

The location Froya2 was the most exposed site and was classified as ’Ex-
treme exposure’ using NS-9415 (Table 3.3). This site was the least shielded
and was fully exposed to the current coming in from the open sea. Using the
NS-9415 classification Aafj, Fr1 and Fr3 were all classified as having ’High
exposure’, but when inspecting the maximum current speed in the top 10
cells of each locations these sites appear quite different (Fig. 3.3). Further-
more, applying the classification presented in Table 3.2 the current at Aafj
appeared to be generally weak (Fig. 3.4). The NS-9415 classification of Aafj
was based on the short period of strong currents in June 2015 (Fig. 3.3).
As the NS-9415 only requires one months of measurements Aafj would have
been classified differently based on when the site survey had been carried
out. This demonstrates some of the critique which NS-9415 has received in
recent years regarding the calculation of extreme limits and why there is
currently a suggestion to change how locations are classified (Eidnes et al.,
2018).

Current Swimming behaviour
Speed (cm/s) Class

0-10 Very weak Freely
10-20 Weak Freely

20-40 Moderate Circular pattern is disrupted;
some fish standing on current

40-50 Strong All fish standing on current
>60 Very strong Exceeds Ucrit

Table 3.2: Definition of current classes based on established limits related
to the onset of behavioural changes and critical swimming speed ( Ucrit) of
Atlantic salmon
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Figure 3.2: Locations of the acoustic Doppler current profilers (ADCPs) at
Åfjord (Aafj), Steigen (Ste), and the Frøya archipelago (Fr1, Fr2 and Fr3)

Site Current NS

Mean Medi. Mode Max SD Sign.
max

Sign.
min

10 yr.
return

9415
class

Aafj 8.8 7 3.5 62.1 6.9 16 3.5 102.5 D
Fr1 12.6 11.7 7 57.4 8.1 21.6 5.2 104.4 D
Fr2 17.6 15.2 9.4 112.5 11.8 30.5 6.9 176 E
Fr3 13.9 12.9 5.9 71.5 8.2 22.2 6.4 110.2 D
Ste 7.2 6.2 3.2 36 4.6 11.3 3.8 56.6 C

Table 3.3: Descriptive statistics for all locations displaying mean, maximum,
SD, and significant maximum and minimum current speeds. The 10 yr return
period calculated in accordance with Standard NS-9415 (Standards Norway,
2009) and the corresponding current classification are also listed.

To get a better understanding of the currents at the five locations the
duration of each class was determined (Fig. 3.5). The ’Very weak’ current
class at Aafj could persist for over 125 consecutive hours for the top 20 m
of the water column. This further clarified the distinction between Aafj, Fr1
and Fr3. The long duration of the ’Very weak’ currents could indicate that
Aafj is susceptible to periods of low water exchange through the cage, which
could result in low DO levels. DO was however not recorded during the same
period and could not be verified.
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Figure 3.3: Maximum current speed in the top 10 cells of each location, also
showing the periods were data was collected.
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Figure 3.4: Total distribution of current classes over the entire duration of
deployment for selected depths at each location. U: current speed.

To evaluate how suitable each site was for Atlantic salmon post-smolt
of 80 g and for lumpfish, the measured current was evaluated using the
temperature dependent critical swimming function displayed in Fig. 3.1.
Using the temperature sensor on the ADCP, the recorded current speed was
transformed into a percentage of the critical swimming speed at that given
temperature. Instead of using the classes defined above the current speed
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Figure 3.5: Number of consecutive hours in each current class using the
homogeneous criterion for the water column. Red line: median; horizontal
dotted line: mean. Lower whisker extends to first quartile (Q1) minus 1.5
times the interquartile range (IQR). Upper whisker to Q3 + 1.5 × IQR. Data
outside of the whiskers are represented as dots and are valid data points.
Dots do not necessarily represent a single occurrence. U: current speed.

was categorized as either between 0.6 Ucrit and 0.8 Ucrit, between 0.8 and
Ucrit, and exceeding Ucrit values for both Atlantic salmon and lumpfish (Fig.
3.6).

Fr2 was the only site considered unsuitable for salmon post-smolt of 80
g. Anecdotally, the farm operators at the farm closest to Fr2 reported that
they used large post-smolt and their main struggle was carrying out day-
to-day operations, not fish welfare. With regards to fish welfare Fr2 might
be a better site than for instance Aafj and Ste as Fr2 had shorter periods
with weak currents. This is however not the case for lumpfish. Evaluating
the current speeds using the critical swimming speed of lumpfish it would
appear that only Steigen was a suitable site for lumpfish. In general this
supports the notion that special care must be taken when utilising lumpfish
together with Atlantic salmon (Hvas et al., 2020; Overton et al., 2020).

Applying all three methods of evaluating the current speed as presented
in Paper A is redundant. The approaches in the paper demonstrate how
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Figure 3.6: Number of consecutive hours where the currents were within
given ranges of the critical swimming speed (Ucrit) for Atlantic salmon and
lumpfish using the homogeneous criterion and the temperature dependant
assessment of the critical swimming speed limit.

inspecting the current speeds over the entire deployment period, instead of
just extracting the maximum value, can give insight into potential issues
experienced at the site. The data also exemplifies the harsh conditions the
lumpfish may face in a cage considered suitable for Atlantic salmon rearing.

The suggested approach for evaluating a site would be to first inspect
the ADCP data using the classification scheme (Table 3.2) to determine what
issues might arise at the site. If currents are in the ‘Very Strong’ class, the
current speed should be evaluated using the temperature dependent critical
swimming speed for all potential species at that site. If the Ucrit is exceeded,
the site may still be suitable and there are several remedies. The simplest
one is to use larger post-smolt, as this would increase the Ucrit value. Given
the temperature dependency of the critical swimming, the necessary size
of post-smolt could vary between spring and autumn deployment, hence
temperature measurements are also necessary for informed decision making
about optimal size of post-smolt. An increase in size will however not help
the lumpfish, as their swimming capacity increase little with size, and their
lice grazing is reduced if they reach a size of 350-500 g and sexual maturation.
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3. On-site current conditions and site selection

The novelty of Paper A is not the exact limits suggested, but rather the
method and concept of evaluating the current speed from site surveys with
regard to the sites suitability for different species. Paper A also exemplifies
the large variability between sites regarding currents.
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Chapter 4

Current flow and shielding
skirts

4.1 Salmon lice and lice shielding skirts

Of the many preventative-focused methods for handling sea lice, barrier
technology shows great potential (Barrett et al., 2020). Barrier technology
utilises the behavioural traits of the louse to keep them out of the cage.
Salmon lice’s position in the water column is determined by its response to
several environmental cues and aims to maximise host interaction. Salmon
lice copepodids follow a diurnal vertical migration pattern by rising towards
the surface during the day and sinking at night, which is the opposite of
salmon, hence maximizing interaction opportunities as they cross each other
in the water column (Huse and Holm, 1993; Heuch et al., 1995). In addition
to the diurnal vertical migration, the different life stages of the louse show
a clear preference for certain temperatures and salinity levels. The nauplii
stages avoid salinities below 30 ppt (Crosbie et al., 2019) and prefer colder
water temperatures (Crosbie et al., 2020), while the copepodids are found
in water with salinities as low as 16 ppt (Crosbie et al., 2019) and show
no preference for temperature (Crosbie et al., 2020). Due to its preferred
environment and diurnal pattern, there is a higher prevalence of salmon
lice in the upper layers of the water column (Huse and Holm, 1993; Heuch
et al., 1995; Hevrøy et al., 2003; Oppedal et al., 2017; Geitung et al., 2019;
Barrett et al., 2020). This information has led to the development of barrier
technology.

The common goal of barrier technology is to prevent lice-salmon inter-
action. One such technology is the lice shielding skirt, which is extensively
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4. Current flow and shielding skirts

used along the Norwegian coastline. There are currently several different
forms of lice shielding skirts used in the industry. The most common one is
the tarpaulin skirt, but there are also variations such as the permeable skirt
which is made of a fine-masked fabric letting some of the water pass. Both
of these are available in different lengths. What type of skirt and when they
are deployed, cleaned and removed vary from site to site (Misund et al.,
2020).

The use of skirts is not without problems. Firstly, the efficiency of lice
shielding skirts on preventing lice infestations are varied with some sites
experiencing reduction in lice infestations (Næs et al., 2014; Grøntvedt et al.,
2018; Stien et al., 2018; Bui et al., 2020b), while others find little to no
effect when using skirts (Grøntvedt and Kristoffersen, 2015; Lien et al., 2015;
Grøntvedt et al., 2018). These differences could be caused by local current
conditions and hydrography, but they could also be caused by different lice
families responding differently to hydrostatic pressure (Coates et al., 2020).

Secondly, as the skirts disrupt the normal current flow pattern through
the cage, the usage of lice shielding skirts can have an adverse impact on the
environment within the cage. Some farms experience low dissolved oxygen
(DO) levels when using skirts (Stien et al., 2012; Misund et al., 2020), and
some report issues with gill diseases (Misund et al., 2020). These issues are
not encountered on all sites, hence the difference in lice shielding efficiency
and impact on internal environment could be caused by local current and
hydrographical conditions.

4.2 Lice shielding skirts and current flow

For an empty non-shielded cage a reduction in current speed is expected
as the current travels through the cage. Klebert et al. (2015) measured the
current speed upstream, downstream and inside a non-shielded cage, and
documented the gradual reduction in current speed through the cage with
a reduction of 21.5% from upstream to inside the cage. A higher reduction
is expected when using lice shielding skirts.

Lice shielding skirts disrupt the natural current flow by increasing tur-
bulence levels and reducing current speed (Frank et al., 2015; Klebert and
Su, 2020), but also by altering the current flow pattern inside the cage.
Computational Fluid Dynamics (CFD) simulations of a laminar current flow
around a cage with a rigid shielding skirt show that the ocean currents are
pressed around, but also underneath the skirt and into the cage (Lien and
Høy, 2011; Lien et al., 2015). This rerouting of the current into the fish cage
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0.19 m/s

0.09

0

Figure 4.1: CFD simulation of conical cage with non-permeable (left) and
permeable (right) skirt. The color of the incoming arrows are just to make
the recirculation pattern with the non-permeable skirt clearer, the colour in
the background gives the current speed. (Simulation from P.Klebert SINTEF
Ocean, shared with permission.)

is also observed in full-scale dye experiments where dye was released outside
of the skirt, but managed to pass underneath and into the cage (Frank et al.,
2015). CFD simulations show that once inside the cage the current flow tra-
verses the cage and makes contact with the skirt downstream and is pushed
upwards, before moving in towards the centre of the cage again. Fig. 4.1
illustrates this recirculation patter. This pattern is also observed in model-
scale experiments (Lien et al., 2014) and full-scale measurements when the
shielded cage was empty, but not when stocked (Klebert and Su, 2020). It
is uncertain if this recirculation pattern is apparent when using permeable
skirts. Simulations in Fig. 4.1 show the recirculation pattern when the skirt
is non-permeable, but not when modelling the skirt as a permeable surface.

In the dye experiment by Frank et al. (2015) two trials were executed
and the amount of dye entering the cage varied. As the current conditions
were similar during the two trials, it was suggested that the variation was
either due to different hydrographical conditions during the trials, or the
fish’s swimming pattern. It is theorized that when the fish swim in a torus
shape, they push the water outwards at depths of high biomass, resulting
in an area of low pressure drawing in water from the depths above and
below (Gansel et al., 2014; Frank et al., 2015). Simulations of this behaviour
support this theory (Tang et al., 2017), however, no such theorized upwelling
was observed in a full-scale stocked shielded cage (Klebert and Su, 2020).
This may indicate that different hydrographic conditions during the two
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4. Current flow and shielding skirts

trials in Frank et al. (2015) caused the varying amount of dye that entered
the cage.

With the widespread use of skirts, and the large variance in both effi-
ciency and encountered issues, there were two overarching themes that were
investigated as part of this thesis. The first was how the current behaves
when skirts are deployed, both with permeable and non-permeable skirts,
and the second how the skirts influence the internal environment of the cage.

4.3 Current flow with and without lice shielding
skirts

Several studies have investigated the current flow around cylindrical grav-
ity cages, both with and without skirts. Comparing results from different
studies is however complicated due to variable cage geometry, topography,
hydrography and different stocking densities. Full-scale measurements were
therefore performed at the same cage at Hosnaøyan with and without the
skirt deployed (Paper C).

Hosnaøyan was a 28 m deep cylindrical cage with a diameter of 50 m
equipped with a 6.7 m long non-permeable tarpaulin skirt (Fig. 4.2 and 4.3).
Vertical positioning of the fish was documented using an echosounder, DO
sensors were used both inside and outside the cage and current measure-
ments were performed at three depths inside the cage using an ADV and

Figure 4.2: Location of the fish farm at Hosnaøyan, where the measurement
campaign was carried out in November 2018.
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4.3. Current flow with and without lice shielding skirts

Figure 4.3: Instrument placement at Hosnaøyan. The shaded blue cage was
used as the experimental cage. The Aanderaa current profiler (DCP) was
placed at the square marked DCP. The vector current meters (ADV) were
moved between the two positions 1 and 2. Three ADVs were used, positioned
at 2, 6 and 8 m depth suspended from a floater held in place with ropes
attached to the cage ring. Two dissolved oxygen (DO) sensors were deployed,
one on the inside also suspended from a floater 3 m from the cage ring, and
one outside of the cage suspended from the cage ring (marked with *), both
at 3 m depth. A light source was mounted at 5 m depth inside the cage. The
position of the oceanographic buoy (OB) is marked with a star. The main
current direction during Case 1 and 2 (see Fig. 4.4 for relevant periods) is
also marked just beneath the North sign.

with an ADCP profiler outside. DO, current and waves were also recorded
at a nearby oceanic buoy, but with a much lower temporal resolution than
the other sensors due to its long-term deployment.

The DO level inside the cage was clearly influenced by the presence of
the skirt (Fig. 4.4). The skirt was mounted on the cage the 4th of November,
one day prior to the study taking place and removed on the 6th of November
09:48 local time due to a steep fall in DO. As the skirt was removed the DO
improved immediately, and after ∼30 the DO reached similar levels as at the
oceanic buoy. When the skirt was removed both DO inside and just outside
the cage improved. The increase in DO just outside was probably due to a
non-optimal positioning of the sensor in the wake of the cage, evident by
the near constant DO observed at the oceanic buoy.

Initially the DO levels inside the cage were similar to those recorded
just outside and on the oceanic buoy. During the night on both the 6th and
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4. Current flow and shielding skirts

the 7th there was a drop in DO with a steeper drop on the 6th. These drops
in DO were most likely caused by a weak turning current as seen in the DCP
and an increase in swimming and feeding activity during the morning seen in
the echosounder (Fig. 4.4). With the skirt deployed the lowest recorded DO
was 59% (∼6.9 mg/L), while the lowest value was 69% (∼7.9 mg/L) without
the skirt. The drop in DO is most likely an unavoidable occurrence when the
current turns at this location, but the severity of the drop was intensified by
the presence of the skirt. Due to the short duration of the study it is unclear
whether DO inside the cage would have improved without intervention and
if low DO was a prevalent issue at this location. Anecdotally it should be
noted that the operators did not have the skirt deployed prior to this study
due to concerns regarding low DO levels.

The fish followed a diurnal pattern with the fish migrating toward the
surface at night, and swimming deeper during the day. During the steep
drop in DO the salmon spread out more vertically, it is uncertain if this
increase in activity was caused by the drop in DO, or if it contributed to
the drop, as a similar spread in vertical positioning occurred on the 7th of
November in the morning (Fig. 4.4).

This diurnal vertical swimming pattern is in accord with previous stud-
ies of vertical behaviour (Oppedal et al., 2011), but in contrast to the results
found in Gentry et al. (2020) where the schooling fish were observed to avoid
the skirt volume. It is possible that the difference in behaviour was due to
the type of skirt, or length of deployment. In Gentry et al. (2020) a per-
meable 6 m long skirt was used, and the study spanned 49 days, while this
study was only two days long and used a dense skirt. It is uncertain if the
fish would have avoided the skirt to a larger extent if it had been deployed
for a longer period.

Unsurprisingly, the skirt had a direct influence on the current flow. The
current at Hosnaøyan was mainly coastal driven and appeared to be strat-
ified with currents moving in different directions at different depths during
the study. This was apparent both at the oceanic buoy and the DCP. It
should be noted that the DCP had an obstruction in its line of sight at
roughly 8 m depth, most likely the frame mooring (Fig. 4.4). This obstruc-
tion was considered non-problematic due to the conical shape of the sound
signal, but the depth layers spanning 7 – 9 m were not included in further
analyses.

To study the impact the skirt had on the current flow two periods, Case
1 and Case 2, were selected based on criteria set for the current direction
and speed summarised in Table 4.1. The criteria were that the current had
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Figure 4.4: Current speed and direction at the OB and DCP. Echogram
showing acoustic backscattering strength (Sv) [dB]. DO in Mg/L recorded
inside and outside of the cage, and at the OB. Case 1 and Case 2 are marked
with dotted lines, while the solid line marks when the lifting of the skirt was
initiated.
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to move along the depth isobaths (see Fig. 4.2) and had to be reasonably
stable and unobstructed by surrounding farm structures. Only data where
the average hourly current direction was aligned with the depth isobaths
towards 45-90° (North-East to East) were included. As an additional re-
quirement the hourly current direction at the DCP had to deviate less than
± 25° from the current direction measured at the oceanographic buoy in the
same period.

Case ADV
Position

Skirt
condition Date Time interval

1 1 Down 5.11.2018 17:00 - 20:00
2 2 Lifted 7.11.2018 06:00 - 09:00

Table 4.1: Description of cases including ADV position and time intervals.

The average reduction from the DCP outside to the ADVs inside showed
a clear increase in reduction when the skirt was deployed (Table 4.2). Inter-
estingly, the reduction at 6 m depth was less when the skirt was deployed.
This is probably due to an interaction between the current and the depth
of the skirt. As the current is pressed underneath the skirt, it is accelerated,
and it is possible that it is this effect that is observed.

During Case 2 when the skirt had been removed the ADVs were un-
fortunately placed further downstream in Position 2. The reduction of 32%
was higher than expected, as similar studies have found a reduction closer to
21.5% when no skirt is deployed (Klebert et al., 2015). However, in a study
by DeCew et al. (2013) the average reduction through a stocked experimen-
tal cage with a diameter of 4.57 m was 31% at 2 m depth, where DeCew
et al. (2013) theorized that this higher reduction was due to biofouling. This
is not a sufficient explanation at Hosnaøyan as the nets were cleaned just
four days prior to the study taking place. It is more likely that the high

Mean reduction [%] (± STD)
Depth Case 1 (with skirt) Case 2 (without skirt)
2m 56.9 (± 21.4) 32.0 (± 12.3)
6m 10.4 (± 15.1) 17.9 (± 19.5)
8m 18.6 (± 16.0) 14.6 (± 18.0)

Table 4.2: Mean reduction through cage for each depth for the two cases
with and without skirt. Readers should note that the ADV in Case 1 is
located in position 1, while it is position 2 in Case 2
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4.4. The flow field around a conical cage with permeable skirt

reduction at 2 m was due to the high biomass at this depth (Fig. 4.4) as
biomass can increase the reduction in current speed (Klebert and Su, 2020).
The echosounders beamwidth is only 26°, hence the volume that it observes
is small compared with the volume of the cage. But given the diurnal swim-
ming pattern of the fish, it seems reasonable to assume that the recording
is representative for the cage.

A positive upwelling was seen in the centre of the cage when the cage
was shielded similar to that in Klebert and Su (2020) and in the simulations
in Tang et al. (2017), but was not present when the cage was unshielded.
It should be noted that this component was small, but given the results of
Klebert and Su (2020) it would indicate that the upwelling appears to be a
consequence of the shielding, and not the biomass.

To summarise, the results of Paper C indicate that the presence of a
tarpaulin skirt has a direct influence on the current flow by reducing the
current speed inside the cage and causing a weak upwelling in the centre of
the cage. The skirt also accentuated the drop in DO and caused unfavourable
levels.

4.4 The flow field around a conical cage with
permeable skirt

The characteristic current flow field at a farm dictates how nutrients, waste
and food pellets are transported through the cage and downstream of the
cage. The reduction in current speed that occurs as the current passes
through the net can increase sedimentation near the cage, while the in-
crease in turbulence downstream can keep certain particles suspended for
longer periods (Klebert and Su, 2020). There have been several full-scale
studies of the current flow around and downstream of a cylindrical cage, but
none around conical cages. The current flow field around a conical cage is
expected to be different from the cylindrical cage as the inclination angle is
higher for conical cages, increasing the reduction through the net (Bi et al.,
2013; Zhao et al., 2015). The objective of Paper D was therefore to deter-
mine the characteristic flow pattern around a conical cage equipped with a
permeable skirt.

The study was carried out on Fornes between the 2nd to the 5th of July
2019 (Paper B and D). Measurements were taken around and inside a 55 m
deep conical cage with 50 m diameter equipped with a 10 m deep permeable
skirt (Fig. 4.5). To establish the characteristic current flow field, the current
outside the cage was required to have a relatively stable direction through a
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30-minute period and the water column had to be near homogeneous. Due
to a density gradient the first two days, only the last two days of the study
could be used to determine the characteristic current flow. The hydrographic
conditions and influence on DO inside the cage was studied in Paper B and
are discussed in Chap. 4.5.

The periods that passes the requirements are summarised in Table 4.3.
Based on the direction of the incoming current the data was classified as
either heading Northwards or Southwards. To ensure that there were no to-
pographic effects or other effects dependent on the direction of the current,
the two groups Northwards and Southwards were preserved when deter-
mining the characteristic current flow. A more detailed description of data
scrubbing can be found in Paper D.

Comparing the results for the shielded conical cage with that of a non-
shielded cylindrical cage in Klebert et al. (2015) revealed several distinctions.
The first was that the reduction in current speed downstream of the conical
cage faded at roughly 22 m depth probably due to the tapered shape and
smaller diameter of the cage at that depth, which was only 28 m (Fig. 4.6).
Beneath this point there was no clear reduction in current speed. At the
shallow site investigated in (Klebert et al., 2015) the current flow acceler-
ated beneath the cage which may influence the sedimentation process and
possibly result in better transportation of the waste away from the cage.

Figure 4.5: Left: Location of the fish farm at Fornes were the measurements
were carried out. Right: Shape and dimensions of the cage and shielding
skirt studied, and the location of sensors.
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4.4. The flow field around a conical cage with permeable skirt

Northward Southward
Name Date and Time Name Date and Time
N1 04-07-19 19:30–20:00 S1 05-07-19 02:15–02:45
N2 04-07-19 20:00-20:30 S2 05-07-19 02:45–03:15
N3 04-07-19 20:30–21:00 S3 05-07-19 03:15–03:45
N4 04-07-19 21:00–21:30 S4 05-07-19 03:45–04:15
N5 05-07-19 06:30–07:00
N6 05-07-19 07:00–07:30
N7 05-07-19 07:30–08:00

Table 4.3: Periods where the upstream current passed the requirements. See
Paper D for more details.

Figure 4.6: Average normalized horizontal current speed recorded at each
depth in sensors upstream, downstream and inside the cage. The maximum
average current speed was 0.12 m/s independent of direction.

This acceleration was also apparent in simulations (Bi et al., 2013). Sec-
ondly, the current speed through the non-shielded cylindrical cage had a
near linear decrease in speed, while no such pattern was observed for the
shielded conical cage (Fig. 4.6).

Downstream of the cage the reduction diminished beneath 9 m, most
evident when the current was heading southwards (Fig. 4.6). This could be
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Figure 4.7: Normalized current speed upstream and inside the cage at Hos-
naøyan. Note for the case without the skirt deployed, the ADVs were placed
roughly 15m downstream of center. The skirt was 6.7 m long.

due to deformations of the skirt. Both impermeable and permeable skirts can
experience large deformations when exposed to strong currents (Lien et al.,
2015). When the current speed is sufficiently high the upstream section of the
skirt can creep upwards as it is pushed into the cage, while the downstream
section will lift and stand out like a sail (Lien et al., 2014). How the skirt
deforms is influenced by how it is installed. At Fornes the skirt was installed
as one piece of fabric with a 10 m overlap at the south side of the cage. At the
overlap the skirt was at times observed to balloon out up to several meters
(Fig. 4.8). The ballooning in Fig. 4.8 was probably due to a shorter period
of currents close to 20 cm/s roughly an hour prior to the picture being
taken (Fig. 4.12). A preliminary study at the same site in 2018 observed
skirt deformations by use of pressure sensors along the bottom of the skirt
and registered greater vertical deformation of the skirt downstream than
upstream when currents exceeded roughly 13 cm/s (Volent et al., 2020). It
should be noted that the horizontal speed inside and downstream of the cage
were very low during the selected periods for determining the characteristic
current flow, so it’s uncertain if the skirt was deforming at all during the
selected periods.

The reduction inside the cage varied with depth, similarly to that at
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4.4. The flow field around a conical cage with permeable skirt

Figure 4.8: Black line marks the visible edge of the skirt being lifted due
to the current. Black arrows indicate the main current direction. Overlap is
visible just beneath the bottom arrow.

Hosnaøyan, but the reduction inside the cage was much stronger, with a
maximum reduction of 86% recorded at 6 m depth (Fig. 4.7 and 4.6). It is
theorized that the main cause for the high reduction at 6 m was the biomass
as the presence of fish in a shielded cage increases the reduction in speed
through the cage (Klebert and Su, 2020). The stocking density at Fornes
was 20 kg/m3, while it was 21 kg/m3 at Hosnaøyan. Salmon rarely distribute
themselves evenly throughout the cage, and have a tendency to swim deeper
during daylight (Oppedal et al., 2011), as observed at Hosnaøyan. There
was continuous daylight throughout the study at Fornes, so it is uncertain
if the fish followed the normal pattern. It is also possible that the effective
stocking density at Fornes was higher than at Hosnaøyan. It is unlikely
that the salmon were spread evenly throughout the depth of the cage as
the environmental drivers will often result in a preferred depth layer for
the salmon (Oppedal et al., 2011). Another potential explanation for the
high reduction inside the cage at Fornes was biofouling of the skirt. The
permeable skirt was deployed 10 days prior to the study, and given that this
was in July, it is likely that some biofouling took place however this was not
verified during the study.

The reduction in current speed downstream of net panels have usually
been studied in model cages or numerically (reviewed in Klebert et al. 2013),
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with only a few studies performed at full scale in commercial cages with fish
(Johansson et al., 2007; Klebert et al., 2015; Klebert and Su, 2020). All of
the full-scale experiments have been carried out on cylindrical cages. These
have compared relatively well with the analytical expressions developed by
Løland (1993), but it was uncertain if that would be the case for the current
study due to the conical shape of the cage and the permeable skirt. The
reduction in current speed through the cage was therefore compared with the
expected reduction in current speed determined by the analytical expressions
developed by Løland (1993) and Føre et al. (2020) (Fig. 4.9).

Figure 4.9: Average reduction ratio (r) between current speed inside and
upstream, and downstream and upstream, measured in this study. Expected
reduction ratio behind one net panel and two net panels using Løland (1993)
and Føre et al. (2020) are also marked using Sn=0.19 and Sn=0.51.

58



4.5. Dynamics of dissolved oxygen levels at two hydrographically different
sites

Løland (1993) proposed a theoretical expression for the non-dimensional
velocity reduction factor r behind a net panel based on the solidity (Sn) of
the nets: r = uw/U0 where uw is the flow velocity in the wake of the cage and
U0 is the free-stream velocity. The velocity reduction factor r is defined as
r = 1− 0.46Cd, where Cd is the drag of the netpanel calculated from the Sn
with the following expression Cd = 0.04+(−0.04+0.33Sn+6.54S2

n−4.88S3
n).

With a twine thickness (d) of 2.7 mm and a mesh size (s) of 29 mm, the
calculated net solidity (Sn = 2d/s) of the cage at Fornes was 0.19, while the
solidity of the skirt was Sn = 0.51. The results were also compared with the
expression by Føre et al. (2020) r = 1.02 − 0.84Sn, which was determined
by performing measurements with net panels with Sn ranging from 0.15 to
0.32.

The expression by Føre et al. (2020) was better at estimating the current
reduction downstream of the skirt (Sn=0.51) than Løland (1993) (Fig. 4.9).
However, none of the estimates were particularly good inside or downstream
of the non-shielded part. The reduction from upstream to inside the cage
was higher than expected compared with both expressions. This could be
due to the low current speed in this study as the lowest incoming current
speed utilised in Føre et al. (2020) was 0.25 m/s, compared to 0.05 m/s in
this study. Furthermore, both Løland (1993) and Føre et al. (2020) utilised
stretched out plane nets. The conical cage in this study had an inclination
angle and could deform, and there was potentially biofouling on both net
and skirt, which would have increased the reduction. Comparing the results
with these analytical expressions might therefore not be optimal.

To summarise, this study gives an indication of how the current flow dif-
fers around a conical cage compared to a cylindrical one, and shows how the
current is reduced through a stocked conical sea-cage with permeable skirts.
This information can be applied and implemented in future simulations of
the far-field environment to increase the understanding of how different nets
can influence far-field dispersal of particles.

4.5 Dynamics of dissolved oxygen levels at two
hydrographically different sites

The DO level inside unshielded fish cages has proven to vary in time and
space, both vertically and horizontally within the cage (Solstorm et al.,
2018). By altering the current flow the use of skirts can reduce the water
quality inside the cage as physical transport of water through the cage is
the main source for fresh oxygenated water (Wildish et al., 1993; Johansson
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et al., 2006). Some sites experience unfavourable environments inside the
cage with low DO when using skirts (Stien et al., 2012), while others measure
sufficient DO inside the cages (Næs et al., 2014; Stien et al., 2018).

As discussed in Chap. 2 many farms monitor the DO levels inside
shielded cages as low DO and hypoxia can reduce feed intake and specific
growth rates (Remen et al., 2014; Misund et al., 2020). Even moderate levels
of hypoxia can reduce aerobic capacity and swimming performance (Oldham
et al., 2019). The DO demand of Atlantic salmon also increases with higher
temperatures (Remen et al., 2013, 2016), making monitoring during the
summer extra important.

Low DO levels can be caused by weak currents (Johansson et al., 2007),
but another cause is the local hydrography and stratification in the water
column. Stratified sites show lower DO levels than homogeneous sites (Jo-

Figure 4.10: Locations of sites where measurement campaigns were carried
out, Soløya in May 2019, and Fornes in July 2019. Figures in the second
column show the measurement positions of dissolved oxygen (DO), conduc-
tivity, temperature and depth (CTD) profiles and current profiles at Fornes
and Soløya. DO was measured in position O outside the cage at 3 m depth
and inside the cage in position C at 3, 6, 9 and 12 m at Fornes and at 2, 4
and 6 m at Soløya. At Fornes DO was also measured at 3 m depth in posi-
tion N and S 4 m from the floating collar. The CTD profiles were measured
manually inside and outside the cage at position A1 and A2, respectively.
Current speed and direction profiles were measured at position B.
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hansson et al., 2006, 2007) and salinity gradients are reported to influence
the deflection of the ambient current around empty fish cages (Gansel et al.,
2014). Stratifications influence the DO level by altering how the current
moves. When a vertical stratification is present in the water column it will
inhibit vertical mixing between the layers (Imberger, 2013). The lower den-
sity water will position itself above the higher density water and these two
layers can to a certain degree operate independently of one another. The two
layers can even have opposite facing current flows outside of the boundary
layer. Vertical stratification thereby creates a vertical barrier which allows
for more complex current patterns. By altering the current flow stratification
can also influence how the current interacts with the lice shielding skirt as
noted by Stien et al. (2012) who suggested that the combination of relative
low salinity and high temperature around the skirt depth was the reason for
the low DO levels inside the fish cage.

Given the different flow pattern around a conical and a cylindrical cage,
and when using a permeable and impermeable skirt, it was initially expected
that comparing DO levels within a conical cage with a permeable skirt and
a cylindrical cage with impermeable skirt would further exemplify how the
current flow varied. The DO was therefore measured inside at Fornes and
at a third location Soløya in Paper B (Fig. 4.10). The internal environment
inside the cages exemplified how DO levels vary at two hydrographically
different sites.

DO gradients in unshielded cages are reported to increase with depth
at some sites (Johansson et al., 2007; Solstorm et al., 2018), while others
see a decrease with depth (Johansson et al., 2007; Oldham et al., 2018).
The DO at Soløya was lower inside the cage than outside and had a gradual
improvement with depth, with an almost linear relation (Fig. 4.11). The DO
at Fornes also improved with depth, although without a linear trend with
depth (Fig. 4.12). Improved DO with depth are observed in studies using
both non-permeable skirts (Stien et al., 2012) and permeable skirts (Stien
et al., 2018), similar to those used in this study. It’s therefore likely that the
increase with depth when using shielding skirts is due to the shielding skirt
itself, rather than any hydrographical effect.

The water column at Soløya was non-stratified with near identical char-
acteristics inside and outside the cage (Fig. 4.11). The lack of stratification
meant that there was no inhibition of vertical mixing at Soløya, and the
good DO conditions could be a result of vertical mixing. If that was the
case, it is uncertain if the skirt would actually be effective in preventing lice
from entering the cage. Anecdotally the operators at the farm reported of a
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Figure 4.11: Current speed and direction at Soløya in the top 20 meters of the
water column, measured by the Doppler current profiler (DCP) in position
B, for the entire period from 21.05.19 to 24.05.19. The red horisontal line
along the X-axis indicates the periods where DO measurements were taken.
The figure beneath the DCP data shows the expected tidal height (thin black
line). The figures on the fourth row show hourly median dissolved oxygen
(DO) for all sensors during the periods marked with red above. Bottom row
shows water density (σt), salinity (PSU) and temperature (°C) measured
by the CTD outside the fish cage in position A2 (solid line), and inside
at position A1 (dashed line). The timestamps above each figure represent
the time the measurement was started outside and inside for each date,
respectively.
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Figure 4.12: Current speed and direction at Fornes in Pos. B. Note potential
noise at 02.07 16:00 between 3 and 10 m due to nearby boat. Red horisontal
line indicate when DO was measured. Expected tidal height and depth where
density inside and outside the cage were equal are marked in the figure
below. Fourth row show hourly median DO for sensors at 3 m depth, both
outside and inside the cage, fifth row shows DO for sensors in the center
and outside the cage. Bottom row shows CTD measurements taken outside
in Pos. A2 (solid line) and inside at A1 (dashed line). Timestamps of when
measurement started outside and inside, respectively.
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previous trial to determine the efficiency of lice shielding skirts, and claimed
that they had seen no improvement at Soløya when using skirts.

During the three days the study spanned, the DO at Fornes had a
higher variability, and this variability appeared to co-occur with alterations
in stratification. DO at Fornes was initially good, and there was a clear
pycnocline present at roughly 8 m depth (Fig. 4.12). During the first night
a sudden drop occurred similar to that observed at Hosnaøyan. The specific
reason for the drop the first night cannot be interpreted from the data, but
potential causes are high stocking density and a weak turning current. A
drop in DO was also observed on the final day of the study at 02:00 on the
5th of July outside the cage, yet it did not result in low DO levels inside the
cage. It was therefore concluded that the current alone could not explain
the varying DO levels inside the cage.

The stocking density and fish activity combined with the 10 m long skirt
could explain some of the variability, but in a similar study by Stien et al.
(2018) the DO levels inside a conical cage of 37 m with a 10 m permeable
skirt never dropped beneath 70% during a 3-month period. The lowest DO
recorded inside the cage in Paper B was 52%. The higher stocking density
at Fornes and the larger cage size could possible explain this discrepancy
(Oldham et al., 2018), but they do not explain the variability. It was therefore
theorized that the stratification at Fornes could be the cause for the variation
in DO levels.

The variability at Fornes indicates that the vertical stratification ob-
structed the current flow and water exchange within the skirt volume. There
were two ways fresh oxygenated water could enter the cage at Fornes. The
first was by the water being pressed through the permeable skirt. The second
was by the water being pressed underneath the skirt and into the cage (Lien
et al., 2015; Klebert and Su, 2020). Both of these could have been influenced
by the pycnocline. When a pycnocline is positioned above the skirt depth,
it could prevent the water above the pycnocline from moving down along
the skirt and into the fish cage, thereby reducing the amount of water being
pressed underneath the skirt and into the cage. The pycnocline in this study
also caused a difference in density of the water inside the cage compared to
the water outside. This could have influenced the permeability of the skirt.
The higher density observed inside the cage could have forced a larger por-
tion of the water around the cage as more energy would be required to force
the water mass through the permeable skirt than if the densities had been
equal.

It is uncertain whether the low DO levels at Fornes had any negative
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effect on the fish. Moderate hypoxia of 50% DO in water of 16 °C sig-
nificantly reduces aerobic capacity and swimming performance of Atlantic
salmon (Oldham et al., 2019), but the temperature at Fornes never exceeded
11°C and the DO never dropped below 52%. Furthermore, the observations
were made over a relatively short period and DO was higher at other loca-
tions in the cage (Fig. 4.12). The fish therefore had the opportunity to avoid
the areas with low DO, although evidence indicate that DO is not a primary
driver of behaviour as as avoidance behaviour is documented for DO <35%,
but not for sub-optimal waters with DO <60% (Burt et al., 2011; Oldham
et al., 2017; Stehfest et al., 2017).

The different DO environments at Fornes and Soløya exemplify the com-
plex interaction between current, hydrography, shielding skirt and biomass.
It is possible that the higher density water inside the cage created a blocking
effect, where the high density water forced more of the low density water
around the cage, that would otherwise have passed through it. If it is indeed
the stratification that causes the water current to behave differently, then
information about local and seasonal variability in stratification can enhance
decision making regarding operational use of skirts.
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Chapter 5

Conclusion and further work

In this thesis the current flow field was studied through long-term data
collected at five sites along the Norwegian coastline and through executing
three full-scale experiments. The current flow at the five sites were evaluated
with regards to fish welfare (Paper A), while the three full-scale experiments
were carried out to investigate the impact of lice shielding skirts on the lo-
cal flow conditions. The impact of a non-permeable tarpaulin skirt on the
current flow field inside the cage was studied in Paper C and the character-
istic current flow field around a conical sea cage equipped with a permeable
skirt was established in Paper D. The reduction in current speed through
the was also measured in both of these papers. Lastly Paper B investigated
the dynamics of dissolved oxygen levels inside cages at two hydrographically
different sites.

The vast difference in flow conditions at the five sites in Paper A and
the increasing interest for moving farms to more exposed sites underline
the importance of evaluating each site with regard to all relevant species.
By evaluating the current flow using the swimming capacities of Atlantic
salmon and lumpfish the results indicated that only one of the five sites in
Paper A was fit for lumpfish, while only one was potentially unfit for small
post-smolts.

The critical swimming speed limit used to evaluate the sites may have
been overly conservative as current speed at a site is reduced as it passes
through the cage net. This effect was observed both in Paper C and D.
The reduction in current speed is enhanced when using skirts, both non-
permeable tarpaulin (Paper C) and permeable skirts (Paper D). This reduc-
tion in current speed can cause low levels of dissolved oxygen, however the
interaction between skirt, current speed and dissolved oxygen is complex as
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illustrated by the two farms, Soløya and Fornes, studied in Paper B.

The interaction between hydrography and skirts should be studied in
more detail, particularly the situations where density inside and outside
the cage differ similar to that at Fornes in Paper B, but also the opposite
situation with lower density inside the cage. Some farmers report of issues
with the skirt being sucked in all around the cage at a certain depth taking
on an hourglass like shape (Misund et al., 2020). It is possible that this is
caused by lower density inside the cage than outside. This effect has not
been documented scientifically, and it would be interesting to investigate
how and when this occurs, and if it has an effect on the dissolved oxygen
levels inside the cage.

The use of acoustic Doppler instrumentation inside fish cages has its
limitations. ADCPs can not be used inside the cages if fish is present, and
ADVs can only measure the current at one position in the cage. It may there-
fore be advantageous for future studies of current flow in cages, both with
and without skirts, to utilise tracers rather than acoustic Doppler sensors.
Tracers, either in the form of neutral buoyant sensors or chemicals such as
fluorescein dye, could provide new insight into how the current flow travels
through the cage. Tracers can also enlighten the complex interaction be-
tween current flow and fish, and may be a better method than using ADVs
for assessing if the fish create an upwelling in the centre of the cage.

If the marine aquaculture industry is to provide food and nutrition
for future generations it has to be sustainable, both economically and eco-
logically. Improved understanding of how the current flow travels through
a stocked cage can give new insight into how to optimise production and
which challenges are to be expected regarding fish welfare as future sites
move to more exposed locations.
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1.  INTRODUCTION

With the continuing expansion of the marine aqua-
culture industry and a decrease in available sites in
nearshore areas due to spatial conflicts and com -
peting claims, there is a growing interest in moving
new production sites to more exposed coastal and
offshore locations (e.g. Holmer 2010, Bjelland et al.
2015, Gentry et al. 2017). These sites are exposed to
harsher wind, wave and current conditions (Holmer
2010, Bjelland et al. 2015). The stronger water
 currents may be advantageous, as higher water ex -

change rates result in larger nutrient assimilation
capacity, higher levels of dissolved oxygen and gen-
erally better water quality (Johansson et al. 2007,
Holmer 2010, Klebert et al. 2013, Gentry et al. 2017).
However, stronger water currents may induce exces-
sive loads on the farm structure and large net defor-
mations, resulting in challenging conditions for farm-
ing operations (Lader et al. 2008, Kristiansen &
Faltinsen 2012, Bjelland et al. 2015, Klebert et al.
2015, Gansel et al. 2018). The  currents may also be
evaluated from a fish-welfare perspective, the pri-
mary concern being how the magnitude, duration
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and frequency of strong current events affect behav-
iour, growth, stress and risks of mortality (Johansson
et al. 2014, Solstorm et al. 2015, Remen et al. 2016,
Hvas & Oppedal 2017).

The response of farmed fish to ocean currents may
be expressed as behavioural changes. Specifically,
the group structure of Atlantic salmon Salmo salar in
commercial farms and experimental setups is ob -
served to change from circular schooling to ‘stand-
ing’ on the current, i.e. remaining stationary while
swimming against the current as the current speed
increases (Johansson et al. 2014, Hvas et al. 2017b).
At low current velocities, swimming speeds are
therefore voluntary and independent of the ambient
environment, while stronger currents may force the
fish to swim at speeds dictated by the environment
(Johansson et al. 2014, Hvas et al. 2017b). Preventing
fish from swimming at their preferred cruising speed
for prolonged periods is a legitimate welfare concern
(Hvas et al. 2017b), and the excess energy expendi-
ture required for faster swimming will also, to some
extent, affect production performance (Solstorm et
al. 2015).

In more extreme current conditions, the maximum
swimming capacity of farmed fish may be exceeded,
resulting in physiological fatigue, severe stress,
injury and even death as the fish gets stuck on the
downstream net pen wall (Oppedal et al. 2011,
Remen et al. 2016). Experimental measurement of
the critical swimming speed (Ucrit) of fish (e.g. Remen
et al. 2016, Hvas & Oppedal 2017) is a standardized
method to assess the upper current velocities farmed
fish are able to handle on acute timescales. Ucrit is a
measure of prolonged swimming capacity originally
defined by Brett (1964). Since swimming at Ucrit or
higher speeds leads to fatigue, farmed fish should
never be exposed to current conditions of such mag-
nitudes in sea cages. Furthermore, Ucrit and swim-
ming behaviour are affected by environmental and
biological factors such as water temperature, fish
size, individual variations and diseases (Brett 1964,
Beamish 1978, Remen et al. 2016, Hvas et al.
2017a,b), which complicate welfare risk assessments
at exposed locations. Weak currents may also
become problematic, especially when combined with
high temperatures, owing to increased risks of
hypoxia inside salmon cages, which reduces feed
intake and growth (Johansson et al. 2007, Remen et
al. 2014, Solstorm et al. 2018).

The primary focus concerning the welfare of
Atlantic salmon farmed in exposed environments is
on the evaluation of their swimming behaviour and
their ability to cope with the prevailing environmen-

tal conditions. However, in recent years, there has
been a drastic increase in the use of cleaner fish in
sea cages for delousing, where the lumpfish Cyclo -
pterus lumpus is the most widely used species (Ims-
land et al. 2014, Powell et al. 2017). In Norway alone,
the use of lumpfish has increased from 15.8 million
lumpfish in 2016 to 27 million in 2017 (Fiskeridirek-
toratet 2018). As a vertebrate species, lumpfish pos-
sess the same animal rights as Atlantic salmon
according to Norwegian laws (Dyrevelferdsloven
2009), thus the same concern regarding welfare in an
exposed setting applies to lumpfish. The Ucrit of
lumpfish is considerably lower than in Atlantic
salmon owing to smaller sizes and a morphology less
suited for fast swimming (Hvas et al. 2018). This sug-
gests that lumpfish are more likely to experience
poor welfare at sites with rough current conditions.

In accordance with Norwegian law, all planned
aquaculture sites must be surveyed to classify the
prevailing environmental conditions. All fish farm
systems must be certified according to the rules in
Standard NS-9415 (NAS 2009) which ensure the
structural integrity of the farm and prevent escapes.
NS-9415 defines 5 current classes based on speed,
ranging from ‘little exposure’ to ‘extreme exposure’
(Table 1). This system for classifying locations does
not consider fish welfare, a cause for concern when
considering the documented swimming capabilities
of Atlantic sal mon. For example, the middle category
of NS-9415, termed ‘substantial exposure’, corre-
sponds to an interval of current magnitudes similar to
the Ucrit of Atlantic salmon post-smolts ranging from
80 to 800 g (Remen et al. 2016, Hvas & Oppedal
2017).

Since exposed salmon farming is a new concept,
thorough environmental descriptions of sites are cur-
rently lacking, and their suitability for responsible
fish production has not yet been clarified. Hence, the
purpose of this study was to characterize current con-
ditions at exposed locations and assess whether fish
welfare is at risk by comparing the ambient environ-
ment with known swimming capabilities of Atlantic

Current class Vc (m s−1) Designation

A 0.0−0.3 Little exposure
B 0.3−0.5 Moderate exposure
C 0.5−1.0 Substantial exposure
D 1.0−1.5 High exposure
E >1.5 Extreme exposure

Table 1. Classification of aquaculture sites in Standard NS-
9415 (NAS 2009) based on the 10 yr return period of the 

current velocity (Vc)



salmon and lumpfish. To achieve this, a new method
was presented and evaluated based on data from site
surveys. This method consisted of 2 parts. First, a
new scheme for classifying water currents based on
known swimming behaviours and capacities of
Atlantic salmon was derived as a supplement to NS-
9415. To identify potential low oxygen events (i.e.
when currents are weak) and to determine if the
swimming capacities of the fish are exceeded, the
number of continuous hours the measured currents
occurred within each current class was determined.
Secondly, the suitability of specific sites was in -
spected using current and temperature data and
known Ucrit limits for Atlantic salmon and lumpfish.
The method was applied to data from 5 sites along
the Norwegian coast, most of them representative
of the present trend of moving Atlantic salmon farms
to more exposed locations. For the most exposed
site, a characterization of extreme events was also
 established.

2.  MATERIALS AND METHODS

2.1.  Data collection and locations

Ocean current data were collected using acoustic
Doppler current profilers (ADCP; Aquadopp
400 kHz, Nortek) at 5 selected locations along the
Norwegian coast between November 2014 and July
2018. Each ADCP was deployed on a multi-sensor
SEAWATCH buoy (Fugro Oceanor) equipped with a
conductivity and temperature sensor (Aanderaa
3919A, Aanderaa Data Intruments).

Three of the ADCPs were located in the Frøya ar-
chipelago (Fr1, Fr2 and Fr3), and the other 2 in Åfjord
(Aafj) and Steigen (Ste) municipality, respectively
(Fig. 1). Fig. 2 shows when the ADCPs were deployed
and active at the different locations. The minimum
deployment span for each ADCP was 5 mo, and all
units were active during at least 1 winter season from
November to February. The velocity profile measured
by the ADCP is divided into uniform segments called
depth cells. The size of the depth cells varied between
locations. At 2 of the locations, Aafj and Fr1, the cell
size was set to 4 m, while the remaining ADCPs oper-
ated with a cell size of 3 m. Because of varying depths
at the different locations, only the data from the first
30 m in each dataset were studied unless otherwise
noted. At Aafj and Fr1, this corresponds to cells 1−7
covering depths 3.5−31.5 m, while at Fr2, Fr3 and Ste,
cells 1−9 were applied, covering 2.5−29.5 m.

All ADCPs were installed facing
downward and configured to perform
measurements over the last 10 min of
each hour and produce averaged val-
ues of these data series. This sampling
procedure is  sufficient to resolve the
tidal fluctuations, as the semi diurnal
tidal constituents dominate along the
Norwegian coastline (Sætre 2007), as
well as strong currents in the upper
water column due to interaction
between tides and strong winds. Aver-
aging over 10 min will smooth out tur-
bulent motion and measurement error,
but may also to some degree remove
information on the exact size of current
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Fig. 1. Locations of the acoustic Doppler current profilers (ADCPs) at Åfjord 
(Aafj), Steigen (Ste), and the Frøya archipelago (Fr1, Fr2 and Fr3)

Fig. 2. Deployment and active periods for the ADCPs from
2014 to 2018. From deployment to recovery, the temporal
coverage was 94% at Aafj (with hours sampled, n = 5332),
96% at Fr1 (n = 11969), 86% at Fr2 (n = 17675), 99% at Fr3
(n = 13019) and 95% at Ste (n = 4612). See Fig. 1 for 

site locations
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peaks. This is not considered an issue, as it is the
generalized characteristics of the sites that are of
interest here rather than short-term fluctuations.

2.2.  Initial processing of data

Unrealistic data points were removed in accor-
dance with recommended procedures for quality
control of buoy-mounted ADCPs (SeaDataNet 2010).
For each dataset, the mean, SD and maximum and
minimum current speed were calculated. The signif-
icant maximum and minimum, defined as the mean
of the 1/3 largest and 1/3 smallest current speeds,
were also determined.

The 10 yr return current describes the current
speed which is exceeded on average once every
10 yr. This value is used officially for site classifica-
tion in Norway, was calculated at depths of 7 and
9.5 m, depending on location. The current was de -
termined following the method described in Stan-
dard NS-9415 (NAS 2009) for 1 mo site surveys using
the maximum current speed measured during the
entire deployment.

2.3.  Defining current classes

A proposed classification scheme for ambient cur-
rent conditions based on previous studies of swim-
ming behaviours and Ucrit of Atlantic salmon Salmo
salar is summarized in our Table 2 (Gansel et al.
2014, Johansson et al. 2014, Remen et al. 2016, Hvas
et al. 2017a,b). The classes representing the weakest
currents, ‘very weak’ (0−10 cm s−1) and ‘weak’ (10−
20 cm s−1), define the interval of current speeds where
large Atlantic salmon are known to swim freely and
unaffected. The ‘very weak’ class was included to
isolate events of low oxygen levels that may occur in

stagnant water. The third class, ‘moderate’ (20−40 cm
s−1), covers the speeds where large Atlantic salmon
start showing signs of breaking up their circular
swimming pattern and some of the fish begin to stand
on the current. Previous studies have observed that
in sea cages, all fish stand on the current when cur-
rent speeds exceeded roughly 45 cm s−1 (Johansson
et al. 2014, Hvas et al. 2017b). The ‘substantial’ class
(40−50 cm s−1) therefore covers the transition from a
non-homogeneous swimming pattern to a polarized
school where most fish stand on current, while the
‘strong’ (50−60 cm s−1) class contains only the latter
behaviour. Finally, the ‘very strong’ class was based
on conservative estimates of the Ucrit where low tem-
peratures and smaller fish sizes are considered and
reflects current conditions where fish are at risk of
reaching physiological fatigue. This was done using
the Ucrit value of 80.6 cm s−1 for small post-smolts of
80 g swimming in groups at 14°C (Remen et al. 2016)
and assuming a 20% decrease in swimming perform-
ance when reducing the temperature to 3°C (Hvas et
al. 2017a), resulting in a Ucrit value of 64.5 cm s−1. To
also account for individual differences, the ‘very
strong’ limit was set to 60 cm s−1.

2.4.  Identification and duration of classes

Current conditions theoretically experienced by
the fish were studied by classifying the mean current
speeds at each location for each time sample and
depth layer using the defined classes in Table 2. The
distribution of classes within each depth layer over
the entire deployment was determined by sorting all
mean values collected for each individual cell.

To assess the impact of current speed on swimming
capacity of Atlantic salmon, the number of successive
hours the water column stayed within a given current
class was determined. As it remains uncertain
whether fish will actively seek to avoid depth layers
with adverse currents (Oppedal et al. 2011), 2 differ-
ent criteria were used to define the class of the water
column, homogeneous and non-homogeneous. The
homogeneous criterion requires that all depth layers
in the water column share a single class. If 1 or more
depth layers differ from the others, the sample is con-
sidered mixed. When using the homogeneous crite-
rion, 2 samples are considered consecutive only if all
depth layers in both samples have the same class.
The non-homogeneous criterion is less stringent in
only requiring 1 depth layer in the water column to
be of a given class. This means that a single time
sample will be classified according to all classes
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Current                    Swimming behaviour
Speed (cm s−1)   Class

0−10                   Very weak     Swimming freely
10−20                 Weak              Swimming freely
20−40                 Moderate       Circular pattern is disrupted;
                                                  some fish standing on current
40−50                 Substantial    Most fish standing on current
50−60                 Strong            All fish standing on current
>60                    Very strong   Exceeds Ucrit

Table 2. Definition of current classes based on established
limits related to the onset of behavioural changes and criti-

cal swimming speed (Ucrit) of Atlantic salmon
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present in the water column. Two samples are then
considered consecutive if at least 1 cell in each sam-
ple shares classification.

The most relevant depth layers for assessing fish
welfare are those containing the largest biomass.
Due to observed preferred swimming depth and
diurnal swimming pattern (Oppedal et al. 2011), it
was assumed that the top 20 m of the water column
would contain most of the biomass. Hence, only the
top 20 m were included when determining the dura-
tion of events where the water column was defined
within specific current classes. These were cells 2−5
at Fr2, Fr3 and Ste and cells 2−4 at Fr1 and Aafj, cor-
responding to depth intervals of 5.5−17.5 and 7.5−
19.5 m, respectively. The first depth cell at each site
was excluded, as buoy-mounted ADCPs can experi-
ence a bias in near-surface observations (Mayer et al.
2007).

In addition, the duration of periods where current
speeds continuously exceeded 30 cm s−1 were ex -
tracted, since it has been shown that chronic expo-
sure above this magnitude may compromise growth
performance in post-smolts (Solstorm et al. 2015).

2.5.  Evaluation of current data using Ucrit

and water temperature

To account for thermal effects on Ucrit, the meas-
ured horizontal current speeds were normalized
using a temperature-dependent function, Ûcrit(T).
Normalized current speeds (Ũ ) >1 then represent
current speeds higher than measured Ucrit values at
the given temperature.

Ûcrit (T) was created by polynomial regression, fit-
ting a 2nd-degree polynomial function to data for
Atlantic salmon of ~450 g acclimated to 5 different
temperatures (Hvas et al. 2017a) (Fig. 3). Further-
more, this function was scaled down to represent a
smaller post-smolt of 80 g with a scaling factor k,
using the measured maximum Ucrit = 80.6 cm s−1 for
fish of that size at 14°C (Remen et al. 2016):

k =  0.806 (m/s)/Ûcrit (14°C) (1)

A scaling factor was also created for adult salmon
of 1750 g using data from Remen et al. (2016), and
the Ûcrit (T) for this group is also presented in Fig. 3.

A similar approach was used for lumpfish Cyclo -
pterus lumpus of ~300 g, acclimated to different tem-
peratures (Hvas et al. 2018) using a 2nd-degree poly-
nomial (Fig. 3). The polynomial function was also
scaled down to represent lumpfish of ~75 g (Hvas et
al. 2018) using a scaling factor with Ucrit = 26.9 cm s−1

at 9°C. Due to the small difference in Ûcrit (T), the
polynomial function for larger lumpfish was applied
when evaluating the current data. Second-degree
polynomials were considered adequate for both
salmon and lumpfish as they accounted for over 95%
of the variability in the data for both species (r2 = 0.98
for salmon, r2 = 1.0 for lumpfish).

Eq. (2) expresses the normalized horizontal current
speed Ũi

t, where Ui
t is the current speed observed at

time t in cell i, k is the scale parameter, Ûcrit is the
temperature-dependent function, and Tt the meas-
ured temperature at time t.

Ũi
t =  Ui

t/[Ûcrit(Tt) · k] (2)

Temperature measurements were gathered at 1 m
depth and assumed constant throughout the water
column, which is an oversimplification that may have
an impact on the results. Specifically, when inspect-
ing temperature variations within sea cages in
 surface waters, temperature profiles will typically
correlate positively with depth during winter and
negatively with depth during summer (Johansson et
al. 2006, Oppedal et al. 2011). This means that using
temperature measured at 1 m depth will be a con -
servative approach when determining Ûcrit during
winter, while too high temperatures will be applied
for Ûcrit during summer.

For all locations, linear interpolation was applied to
fill in missing temperature values. The buoy at Fr3
encountered technical problems and ceased logging
temperature 1 mo after deployment. Temperature
measurements from Fr2 nearby were used to normal-
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Fig. 3. Temperature-dependent critical swimming speed
(Ûcrit) for Atlantic salmon (black lines) and lumpfish (red
lines) of different sizes. The empirical critical swimming
speed data (Uempir.) for Atlantic salmon are from Hvas et al.
(2017a) and Remen et al. (2016), and for lumpfish from Hvas 

et al. (2018)
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ize the current at Fr3, and linear interpolation was
carried out when Fr2 was not operative in June and
July 2017. This is unlikely to have a notable impact
on the results, since the sea temperature changes
slowly during the summer, and because the strongest
currents occurred during the winter months.

2.6.  Duration and frequency of extreme events

For the most exposed location, a study was done to
determine the duration and frequency of events with
current speeds in the ‘very strong’ class (i.e. exceed-
ing 60 cm s−1) and the number of successive events
exceeding the limit. The non-homogeneous criterion
for the water column was applied as the homoge-
neous criterion was deemed too strict when identify-
ing extreme events.

Ocean currents along the Norwegian coast are
influenced by several factors, such as tides, fresh-
water runoff, Atlantic water inflow, bottom topogra-
phy, wind and weather conditions (Sætre 2007). For
the tides, the principal lunar and solar semidiurnal
tidal constituents are dominant, with periods of 12.42
and 12 h, respectively (Sætre 2007). Strong currents
can occur with both falling and rising tides. From the
perspective of the fish, this means that extreme cur-
rent speed events may arise twice in a 12 h period.
Hence, the number of successive events where the
speed was classified as ‘very strong’ and where there
were >5 and <13 h between events were identified.

3.  RESULTS

3.1.  Overview and classification of locations

The current speeds observed at each site are sum-
marized in Table 3. The highest current speed meas-
ured was 112.5 cm s−1 at Fr2, while Ste had the

calmest conditions overall with a maximum current
speed of 36.0 cm s−1. The classification for each loca-
tion using Standard NS-9415 shows the same trend,
with Fr2 categorized as ‘extreme exposure’ and Ste
as ‘substantial exposure’. Aafj, Fr1 and Fr3 were all
classified as having ‘high exposure’.

3.2.  Distribution and duration of 
current classes

The distribution of the different current classes for
selected depths is shown in Fig. 4. Observations
from Ste and Aafj were predominantly within the
‘weak’ and ‘very weak’ classes, with nearly 99% of
all current speeds measured at Ste and 93% at Aafj
in 1 of these 2 classes. All sites in Frøya had a
higher percentage of currents in the stronger
classes. The data series from Fr2 and Fr3 contained
several incidents of currents in the ‘very strong’
class, while Aafj only had a single occurrence. The
recorded ‘very strong’ currents cover 0.31% and
0.03% of the entire deployment time at Fr2 and Fr3,
respectively.

The continuous duration of events within each
class using the homogeneous and non-homoge-
neous criterion for the water column are shown as
boxplots in Figs. 5 & 6, respectively. Non-homoge-
neous water columns were experienced close to
twice as often as homogeneous water columns at all
locations. Independent of criteria used to inspect the
depth layers, Aafj and Ste had the longest durations
of ‘very weak’ currents, and Fr2 had the longest
duration of ‘very strong’ currents. The total number
of hours with current speeds over 30 cm s−1 based
on both the homogeneous and non-homogeneous
water column criterion is presented in Fig. 7. The
longest durations were 33 and 32 h at Fr3 and Fr2,
respectively, when applying the non-homogeneous
water column.
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Site Current speed  (cm s–1) NS-9415 class.
Mean Median Mode Max. SD Signif. max. Signif. min. 10 yr return

Aafj 8.8 7 3.5 62.1 6.9 16 3.5 102.5 D
Fr1 12.6 11.7 7 57.4 8.1 21.6 5.2 104.4 D
Fr2 17.6 15.2 9.4 112.5 11.8 30.5 6.9 176 E
Fr3 13.9 12.9 5.9 71.5 8.2 22.2 6.4 110.2 D
Ste 7.2 6.2 3.2 36 4.6 11.3 3.8 56.6 C

Table 3. Descriptive statistics for all locations displaying mean, maximum, SD, and significant (see Section 2.2) maximum and
minimum current speeds. The 10 yr return period calculated in accordance with Standard NS-9415 (NAS 2009) and the 

corresponding current classification are also listed. See Fig. 1 for site locations
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3.3.  Evaluating current data using Ucrit

and water temperature

Fig. 8 shows the number of consecutive hours
where the currents were within given ranges of Ucrit

for Atlantic salmon Salmo salar using both the homo-
geneous and non-homogeneous criterion. Only Fr2

exceeded the Ucrit of Atlantic salmon, independent of
which criterion was used, for up to 4 h at a time. The
results for lumpfish Cyclopterus lumpus are presented
in Fig. 9 and show that Ucrit was exceeded at all sites
when using the non-homogeneous criterion, and at all
sites except Ste when using the homogeneous crite-
rion. These conditions could persist for up to 33 h.
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Fig. 4. Total distribution of current classes over the entire duration of deployment for selected depths at each location. 
U: current speed. See Fig. 1 for site locations

Fig. 5. Number of consecutive hours in each current class using the homogeneous criterion for the water column. Red line:
median; horizontal dotted line: mean. Lower whisker extends to first quartile (Q1) minus 1.5 times the interquartile range
(IQR). Upper whisker extends to the third quartile (Q3) plus 1.5 × IQR. Data outside of the whiskers are events that exceed Q3
+ 1.5 × IQR. These are represented as dots and are considered valid data points. Dots may overlap; hence dots do not 

necessarily represent a single occurrence. Note the different y-axes. U: current speed. See Fig. 1 for site locations
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3.4.  Extreme events at Fr2

Site Fr2 was selected for the study of extreme
events, as it had the most frequent occurrence of
 current measurements above 60 cm s−1. Dates con-
taining more than 3 consecutive tidal cycles are pre-
sented in Table 4, and the total hours of each event
was found as the time span from the first to the last
measured current measurement classified as ‘very
strong’. The longest duration observed was 51 h in
January 2018, while the maximum recorded current
speed and largest mean value were 112.5 and
42.3 cm s−1, respectively.

4.  DISCUSSION

4.1.  Current class definitions based on 
fish behaviour

The classification obtained by using Standard NS-
9415 gives little insight into the actual conditions
experienced by the fish, and its usefulness as a
descriptive tool should be questioned. For instance,
the NS-9415 classification of both Aafj and Fr3 as
‘high exposure’ sites does not reflect the fact that
Aafj, unlike Fr3, has long periods of low currents.
The method presented in the present study attempts
to resolve this issue by employing observed limits

related to behavioural changes and swimming cap -
acities when evaluating the current data. However,
certain aspects of the classification should be consid-
ered when interpreting the results.

Ucrit values are determined in swim tunnels, where
fish are exposed to a continuous flow of constant
velocity in systematic increments, a situation rarely
experienced in nature (Plaut 2001). In addition,
 current speeds inside and outside of a sea cage are
not necessarily alike, as a significant reduction of
speed may occur over the net of sea cages and over
the entire farm installation (Klebert et al. 2013,
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Fig. 6. Number of consecutive hours in each current class using the non-homogeneous criterion for the water column. Other 
details are the same as for Fig. 5

Fig. 7. Number of consecutive hours with current speeds
exceeding 30 cm s−1 based on both the homogeneous and
non-homogeneous water column criterion. Other details are 

the same as for Fig. 5
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Winthereig-Rasmussen et al. 2015). Several factors
influence this reduction in speed, such as net dimen-
sions, biofouling, presence of fish and potentially the
deformation of the sea cages (Klebert et al. 2013,
Gansel et al. 2014, Winthereig-Rasmussen et al.

2016). Klebert et al. (2015) report a reduction of
21.5% in current speed from a reference point out-
side to inside a fish pen, which compares well with
the reduction of 20% found applying the empirical
method of Løland (1991). Higher reductions have
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Fig. 8. Number of consecutive hours where the currents were within given ranges of the critical swimming speed (Ucrit) for
Atlantic salmon Salmo salar using both the homogeneous and non-homogeneous criterion. Other details are the same as for 

Fig. 5

Fig. 9. Number of consecutive hours where the currents were within given ranges of the critical swimming speed (Ucrit) for
lumpfish Cyclopterus lumpus using both the homogeneous and non-homogeneous criterion. Other details are the same as for 

Fig. 5
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however been reported when the sensors are located
such that fish may influence the measurements
(Johansson et al. 2014).

The measurements used in this study were col-
lected in open water outside and apart from farm
structures, and it is reasonable to assume that the
current speed could be reduced by 20% within a sea
cage. This has implications for the defined current
classes, and it can be argued that the ‘very strong’
class limit of 60 cm s−1 is somewhat low and should be
increased to account for the reduction over the net. In
addition, Ucrit of larger Atlantic salmon Salmo salar
have been reported as high as 125 cm s−1 (Hvas et al.
2017b), while the ‘very strong’ class is based on
results for small post-smolts swimming at 3°C, which
represent the conditions of poorest swimming capac-
ity. Furthermore, the presence of diseases or para-
sites may lead to a further reduction of Ucrit (Hvas et
al. 2017c). Ideally, the ‘very strong’ class should
reflect the specific species in question, body size and
ambient temperature and account for inherent varia-
tion in swimming capacities in the population so that
weaker individuals are protected. The ‘very strong’
class could thus be used to give an indication
whether current speed should be considered more
carefully at a prospective site or not.

4.2.  Choice of criteria and implications for results

The duration of the ‘very weak’ and ‘weak’ classes
vary with choice of criteria for the water column. For
instance, the maximum continuous duration of ‘very
weak’ currents were 130 and 293 h at Aafj, and 111
and 204 h at Ste, using the homogeneous and non-
homogeneous criterion, respectively. This variation
between choice of criterion was higher than that
observed for the ‘strong’ and ‘very strong’ classes.

For example, the maximum duration of the ‘very
strong’ class at Fr2 only increased by 1 h with the
non-homogeneous criterion.

Current speed generally tends to decrease with
depth in the upper water column, a trend seen in
Fig. 4. If the non-homogeneous criterion is applied,
the possible variation in current speed with depth
gives fish the theoretical option to avoid strong cur-
rents by changing their depth. Atlantic salmon are
rarely distributed evenly inside a sea cage, and often
display circadian rhythms with respect to swimming
depth, where they descend and swim relatively deep
during the day and closer to the surface at night
(Johansson et al. 2006, 2007, Oppedal et al. 2011).
However, there are currently no studies that have
shown that salmon actively avoid depth layers with
high current speeds (Johansson et al. 2007, Oppedal
et al. 2011), suggesting that the non-homogeneous
criterion should be preferred when evaluating the
effect of strong currents on fish welfare.

When investigating the probability of low oxygen
levels because of slow currents, the homogeneous
water column criterion is more suitable, as low oxy-
gen levels are expected only when the current
speeds are low in all relevant layers. Earlier work has
indicated that salmon may avoid areas of slightly
lowered oxygen levels (Oldham et al. 2017) and
extreme hypoxia (Dempster et al. 2016, Stehfest et al.
2017), but this may be overruled by their preferred
temperature at the depth of hypoxia (Stien et al.
2012). The homogeneous criterion is therefore more
suitable when considering the risk of hypoxia in
weak currents.

4.3.  Classification and site suitability

Applying the suggested method to ocean current
data from the 5 sites can reveal crucial information
about the environment as experienced by the fish.
The long durations of the ‘very weak’ currents
recorded at Aafj and Ste could have implications for
hypoxia events. Long durations of ‘very weak’ cur-
rents, or at high frequencies, especially during late
summer and autumn when temperatures are ele-
vated or stocking densities are high, are associated
with environmental hypoxia, which can be detrimen-
tal to fish growth and health (Burt et al. 2012, Remen
et al. 2013, 2014).

Current speeds over 30 cm s−1 were measured at all
locations, with durations up to 33 h with the non-
homogeneous criterion. Post-smolts kept at currents
around 30 cm s−1 for 6 wk display reduced growth
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Year/ No. of Total Current speed (cm s–1)
date tidal cycles time (h) Max. Mean Min.

2017
3–4 Nov 3 18 70.3 35.5 1.2
3–4 Dec 3 26 77.3 33.3 7.0

2018
3–5 Jan 5 51 96.1 33.6 1.2
1–3 Feb 4 39 80.9 29.6 0.0
24–25 Apr 3 27 72.7 42.3 8.2
30 Apr–1 May 3 27 112.5 40.0 0.0

Table 4. Statistics for periods containing consecutive cycles
with currents in the ‘very strong’ class. Total hours: duration
from the first recorded to the last recorded ‘very strong’ 

current that has >5 and <13 h between them
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(Solstorm et al. 2015). Slack current conditions of
4 cm s–1, on the other hand, resulted in higher lipid
content in the muscle compared to post-smolt kept at
moderate currents of 18 cm s–1 (Solstorm et al. 2015).
Nevertheless, this may not be relevant for salmon in
commercial cages where salmon frequently display
daytime schooling with swimming speeds of >0.5 fish
length s−1 (Oppedal et al. 2011, Hansen et al. 2017).

Atlantic salmon have been observed to sustain
80% of Ucrit for at least 4 h (Hvas & Oppedal 2017).
Fr2 was the only location to exceed this, with current
speeds between 80 and 100% of Ucrit persisting up
to 6 consecutive hours when employing the non-
 homogeneous criterion. This location was also the
only one to exceed the Ucrit of small post-smolts and
had up to 5 consecutive events with current speeds in
the ‘very high’ class (Table 4). Depending on fish size
and the reduction of current through the cage walls,
the maximum current of 92 cm s−1, measured during
this extreme period in January 2018, could have a
detrimental effect on the fish. The minimum velocity
during this period was 1 cm s−1 (Table 4), meaning
that restitution between the ‘very strong’ current
speeds could be possible with a maximum period
between 2 extreme events set to 13 h. Should the fish
withstand the strong currents during the peaks, this
may provide sufficient time for recovery. However, it
is uncertain how the cumulative impact of 5 cycles of
strong currents will affect the welfare of Atlantic
salmon, and the welfare of the much smaller lump-
fish Cyclopterus lumpus.

Unlike salmon, lumpfish has the option to adhere to
surfaces such as rocks and seaweed by use of a ven-
tral suction disc and can thereby withstand currents
much higher than their Ucrit (Hvas et al. 2018). For
instance, lumpfish can remain attached to a surface
for 1 min when exposed to currents of 110 cm s−1

(Hvas et al. 2018). For this reason, exceeding Ucrit

may not have the same short-term consequences as
for salmon. However, lumpfish in swimming tunnels
did not adhere to a surface for more than 20 min,
independent of current speed (Hvas et al. 2018). The
long duration of currents exceeding Ucrit at all of the
studied locations could therefore be a serious chal-
lenge for their wellbeing.

The suitability of the 5 locations for both species
can be summarized by saying that all sites except Fr2
could be suitable for post-smolts as small as 80 g,
while none of the locations appear suitable for lump-
fish as they all exceed their Ucrit for as long as 33 h at
a time.

Despite each ADCP having similar configurations,
direct comparisons between locations are compli-

cated by the different cell sizes, deployment dates
and duration of deployment. For instance, Fr2 had
the longest deployment time, increasing the proba-
bility of recording strong current speeds. Further
work should focus on expanding the method pre-
sented in this paper to classify existing and prospec-
tive farm sites using model data from ocean models
such as SINMOD (SINTEF) or Norkyst800 (Hav-
forskningsinstituttet). Combining these classifica-
tions with wind-wave exposure classification using
the fetch analysis in Lader et al. (2017) would estab-
lish a good foundation for defining an exposed loca-
tion and fish welfare at such a site. The effect of
strong waves on fish welfare should also be studied
in more detail, such that a greater understanding of
welfare at exposed sites can be obtained.

5.  CONCLUSION

Standard NS-9415 aims to prevent escapes and
focuses on assessing the environment with regard to
structural loads. However, if fish farmers only
 commission providers of site surveys to comply with
Standard NS-9415, important information about the
environment as experienced by the fish is lost. In this
study, a new method for classification of aquaculture
sites with respect to current conditions and their
implications for fish welfare was proposed and
applied to 5 different locations along the Norwegian
coast.

The steps of the method can be summarized as
 follows. For a specific site, define the ‘very strong’
class on the Ucrit of the relevant species and classify
current data in accordance with the scheme. To
 evaluate if hypoxia may become an issue, the dura-
tion of ‘very weak’ currents should be inspected with
a homogeneous water column criterion. If ‘very
strong’ current speeds are registered, the duration of
the strong currents should be inspected with the non-
homogeneous water column criterion. The current
speeds should also be evaluated using a tempera-
ture-dependent function, Ûcrit (T), for all relevant
species, if temperature data is available. Of the 5
sites included in this study, only Fr2 had current
speeds that exceeded Ucrit of small post-smolt Salmo
salar, while all sites surpassed the Ucrit of lumpfish
Cyclopterus lumpus. The use of lumpfish at these
sites may therefore be problematic with regards to
their welfare.

The presented method should be adapted and
offered as part of the site surveys for fish farmers to
assess prospective sites and to plan production and
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stocking of fish. The method is easily adapted to dif-
ferent species if their Ucrit is known. By analyzing the
prevalence and persistence of different current
speed classes and comparing this with known limits
of a specific species’ Ucrit, prospective production
sites can be assessed with respect to fish perform-
ance and welfare.
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1.  INTRODUCTION

Shielding skirts are widely used in Norway as a non-
invasive preventive measure to reduce salmon lice
Le pe ophtheirus salmonis infestations on Atlantic salm -
on Salmo salar L. in sea-cages. Shielding skirts are a
form of barrier technology that attempts to keep the in-
fective copepodids out of the cage by rerouting the up-
per water column around the cage, which has a higher
lice density than the deeper levels due to the preferred
swimming depth of the louse (i.e. Huse & Holm 1993,
Heuch et al. 1995, Hevrøy et al. 2003, Oppedal et al.
2017, Geitung et al. 2019, Barrett et al. 2020).

The effect of shielding skirts on lice infestation is
varied, with some studies finding that skirts reduce
lice infestations (Næs et al. 2012, Grøntvedt et al.
2018, Stien et al. 2018, Bui et al. 2020), whereas oth-
ers find that at certain sites, skirts have little to no
effect (Grøntvedt & Kristoffersen 2015, Lien et al.
2015, Grøntvedt et al. 2018). Shielding skirts also
affect the environment inside the cage, particularly
the dissolved oxygen (DO) concentration (Oldham et
al. 2017). Low DO and cyclic hypoxia inside fish
cages reduce feed intake and specific growth rates
(Remen et al. 2014), while moderate hypoxia can sig-
nificantly reduce aerobic capacity and swimming
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ABSTRACT: Shielding skirts are widely used as a non-invasive preventive measure against
salmon lice Lepeophtheirus salmonis infestations on Atlantic salmon Salmo salar in sea-cages.
Low levels of dissolved oxygen (DO) are reported from some sites, but not others. This disparity is
usually explained by local variations in current flow and hydrography. The aim of the present
study was to investigate these local variations through vertical mapping of DO and hydrography
at 2 hydrographically different sites equipped with shielding skirts. The 2 sites chosen, Fornes and
Soløya, are in northern Norway and are equipped with a permeable and a non-permeable skirt,
respectively. Over a period of 3 d, current speed and direction were recorded outside the cage,
while DO and hydrography were measured both inside and outside the cage, above and below
the skirt. At Fornes, the DO inside the cage varied throughout the study period, while DO outside
remained stable. The variation in DO inside the cage co-occurred with variations in strength and
depth of a present pycnocline that broke down during the study period. At Soløya, DO levels were
high throughout the study, and there was no gradient in salinity, temperature or density, indica-
ting good vertical mixing. These data illustrate how the interaction between skirts and local con-
ditions can influence the temporal and spatial variations of DO inside shielded cages and high-
light the importance of studying local current conditions and hydrography when applying
shielding skirts.
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performance (Oldham et al. 2019). Higher water
 temperature increases the DO demand of Atlantic
salmon (Remen et al. 2013, 2016), and this demand
is mainly met by physical transport of sufficient
amounts of oxygen-rich water through the cage
(Wildish et al. 1993, Johansson et al. 2006). As the
skirt diverts the flow around the cage, the natural
exchange of water is disrupted and this can result in
low DO levels (Stien et al. 2012). However, this effect
does not occur at all sites, as some studies have
reported sufficient DO inside cages with skirts (Næs
et al. 2012, Stien et al. 2018).

One reason for these variations could be differ-
ences in the water exchange due to local flow pat-
terns. Farm layout (Rasmussen et al. 2015), local
topography (Klebert et al. 2013), cage structure (Kle-
bert et al. 2015), bio-fouling (Gansel et al. 2015),
presence of fish (Klebert et al. 2013, Gansel et al.
2014, Klebert & Su 2020) and structures such as
shielding skirts (Frank et al. 2015) all influence how
the ocean currents flow through and around fish
cages. Computational fluid dynamics (CFD) analyses
of laminar current flow into a fish cage with a rigid
shielding skirt show that part of the incoming current
is pressed around the skirt, but a portion is pressed
down along the skirt, underneath it and into the sea-
cage (Lien & Høy 2011, Lien et al. 2015). The deflec-
tion of the current underneath the shielding skirt and
into the fish cage was observed in full-scale dye
experiments (Frank et al. 2015). However, when re -
peating the dye experiment with similar ambient cur-
rent conditions, the amount of dye entering the cage
varied significantly (Frank et al. 2015). One variable
that influences the current flow pattern, which could
explain the observed variance, is density stratifica-
tion (pycnocline) in the water column caused either
by a salinity (halocline) or temperature (thermocline)
gradient (Johansson et al. 2007, Gansel et al. 2014).

The density of seawater is predominantly deter-
mined by its salinity and temperature, hence a den-
sity gradient means that there is a gradient in salinity
and/or temperature. Vertical stratification is known
to inhibit vertical mixing in the water column
(Imberger 2013), and thereby alter the current flow
and the distribution of DO in the water column. Strat-
ified sites show lower DO levels than homogeneous
sites (Johansson et al. 2007), and haloclines are
reported to influence the deflection of the ambient
current around empty fish cages (Gansel et al. 2014).
As vertical mixing is inhibited at the depth of the
stratification, its vertical position is relevant. For
instance, in Stien et al. (2012), the combination of rel-
ative low salinity and high temperature around the

skirt depth is presented as an explanation for the low
DO levels inside the fish cage. In addition, by influ-
encing the vertical mixing, stratification can impact
the effectiveness of the skirt as a preventive measure
against lice (Geitung et al. 2019, Bui et al. 2020), as
the vertical position of the salmon lice is influenced
by environmental variables such as salinity (Brick-
nell et al. 2006, Crosbie et al. 2019) and temperature
(Crosbie et al. 2020).

Local variations in DO inside fish cages and the
varying efficiency of shielding skirts in lice preven-
tion imply that hydrographical conditions at sites
should be investigated in more detail. In the present
study, 2 hydrographically different sites were moni-
tored using similar equipment to exemplify the dif-
ferences that can be observed in the field. DO levels
and relative water density were measured inside and
outside a fish cage at the 2 sites over a period of 3 d
to study the dynamics of DO, current conditions and
hydrography. The data provide important insight
into how shielding skirts in combination with local
conditions can influence the temporal and spatial
variation of DO inside shielded cages.

2.  MATERIALS AND METHODS

2.1.  Study sites

The measurement campaigns were performed at
the fish farms at Soløya (68.004339 °N, 13.181384 °E)
and Fornes (68.410151 °N, 15.435051 °E), located in
the Lofoten Islands, Norway (Fig. 1). To achieve con-
tinuous measurements unaffected by operational
work and feeding, measurements were carried out
be tween the late afternoon, or evening, and the
morning. It should be noted that due to the latitudes
of the sites, there was continuous daylight through
the entire measurement period.

The first campaign was carried out from 21 to 24 May
2019 at Soløya, owned and operated by Ellingsen Sea -
food AS (Fig. 1). Data were collected over 2 nights
between 21−22 May and 23− 24 May. The second
campaign was carried out at Fornes in Øksfjorden,
owned and operated by Nordlaks Oppdrett AS (Fig. 1),
with data recorded every night between 2 and 5 July
2019.

The Soløya farm consists of 12 cages in one row,
aligned from north to south. Data were collected
from the northernmost cage (Fig. 1), which had a cir-
cumference of 100 m and was equipped with a cylin-
drical net. The first 15 m of the cage were cylindrical
and kept in place with 16 steel chain weights of 50 kg,
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each evenly distributed around the circumference of
the cage. The bottom of the cage was formed as a
cone from 15 to 22 m depth, with a 50 kg steel chain
weight at the tip of the cone. The cage was equipped
with a 5 m deep non-permeable tarpaulin shielding
skirt (Botngaard), weighted with 4 kg m−1 around the
bottom of the skirt (Fig. 1). The biomass in the cage
during the experiments was 212 t, with 117 500 fish
of average weight of 1.8 kg.

There were 9 cages at Fornes, also aligned in one
row, but from west to east. Data were collected from
the third westernmost cage (Fig. 1), which had a cir-
cumference of 160 m and was equipped with a coni-
cal net. The net was 55 m deep, with a concrete
weight of 2.4 tonnes in water attached to the tip of
the cone. The shielding skirt applied was a perme-
able canvas lice skirt (Norwegian Weather Protec-
tion) with a solidity of 51%, mesh size of 350 ×
350 μm and a depth of 10 m (Fig. 1). The skirt was
weighted with 2 kg m–1 lead rope at the bottom. The
biomass in the cage during the experiment was 750 t,
with 191 310 fish of average weight of 3.8 kg.

2.2.  Measurements and sensors

DO was measured every minute at both locations
using PME MiniDO2T oxygen sensors (Kem-En-Tec

Nordic). Due to its larger size, Fornes was equipped
with 2 additional Aanderaa Optodes 4330 oxygen
sensors (Aanderaa Data Instruments). At Soløya, DO
was recorded in the cage centre at 2, 4 and 6 m
depth, such that measurements were collected both
above and below the skirt. Outside the cage, DO was
recorded at 3 m depth (Fig. 1). At Fornes, DO was
recorded in the cage centre and at 3, 6, 9 and 12 m
depth, as the skirt was 10 m long. Measurements out-
side the cage were made at 3 m depth (Fig. 1). Addi-
tional oxygen sensors were deployed at the perime-
ter at 3 m depth.

Current speed and direction were recorded using
an Aanderaa SeaGuard II Doppler current profiler
(DCP) measuring continuously with a sampling fre-
quency of 0.67 Hz (Fig. 1). Data were averaged and
stored every minute. The DCP was attached to an
anchoring buoy at both sites pointing downwards
with vertical resolution (cell size) set to 1 m. As buoy-
mounted DCPs can experience bias (Mayer et al.
2007), the first depth cell was excluded from the data
set.

To measure vertical conductivity and temperature
profiles, a SonTek CastAway CTD probe (SonTek/
Xylem) was used inside and outside the cage at both
sites (Fig. 1). CTD measurements were obtained
manually the afternoon before and the morning after
each measurement period.

Fig. 1. (a) Locations of sites where measurement campaigns were carried out: Soløya in May 2019, and Fornes in July 2019.
(b) Measurement positions of dissolved oxygen (DO), conductivity, temperature and depth (CTD) and current profiles at
Fornes and Soløya. (c) Schematic diagram of the sea-cages. DO was measured at position O outside the cage at 3 m depth at
Fornes and Soløya. DO was also measured in position C at 3, 6, 9 and 12 m at Fornes and at 2, 4 and 6 m at Soløya. At Fornes,
DO was also measured at 3 m depth in positions N and S, 4 m from the floating collar. The CTD profiles were measured
 manually inside and outside the cage at positions A1 and A2, respectively. Current speed and direction profiles were measured 

at position B
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2.3.  Statistical analysis

Analyses were performed in MATLAB v. R2018b. A
Kolmogorov-Smirnov test revealed that DO data were
not normally distributed in any sensor at either loca-
tion (p < 0.05). To test if there was a significant differ-
ence in DO levels inside and outside of the fish cage,
the non-parametric Kruskal-Wallis test was applied to
data from each location for each night. That is, the
data from the sensors at 3, 6, 9 and 12 m inside the
cage at Fornes were compared with those from the
sensor at 3 m outside, while the data from the sensors
at 2, 4, 6 and 8 m at Soløya were compared with those
from the sensor at 3 m depth outside. All recorded
data from the relevant periods were included as there
were no outliers. When significant differences were
detected, a Tukey-Kramer post hoc test was used to
determine significant differences between measure-
ments inside and outside the cage.

3.  RESULTS

At both locations, and for all periods, the Kruskal-
Wallis test confirmed that at least 2 of the DO sensors
gave measurements that came from different distri-
butions (p < 0.01). The Tukey-Kramer post hoc test
further determined that there was a significant dif-
ference between the sensor outside and those inside
(p < 0.01) at both locations.

3.1.  Soløya data

Soløya had no clear tidal pattern and appeared
chaotic with relatively low current speed through-
out the period, but with some short bursts of
0.2 m s−1 in the upper 5 m (Fig. 2). The chaotic pat -
tern at Soløya is also shown in Fig. 3, which shows
the current roses for both locations, where the
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direction of the current at Soløya is more diffuse
than that at Fornes, which showed a clear main
direction.

The water column at Soløya was ho-
mogeneous through the study, with the
exception of the data gathered on 21
May; here, there was a weak thermo-
cline at 6 m depth with a difference of
1°C between the water over and un-
derneath the stratification (Fig. 4). This
was also the only measurement where
there appeared to be a slight difference
in temperature between inside and
outside the cage, with higher tempera-
tures inside (Fig. 4). Except for this
measurement, the water column ap-
peared homogeneous and identical in-
side and outside the cage.

The DO sensors also had tempera-
ture sensors; the minimum and maxi-

mum temperatures recorded inside the cage were 6.5
and 8.4°C, re spectively. The maximum standard de -
viation re corded during one of the measurement
periods inside the cage was 0.26°C.

The variability in DO, both outside and inside the
cage, was greater during the first night than the second
(Fig. 5). According to the Tukey-Kramer post hoc test,
all sensors had mean ranks significantly different from

Fig. 4. Water density (σt), salinity (PSU) and temperature (°C)
measured by the CTD at Soløya outside the fish cage in
position A2 (solid line) (see Fig. 1 for details), and inside the
fish cage at position A1 (dashed line). The time stamps above
each graph represent the time the measurement was started 

outside and inside for each date, respectively

0.05
0.1 0.15

30

210

60

240

90270

120

300

150

330

180

0

0.05
0.1 0.15

30

210

60

240

90270

120

300

150

330

180

0a b

Fig. 3. Current roses showing average current speed and direction measured
in the 3rd cell starting at 4 m depth of the DCP at (a) Soløya and (b) Fornes for
the entire period the DCP was deployed. North is 0°, and east is 90°. Directions
were sorted into bins of 20°, and average current speed for the given bin
is shown in the polarplot. The red dashed line shows the direction that had
the largest number of measurements, which was normalized based on the 

direction that had the largest number of measurements

Fig. 5. Boxplot of oxygen levels at Soløya, showing com-
bined oxygen data collected between (a) 21 May 17:00 h
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08:00 h (right). The boxplots show the median DO (red line
inside box), the lower edge of the box represents the 1st
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range (IQR) and to Q3 + 1.5 IQR. Data outside of the
whiskers are measurements that exceed these limits (red
crosses). The depth of the sensors is given on the x-axis with 
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each other (p < 0.01). The lowest recorded DO level
was 78% inside and 87% outside the cage, while the
maximum was 101% both inside and outside. The
hourly medians of DO inside the cage varied together,
and there was an increase in DO with depth (Fig. 2).

3.2.  Fornes data

At Fornes, there was a periodical semi-diurnal
tidal pattern with a clear main direction and a max-
imum current speed of 0.2 m s−1 (Figs. 3 & 6). There

was a pycnocline present that broke down gradu-
ally over the measurement period. In the first meas-
urement, the relative density (σt), salinity and tem-
perature inside and outside the cage were identical
the entire depth, with a stratification at 8 m depth
(Fig. 7). The temperature varied less than the salin-
ity, hence it was mainly the salinity which influ-
enced the density gradient at Fornes. As the dif -
ference between inside and outside in creased, the
inside of the cage had a higher relative density and
higher salinity than the water outside (Fig. 7). On
5 July, the water had become more homogeneous,
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a nearby boat. The red horizontal line along the x-axis indicates the period where DO measurements were taken. (c) Expected
tidal height (thin black line) and the depth at which the density inside and outside the cage was equal (see Fig. 7 for density
graphs); it should be noted that on 3 and 4 July, 2 and 1 additional CTD measurements, respectively, were included which are
not represented in Fig. 7, as they were deemed redundant. (d,e) Hourly median DO for all oxygen sensors at Fornes for the
periods marked with red. (d) Median for all sensors placed at 3 m depth, both outside and inside the cage. (e) Median for all
sensors placed in the center of the cage, in addition to the one sensor placed outside the cage. O: outside; N: north; S: south; 

C: centre of the cage
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with identical measurements inside and outside the
cage (Fig. 7). To give an indication of how the den-
sity gradient changed with time, the depth at which
the difference between the density outside and
inside was less than 0.2 is indicated in Fig. 6. Dur-
ing the study period, this depth varied from 0.14 m
on the first day to a maximum of 5.5 m on 3 July,
and back up to 1.6 m on 5 July (Fig. 6). The mini-
mum and maximum recorded temperatures at Fornes
in the DO sensors inside the cage were 9.0 and
10.9°C, with a maximum standard deviation of 0.3°C
in one of the sensors during one of the measure-
ment periods.

There was a larger variance in DO levels at
Fornes than at Soløya, with a minimum of 52%
and a maximum of 98% DO inside the fish cage,
and a minimum of 76% and maximum of 102%
DO outside the fish cage (Fig. 8). There was some
variation be tween the DO levels recorded at 3 m
depth, with the DO in position N recording the
lowest hourly medians (Fig. 6). The mean rank for
this sensor was significantly different from all
other sensors each night (Tukey-Kramer post hoc,
p > 0.05). The first and second nights, there was
little difference between the sensors at 3 and 6 m
depth and between the sensors at 9 and 12 m
depth. The first night, the sensor at 6 m depth was

not significantly different from the sensors at 3 m
in the centre and south in the cage (Tukey-Kramer
post hoc, p > 0.05). On the second night, only the
sensors at 3 m positioned in the centre and south
were not significantly different (p > 0.05). The
third night, variation between depths disappeared
in side the cage, with nearly similar DO recorded
on all sensors, and the sensors at 3 and 6 m in the
centre were not significantly different, nor were
the sensors at 9 and 12 m (p > 0.05). As with the
DO at Soløya, there was an increase in DO with
depth (Figs. 6 and 8).

4.  DISCUSSION

Comparing the effect of the permeable and non-
permeable lice skirt on the internal environment is
of limited value due to the differences in topogra-
phy, hydrography and current flow pattern at the
2 study sites. However, independent of skirt type,
the DO improved at both locations with depth
inside the cage (Figs. 5 & 8), and both sites had a
significant difference in DO between the inside
and outside of the cage (p < 0.01, Tukey-Kramer
post hoc test), with a lower median DO inside the
cage.

Fig. 7. Water density (σt), salin-
ity (PSU) and temperature (°C)
measured by the CTD at Fornes
outside the fish cage in position
A2 (solid line) (see Fig. 1), and
inside the fish cage at position
A1 (dashed line). The time
stamps above each figure repre-
sent the time the measurement
was started outside and inside 

for each date, respectively
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4.1.  Soløya

It was initially assumed that Soløya would have
lower DO levels inside the cage than Fornes, as
Soløya was equipped with a non-permeable skirt,
while Fornes had a permeable one. However, this
was not the case; throughout the measurement pe -
riod, DO was higher at Soløya.

The current at Soløya appeared weak throughout
most of the study period, with speeds below 7 cm s−1,
and did not show a tidal pattern (Fig. 2). The direc-
tion of the current was diffuse, compared to Fornes,
with a dominant direction towards the northwest and
west (Fig. 3). Soløya is placed in a strait with several
small islands to the south, and to the north there is a
very narrow strait that leads out to Selfjorden and
then to the open Norwegian Sea. The larger variance
seen in direction at Soløya could be explained by the
local topography and the position of the farm.

This dominant current direction of northwest
meant that the cages south of the studied cage could
have had a shielding effect on the current flow

through the cage and hence DO levels. However, as
evidenced by the consistently high DO both inside
and outside the cage, the shielding effect was negli-
gible in this instance.

Vertical stratification of the water column, as
occurs when a pycnocline is present, is known to
inhibit vertical mixing (Imberger 2013). The water
column at Soløya was non-stratified with near identi-
cal characteristics inside and outside the cage except
the first measurement, which showed signs of a weak
pycnocline (Fig. 4). The lack of stratification meant
that there was no inhibition of vertical mixing at
Soløya, and the good DO conditions could be a result
of good vertical mixing in the water column.

DO gradients in unshielded cages are reported to
increase with depth at some sites (Johansson et al.
2007, Solstorm et al. 2018), while others see a
decrease with depth (Johansson et al. 2007, Oldham
et al. 2018). The DO at Soløya was lower inside the
cage than outside for most of the study period, and
the DO had a gradual improvement with depth, with
an almost linear relationship (Fig. 5). Increases in DO

Fig. 8. Boxplot representations of oxygen levels at Fornes, showing the combined oxygen data collected between (a) 02 July
17:00 h and 03 July 09:00 h, (b) 03 July 20:00 h and 04 July 09:00 h and (c) 04 July 17:00 h and 05 July 09:00 h. The boxplots
show the median DO (red line inside box), the lower edge of the box represents the 1st quartile (Q1) and the upper edge the
3rd quartile (Q3). The whiskers extends to Q1 minus 1.5 times the interquartile range (IQR), and to Q3 + 1.5 IQR. Data outside
of the whiskers are measurements that exceed these limits (red crosses). The depth of the sensors is given on the x-axis with 

their positions. O: outside; N: north; S: south; C: centre of the cage
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with depth are observed in studies using both non-
permeable skirts (Stien et al. 2012) and permeable
skirts (Stien et al. 2018), similar to those used in the
present study. It is therefore likely that the increase
with depth when using shielding skirts is due to the
shielding skirt itself.

If the homogeneous water at Soløya is caused by
vertical mixing, it is uncertain whether the skirt is
actually effective in preventing lice from entering the
cage, as the vertical mixing could result in the lice
being pushed further down in the water column,
below the skirt and into the cage. The skirt length of
5 m may not be sufficient if that is the case. However,
more environmental data and lice counts are needed
to verify this.

4.2.  Fornes

The current at Fornes had a clear, dominant south-
east−northwest direction and tidal component de -
monstrated by the semi-diurnal pattern observed in
the current speed and direction (Fig. 6). It should be
noted that the dominant direction of the current
resulted in the DCP’s position relative to the cage to
be either upstream or downstream of the cage, de -
pending on the phase of the tidal cycle. When up -
stream of the cage, the DCP recorded the incoming
unobstructed current, while downstream measure-
ments were affected by the speed reduction and tur-
bulence caused by the cage structure (Klebert et al.
2015). When the current was moving southwards, the
current speed was therefore higher than recorded.

DO at Fornes had a greater variability with a mini-
mum of 52%, and DO levels improved with depth
(Figs. 6 & 8). The variability seen between the sen-
sors at 3 m depth can be explained by the current
direction and position of the sensors (Fig. 6). As the
current travels through the cage, a reduction in
speed is expected (Klebert et al. 2015), which can
result in a lower water exchange downstream in the
cage, as observed by Solstorm et al. (2018). It is
therefore possible that the reason that the sensors in
positions N and S had a lower median than in the
centre of the cage on the first and third nights was
due to the current turning and flowing in both direc-
tions during the measurement periods (Figs. 6 and 8).
On the second night, the stratification appears to
have influenced the current in the upper 5 m, which
appears to be moving mainly towards the north and
north-northwest (Fig. 6), explaining why the lowest
median current was recorded by the sensor in posi-
tion N (Fig. 8).

The improvement in DO with depth was not linear
at Fornes. The sensors at 3 and 6 m were more similar
than those at 9 and 12 m, indicating that the skirt had
a direct impact on the sensors at 3 and 6 m, but not at
9 m depth. This is plausible as the skirt, which was
10 m long, was installed as a cylinder around the
conically shaped net. Moderate currents can result in
the skirt being pushed into the net and lifted up -
wards (Lien et al. 2014); it is therefore not unlikely
that the sensor at 9 m was not fully shielded, explain-
ing why it is more similar to the sensor at 12 m than
to that at 6 m (Figs. 6 & 8).

However, this grouping of the sensors was not
always clear. For instance, during the first couple of
hours and the last night, all sensors recorded similar
DO levels (Fig. 6). The grouping first appeared as the
DO dropped at all depths the first night. It is uncer-
tain if this drop also occurred outside of the cage in
deeper layers, as the reference sensor was at 3 m
depth, and prior to this drop, a pycnocline was re -
corded at 8 m depth (Fig. 7). A potential cause for the
drop is therefore that the water below this pycnocline
had lower DO, and it was this water that moved into
the cage. Another possibility is that the DO drop oc -
curred due to the high stocking density of 20 kg m−3

or an increase in fish activity; however, there were no
data recorded regarding the vertical position of the
fish. The specific reason for the steep drop the first
night cannot be interpreted from the data recorded.

It should be noted that other experiments applying
the same type of permeable skirt as used in this study
saw no impact on the welfare status of the salmon
(Stien et al. 2018, Bui et al. 2020). When using similar
skirt with 10 m length, the minimum DO inside the
cage was 70% during a 3-mo period (Stien et al.
2018), indicating that the length of the skirt is not the
main reason for the low DO inside the cage. A possi-
ble reason for the higher DO in Stien et al. (2018)
compared with the present study could be the low
stocking density of <10 kg m−3. However, the differ-
ence in stocking density does not explain the ob -
served temporal variability in DO.

It is uncertain whether the low DO levels recorded
in this study had any negative effect on the fish.
Moderate hypoxia of 50% DO in water of 16°C sig-
nificantly reduces aerobic capacity and swimming
performance of Atlantic salmon Salmo salar (Oldham
et al. 2019). The temperature at Fornes never ex -
ceeded 11°C, and as required DO increases with
temperature, it is uncertain whether the reduced DO
posed any real threat to fish welfare or growth. Fur-
thermore, the observations were made over a rela-
tively short period, and as DO was higher at other
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locations in the cage (Fig. 6), the fish had the oppor-
tunity to avoid the areas with low DO. However, it
should be noted that avoidance behaviour is docu-
mented for DO <35%, but not for sub-optimal waters
with DO <60%, indicating that DO is not a primary
driver of behaviour (Oldham et al. 2017, Stehfest et
al. 2017).

An explanation for the variation in DO through the
study is the hydrography. The current flow at Fornes
showed periods where the current speed was faster
at deeper layers, indicating a stratification in the
water column (Fig. 6). As discussed previously, pycno -
clines and haloclines have been observed to impact
the DO inside fish cages (Johansson et al. 2006, Stien
et al. 2012). The first CTD measurement at Fornes
revealed a clear pycnocline, with nearly identical
density recorded inside and outside the cage (Fig. 7).
The hourly median DO levels inside the cage were
nearly equal to DO outside the cage for the first cou-
ple of hours (Fig. 6). There was then a sudden drop in
DO, which remained throughout the night. During
the second and third days, there was a difference in
density in the top 6 m of the water column (Fig. 7).
The depths at which the density outside and inside
the cage were approximately equal varied through-
out the period (Fig. 6), and it appeared that as the
depth of equal density moved upwards, the DO lev-
els inside the fish cage improved (Figs. 6 & 8). It
should be noted that on 4 July, the stratification had
moved up to roughly 2 m, hence the pycnocline
would be at a higher depth level than the DO sensor
at 3 m depth. There are no data for the DO above this
depth, and there is a possibility that the DO was
lower in this area.

The presence of a density gradient may have influ-
enced the water exchange rate and water flow
through the permeable skirt. For the cage at Fornes,
water exchange could occur in 2 ways, either from
the water passing through the skirt or by the water
being pressed down along the skirt and into the cage
(Lien & Høy 2011, Lien et al. 2015). When a pycno-
cline is present and remains above the skirt depth, it
could result in the water above the pycnocline being
prevented from moving down along the skirt and
into the fish cage. However, as the pycnocline moves
higher up along the skirt, more of the water below is
free to move underneath the skirt and into the cage.

The water above and below the pycnocline is free
to pass through the permeable skirt, but how much
water actually passed through the permeable skirt
was not verified in this study. However, the periods
with difference in water density between the inside
and outside suggest that the skirt rerouted a large

portion of the upper water column around the fish
cage and there was not enough water that passed
through the skirt to replace the water with low DO
inside. This could be due to the size of the cage (as
larger cages are reported to have lower DO levels;
Oldham et al. 2018), the density of fish, or fouling of
the skirt and net, which can reduce water flow
(Gansel et al. 2015). It is also possible that the higher
density inside the cage created a blocking effect of
the water. It has been theorized that the swimming
behaviour of the fish can attenuate and redirect the
water current (Johansson et al. 2007), and that when
the fish are swimming in a torus shape, they produce
an area with high pressure inside the cage, which
results in the water being pressed outwards (Gansel
et al. 2014). The higher density seen in the present
study could have resulted in a similar result, with the
higher-density water on the inside forcing more of
the water around the cage as it blocked the lower-
density water from passing through the permeable
skirt. This could explain some of the variation seen at
Fornes, but more research is needed on this possible
effect.

5.  CONCLUSIONS

To prevent salmon lice Lepeophtheirus salmonis
infestations, shielding skirts were used to attempt to
reroute the upper layer of the water column around
the cage. The effect shielding skirts have on the
internal environment of the sea-cage, particularly
the DO concentration, varied between sites. In this
study, 2 hydrographically different sites were stud-
ied. The DO improved with depth at both sites; how-
ever, the impact of the shielding skirt varied. The
DO levels were higher at Soløya, which was a non-
stratified site, while the stratified site Fornes had
larger temporal and spatial variance in DO, and this
variation appeared to co-occur with the presence and
depth of a pycnocline. The local variations exempli-
fied in this study demonstrate the complex relation-
ship between DO, current and stratifications when
shielding skirts are used. To verify and document the
interaction between shielding skirts, pycnoclines and
current flow, and how this influences lice prevention,
more data are needed either by studying the under-
lying mechanisms in a more controlled environment
or from long-term studies.
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A B S T R A C T   

Shielding skirts are widely used on Atlantic Salmon sea-cages as a non-invasive preventive measure against 
salmon lice infestations. The skirts are however known to impact the current flow and thereby the environment 
within the cage. As the current is influenced by local factors such as topography, farm layout and stocking 
density of the cage, it is difficult to compare results from sites that apply skirts with those without. The same 
high-stocked cage was therefore studied with and without the skirt deployed, including the transition from 
shielded to unshielded, to investigate the influence the skirt had on the current flow within the cage and dis-
solved oxygen. When the skirt was deployed the velocity vector in the centre of the cage had a vertical 
component towards the surface and the reduction in current speed was higher. The dissolved oxygen level inside 
the cage improved within 30 minutes when the skirt was removed and there was no indication of the skirt 
influencing the vertical swimming behaviour of the salmon.   

1. Introduction 

In aquaculture sea-cages a sufficient water exchange is necessary to 
ensure a healthy environment by supplying dissolved oxygen (DO) and 
removing waste and nutrient-depleted water. In 2016 the salmon lice 
challenges were the second highest expense for the industry in Norway 
(Iversen et al., 2017), and the high cost of delousing treatments (Abo-
lofia et al., 2017; Iversen et al., 2017) has resulted in the use of pre-
ventative measures such as the non-invasive lice shielding skirts. As 
evidence indicates a higher lice density in the upper layers of the water 
column (Geitung et al., 2019; Heuch et al., 1995; Hevrøy et al., 2003; 
Huse and Holm, 1993; Oppedal et al., 2017), lice shielding skirts are 
designed to reroute this layer of the water column around the fish cage, 
and thereby keep the lice out by altering the current flow. 

For empty cages with a shielding skirt, CFD analysis indicate that 
part of the ocean current is forced underneath the skirt and into the sea 
cage producing a recirculation pattern, where it meets the skirt in the 
back and is pressed up and inwards towards the centre of the cage (Lien 
and Høy, 2011; Lien et al., 2015). This recirculation pattern is seen in 
full-scale cages with skirt when the cage is empty, but not when stocked 
(Klebert and Su, 2020). 

As the current flows through the fish cage, the current speed is 

reduced (Frank et al., 2015; Gansel et al., 2014; Johansson et al., 2007; 
Klebert and Su, 2020; Rasmussen et al., 2015; Winthereig-Rasmussen 
et al., 2016). The magnitude of current speed reduction as it passes 
through the cage is determined by the current flow pattern which is 
influenced by a number of factors such as farm layout (Rasmussen et al., 
2015), local flow conditions at the site, local topography (Klebert et al., 
2013), shielding skirts (Frank et al., 2015) and the cage structure (Kle-
bert et al., 2015). Furthermore, reduction through plane nets increase 
with increasing solidity (Bi et al., 2013; Gansel et al., 2015) which can be 
caused by bio-fouling (Gansel et al., 2015) and increasing inclination 
angle between the net and the vertical plane (Bi et al., 2013). Most cages 
used in Norway are gravity nets, which deform as a function of the 
current speed (Lader et al., 2008). This deformation can alter the 
inclination angle and hence increase the reduction in flow velocity. The 
shielding skirt can also deform, and in strong currents the skirt will 
increasingly be pushed back and up towards the surface, resulting in 
potentially less obstruction for the current and lice (Lien et al., 2014). 

The reduction in current speed is also influenced by the presence of 
fish (Gansel et al., 2014; Klebert et al., 2013; Klebert and Su, 2020). It is 
suggested that the swimming pattern of the fish can attenuate and 
redirect the internal water currents of a cage (Johansson et al., 2007). 
High fish densities are seen to deflect the ambient current (Gansel et al., 
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2014), and it is hypothesized that as the fish swims in a torus shape they 
push the water outwards at depths of high biomass, resulting in a low 
pressure area in the centre drawing in water from depths above and 
below this area (Frank et al., 2015; Gansel et al., 2014). Simulations of 
fish behaviour on flow dynamics support this notion as a high density of 
fish swimming in a torus shape increased the maximum velocity in the 
upwelling flow (Tang et al., 2017). However, in the recent study by 
Klebert and Su (2020) there was no indication of a recirculation pattern 
when the cage was stocked, nor was there any evidence that the fish 
generated a secondary radial or vertical flow (Klebert and Su, 2020). 

This reduction can lead to reduced water exchange in the fish cage, 
which can become problematic with regards to DO levels inside the 
cage, especially when current speeds are low (Winthereig-Rasmussen 
et al., 2016). If DO is reduced sufficiently hypoxic conditions can occur, 
which reduces feed intake, growth rates and fish welfare (Remen et al., 
2014). The use of a non-permeable lice shielding skirt increases the 
blocking effect, and low DO levels inside the fish cages are reported at 
some locations (Stien et al., 2012). 

As lice shielding skirts have a direct impact on how the current flows 
through the cage, and consequently the internal environment of the 
cage, it is necessary to investigate how cages with and without skirts 
differ. The aim of this study was to investigate how a lice shielding skirt 
influenced the DO and water flow inside a fully stocked cage, specifically 
the vertical motion and the reduction in current speed from outside to 
inside the cage. As model-scale experiments can not take into account 
the presence of fish and their behaviour, and comparing data from 
different sites with and without skirts may be of limited value due to 
variable topography, hydrographical conditions and different stocking 
densities, this study was performed at the same site and measurements 
were collected from the same fully-stocked fish cage during a three-day 
period which included the transition from a shielded to an unshielded 
cage. 

2. Material and methods 

2.1. Site description 

The study took place from the 5–7th of November 2018 on the fish 
farm Hosnaøyan, located in the county of Trøndelag, Norway (Fig. 1). 
The Hosnaøyan farm consists of ten cages in a frame mooring (Fig. 2). 
Cages marked with horizontal and vertical lines contained fish. The cage 
used for the measurements (shaded cage in Fig. 2), was 157 m in 
circumference with a 15 m deep cylindrical net with a sinker tube at the 
bottom with a weight of 60 kg m-1. The bottom of the cage was conical 
from 15 m to 28 m with a weight of 250 kg at the centre of the cone. The 
net had a solidity of 0.21 and a mesh opening of 17.5 mm, and was 
cleaned on the 1st of November, hence there was little bioufouling 
during this study. 

The cage was equipped with a 6.7 m deep non-permeable tarpaulin 
shielding skirt (Botngaard AS, Oksvoll, Norway), weighted with 4 kg m-1 

around the bottom of the skirt. The skirt was installed 16:00 on the 4th of 
November, the day prior to the onset of the study. Due to a sudden drop 
in dissolved oxygen (DO), the skirt was lifted on the 06.11.2018 09:45. 
The biomass in the cage during the experiments was 830 tonnes, with 
189 200 fish of average weight 4.4 kg. 

2.2. Equipment description 

2.2.1. ADV and DCP 
Current speed and direction outside the cage were recorded using an 

Aanderaa SeaGuard II doppler current profiler (DCP) measuring 
continuously with a sampling frequency of 0.5 Hz (see Fig. 2). The ve-
locity accuracy was 0.3 cm s-1 or ±1% of full-scale reading, with a ve-
locity resolution of 0.1 cm s-1. The data was averaged and stored every 
minute. The DCP was attached to the anchoring buoy pointing down-
wards with vertical resolution (cell size) set to 1 m. 

An ADCP Aquadopp Profiler 400kHz produced by Nortek Group was 
mounted on the oceanographic buoy located roughly 100 m South of the 
farm (OB, Fig. 2). Its velocity range was ±10 m/s and measurements 
were made with an accuracy of ± 1% of the measured value or ±0.5 cm 
s-1. The ADCP had a cell size of 3 m, and a constant sampling rate of 2 Hz 
during the sample period of 10 min. The acquisition interval was set to 
60 min, and the data was averaged over the 10 min sampling period. 

The current velocity inside the cage was measured using Nortek 
Vector Acoustic Doppler Velocimeters (ADV) with a sampling rate of 
8Hz, with 60 samples per burst and a burst interval of 60 s. The ADVs 
have an accuracy of 0.5% of measured value ±1 mm s-1, with velocity 
precision typical 1% of velocity range (at 16Hz). The ADVs were sus-
pended from a buoy at 2, 6 and 8 m depth. 

The ADV-rig had a total of three positions during the study, Pos. 1 
was in the centre of the cage, while Pos. 2 was to the N-E end of the cage, 
and Pos. 3 was to the S-W of the cage. Both Pos. 2 and 3 were roughly 8 
m from the floating collar (Fig. 2). Pos. 1 and 2 were used to measure the 
current flow through the cage, and the reduction in current speed. While 
Pos. 3 was used when the skirt was lifted, and was positioned just in 
front of the initial lifting point of the skirt. 

Raw data from the ADVs were filtered using the improved phase 
space filter (Goring and Nikora, 2002) for bubbly flows (Birjandi and 
Bibeau, 2011) to remove velocity spikes caused by Doppler noise, signal 
aliasing and disturbances from the fish as the cage was fully stocked. 
Velocity spikes were not replaced but removed. The ADV data was 
averaged over 1 min, and if more than 50% of the data in a minute had 
been removed, the entire minute was excluded from further analyses. 

2.2.2. Dissolved oxygen 
Dissolved oxygen (DO) was measured every minute using Aanderaa 

Optode 4330 oxygen sensors (Aanderaa Data Intruments AS, Bergen, 
Norway). The measurement range was 0 - 1000 μM (0 - 300%) with a 
calibration range of 0 - 500 μM (0 - 150%), resolution of < 0.5 μM 
(0.05%) and an accuracy of < 8 μM (5%). DO were measured both inside 
and outside of the cage at 3 m depth (Fig. 2). The DO sensor inside was 
suspended from a floating buoy 3 m from the net, while the sensor 
outside was mounted right outside of the floating collar. DO was 
sampled every minute throughout the measurement period. 

The oceanographic buoy was equipped with an Aanderaa Optode 
4531A (Aanderaa Data Intruments AS, Bergen, Norway). The measure-
ment range was 0 - 800 μM (0 - 200%), with a resolution of < 1 μM 
(0.4%) and an accuracy of < 8 μM (5%). The optode had an averaging 
cycle of 1 min and acquisition interval of 60 min. 

2.2.3. Echosounder 
The vertical position of the fish was studied by using a Kongsberg 

EK15 echosounder mounted from a small buoy facing downwards at 
about 0.5 m depth and 8 m from the net (see Fig. 2). 

3. Results and discussion 

3.1. Vertical swimming behaviour and DO conditions 

The lice shielding skirt was installed one day prior to this study and 
was removed on the 6th of November due to welfare concerns for the fish 
as the gradual decrease in DO during the night became steeper in the 
morning. 

The salmon’s swimming depth observed in the echogram did not 
appear to be influenced by the skirt (Fig. 3). The salmon swam at deeper 
depths during the day and were more evenly distributed in the water 
column, while at night they moved closer to the surface and were more 
clustered. This diurnal pattern is consistent with previous studies of 
swimming behaviour (Oppedal et al., 2011), but not with the avoidance 
of the skirt volume observed in (Gentry et al., 2020). One potential 
reason for this could be the submerged metal halide lamp (OSRAM 
HQI-T 1000 W/D) which was mounted at 5 m depth, roughly 5 m from 
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the echogram and 3 m from the net. The light was turned on around 
sunset at 17:00, and off near sunrise 07:00. Such artificial light are 
known to attract salmon (Juell and Fosseidengen, 2004; Oppedal et al., 
2007), and could therefore have had an effect on the behaviour seen in 
the echogram after sunset. However, Gentry et al. (2020) also used 
underwater lighting and unlike in this study, saw a difference in 
swimming depth in the cage with skirt and those without. It should be 
noted that in Gentry et al. (2020) a permeable skirt was used and it is 
possible that this skirt would facilitate different swimming behaviour 
than a non-permeable one, or that the swimming behaviour was influ-
enced by the combination of local conditions and presence of skirt. 

The DO level inside the cage and just outside the cage varied together 
throughout the period (Fig. 3). The DO at the oceanographic buoy was 
more consistent, however, it should be noted that it only recorded DO 
every hour. At some instances, the DO sensor inside the fish cage 
recorded higher levels than the sensors just outside of the cage. This is 
probably due to non-optimal placement of the DO-sensor outside of the 
cage. It is possible that when the current was heading towards N-E that 
the sensor was positioned in the wake of the cage as it was lowered just 
outside of the floating ring. The oceanographic buoy may therefore be a 
better reference point, despite low temporal resolution. 

Roughly three hours prior to the lifting of the skirt the fish appear to 
spread more evenly throughout the cage volume, indicating an increase 
in activity as the sun rose. The sudden drop in DO from 8 AM could be 
due to onset of feeding and an increase in swimming activity as swim-
ming speeds are generally higher during the day than at night (Oppedal 
et al., 2011), and an increase in swimming speed will increase the ox-
ygen consumption (Hvas et al., 2017). Another possible reason for the 
drop in DO was the weak current during this period as the current 
appeared to be turning from N-E to S-W (Fig. 3). 

A weaker drop in internal DO was seen the 7th of November around 9 
AM when there was no skirt deployed (just after Case 2 in Fig. 3). 
Conditions were similar to the previous drop on the 6th of November, 
with weak current speed, current direction turning from N-E to S-W and 
the salmon more evenly spread vertically (Fig. 3). This drop was not as 
steep nor as severe as the previous day, when the skirt was deployed. It is 
possible that the combination of the turning current and the increased 
activity are the main causes for the observed drops in DO. 

The results in Fig. 3 indicate that the presence of the skirt intensified 
the DO drop, but as the skirt had to be removed on the 6th of November, 
it is uncertain whether DO would have improved with time without the 
removal of the skirt. The DO just outside had begun to improve prior to 
the skirt removal, but there was no improvement seen on the sensors 
inside the cage at this time. The DO dropped to a minimum of 59% when 
the skirt was on, but did not drop below 69% when the skirt had been 
lifted. As smaller salmon are more susceptible to hypoxic conditions 
than large fish (Oldham et al., 2019) and the average water temperature 
was only 9 ∘C, it is unlikely that the salmon was harmed by the low DO. 
However, a DO in the range of 45–55% results in reduced aerobic 
metabolic capacity and swimming performance also in large salmon 
(Oldham et al., 2019). Had the DO level continued to decrease it may 
have posed a threat to the welfare of the salmon. 

3.2. Lifting of the skirt 

Echogram and DO were recorded during the entire deployment, and 
thereby also during the transition when the skirt was lifted. The skirt was 
lifted by use of a crane on a working boat S-W of Pos. 3 (Fig. 2). The skirt 
removal operation started at 09:48 and was completed by 10:35. During 
the procedure, the ADV-rig was placed in Pos. 3, and the average current 
speed in this position and in the DCP during this period are presented in 
Table 1. As explained previously, the low current speed in the DCP can 
be explained by the turning current, evident in the direction at the 
different depths (Table 1) and in the OB (Fig. 3). 

When the removal of the skirt was initiated at 09:48 the DO inside 
the cage was 6.9 Mg/L, equivalent to 59% DO. The DO inside the cage 

started improving after 9 minutes, and the DO reached 9.5 Mg/L, that is 
81%, inside the cage after another 20 minutes. At this point the DO just 
outside the cage was 84%. It took in total 30 minutes from the lifting was 
initiated to the DO level inside the cage reaching similar levels as outside 
and at the OB (Fig. 3). 

3.3. Current flow through the cage 

The main direction of the current at Hosnaøyan is controlled by the 
local bathymetry along the North-Easterly isobaths (Fig. 2). To isolate 
the influence the skirt had on the current flow, it was necessary to find 
episodes having similar incoming current conditions when the cage was 
with and without the skirt. Two 3-hour periods were deemed usable for 
this purpose, one for each condition. The criteria required that the 
current had to be moving along the depth isobaths (see Fig. 1) and the 
current had to be reasonably stable and unobstructed by surrounding 
farm structures. Hence only data where the average hourly current di-
rection was aligned with the depth isobaths towards 45–90 degrees 
(North-East to East) was included. As an additional requirement the 
hourly current direction at the DCP had to deviate less than ±25 degrees 
from the current direction measured at the oceanographic buoy in the 
same period. The two relevant episodes are arranged into two cases and 
are listed in Table 2. These cases are used to investigate the current flow 
through the cage and speed reduction. Average weather conditions 
during these two cases were recorded at the oceanographic buoy and are 
listed in Table 3. 

As evident from Fig. 3, the current velocity was not homogeneous 
with depth, and the DCP data indicates that the frame mooring may have 
been in line of sight of the sensor at 8 m depth. To compare the current 
outside the cage with the current inside, data from similar depths had to 
be applied. The reference for the velocity measured by the ADV at 2 m 
depth was the first cell of the DCP which averages over the depths from 2 
to 3 m. While the reference velocity for the ADVs at 6 and 8 m was the 
average current speed recorded by the DCP from 5 to 6 m and from 6 to 
7 m (Cell 4 and 5). 

The current data from the DCP and the ADVs for the cases described 
in Table 2 are shown in Fig. 4 – 5. It is important to note that the ADV in 
Case 2 was placed in Pos. 2, roughly 8 m from the cage net, while the 
measurements for Case 1 were taken from the centre of the cage. 

For Case 1 the direction of the current measured outside and inside 
the cage at 6 and 8 m depth were similar. The velocity direction within 
the skirt volume, recorded at 2 m depth, agreed with the main current 
direction but was more scattered. There was a weak positive vertical 
component in the ADVs towards the surface in Case 1. This trend was 
seen in all of the ADVs, but there was a larger variance for the ADV at 2 
m depth (Fig. 4). 

For Case 2 there was good agreement regarding direction of the 
current within the cage and in the DCP outside at all depths. Unlike Case 
1, there was a weak downward component in the ADVs at 2 and 8 m 
depth, while the ADV at 6 m depth did not have a clear vertical 
component. It should be noted that in Case 2 the ADVs were positioned 
closer to the cage net, and the downward component could be an effect 
of its position. 

It is unlikely that the positive vertical component in Case 1 was 
caused by vertical motion in the buoy as the waves were small at the 

Table 1 
Average horizontal speed and direction in DCP and ADV during lifting of the 
skirt between 09:48 and 10:55 on the 6th of November.   

DCP ADV  

Horizontal Speed [cm/ 
s] (+/- STD) 

Direction Horizontal Speed [cm/ 
s] (+/- STD) 

Direction 

2m 6.0 (±3.5)  10 6.5 (±2.9)  60 
6m 5.3 (±2.8)  273 7.3 (±4.5)  286 
8m 6.0 (±2.5)  250 7.8 (±4.7)  270  
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oceanographic buoy (Table 3). It is however possible that the high 
density of the fish in the upper layers during Case 1 (see echogram 
Fig. 3) could have resulted in the pumping effect, that is, the circular 
swimming pattern of the fish that causes an area with lower pressure 
drawing in water from below and above, described by Gansel et al. 
(2014) and Tang et al. (2017). However, the horizontal swimming 
behaviour was not observed during this study and it can thus not be 
confirmed that the fish were swimming in a torus shape. In Klebert and 
Su (2020) a vertical upwelling was seen in a shielded cage at 1.5 m depth 
within the skirt volume, but not beneath the skirt volume at 12 m depth. 
This upwelling was observed in a shielded cage independently if it was 
stocked or not (Klebert and Su, 2020). Hence the most likely explanation 
for the positive vertical current component during Case 1 is the skirt 
itself, and not the biomass. 

3.4. Reduction in current speed 

For Case 1 and 2, the reduction of the current speed through the cage 

Table 2 
Description of cases including ADV position and time intervals.  

Case ADV Position Skirt condition Date Time interval 

1 1 Down 5.11.2018 17:00 - 20:00 
2 2 Lifted 7.11.2018 06:00 - 09:00  

Table 3 
Wave and current conditions measured at oceanographic buoy during cases 
described in Table 2. Following convention, North is defined as 0∘, and East as 
90∘, with wave direction defined as the direction the wave is coming from, while 
current direction defined as the direction the current moving towards.  

Wave Current 

Case Direction 
(deg) 

Period 
(s) 

Height 
(m) 

Speed (m/ 
s) 

Direction 
(deg) 

1 290 4.5 0.17 0.21 67 
2 22.3 6.8 0.21 0.16 69  

Fig. 1. Location of the fish farm at Hosnaøyan, where the measurement campaign was carried out in November 2018.  

Fig. 2. Instrument placement at Hos-
naøyan. The shaded cage was used as 
the experimental cage. The Aanderaa 
current profiler (DCP) was placed at the 
square marked DCP. The vector current 
meters (ADV) were moved between the 
two positions 1 and 2. Three ADVs were 
used, positioned at 2, 6 and 8 m depth 
suspended from a floater held in place 
with ropes attached to the cage ring. 
Two dissolved oxygen (DO) sensors 
were deployed, one on the inside also 
suspended from a floater 3 m from the 
cage ring, and one outside of the cage 
suspended from the cage ring (marked 
with *), both at 3 m depth. A light 
source was mounted at 5 m depth inside 
the cage. The position of the oceano-
graphic buoy (OB) is marked with a 
star. The main current direction during 
Case 1 and 2 described in 3.3 is also 
marked just beneath the North sign.   
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Fig. 3. Horizontal current speed and direction recorded for the entire period in the oceaographic buoy (OB) and in the DCP. Acoustic backscattering strength (Sv) 
measured in the echosounder. Dissolved oxygen in Mg/L recorded inside and outside of the cage, and at the OB. Case 1 and Case 2 are marked with dotted lines, while 
the vertical line marks the period where the lifting of the skirt was initiated. 
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was calculated by comparing the ADVs with the measurements taken by 
the DCP outside the cage. The mean horizontal speed was calculated 
over 20-min intervals before the reduction in current speed was calcu-
lated. The average reduction in current speed for both cases are listed in 
Table 4. 

The ADV placed at 2 m depth in the shielded cage had the highest 
mean reduction in current speed compared to the current in the DCP 
outside (56.9%, Table 4), and recorded the highest reduction of 86% 
during one of the 20-minute intervals when the current speed outside 
was 18.6 cm s-1. This is a high reduction rate, but not unheard of for 
shielded cages. A reduction of 61% is observed downstream of an empty 
shielded cage (Klebert and Su, 2020). For empty unshielded cages the 
reduction from upstream to inside the cage is 21.5% (Klebert et al., 
2015). This reduction is expected to be higher for stocked cages as in a 
stocked model-scale cage the reduction was 31%, although it was 
theorized that this increased reduction was due to biofouling (DeCew 
et al., 2013). A higher reduction was found in the unshielded stocked 
cage observed in Johansson et al. (2014), but the reduction varied with 
current speed, and within the same reference current speed. For 
instance, the reduction could vary from 0 to 50% when the current speed 
outside was 20 cm s-1 (Johansson et al., 2014). The stocking density in 
Johansson et al. (2014) was much lower at 6.2 kg m-3, compared to 21.9 
kg m-3 in this study, hence with the addition of a shielding skirt a 
reduction of 86% during a 20-minute interval is plausible. 

The reduction at 2 m in Case 2 is higher than expected with a 
maximum reduction of 51% when the current speed was 14 cm s-1 

outside. The high reduction rate in Case 2 could be influenced by the 
rig’s position, as a near linear reduction in current speed is seen through 
unshielded and empty cages in experiments and simulations (Klebert 

et al., 2015; Patursson, 2008; Winthereig-Rasmussen et al., 2016). It is 
possible that a similar effect has occurred, despite the cage being 
stocked, hence the reduction for Case 2 might have been lower had the 
ADV-rig been placed in the centre. This is also valid for the sensors at 6 
and 8 m depth. However, this effect does not appear for the sensor at 8 m 
depth, with Case 2 having a lower reduction rate than Case 1. It is 
therefore more likely that the high reduction at 2 m in Case 2 is due to 
the biomass. From the echosounder it appears the highest density of fish 
during Case 1 and 2 were close to the surface in the top 5 m (Fig. 3). The 
average reduction in Case 2 at 2 m was also close to that of DeCew et al. 
(2013) of 32%, however it should be noted that DeCew et al. (2013) used 
a model-scaled cage with fewer fish. 

The reduction at 6 and 8 m in Case 1 and 2 were slightly lower than 
the reduction of 21.5% in Klebert et al. (2015) despite the cage being 
stocked. The low reduction at 6 m depth in Case 1 could be explained by 
the current flow being forced underneath the skirt and into the cage, as 
seen in dye experiments (Frank et al., 2015) and simulations (Lien et al., 
2015). When pressed underneath the skirt, the water accelerates (Lien 
et al., 2015), which may have caused the lower reduction rate when the 
skirt was deployed. 

The low average reduction rates at 6 and 8 m during Case 2 however 
could be accounted to the large variation in reduction, as seen by the 
standard deviation (Table 4), or due to low current speeds outside of the 
cage. As average current decreased with depth, the strongest currents 
were those at 2 m depth. This could explain why the reduction in speed 
decreases with depth for Case 2. It should also be noted that the 21.5% in 
Klebert et al. (2015) was recorded at the Faroe Islands where the min-
imum current speed was 0.15 m/s and the maximum over 0.5 m/s. 
Higher current velocities will result in larger deformations, and thereby 

Fig. 4. Polarplots for current data for Case 1: With skirt down. The first column shows the horizontal speed in the DCP outside of the cage in [m/s], while the other 
two columns show the current data recorded by the ADVs in Pos. 1 inside the cage (centre of the cage, see Fig. 1). The middle column shows the horizontal speed, 
while the column to the right shows the current speed in the vertical plane inside the cage. 
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increased solidity of the cage net (Lader et al., 2008). The results from 
this study may therefore not be applicable at higher velocities. 

4. Conclusion 

In this study data was collected from a fully stocked cage with high 
biomass. The current inside the shielded cage had a positive vertical 
component towards the surface at all depths in the centre of the cage, 
which was not the case when the skirt was removed and the ADVs were 
placed closer to the net wall. The reduction in current speed from 
outside to inside of the cage agree fairly well with previous findings 
beneath the skirt volume. Only the ADV at 2m depth showed a clear 
effect of the skirt, with an average reduction of 56.9% when the skirt was 
deployed in Case 1 compared to 32% when the skirt was removed in 
Case 2. 

There was no clear distinction in behaviour of the salmon during the 

study when the skirt was deployed. The DO varied throughout the study, 
however the sudden drop in DO when the skirt was deployed can be 
explained by the obstruction of the current by the skirt, increased fish 
activity and low current speed from a non-optimal direction. When the 
skirt was removed the DO improved from 59% to 81% within 30 minutes 
despite weak currents, exemplifying the importance of continuous 
monitoring of DO when using skirts. 
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Kristbjörg Edda Jónsdóttir: Conceptualization, Investigation, Data 
curation, Visualization, Writing - original draft. Zsolt Volent: Concep-
tualization, Investigation, Funding acquisition, Project administration, 
Writing - original draft. Jo Arve Alfredsen: Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This study is part of the project “Shielding skirt as a method for 
prevention and control of salmon lice infestation - improving knowledge 
about environmental conditions for increase in efficiency and reduction 
of risk (SKJERMTEK)” (project number: 901396) funded by The Nor-
wegian Seafood Research Fund (FHF). KEJ received funding from the 

Fig. 5. Polarplots for current data for Case 2: Without skirt. The first column shows the horizontal speed in the DCP outside of the cage in [m/s], while the other two 
columns show the current data recorded by the ADVs in Pos. 2 inside the cage (see Fig. 1). The middle column shows the horizontal speed, while the column to the 
right shows the current speed in the vertical plane inside the cage. 

Table 4 
Mean reduction through cage for each depth for the two cases with and without 
skirt. Readers should note that the ADV in Case 1 is located in position 1, while it 
is position 2 in Case 2.   

Mean reduction [%] (± STD)  

Depth Case 1 (with skirt) Case 2 (without skirt) 

2m 56.9 (± 21.4)  32.0 (± 12.3)  
6m 10.4 (± 15.1)  17.9 (± 19.5)  
8m 18.6 (± 16.0)  14.6 (± 18.0)   
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A B S T R A C T   

The characteristic current flow field around a 55 m deep full-scale stocked conical Atlantic salmon sea-cage 
equipped with a 10 m permeable skirt was studied experimentally using acoustic Doppler velocimeters and 
profilers. The weakest current speed was inside the cage at 6 m depth and the highest reduction downstream was 
recorded behind the shielded volume. Downstream of the cage the reduction in speed became little to non- 
existing at 22 m depth, probably due to the decreasing diameter of the cage with depth. To reduction in cur-
rent speed through the cage was compared with estimated reduction from theoretical expressions. The results 
compared reasonably well downstream of the shielded cage, while the reduction inside the cage was higher than 
the estimates. The difference in current flow field behind a conical cage compared with a cylindrical cage may 
have implications for the dispersal of waste, feed pellets and microorganisms from the cage influencing the 
benthic impact of the farm.   

1. Introduction 

The flow field characteristics around and through a sea cage govern 
the distribution of feed, waste and dissolved oxygen in the cage, and the 
sedimentation process that occurs under and behind the cage. How the 
current flows through and around fish cages is determined by the farm 
layout (Rasmussen et al., 2015), local topography, flow conditions at the 
site (Klebert et al., 2013), biomass within the cage (Klebert et al., 2013; 
Gansel et al., 2014; Klebert and Su, 2020) and the cage structure itself 
(Klebert et al., 2015). Most cages used in Norway are of the “gravity” 
type cages, which have a surface collar structure from which a net is 
suspended. These nets are often weighed down by a sinker ring, resulting 
in the net having a cylindrical shape above this ring, and a conical shape 
beneath it. 

As the current passes through the net a reduction in current speed 
occurs (see for example: Løland 1993; Patursson 2008; Klebert et al., 
2013). The reduction in current speed in combination with turbulence 
induced by the net structure has a direct impact on the dispersal of 
particle and micro-organisms such as pathogens and zooplankton (Kle-
bert and Su, 2020). The reduction in speed increases with solidity which 
can be due to biofouling (Bi et al., 2013; Gansel et al., 2015), biomass in 
cage (Klebert and Su, 2020) or increasing inclination angle between the 

net and vertical direction (Bi et al., 2013; Zhao et al., 2015). This in-
crease in inclination angle can be caused by the cage deformation, as 
when exposed to strong currents the cage wall upstream and down-
stream are deformed, and the bottom net is lifted upwards (Fredheim, 
2005; Lader et al., 2008; Lien et al., 2014; Klebert et al., 2015). 

The reduction in current speed is further enhanced with the use of 
lice shielding skirts (Frank et al., 2015). The high cost of delousing 
treatments (Abolofia et al., 2017; Iversen et al., 2017) has led to an 
increased use of lice shielding skirts as a preventative measure against 
the salmon lice. Shielding skirts attempt to reroute the upper water 
column around the cage which has a higher lice density than the deeper 
levels (i.e. Huse and Holm 1993; Heuch et al., 1995; Hevrøy et al., 2003; 
Oppedal et al., 2017; Geitung et al., 2019). These skirts are usually made 
of tarpaulin, which block the current, and some sites experience low DO 
levels when using such skirts (Stien et al., 2012), which reduces feed 
intake and specific growth rates (Remen et al., 2014). To counter this, 
permeable skirts have been introduced. Results from sites applying 
permeable skirts indicate good DO levels, with a minimum value of 70% 
DO over a 3-month period (Stien et al., 2018) and no impact on welfare 
status of the salmon (Bui et al., 2020). 

The current flow through normal gravity cages, both with and 
without skirts, have been studied both through experimental work and 
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simulations (i.e. Bi et al., 2013; Zhao et al., 2015; Klebert et al., 2013). 
However, in recent years there has been an increasing prevalence of 
conical nets (written communication Dybing, Egersund group, 
08.09.2020). Little documentation has been obtained on the current 
flow around these nets so far, but it is necessary to study the current flow 
characteristics around these cages to understand the farm’s biological 
footprint, and to ensure that good water quality and fish welfare is 
maintained. The same holds valid for cages which are equipped with 
permeable skirts. Therefore, in this study, the current flow field around 
and through a conical full-scale commercial salmon cage equipped with 
a permeable shield was studied. Current speed and direction were 
measured both upstream, downstream and inside the cage. The reduc-
tion in current speed from upstream to inside, and from upstream to 
downstream were also compared with expected reduction when using 
analytical expressions developed for plane nets. 

2. Material and methods 

2.1. Site description 

The measurement campaign was performed 2–5 July 2019 at Fornes 
farm owned and operated by Nordlaks Oppdrett AS located in 
Øksfjorden, Lofoten islands, Norway (68◦24′35.5′′N, 15◦25′44.8′′E, 
Fig. 1), and is placed in a fjord which has a narrow strait to the North 
leading into a larger basin with depths up to 104 m. The farm consists of 
nine cages arranged in a single row from West to East, and spans an area 
with a depth of 100 m. Data were collected from the third westernmost 
cage, with stocked cages at either sides of the cage. 

All cages at Fornes had a circumference of 160 m and were equipped 
with conical nets (Fig. 1). The net had a solidity of 0.16 and was 55 m 
deep with a concrete weight of 2.4 tonnes in water attached to the tip of 
the cone. The shielding skirt applied was a permeable canvas lice skirt 
(Norwegian Weather Protection, Frekhaug, Norway) with a solidity of 
51%, mesh opening of 350 × 350 μm and a depth of 10 m. The skirt was 
weighted with 2 kg/m lead rope at the bottom and installed as a cylinder 
around the conical net roughly 10 days prior to measurements were 
carried out. The skirt is one piece of fabric installed with a 10 m overlap. 
The biomass in the cage during the experiment was 750 tonnes, with 

191 310 fish with an average weight of 3.8 kg. 

2.2. Equipment description: ADV and DCP 

Current speed and direction outside the cage were recorded using 
two current profilers attached to anchoring buoys on both sides of the 
cage, pointing downwards with a vertical resolution (cell size) of 1 m. To 
the South-West of the cage, in position B (Fig. 1), an Aanderaa SeaGuard 
II Doppler current profiler (DCP) measured continuously with a sam-
pling frequency of 0.5 Hz. The DCP had a velocity accuracy of 0.3 cm/s 
or ±1% of reading, with a velocity resolution of 0.1 cm/s. The data were 
averaged and stored every minute. To the North-East of the cage, in 
position A (Fig. 1), a Nortek Aquadopp current profiler 400 MHz (ADCP) 
was used. The ADCP had a velocity accuracy of ±0.5 cm/s or ±1% of 
measured value, and a horizontal and vertical velocity precision of 0.7 
cm/s and 2.2 cm/s, respectively. The data were averaged over every 3rd 
minute. As buoy mounted DCPs can experience bias (Mayer et al., 2007), 
the first depth cell was excluded from the data set. 

Inside the cage the current velocity was measured using Nortek 
Vector Acoustic Doppler Velocimeters (ADV) with a sampling rate of 8 
Hz, with 120 samples per burst and a burst interval of 60 s. The sampling 
volume was 0.18 cm3 placed 0.15 m from the probes, and the sensor had 
an accuracy ±0.5% of measured value ±1 mm/s, velocity precision 
typical 1% of velocity range (at 16 Hz). The ADVs were suspended from 
a buoy at 3, 6, 9 and 12 m depths and placed in the centre of the cage, 
position C in Fig. 1. Given the depth of the site it is assumed that the 
influence from bathymetry on the measured current speed is negligible. 

2.3. Flow velocity reduction 

Different studies have been conducted regarding the velocity 
reduction behind net panels (reviewed in Klebert et al., 2013) in model 
cages (Kristiansen and Faltinsen, 2015) or numerically (Lee et al., 2008; 
Bi et al., 2014; Kim et al., 2014). Only a few are performed at full scale in 
commercial cage with fish (Johansson et al., 2007; Klebert et al., 2015; 
Klebert and Su, 2020); the latest being conducted in circular cages with 
or with skirt. In this study, a more complex conical cage geometry is 
investigated. With a twine thickness (d) of 2.7 mm and a mesh size (s) of 

Fig. 1. Left: Location of the fish farm at Fornes were the measurements were carried out. Right: Shape and dimensions of the cage and shielding skirt studied, and the 
location of sensors. 
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29 mm, the calculated net solidity (Sn = 2d/s) is 0.19. To estimate the 
velocity flow reduction inside the cage and in its wake the expressions 
by Løland (1993) and Føre et al. (2020) are used. Løland (1993) pro-
posed a theoretical expression for the non-dimensional velocity reduc-
tion factor r behind a net panel based on the solidity (Sn) of the nets: r =
uw/U0 where uw is the flow velocity in the wake of the cage and U0 is the 
free-stream velocity. The velocity reduction factor r is defined as r =

1 − 0.46Cd, where Cd is the drag of the netpanel calculated from Sn with 
the following expression Cd = 0.04+ ( − 0.04 + 0.33Sn + 6.54S2

n −

4.88S3
n). By performing measurements with net panels with solidity (Sn) 

ranging from 0.15 to 0.32 Føre et al. (2020) found that an improved 
expression for r was: r = 1.02 − 0.84Sn. In the following the different 
formulations for the velocity flow reduction are represented together 
with the measurements data at different location. 

3. Results and discussion 

3.1. Preprocessing of data 

Velocity spikes caused by Doppler noise, signal aliasing and distur-
bances from the fish as the cage was fully stocked, were removed by 
filtering the raw data from the ADVs using the improved phase space 
filter (Goring and Nikora, 2002) for bubbly flows (Birjandi and Bibeau, 
2011). Velocity spikes were not replaced, the ADV data were averaged 
over 1 min and if more than 50% of the data in a minute had been 
removed, the entire minute was excluded from further analyses. 

To establish the characteristic of the flow field around a conical net, a 
stable incoming current was necessary hence certain critera were set for 
the incoming current. Previous measurements at the Fornes farm site in 
accord with NS9415 (Standard Norway, 2009) found that the main 
current direction was towards North-East (45–60◦), and South-West 
(210–225◦), and that the site was influenced by the tidal current. The 
ADCP and DCP data agreed well with this (see Fig. 2 and Fig. 3). The 
data from each sensor was therefore averaged over 30 min intervals and 
if the current direction in the upstream sensor was between 30◦ and 75◦

or between 200◦ and 245◦, the sample was categorized as Northward or 
Southward, respectively. 

In addition to these requirements, the standard deviation in the up-
stream sensor during each 30 min sample could not exceed 30◦, the 
averaged horizontal speed had to be over 0.05 m/s and only dates where 
there was little to no signs of density stratifications in the water column 
were considered. The criteria set for the current upstream of the cage are 
summarised in Table 1. 

The current had a clear semi-diurnal tidal pattern (Figs. 2 and 3), 
with the Nortek ADCPs current direction measurements appearing less 

structured than the Aanderaa’s DCP. This is partially due to the direction 
fluctuating around 0/360◦, but also due to the Aanderaa DCP having a 
higher temporal resolution and being positioned downstream when the 
current was moving Southwards making it appear more structured 
throughout the period (Figs. 2 and 3). The stratification of the water 
column is evident in Fig. 3 displaying the speed of the Aanderaa’s DCP, 
for instance on the 3rd of July when the top layers had a lower speed 
than the deeper layers. CTD profiles were also taken irregularly 
throughout the campaign and showed a clear pycnocline on the 3rd of 
July at 7.5 m depth that gradually moved up to 3 m depth on the 4th 
before disappearing on the 5th. CTD data is published in Jónsdóttir et al. 
(2020). It was therefore only the later periods of the 4th of July and the 
5th of July that were relevant for establishing a more or less homoge-
nous current flow field around the conical cage. 

The requirements resulted in four data series with the current 
heading towards the south with a minimum and maximum average di-
rection of 216◦ and 244◦, and seven data series with the current heading 
towards the north with a minimum and maximum average direction of 
32◦ and 75◦. The relevant periods are listed in Table 2. 

For the ADVs there was an additional condition for the relevant 
sampling periods. If more than 16 min of the 30 min averaged over in a 
period had been removed when using the phase space filter for bubbly 
flow, the sample was removed from further analysis. This requirement 
was set to each individual depth, hence some samples have no data from 
certain depths (see Figs. 4 and 5). 

The short duration of this study and the limited number of periods 
satisfying the criteria should be noted. However, given the depth at 
Fornes, the clear tidal influence of the site and the farm layout, the re-
sults give an clear indication of how the current flow around a conical 
cage differs from that of a cylindrical cage. 

3.2. Current flow during selected periods 

The average current speed and direction in all sensors were calcu-
lated for the relevant periods listed in Table 2 and are presented in 
Figs. 4 and 5. The current speed inside the cage at all depths were lower 
than the speed measured upstream of the cage, but was not necessarily 
higher than the speed measured downstream of the cage (Figs. 4 and 5). 

The maximum average current speed at the inside of the cage was 6 
cm/s, while the maximum average current speed outside was 15 cm/s. 
The current direction inside of the cage did not always agree with the 
current direction upstream and downstream of the cage. The current 
downstream and upstream were in relatively good agreement except at 
3 m when the current was heading southwards, and a slight disagree-
ment in some of the cases at 3 m and 12 m when heading Northwards. 
However, this discrepancy could be influenced by the fluctuation around 

Fig. 2. Current direction recorded by the DCP and ADCP throughout the entire period, respectively. Position of sensors are shown in Fig. 1. Periods described in 
Table 2 are marked with vertical lines. 
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0/360◦. 
The difference in direction between inside and upstream of the cage 

could be caused by the recirculation pattern seen in Lien et al. (2014). As 
this pattern was not observed when fish was present in a shielded cage 
(Klebert and Su, 2020), it is however more likely that this variation in 
direction was caused by the very low current speeds inside the cage. 

3.3. Flow through cage and net 

To compare data from different sensors the characteristic horizontal 
current speed was established by averaging the horizontal speed in each 
sensor over all sample periods defined in Table 2 for each depth. To 
ensure that there were no topographic effects or other effects dependent 
on the direction of the current, the two groups Northwards and South-
wards were preserved. The characteristics horizontal current speed was 
then normalized using the maximum averaged horizontal current speed 
recorded upstream independent of depth (Fig. 6). 

The results from this study differ from those observed in unshielded 
cylindrical cages. The current through an unshielded cylindrical cage 
had a linear reduction from the sensor upstream to the sensor down-
stream (Klebert et al., 2015). Downstream of the cage there was a 
reduction in current speed the entire depth of the cage, and below the 

cage there was an acceleration of the current (Klebert et al., 2015). No 
such acceleration could be observed in this study due to the spatial 
limitation of the sensors, but it is unlikely that any such acceleration 
would have occurred at Fornes due to its conical shape. 

In the upper 22 m of the 55 m deep conical cage there was a clear 
reduction in current speed downstream independently of current di-
rection, similar to that observed for cylindrical cages. Below 22 m 
however there was no visible blocking effect from the cage (Fig. 6). This 
is likely due to the tapered shape and smaller diameter of the cage at that 
depth, which is only 28 m. The reduction in speed downstream was at its 
highest in the upper 10 m of the cage. This is particularly clear for the 
current that was heading Southwards, which has an increase in 
normalized current speed from 9 m depth and deeper. This pattern was 
not as evident in the downstream current heading Northwards, but the 
highest reduction rates were still within the top 10 m. These results 
indicate that the permeable skirt enhanced the reduction of current flow 
downstream of the cage. 

The current flow upstream also appear to be influenced by the skirt 
with a non-linear response upstream of the skirt volume and a near 
linear response from 9 m when the current was heading Northward 
(Fig. 6). The skirt could have influenced the current upstream by 
decelerating the incoming current flow. As the effect was not constant 
upstream of the skirt, the slower velocity closer to the surface could have 
been caused by the stratification at Fornes. The hydrographic conditions 
at Fornes are detailed in Jónsdóttir et al. (2020), and describe a pyc-
nocline that broke down from the 2nd to the 5th of July. On the 4th of 
July a weak pycnocline was present at roughly 2 m depth with homo-
geneous water below, while the water column was homogeneous on the 
5th. It was assumed that the pycnocline would have little effect on the 
characteristic current flow as the normalized current speed was deter-
mined by averaging over data from late on 4 th and the 5 th of July. 
However, given the position of the pycnocline, it is possible that it had 
some effect on the current speed at 3 m depth. 

The increase in current speed downstream of the cage at 9 m when 
the current was heading southwards could be due to deformations of the 
skirt. When the current speed is sufficiently high the upstream section of 
the skirt can creep upwards as it is pushed into the cage, while the 
downstream section will lift and stand out like a sail (Lien et al., 2014). 
How the downstream section deforms is dependent on if the skirt is 
installed as one whole piece or as a long piece of fabric where the ends 
overlap. At Fornes the skirt was installed as one piece of fabric over-
lapping at the south side of the cage. At the overlap the skirt was 
observed to balloon out behind the cage up to several meters at times 
(Fig. 7). The ballooning in Fig. 7 was probably due to the shorter period 
of currents close to 20 cm/s just prior to the picture being taken (Fig. 3). 
A preliminary study at the same site in 2018 observed skirt deformations 

Fig. 3. Horizontal current speed recorded by the DCP and ADCP throughout the entire period, respectively. Position of sensors are shown in Fig. 1. Periods described 
in Table 2 are marked with vertical lines. 

Table 1 
Criteria for each 30-min averaged sample current upstream of the 
cage to be included in further analysis.   

Criteria 

Northward 30◦≤ direction ≤ 75◦

Southward 200◦≤ direction ≤ 245◦

Current speed > 0.05 m/s  
Std. direction ≤ 30◦

Table 2 
Periods where the upstream current has passed the set requirements summarised 
in Table 1.  

Northward Southward 

Name Date and Time Name Date and Time 
N1 04-07-19 19:30–20:00 S1 05-07-19 02:15–02:45 
N2 04-07-19 20:00–20:30 S2 05-07-19 02:45–03:15 
N3 04-07-19 20:30–21:00 S3 05-07-19 03:15–03:45 
N4 04-07-19 21:00–21:30 S4 05-07-19 03:45–04:15 
N5 05-07-19 06:30–07:00  
N6 05-07-19 07:00–07:30  
N7 05-07-19 07:30–08:00   
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Fig. 4. Horizontal speed and current direction averaged over 30-min for the upstream DCP, downstream ADCP and ADVs inside the cage, for each individual case 
defined in Table 1 that had a main Northward direction. 

Fig. 5. Horizontal speed and current direction averaged over 30-min for the upstream ADCP, downstream DCP and ADVs inside the cage, for each individual case 
defined in Table 2 that had a main Southward direction. 
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by use of pressure sensors along the bottom of the skirt and registered 
greater vertical deformation of the skirt downstream than upstream 
when currents exceeded roughly 13 cm/s (Volent et al., 2020). It should 
be noted that the horizontal speed inside and downstream of the cage 
were very low during the selected periods (Figs. 4 and 5) so it’s uncer-
tain if the skirt was deforming at all during the chosen periods. 

The normalized average current speed on the inside of the cage was 
lower or equal to the current speed downstream (Fig. 6), thereby not 
replicating the linear reduction through the cage seen for unshielded 
cylindrical cages (Klebert et al., 2015). The current speed inside the cage 
followed a similar pattern independent of current directions with a 
strong average current speed at 3 m depth, the weakest current speed at 
6 m depth, and an increase in current speed from 6 to 12 m depth 
(Fig. 6). It should also be noted that there were only two samples 
included in the Southward data group at 3 m depth (see Fig. 5), which 
could explain why the normalized current speed was at its highest inside 
the cage at 3 m depth when the current was heading Southwards. 

The high reduction at 6 m depth could be due to the vertical posi-
tioning of the biomass in the cage as biomass can increase the reduction 
in speed (Klebert and Su, 2020). During this study the stocking density 
was 19 kg m− 3. Atlantic salmon rarely distributes themselves evenly 
vertically in the cage and prefer to swim at deeper depths during the day 
and closer to the surface during night (Oppedal et al., 2011). As this 
study took place during the summer in Northern Norway the sun never 
set, and the continuous daylight may have resulted in the salmon 
swimming in a higher density at 6 m and below, thereby reducing the 
current speed there more than other layers. Unfortunately, the behav-
iour of the salmon was not monitored during this study. 

Fig. 6. Average normalized horizontal current speed recorded at each depth in both the upstream, downstream and sensor inside. The maximum average current 
speed was slightly below 0.12 m/s for both cases. 

Fig. 7. Black line marks the visible edge of the skirt being lifted due to the 
current. Black arrows indicate the main current direction (roughly South-West 
in this image). Image taken the 4th of July at 13:33 local time. The average 
current upstream (Position A) had a horizontal speed of roughly 8 cm/s at this 
given time, but had been as high as 20 cm/s only an hour prior, as seen in Fig. 2. 
The overlap of the skirt is visible just beneath the bottom arrow. 
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3.4. Reduction in current speed 

The reduction factor (r) was calculated for 3, 6, 9 and 12 m and 
compared with the reduction factor found using the expressions by 
Løland (1993) and Føre et al. (2020) (Fig. 8). The expression by Føre 
et al. (2020) was better at estimating the current reduction downstream 
of the skirt (Sn = 0.51) than Løland (1993). This was expected as the 

expression by Føre et al. (2020) is developed to correctly estimate the 
current downstream of nets with high solidity. 

The reduction from upstream to inside the cage was however higher 
than expected compared with both expressions. This could be due to the 
low current speed in this study as the lowest incoming current speed 
utilised in Føre et al. (2020) was 0.25 m/s, compared to 0.05 m/s in this 
study. Furthermore, both Løland (1993) and Føre et al. (2020) utilised 

Fig. 8. Average reduction ratio (r) between current speed inside and upstream, and downstream and upstream, measured in this study. Expected reduction ratio 
behind one net panel and two net panels using Løland (1993) and Føre et al. (2020) are also marked using Sn = 0.19 and Sn = 0.51. 
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stretched out plane nets. The conical cage in this study had an inclina-
tion angle, which would have increased the reduction, but also had the 
opportunity to deform. There could also have been biofouling on both 
the net and skirt, which would have increased the solidity and reduction 
in current speed through the cage. As the estimate by Føre et al. (2020) 
was good downstream of the cage, but not inside the cage, it could be 
that the biomass around the ADVs resulted in low current speeds. 
Another reason is that comparing ADV data with ADCP data is not 
optimal, as the ADV averages over a very small volume while the ADCP 
averages over cell sizes of 1 m. 

The highest reduction inside the cage was 86% (r = 0.14) at 6 m 
depth. For unshielded cages exposed to currents as strong as 60 cm/s the 
reduction from outside to inside is 21.5% at 6 m depth (Klebert et al., 
2015). In another study by Johansson et al. (2014) the reduction inside a 
non-shielded cage varied from 0 to 50% when the speed outside was 20 
cm/s (Johansson et al., 2014). Given the high biomass in this study, 
inclination of the cage, the general low current speeds during the rele-
vant periods and the presence of a shielding skirt, a reduction of 86% 
was deemed reasonable. 

4. Conclusion 

Current speed upstream, downstream and inside a conical full-scale 
shielded sea cage were monitored. The velocity measurement inside 
the cage showed a more complex flow pattern than for a cylindrical 
cage, probably due to the interaction between the permeable skirt and 
the conical shape of the cage which could both have affected the dis-
tribution of fish in the water column differently than in a cylindrical 
cage. Speed was generally low inside the cage. The weakest current 
speed inside the cage was at 6 m depth independently of direction. 
Current speed increased beneath this depth. There was a clear reduction 
in current speed downstream of the shielding skirt, with the highest 
reduction recorded behind the shielded volume. No blocking effect was 
observed beneath 22 m depth, probably due to the conical shape of the 
cage. The difference in current flow field behind the conical cage 
compared with a cylindrical cage may have implications for the 
dispersal of waste, feed pellets and microorganisms from the cage 
influencing the benthic impact of the farm, and further work should 
focus on documenting these differences. 
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K.E. Jónsdóttir et al.                                                                                                                                                                                                                           



Ocean Engineering 223 (2021) 108639

9

Norway, Standard, 2009. Marine Fish Farms-Requirements for Site Survey, Risk 
Analyses, Design, Dimensioning, Production, Installation and Operation. norsk 
standard ns 9415. E, Norway. 

Oppedal, F., Dempster, T., Stien, L.H., 2011. Environmental drivers of atlantic salmon 
behaviour in sea-cages: a review. Aquaculture 311, 1–18. 

Oppedal, F., Samsing, F., Dempster, T., Wright, D.W., Bui, S., Stien, L.H., 2017. Sea lice 
infestation levels decrease with deeper ‘snorkel’barriers in atlantic salmon sea-cages. 
Pest Manag. Sci. 73, 1935–1943. 

Patursson, Ø., 2008. Flow through and Around Fish Farming Nets. Ph.D. thesis. Ocean 
Engineering, University of New Hampshire, Durham, NH03824, USA.  

Rasmussen, H.W., Patursson, Ø., Simonsen, K., 2015. Visualisation of the wake behind 
fish farming sea cages. Aquacult. Eng. 64, 25–31. 

Remen, M., Aas, T.S., Vågseth, T., Torgersen, T., Olsen, R.E., Imsland, A., Oppedal, F., 
2014. Production performance of atlantic salmon (salmo salar l.) postsmolts in cyclic 
hypoxia, and following compensatory growth. Aquacult. Res. 45, 1355–1366. 

Stien, L.H., Nilsson, J., Hevrøy, E.M., Oppedal, F., Kristiansen, T.S., Lien, A.M., 
Folkedal, O., 2012. Skirt around a salmon sea cage to reduce infestation of salmon 
lice resulted in low oxygen levels. Aquacult. Eng. 51, 21–25. 

Stien, L.H., Lind, M.B., Oppedal, F., Wright, D.W., Seternes, T., 2018. Skirts on salmon 
production cages reduced salmon lice infestations without affecting fish welfare. 
Aquaculture 490, 281–287. 
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