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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

© The authors 2020. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un -
restricted. Authors and original publication must be credited.

Publisher: Inter-Research · www.int-res.com

*Corresponding author: kristbjorg.jonsdottir@ntnu.no

Dynamics of dissolved oxygen inside salmon
sea-cages with lice shielding skirts at two

hydrographically different sites

Kristbjörg Edda Jónsdóttir1,*, Zsolt Volent2, Jo Arve Alfredsen1

1Norwegian University of Science and Technology, Department of Engineering Cybernetics, NO-7491 Trondheim, Norway
2SINTEF Ocean, NO-7465 Trondheim, Norway

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.

KEY WORDS:  Lice shielding skirts · Dissolved oxygen · Pycnocline · Current flow pattern ·
Atlantic salmon · Salmon lice · Sea-cage environment

OPENPEN
 ACCESSCCESS

https://crossmark.crossref.org/dialog/?doi=10.3354/aei00384&amp;domain=pdf&amp;date_stamp=2020-12-17


Aquacult Environ Interact 12: 559–570, 2020560

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



Aquacult Environ Interact 12: 559–570, 2020562

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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Fig. 2. (a) Current speed and (b) direction at Soløya in the top 20 m of the water column, measured by the Doppler current pro-
filer (DCP) in position B (see Fig. 1) from 21 to 24 May 2019. The red horizontal line along the x-axis indicates the periods
where DO measurements were taken. (c) Expected tidal height (thin black line). (d) Hourly median DO for all sensors at 

Soløya, for the periods marked with red in the graphs above. O: outside; C: centre of the cage
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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
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Fig. 3. Current roses showing average current speed and direction measured
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Fig. 5. Boxplot of oxygen levels at Soløya, showing com-
bined oxygen data collected between (a) 21 May 17:00 h
and 22 May 08:00 h and (b) 23 May 17:00 h and 24 May
08:00 h (right). 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 

the positions. O: outside; C: centre of the cage
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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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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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