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Abstract

With the expansion of Atlantic salmon aquaculture, the economic and ecological

impacts of salmon lice (Lepeophtheirus salmonis) has increased. Norway battles

this problematic parasite with various control and preventative methods within

farms. We analysed two national-level databases to examine the number of opera-

tions reported each year from 2012 to 2017 and salmon mortality rates attributa-

ble to each operation type. From 2012 to 2017, 1.4 times more operations were

registered, despite only limited increases in biomass produced across this period.

We detected a rapid and recent paradigm shift in the industry’s approach to lice

control from chemotherapeutant to non-medicinal operations. Chemotherapeu-

tants (azamethiphos, cypermethrin, deltamethrin and hydrogen peroxide) domi-

nated operations from 2012 to 2015 (>81%), while mechanical and thermal

treatments dominated in 2016 and 2017 (>40% and >74%, respectively). Thermal

operations caused greatest mortality increases (elevated mortality for 31% of

treatments), followed by mechanical (25%), hydrogen peroxide (21%), and aza-

methiphos, cypermethrin and deltamethrin (<14%). Temperature, fish size and

pre-existing mortality rates all influenced post-treatment mortality outcomes. For

chemotherapeutants, mortality increased as sea temperature increased. For

mechanical and thermal treatments, mortalities increased at low (4–7°C) and high

(13–16°C) temperatures. Fish with high pre-existing mortality (0.25–1.0% mor-

tality the month before treatment) experienced increased mortality after treat-

ment, and large fish (≥2 kg) were more susceptible to increased mortality than

small (<2 kg). Generally, thermal, mechanical and hydrogen peroxide operations

performed better in 2017 compared to 2015 and 2016, as the percentage of mor-

tality observations were lower. With mechanical and thermal treatments now pre-

dominant, future research and industry development should prioritise reducing

mortality and improving post-treatment outcomes.
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Introduction

Since its conception in mid-Norway in the late 1960s,

the Atlantic salmon aquaculture industry has grappled

with the pathogenic marine parasite: the salmon louse

Lepeophtheirus salmonis (Costello 2006; Torrissen et al.

2013). Salmon lice are caligid copepods that attach to

the skin of salmon, feeding on mucus, blood and skin

(Mordue & Birkett 2009). Moderate to high infestations

can lead to physical damage, skin erosion, osmoregula-

tory failure, secondary infections, immunosuppression

and chronic stress (Bowers et al. 2000; Grave et al.

2004; Hamre et al. 2009). Salmon lice not only have

the greatest economic impact of all parasites affecting

aquaculture, but infestations in farms also negatively

affect wild stocks via spillback effects (Torrissen et al.

2013; Vollset et al. 2017). Controlling this parasite is

troublesome, expensive and important, not only to
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minimise production losses and to improve the welfare

of farmed fish, but also to protect wild salmon popula-

tions.

Norway produces the most salmon worldwide, and the

number of farmed salmon greatly exceeds the number of

wild salmon (~728 farmed harvested salmon per wild sal-

mon in 2015, based on the number of fish held in farms

and the number of salmon estimated to return to Norwe-

gian rivers each year: Thorstad & Forseth 2016; Norwegian

Directorate of Fisheries 2018). Salmon farms are often

located along natural wild salmon migration routes, which

can place additional infestation pressures on out-migrating

smolts (Krko�sek et al. 2013). The main source of lice infes-

tations originates from farms, where regular delousing

operations constantly place selection pressure on resistance

development (Torrissen et al. 2013). While the develop-

ment of new treatment methods can help to reduce lice

loads after being introduced, due to rapid resistance devel-

opment, they are often only valuable and efficacious for

limited time periods (Aaen et al. 2015). The principle of

rotating treatments is therefore essential to follow, to try

and maintain treatment efficacies for as long as possible.

The development of coordinated production zones (Fig. 1),

synchronized fallowing and synchronized treatments

throughout Norway are other control measures (Norwe-

gian Ministry of Trade, Industry and Fisheries 2012). The

development of in-cage technologies that prevent infesta-

tions through environmental manipulation has also

become increasingly popular, especially skirts around the

cages (Grøntvedt et al. 2018; Stien et al. 2018), snorkel

cages (Oppedal et al. 2017; Wright et al. 2017) and deep-

water feeding (Frenzl et al. 2014).

The Norwegian lice surveillance programme requires

each farm to develop a general plan for prevention and

treatment of salmon lice (Torrissen et al. 2013). Generally,

plans should include regular lice counting within the farm,

methods and routines for delousing operations, routines

for evaluation of treatment efficacy and routines for fallow-

ing. All farms are required to annually re-evaluate and

update their lice management plans, and also provide

details to the Norwegian Food Safety Authority (Torrissen

et al. 2013).

Permissible lice levels above which farms are required

by law to initiate measures to reduce lice (Norwegian

Ministry of Trade, Industry and Fisheries 2018) vary in

space and time. As of March 2017, lice levels cannot

exceed 0.2 mature females per salmon for 6 weeks across

spring during the period when wild salmon smolts out-

migrate, with the timing of the spring period different

south and north of North Trøndelag (64°N, 12°E). For
the rest of the year across Norway, an average of up to

0.5 mature females per salmon is permissible. Five main

chemotherapeutants and three main types of non-

medicinal principles are used for delousing operations

by the industry.

Chemotherapeutants for salmon louse control

Anti-parasitic chemotherapeutants are used to treat lice

infestations in most countries where salmon aquaculture is

practiced (Burridge et al. 2010). As salmon lice reproduce

throughout the year, the aim of successful control was to

prevent internal infestation cycles from being established as

well as preventing the presence of gravid females (Burridge

et al. 2010).

Chemotherapeutants are used in two main ways: bath

treatments and in-feed additives (Burridge et al. 2010).

Organophosphates, pyrethroids and hydrogen peroxide are

administered through bath treatments, whereas aver-

mectins (emamectin benzoate and diflubenzuron) are

administered as additives in medicated feeds (Burridge

et al. 2010). Bath treatments are performed either by lining

a sea-cage with a tarpaulin and reducing the volume of

water within the cage, which normally also increases fish

density (Volent et al. 2017), or by crowding and pumping

fish into a well-boat. The recommended treatment concen-

tration for the chemotherapeutant is added, and salmon

are held in the bath for the recommended treatment time.

After treatment, the tarpaulin is removed (in-cage
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Figure 1 The 13 Atlantic salmon aquaculture production zones in

Norway implemented by the Norwegian Ministry of Trade, Industry and

Fisheries in 2017
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treatment) or the fish are pumped out (well-boat treat-

ment) and the chemotherapeutant is released into the sur-

rounding water.

Organophosphates: azamethiphos

Organophosphates were the first chemotherapeutant intro-

duced for salmon delousing treatments as they are water

soluble (Torrissen et al. 2013). Their lice removal mecha-

nism works by acting as an inhibitor of acetylcholinesterase,

which causes overstimulation of the muscular and nervous

systems, leading to paralysis (Walsh et al. 2007). Until

1995, more than 80% of all delousing operations adminis-

tered in Norway were performed using organophosphates

(Fallang et al. 2004). Dichlorvos was the main chemothera-

peutant used in all salmon farming countries until the early

1990s, after which widespread resistance appeared (Torris-

sen et al. 2013). In 1994, azamethiphos was introduced,

which brought an additional benefit of being 109 more

effective than dichlorvos, but also safer for mammals and

therefore had higher safety margins for handling (Roth

et al. 1993; Burka et al. 1997; Aaen et al. 2015). Azame-

thiphos was used in Norwegian salmon aquaculture for lice

control from 1994 to 1999, and from 2008 onwards (Aaen

et al. 2015).

Azamethiphos has a rapid effect that can be observed

within a few hours (Torrissen et al. 2013). It is effective in

removing pre-adult and adult salmon lice, but not the ses-

sile larval stages (Roth et al. 1993; Whyte et al. 2016).

Treatment is administered as in-cage bathing using a tar-

paulin, and baths are performed at 0.1 ppm for 30–
60 minutes (Roth et al. 1996; Burka et al. 1997). Increased

surface activity for salmon can occur after treatment, even

at recommended therapeutic treatment concentrations

(Burka et al. 1997). Toxicity of azamethiphos for lice and

salmon is thought to increase with treatment temperature

(Roth et al. 1996).

Pyrethroids: cypermethrin and deltamethrin

Pyrethroids are synthetic analogues of natural pyrethrins,

which are the active ingredient from the flower heads of

Chrysanthemum cinerariaefolium (Burridge et al. 2010).

They are extremely toxic to crustaceans but are also highly

degradable and non-toxic to mammals. Deltamethrin and

two types of cypermethrin have been used for delousing in

Norway since 1994 (Burridge et al. 2010; Aaen et al. 2015).

Both deltamethrin and cypermethrin interfere with louse

nerve membrane function, causing paralysis and death

(Miller & Adams 1982; Burridge et al. 2010; Torrissen et al.

2013). Cypermethrin and deltamethrin are effective against

all attached stages of lice, although this depends on temper-

ature (Burridge et al. 2010; Torrissen et al. 2013).

The recommended usage for cypermethrin is brand

dependent, requiring different concentrations for baths

between 30 minutes to 1 hour (Burridge et al. 2010). For

deltamethrin, bathing is recommended at 2–3 lg/L for

40 minutes. Low temperatures are reported to not have

toxic effects to salmon. However, Olsvik et al. (2014) rec-

ommended that exposure times should not be exceeded

when treating with deltamethrin below 5°C. Farmers have

also applied deltamethrin and azamethiphos combined in

high-concentration and short-duration as bath treatments

to remove lice (Olsvik et al. 2014).

Hydrogen peroxide

Hydrogen peroxide has been used in aquaculture for dec-

ades, including against fungal infections in hatcheries (Bur-

ridge et al. 2010). It was first introduced as a delousing

agent in Norwegian salmon aquaculture in 1993 and was

used occasionally until 1997, before chemicals such as

organophosphates and pyrethroids became the treatments

of choice (Aaen et al. 2015). However, due to the develop-

ment of resistance towards these chemicals in some Norwe-

gian production zones, hydrogen peroxide was

reintroduced for delousing in 2009 (Grave et al. 2004; Aaen

et al. 2015; Helgesen et al. 2015). Treatment is adminis-

tered either in-cage or by using a well-boat.

Hydrogen peroxide is thought to cause mechanical paral-

ysis in lice through gas bubbles forming inside the haemo-

lymph, causing lice to fall off the salmon (Johnson et al.

1993; Burridge et al. 2010; Aaen et al. 2014). It is, however,

increasingly toxic to salmon with treatment time, concen-

tration and temperature (Thomassen 1993). The Norwe-

gian Medicines Control Authority guideline recommends

treatment with a dose of 1.7 g/L for 20 minutes at temper-

atures below 8°C, and a dose of 1.3–1.5 g/L for tempera-

tures between 8 and 13°C (The Norwegian Medicines

Control Authority 2000). Importantly, hydrogen peroxide

must not be used at temperatures above 13°C, as the safety
margin becomes too narrow (The Norwegian Medicines

Control Authority 2000). Unlike other chemotherapeu-

tants, hydrogen peroxide disassociates into water and oxy-

gen, does not bioaccumulate in the environment and is

therefore considered environmentally friendly (Kiemer &

Black 1997). Resistance towards hydrogen peroxide has

already been observed in some areas of Norway (Helgesen

et al. 2015).

Non-medicinal delousing operations for salmon louse

control

With widespread resistance towards all available

chemotherapeutants spreading throughout Norway (Aaen

et al. 2015), the industry has developed non-medicinal

alternatives to control salmon lice. Five main species of

cleaner fish (wrasse: Labrus bergylta, Ctenolabrus rupestris,

Centrolabrus exoletus, Symphodus melops; lumpsuckers:
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Cyclopterus lumpus) have been used as an alternative

delousing method, with more than 50 million cleaner fish

used in 2017 across two thirds of all farms (Norwegian

Directorate of Fisheries 2018). However, the sustainability

of their use and their welfare has been of concern (Skiftes-

vik et al. 2013; Olsen 2017). Underwater lasers that shoot

lice off the fish (Optical DelousingTM, Stingray Marine Solu-

tions AS, Norway) have been introduced as an alternative

to cleaner fish, but so far documentation of delousing effi-

ciency in commercial farming is anecdotal (Holan et al.

2017).

Freshwater treatment in well-boats has shown promising

results as an alternative bath treatment, and has become

utilised as a delousing treatment by the industry (Powell

et al. 2015; Hjeltnes et al. 2018). However, lice could

potentially develop resistance towards freshwater (Ljung-

feldt et al. 2017).

Mechanical and thermal delousing systems are recently

developed technologies used as alternatives to chemothera-

peutants. While they have been used by the Norwegian

industry since 2015, little published data is available about

the extent of their use and their broad scale effects on post-

treatment outcomes for salmon. The few reports available

were written during the developmental phase prior to their

widespread use by the industry (Grøntvedt et al. 2015;

Roth 2016; Gismervik et al. 2017).

Mechanical treatments

Three types of mechanical delousing technologies devel-

oped by three separate companies exist: Flatsetsund (FLS)

Engineering AS, SkaMik AS and the Hydrolicer�. All three

technologies require the fish to be crowded and then

pumped up into a treatment system where the lice are

mechanically removed from fish.

Gismervik et al. (2017) examined fish welfare and

delousing efficiency for the FLS system. Fish are first

pumped into the system via a funnel and passed through

two low pressure washers (0.2–0.8 bar). The spray nozzles

then ‘flush/spray’ the lice off the fish as it passes through

the pipe. The water is then filtered after treatment to pre-

vent lice from being released into surrounding waters.

Cameras within the pipes monitor fish to control spray

nozzle pressure and speed during the treatment. The rec-

ommended fish size for FLS system treatment is up to 4 kg,

and Gismervik et al. (2017) found the system removed 81–
100% of mobile lice and 76–91% of adult female lice.

Effects on attached lice stages are uncertain (Gismervik

et al. 2017), but FLS claim their system removes 50–70%
(Flatsetsund Enginnering AS 2018).

Less is known about the SkaMik and Hydrolicer� sys-

tems. To our knowledge, no independent reports or pub-

lications are available examining welfare and mortality

from these treatment methods. However, a recent survey

of farmers found that scale loss was very common, sal-

mon mortality was common and gill bleedings and

wounds were observed at least during developmental

phase testing for mechanical treatments (Hjeltnes et al.

2018). SkaMik is similar to the FLS system but includes

a brush system for removing lice. However, after devel-

opments to the system in 2017, SkaMik stated that the

brushes are mainly used to steer salmon through the sys-

tem rather than brush off the lice (Hjeltnes et al. 2018).

The Hydrolicer� pumps fish into a closed pipe filled with

water, where inverse water turbulence ‘vacuums’ the lice

off the fish. At a conference in Trondheim February

2017, the producers of the SkaMik-system reported that

the system removed 85–95% of the lice. At the same

conference, a representative from Hydrolicer� reported

82–100% removal efficiency on mobile lice, and 70–85%
on adult female lice. Effects on attached lice stages are

uncertain. According to the Hydrolicer� representative,

post-treatment mortality was below 0.4%.

Thermal treatments

Thermal delousing is based on inactivation of lice, as they

detach from fish after short exposures to warm water

(Brunsvik 1997; Grøntvedt et al. 2015). Salmonids can sur-

vive in water temperatures of 20–34°C for short periods of

time (Elliot & Elliot 1995), and while the upper thermal

limit for lice is similar, due to the size difference between

the host and parasite, lice have a shorter survival time

(Grøntvedt et al. 2015; Roth 2016). There are two compet-

ing systems for thermal treatments: the Thermolicer� and

the Optilicer�. Both systems have had independent research

organisations investigate their effects on fish welfare and

delousing efficiency (Grøntvedt et al. 2015; Roth 2016), but

only in the developmental phase of the technologies.

In both systems, treatment begins when fish are crowded

in the sea-cage and pumped past a de-watering strainer

before they enter a treatment chamber filled with warm sea-

water at temperatures up to 34°C. The major difference

between the two systems is that while the fish are pumped

through the treatment chamber in the Thermolicer�, the

Optilicer� has paddle wheels that push the fish at a pre-set

speed through a tank with warm water. Time in the treat-

ment chamber is usually set to 20–30 seconds in both sys-

tems (Holan et al. 2017). After treatment, the water around

the fish is removed so that detached lice are filtered out.

The fish are finally flushed through pipes back to the same

or a neighbouring sea-cage.

Grøntvedt et al. (2015) reported that Thermolicer�

treatment at 34°C removes 75–100% of mobile lice.

Attached lice were counted before, immediately after, and

1, 2 and 3 weeks after treatment, revealing that treatment

was ineffective in removing attached lice. Roth (2016)

reported a clear relationship between seawater temperature
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and treatment temperature; 99% of mobile lice were

removed already at 28°C in early spring, while 33°C was

needed to achieve similar effects in late summer.

Delousing operation use and effects on salmon mortality

in Norway

While all these delousing operations are currently used by

the Norwegian salmon aquaculture industry, there has been

no comprehensive analysis of treatment use and mortality

risks across Norway. The Norwegian Regulation on the

operation of aquaculture production sites (Norwegian

Ministry of Trade, Industry and Fisheries 2008) requires all

fish farmers to report local cage identification (ID), year

class, number of fish, losses due to mortality, feed use,

number of fish harvested and mortality data each month to

the Norwegian Directorate of Fisheries. In addition, the

Regulation on the prevention of salmon lice in aquaculture

(Norwegian Ministry of Trade, Industry and Fisheries

2008) requires farmers to report sea temperature, number

of lice (sessile, mobile and adult females), whether they

have treated, treatment method and treatment substance

each week to the Norwegian Food Authorities. From 2012

to 2017, there were on average 807 (range: 788 to 828) sites

in operation in the sea reporting to this database (Norwe-

gian Directorate of Fisheries 2018).

Combining these two data sets supplied by the Nor-

wegian Directorate of Fisheries and the Norwegian Food

Authorities provided data on treatment method and

timing, mortality in the month before treatment, mortal-

ity in the month that treatment occurred, average fish

weight and seawater temperature. First, we documented

the distribution of treatment methods used in Norway

to assess how treatment use changed through time. Sec-

ond, we examined if mortality associated with each

treatment method was temperature dependent. Third, to

determine if mortality increases associated with each

treatment method varied with fish health/condition, we

compared salmon mortality rates post-treatment for

cages that experienced low (uncompromised) and high

(compromised) mortality the month before treatment at

different temperatures. Fourth, to determine if salmon

size influenced salmon mortality and treatment risks at

different temperatures, we compared post-treatment

mortality rates for small and large fish for all delousing

operations. Finally, we looked at how salmon mortality

observations changed across the 2012–2017 period for

each delousing operation. As we had access to databases

which contained all delousing registrations and all

reported salmon mortalities throughout the entire per-

iod, we therefore had data on the entire population of

delousing operations in Norway from 2012 to 2017.

Therefore, we have not performed any statistical analysis,

as statistical inference is inapplicable to complete popu-

lation studies, as sampling errors disappear altogether,

and P-values tend to zero (Alexander 2015). This means

that increases and decreases observed in the data are

real and do not need to be defended with statistical

inference.

Analysis of delousing operation use from 2012 to
2017

We analysed the 10,130 registrations of delousing opera-

tions in Norwegian salmon aquaculture from 2012 to 2017

provided by the Norwegian Food Authorities. The number

of registrations in the database represented the number of

observations for each operation. We formed four broad

treatment categories consisting of: (1) chemotherapeutant

bathing (azamethiphos, cypermethrin, deltamethrin); (2)

hydrogen peroxide; (3) thermal (Thermolicer�, Optil-

icer�); and (4) mechanical (Hydrolicer�, FLS Avluser, Ska-

Mik Avluser). Hydrogen peroxide was separated from

bathing with other chemotherapeutants to explore the Nor-

wegian salmon aquaculture industry’s use of the chemical

following its reintroduction in 2009.

Total number of registered delousing operations from

2012 to 2017

We determined the number of operations registered each

year from 2012 to 2017 for each of the five delousing treat-

ment categories both at national scale and within each of

the 13 production zones in Norway. We also included an

additional ‘Bath other’ category to include all bath treat-

ments registered with the substance as ‘other’, ‘freshwater’

or combinations of chemotherapeutics.

Post-treatment salmon mortality by treatment method

By combining the Norwegian Food Authorities and the

Norwegian Directorate of Fisheries databases, we created a

new data set where registered delousing operations were

paired with monthly mortality data for the sea-cages at

their respective sites. Each observation included percentage

mortality the month before treatment, percentage mortality

the month of treatment, average fish weight, seawater tem-

perature and treatment method used. We then applied the

following filters to standardise the data set: (1) only obser-

vations where the number of fish within a cage was >50,000
were used; (2) observations with extreme (>1%) salmon

mortality the month before treatment were excluded; (3)

instances of combined use of azamethiphos and deltame-

thrin were removed to ensure that observations used were

only for one chemotherapeutant; (4) treatments reported

as ‘other’ were removed; and (5) bath treatments registered
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with freshwater were too few and were therefore also

removed. This left a total of 41,051 valid observations for

further analysis.

First, we calculated an index for increase in mortality for

each observation as the percentage point (pp) difference

between the month with treatment and the month before.

For example, if 0.4% salmon mortality was observed in a

cage the month before treatment and 1.2% mortality in the

month of treatment, then the mortality increase was

0.8 pp.

For each treatment category (azamethiphos, cyperme-

thrin, deltamethrin, hydrogen peroxide, thermal and

mechanical) we then calculated the percentage of observa-

tions within five mortality categories: 1–2, 2–5, 5–10, 10–25
and 25–100 pp increase in monthly mortality. Minor pp

increases in mortality (i.e. <1 pp) were excluded, so that

differences between mortalities observed within tempera-

ture categories and between treatments could be easily

compared.

Effect of temperature on post-treatment mortality

To determine salmon mortality observed at different tem-

peratures, we created five broad temperature categories of

0–4, 4–7, 7–10, 10–13 and 13–16°C, which span seawater

temperatures observed around Norway for all seasons. The

0–4°C temperature category was not included for thermal

and mechanical treatments, as no observations were made

within this range. Data were grouped in these categories so

that there would be reasonable numbers of observations

per category. Less than 2% of all registered delousing oper-

ations occurred at temperatures >16°C and were therefore

not included. To assess possible spatial autocorrelation

related to temperature in the data set, we investigated the

distribution of temperatures within each of the 13 produc-

tion zones (Fig. S2a).

Effect of welfare status and temperature on post-treatment

mortality

During our initial analysis of pp change in salmon mortal-

ity after treatment, we assumed that percentage mortality

the month before treatment would not influence the pp

change in mortality the month of treatment. We tested this

assumption for all chemotherapeutants and thermal and

mechanical delousing across the five temperature categories

by assessing if high mortality the month before treatment

resulted in a higher mortality in the month of treatment.

For this analysis, the database was separated into two

groups: ‘uncompromised’ fish with low mortality the

month before treatment (<0.25%), and ‘compromised’ fish,

due to the presence of disease or other stressors, with high

mortality the month before treatment (0.25–1%). Data

were grouped into these two categories as 0.25% mortality

the month before treatment was just below the median and

therefore allowed for reasonable numbers of observations

per group. To assess possible spatial autocorrelation related

to welfare status in the data set, we investigated the distri-

bution of compromised and uncompromised fish within

each of the 13 production zones (Fig. S2b,c).

Effect of salmon weight, welfare status and temperature on

post-treatment mortality

As salmon mortality the month before treatment affected

pp change in mortality after treatment, we included this in

all further analysis. To determine if pp change in mortality

for each treatment method varied with fish weight, the

database was further separated into two groups: small

(<2 kg) and large (≥2 kg). The data were split into these

two categories as the median in all production zones was

approximately 2 kg (Fig. S2d). We then determined the

percentage of observations for small or large, compromised

or uncompromised fish within each of the given mortality

categories. To assess possible spatial autocorrelation related

to salmon weight in the data set, we investigated the distri-

bution of fish weights within each of the 13 production

zones (Fig. S2d).

Mortality outcomes per delousing operation from 2012 to

2017

We investigated if treatment outcomes for each delousing

operation improved through time. As salmon weight influ-

enced salmon mortality observations for both uncompro-

mised and compromised fish, we included this in our

analysis. We conducted two analyses which separated com-

promised and uncompromised fish. We determined the

percentage of observations with salmon mortality change

≥1 pp for each treatment each year, for both small and

large fish. To ensure sufficient data for interpreting pat-

terns, only categories where more than 20 observations

were made at each temperature for each year were

included.

Results

Total number of registered delousing operations from

2012 to 2017

Spatial autocorrelation related to temperature in the data

set appeared limited, with temperature distribution broadly

similar across the 13 production zones (Fig. S2a), with the

exception that warmer temperatures above 10°C were

infrequent in the most northern production zones (11–13).
The overall number of registered delousing operations

reported in the Norwegian Food Authorities database
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increased 1.4 times from 2012 to 2017 (Fig. 2), while the

tons of salmon produced was approximately the same;

1,232,000 tons in 2012 vs. 1,234,000 tons in 2016 (Norwe-

gian Directorate of Fisheries 2018). Adjusting for tons of

salmon produced, this represents a real increase in treat-

ment registration frequency as biomass produced by the

industry was relatively stable across 2012–2016. This

equates to 1 reported treatment every 1150 tons of salmon

produced in 2012, increasing to 1 reported treatment for

every 763 tons of salmon produced in 2016.

Bathing with chemotherapeutants dominated delousing

operations in 2012 and 2013 (Fig. 2). From 2014 onwards,

their usage rapidly declined from constituting more than

80% of all reported delousing operations in 2013 to only

6% in 2017 (Fig. 2). Hydrogen peroxide use increased from

2012 to a peak in 2015, where 36% of all delousing opera-

tions were reported as hydrogen peroxide, but has since

decreased to only 8% of reported delousing operations in

2017 (Fig. 2).

Mechanical and thermal delousing operations are rela-

tively new, and although there were some registered treat-

ments prior to 2016, 2016 was the first year they came into

general use. In 2017, they became the dominant delousing

operations used; 14% of all registered treatments in 2017

were mechanical, and 61% were thermal (Fig. 2). ‘Bath

other’ reached a peak in 2016, making up 33% of all

delousing operations (Fig. 2). However, bathing with these

unspecified substances and freshwater decreased in 2017 to

12% of all reported delousing operations (Fig. 2).

Changes in treatment methods used within each produc-

tion zone in Norway are evident (Fig. 3). From 2012 to

2015, bathing with chemotherapeutants dominated produc-

tion zones 9 to 13, with more than 80% of all treatments reg-

istered as chemotherapeutants (Fig. 3a). Chemotherapeutant

use was also high in production zones 2 to 8, although to a

lesser extent at 40–72% of all registered treatments (Fig. 3a).

Hydrogen peroxide was the second most used delousing

operation, comprising between 17% and 33% of all observa-

tions in production zones 3 to 8 (Fig. 3a). There were only a

few registrations of thermal treatments in production zones

2 (7% of all treatments), 3 (2% of all treatments) and 5

(0.3% of all treatments) (Fig. 3a). Similarly, reported

mechanical delousing treatments were also low in zones 6

(2% of all treatments), 7 (11% of all treatments) and 8 (3%

of all treatments) (Fig. 3a).

In contrast, bathing with chemotherapeutants in 2016 to

2017 accounted for less than 20% of treatments in produc-

tion zones 2 to 8 (Fig. 3b). Thermal treatments dominated

in zones 2 to 6 (>53% of all treatments). Mechanical treat-

ment use also increased, particularly in zones 6 (33% of all

treatments), 7 (48% of all treatments) and 8 (28% of all

treatments).

Effect of temperature on post-treatment mortality

Spatial autocorrelation related to welfare status in the data

set appeared limited, with distributions of the mortality pp

increases broadly similar for the compromised and uncom-

promised fish across the production zones (Fig. S2b,c).

Overall, thermal treatments had the greatest level of

increased monthly mortality compared to the month before

treatment, with 31% of treatments increasing registered

mortality rates. Mechanical (25%), hydrogen peroxide

(21%), azamethiphos (13%), deltamethrin (13%) and

cypermethrin (12%) also increased registered mortality

rates, although to a lesser extent than thermal.

Mortality rates from bathing with azamethiphos, cyper-

methrin, deltamethrin or hydrogen peroxide increased with

temperature, as did the percentage of observations with

increased mortality generally (Fig. 4). At the highest temper-

ature category (13–16°C), the percentage of observations

with increased mortality (≥1 pp) was >35% for hydrogen

peroxide, 27% for azamethiphos and <20% for cypermethrin

and deltamethrin (Fig. 4d). Hydrogen peroxide and azame-

thiphos also had relatively high numbers of observations

with very high mortality increases (≥10 pp) (Fig. 4a,d).

Although the percentage of observations with increased mor-

tality generally increased with temperature, for deltamethrin

there was an increase for the lowest temperature category

(0–4°C) (Fig. 4c), and for hydrogen peroxide the lowest

Figure 2 Number of reported delousing operations undertaken by

chemotherapeutant bathing (azamethiphos, cypermethrin, deltame-

thrin), hydrogen peroxide bathing, mechanical treatment, thermal treat-

ment, and ‘bath other’ treatments (unspecified combinations of

chemotherapeutics, freshwater)(lines), and total number of reported

delousing operations (grey bars) from 2012 to 2017 in all production

zones in Norwegian Atlantic salmon aquaculture. Total;

Chemotherapeutant; Hydrogen peroxide; Mechanical;

Thermal; Bath other.

Reviews in Aquaculture, 1–20

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 7

Salmon lice treatments and salmon mortality



percentage of observations with increased mortality was at

an intermediate temperature category (7–10°C; Fig. 4d).
Similarly, mortalities were also highest at low (4–7°C)

and high (13–16°C) temperatures for mechanical and

thermal treatments, but lower at intermediate tempera-

tures (7–13°C; Fig. 4e,f). Both mechanical and thermal

treatments were associated with higher levels of salmon

mortality across all temperature categories relative to

chemotherapeutant treatments, excluding hydrogen per-

oxide (Fig. 4).

Effect of welfare status and temperature on post-treatment

mortality

Spatial autocorrelation in the data set related to fish weight

appeared limited, with distributions similar across

production zones, aside from production zone 13, where

relatively little farming occurred and few observations were

recorded (n = 4) (Fig. S2d).

For all delousing operations other than thermal, com-

promised salmon (defined as salmon in sea-cages with

0.25–1% mortality in the month before treatment) had

higher increases in post-treatment mortality than uncom-

promised salmon (defined as salmon with <0.25% mortal-

ity in the month before treatment) (Fig. 5). For

azamethiphos, cypermethrin and deltamethrin, the positive

relationship between increasing temperature and increasing

percentage of observations with high mortality (Fig. 4a,b,c)

held for both compromised and uncompromised salmon

(Fig. 5a,b,c). Hydrogen peroxide had marked increases in

mortality for compromised fish across all temperatures

(Fig. 5d). Further, compromised fish treated at 10–13°C

1 2 3 4 5 6 7 8 9 10 11 12 13
Chemotherapeutant bathing 5 55 42 41 4 15 18 39 45 66 40 27 1
Mechanical 0 3 23 7 29 236 121 94 20 30 9 4
Thermal 0 149 404 397 172 317 59 127 41 28 2 18 0
Hydrogen peroxide 0 53 81 54 44 7 11 57 59 53 6 24 0
Bath other 60 378 243 21 137 43 19 32 20 3 24 0
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Figure 3 (a) Percentage of delousing operation registrations and total number of reported delousing events used in each production zone for Nor-

wegian salmon aquaculture from 2012 to 2015. (b) Percentage of delousing operations and total number of reported delousing events used in each

production zone for Norwegian salmon aquaculture from 2016 to 2017
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and 13–16°C had 6% and 10% of observations with high

increases in mortality (≥10 pp), respectively. In contrast,

uncompromised fish treated with hydrogen peroxide

within the same temperature categories had <2% of obser-

vations ≥10 pp (Fig. 5d). Mechanical treatment had similar

mortality levels as hydrogen peroxide. Mortalities were

higher at 4–7°C and 10–13°C compared to the other two

temperature categories for uncompromised fish, but

increased as temperature increased for compromised fish

(Fig. 5e). For thermal treatment, both compromised and

uncompromised fish had similar mortalities at 4–7°C.

Uncompromised fish had lower mortalities from 7 to 16°C
compared to compromised fish, and increased mortalities

were observed at low (4–7°C) and high (13–16°C) tempera-

tures for compromised fish, with mortalities lowest in the

10–13°C temperature category.

Effect of salmon weight, welfare status and temperature on

post-treatment mortality

Dividing the mortality data further into small (<2 kg)

and large (≥2 kg) fish revealed an even more
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Figure 4 Percentage frequencies of salmon mortalities observed for the percentage point (pp) changes in the mortality categories 1–2.5, 2.5–5,
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complicated picture (Fig. 6). For azamethiphos, large fish

had a marked increase in post-treatment mortality at

high temperatures compared to small fish (Fig. 6(i and

ii)a). For cypermethrin, salmon mortalities for uncom-

promised fish were unsystematic across temperatures and

between sizes, although 1–2.5 and 2.5–5 pp mortality

observations were particularly high for small fish at 13–
16°C (Fig. 6(i)b). However, for compromised fish, the

percentage of observations with increased mortality

increased with temperatures for both small and large fish

(Fig. 6(ii)b). Overall, both small and large compromised

fish experienced higher mortalities compared to uncom-

promised fish.

Mortality from deltamethrin in both uncompromised

small and large salmon exhibited high mortalities at 0–4°C
but decreased at 4–7°C (Fig. 6(i)c). Mortality then
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increased from 7 to 10°C upwards. A similar distribution

was also observed for small and large compromised salmon

(Fig. 6(ii)c), with 0–4°C and 10–13°C having the highest

percentage of observations with mortality increases after

treatment.

Salmon mortality was similar at all sea temperatures for

hydrogen peroxide for uncompromised small and large sal-

mon (Fig. 6(i)d). Mortality was highest at 13–16°C for

compromised small and large fish (Fig. 6(ii)d), with 14%

and 6% of all observations within this temperature category

having 10–25 pp increase in salmon mortality respectively.

Again, mortality increased as temperature increased for

both uncompromised and compromised fish.

Among mechanical treatments, there was no system-

atic effect of temperature on salmon mortality for

uncompromised fish (Fig. 6(i)e). However, mortality was
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5–10, 10–25 and 25–100 pp, at 4–7, 7–10, 10–13 and 13–16°C. S = fish weighed <2 kg during treatment (small) and L = fish weighed ≥2 kg dur-

ing treatment (large) when: (i) salmon mortality the month before treatment was between 0% and 0.25% and (ii) salmon mortality the month

before treatment was between 0.25% and 1%, for: (a) Azamethiphos (b) Cypermethrin (c) Deltamethrin (d) Hydrogen peroxide (e) Mechanical (f)

Thermal. The number of observations (including 0–1 pp) for each temperature category is listed above the bar. 25–100; 10–25; 5–10; 2.5–5;

1–2.5.

Reviews in Aquaculture, 1–20

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 11

Salmon lice treatments and salmon mortality



higher at all temperature categories for uncompromised

large fish compared to uncompromised small fish

(Fig. 6(i)e). For compromised fish, large salmon exhib-

ited highest mortality at 4–7°C and 13–16°C, and for

small compromised fish, mortality increased as tempera-

ture increased (Fig. 6(ii)e).

As temperature increased, thermal treatment resulted in

decreased mortality for uncompromised small fish

(Fig. 6(i)f). However, for large fish, higher mortality obser-

vations at 4–7°C and 13–16°C were detected. No clear

effect of temperature on mortality in small fish post-treat-

ment was evident for compromised fish (Fig. 6(ii)e),

although mortality was generally high, particularly at 13–

16°C. For compromised large fish, pp increase in mortality

post-treatment was generally also high for all temperatures

(Fig. 6(ii)e).

Mortality outcomes per delousing operation from 2012 to

2017

The percentage of mortality observations ≥1 pp for

uncompromised and compromised fish across the differ-

ent temperature categories varied between years, with a

few clear trends (Fig. 7; Fig. S1). For the main treatments

used in 2017 (hydrogen peroxide, mechanical and ther-

mal), the percentage of mortality observations ≥1 pp was
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Figure 6 Continued
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generally lower than in previous years (Fig. 7; Fig. S1).

The decrease was especially clear for hydrogen peroxide,

where mortality more than halved from 2016 to 2017 for

both small and large fish below 10°C (Fig. 7(i)d,(ii)d).

Outcomes of mechanical treatments improved for small

and large fish at temperatures between 10°C and 16°C
but were worse at 7–10°C (Fig. 7(i)e,(ii)e). Similarly,

thermal treatment outcomes improved for both small

and large fish for all temperature categories from 2016 to

2017, except for 13–16°C, which had increased mortality

observations (Fig. 7(i)f,(ii)f).

Discussion

Rapid and recent paradigm shift in anti-salmon lice

operations from 2012 to 2017

The data demonstrates an abrupt and dramatic shift in sal-

mon lice treatment strategy by the Norwegian salmon
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aquaculture industry. Bathing with chemotherapeutants

(including hydrogen peroxide) diminished from compris-

ing 79% of treatments in 2015 to 13% in 2017, with newly

introduced thermal and mechanical treatments filling the

void. Multiple factors likely contributed to this shift in

treatment strategy, including the widespread development

of resistance to chemotherapeutants (Aaen et al. 2015;

Helgesen et al. 2017) rendering them less effective, and the

increased availability and capacity of mechanical and ther-

mal delousing systems.

The data also revealed that treatment frequency increased

1.4 times in real terms from 2012 to 2017. Furthermore,

use of medicated feeds against salmon lice also increased by

2.7 and 1.4 times from 2012 to 2016 and 2012 to 2017,

respectively (Hjeltnes et al. 2018). Across this period, the

industry simultaneously implemented new cage-based pre-

ventative technologies (e.g. skirts, snorkels and deep lights

and feeding; Frenzl et al. 2014; Stien et al. 2016; Oppedal

et al. 2017; Wright et al. 2017; Stien et al. 2018; Grøntvedt

et al. 2018) and functional feeds (Jensen et al. 2015) to pre-

vent lice from infecting fish. Further, control methods that

continuously reduce lice within cages have also increased.

Anti-lice lasers are now in use at several locations (Kyst.no

2018), and nearly four times more cleaner fish were used in

2017 (50 million) than in 2012 (13 million; Norwegian

Directorate of Fisheries 2018). Set against the backdrop of
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measures to explicitly reduce cage-based salmon lice loads,

the increased treatment frequency could reflect an industry

dealing with an escalating problem. However, thermal and

mechanical treatments are reportedly most effective against

mobile and adult lice stages, and less so against attached

stages. In contrast, cypermethrin and deltamethrin, which

were the most used chemotherapeutant treatments in

2012–2014, are effective across all life history stages.

Reduced efficacy of treatments against the early attached

stages means that female lice levels return more rapidly to

pre-existing levels, which in turn means the need to re-treat

fish occurs more rapidly. It is also possible that lice that

have detached during crowding or are not caught by lice fil-

ters in thermal or mechanical systems could re-infect fish

in neighbouring cages or farms (Gismervik et al. 2017).

Farmers may also have changed decision points on when to

treat cages i.e. before they reach regulated levels, and imple-

mented delousing on a cage-by-cage basis rather than

whole-farm basis. These three processes have the potential

to increase treatment registrations, without necessarily

reflecting an escalating salmon lice problem. Further, in

farms with amoebic gill disease (AGD) and high lice levels,

farmers have treated with hydrogen peroxide or freshwater

to tackle both parasites at the same time. The peak observed

in 2016 for ‘Bath other’ might therefore be a result of

increased AGD treatments that year (Fig. 2). The ‘Bath

other’ peak may also reflect a combination of chemothera-

peutants used in an attempt to increase efficacy. This prac-

tice is now greatly reduced after an information campaign

by the Norwegian Food Safety Authorities addressing ‘off-

label use’ of chemotherapeutants (Mattilsynet 2018).

Our analysis also revealed that treatment strategy

depended strongly upon production zones throughout Nor-

way (Fig. 3). Chemotherapeutants were only frequently used

in the most southern and northern production zones where

there are relatively few treatments registered by only a small

number of farms. The rise of mechanical and thermal delous-

ing and rapid shift in treatment use within most production

zones could be explained by multiple possibilities, including:

1 The biology of the system within each zone. Production

zones 3 and 4 lie in the south, and hence factors such as

higher seawater temperatures in the summer and autumn

can impact chemotherapeutant use, with higher mortali-

ties at higher temperatures (e.g. azamethiphos: Roth et al.

1996; hydrogen peroxide: Thomassen 1993). While

chemotherapeutant bathing dominated from 2012 to

2015, hydrogen peroxide use was also high in zones 3, 4,

5, 6, 7 and 8 (19, 17, 25, 24, 33, 31%, respectively) com-

pared to other zones. This correlated to reduced treatment

efficacies in these production zones for azamethiphos,

cypermethrin and deltamethrin (Helgesen et al. 2017).

However, with widespread resistance to hydrogen

peroxide across Norway (Helgesen et al. 2015, 2017),

increases in mechanical and thermal treatment use can

also be attributed to lack of effective treatments available.

2 The physical location of the headquarters of the produc-

ers of thermal and mechanical delousers. Thermolicer�

and Optilicer� are produced in production zones 3 and

5 respectively. Hydrolicer�, FLS and SkaMik� headquar-

ters are located in production zones 6, 6 and 7 respec-

tively. This corresponds directly to the dominance of

thermal treatment in zones 3 to 5, and high use of

mechanical treatment in zones 6 and 7.

3 A company with many farmers or a group of farmers

within a production zone could together purchase a ther-

mal or mechanical treatment machine, sharing this tech-

nology within the group. Other farmers in the area would

see this group using the new technology, and also begin to

use it due to the farming cultural norms of the area.

4 High cost of initial capital investment in mechanical and

thermal delousers. If a company or group of farms have

invested in expensive equipment, they will likely attempt

to maximise its use. Because of this, high use of a certain

type of delousing technology within production zones

with sufficient farming to warrant investment in these

delousers could arise. The opposite is also true in that

these technologies may be too costly for production

zones (e.g. 1 and 9) with limited production.

Salmon mortality risks associated with salmon weight,

welfare status and temperature

Sea temperature, fish size and pre-existing mortality rates

prior to treatment all exhibited distinct patterns with treat-

ment, and complex interactions among these three factors

appeared for most treatment types. Because the data set

only enables correlative analyses, we cannot partition how

much mortality is due to each of these factors.

Increasing sea temperature correlated with increasing

mortality after treatment across most delousing methods.

All delousing operations crowd fish before treatment,

which introduces stress and risk of hypoxic conditions

(Oppedal et al. 2011; Skjervold et al. 2001). Salmon have

decreased stress tolerance at high water temperatures due

to the combined effect of both higher oxygen demand

(Remen et al. 2013; Hvas et al. 2017a) and lower oxygen

solubility in warmer water (Jonsson & Jonsson 2009). Fur-

ther, in summer and autumn gill health problems (e.g.

infectious gill diseases, damages from algae or cnidaria;

Hjeltnes et al. 2018) can arise, which can reduce the meta-

bolic capacity of salmon (Hvas et al. 2017b). It is also pos-

sible that other diseases (e.g. pancreas disease) can play a

role in mortality at high seawater temperatures.

Mortality the month before delousing emerged as a

major predictor of the risk associated with delousing.
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Comparing Fig. 6(i) and (ii) one can broadly say that the

risk more than doubled across temperatures and fish sizes

for all treatments. Mortality the month before treatment is

a critical parameter that should be considered before

delousing, as it reflects the health status of the fish group.

Strategies beyond choice of method could include expedit-

ing planned delousing if mortality is low, and postponing if

mortality is high, while still maintaining lice levels below

legal limits. If postponing the lice treatment is not possible,

slaughtering out or euthanizing fish can be a more welfare

friendly strategy, although economic motivations are often

prioritised over fish welfare needs (Hjeltnes et al. 2018).

Chemotherapeutants

For all chemotherapeutants, mortality increased as sea tem-

perature increased. For azamethiphos and hydrogen perox-

ide, toxicity increases with temperature (i.e. azamethiphos:

Roth et al. 1996; hydrogen peroxide: Thomassen 1993).

While pyrethroids are not believed to be toxic to fish (Bur-

ridge et al. 2010), salmon exposed to pyrethroids increased

oxygen consumption by 50% compared to unexposed fish

and 40% more oxygen compared to salmon treated with

azamethiphos (F Oppedal, unpublished data). The com-

bined handling stress, increased oxygen consumption and

increased toxic effect may explain why compromised fish

exhibited a higher increase in mortality after chemothera-

peutant bathing than uncompromised fish. In addition to a

general lesser resilience, some of the compromised fish may

also have been suffering from poor gill health, making it

difficult for them to extract sufficient oxygen from the

water during handling, as seen in heavily AGD scored fish

(Hvas et al. 2017b). For the uncompromised fish, the effect

from increasing temperature when treated with cyperme-

thrin, deltamethrin or hydrogen peroxide was much less

pronounced; there was also no clear difference between

large and small fish, indicating that healthy fish are not

severely affected by these treatments. Treating large fish led

to substantially higher mortality at temperatures above

10°C. This may have been due to large fish at higher tem-

peratures needing more oxygen, and the combination of

increased ventilation rate and larger gill surface area could

cause an increased toxic effect. Large fish are also often

stocked at higher biomasses, which could in turn also

impact mortality.

Thermal and mechanical treatments

While case study-based reports on thermal and mechanical

treatments have documented the post-treatment outcomes

for salmon welfare (i.e. Grøntvedt et al. 2015; Gismervik

et al. 2017; Poppe et al. 2018), there has been no compre-

hensive assessment on how sea temperature, fish size and

welfare status influence salmon mortality. For thermal

treatments, we detected a clear pattern of diminishing mor-

tality with increasing sea temperature for small uncompro-

mised fish. This may be due to reduced temperature shock;

even though farmers may adjust treatment temperatures

downwards at low sea temperatures as recommended by

Roth (2016), in general the difference between ambient sea-

water temperature and treatment temperature decreased

with increasing ambient temperature.

The decline in mortality with decreasing temperature dif-

ference was, however, neither not present for large uncom-

promised fish, nor for the compromised large and small

fish. The temperature difference may be less important than

risks to large fish from traumatic injury during crowding

and when being transported through the system, and/or at

higher risk of hypoxia. Therefore, this could explain why

mortality rates for both large uncompromised and compro-

mised fish treated with thermal treatment experienced

increased mortality. Increased mortalities at low and high

temperatures was less clear for small compromised fish,

although this could have been due to the smaller number

of observations compared to other thermal observation

groups.

While mechanical delousing has emerged as the second

most important method to thermal, the number of obser-

vations from which to draw patterns is relatively low. In

general, for uncompromised small and large fish, mortali-

ties were low with no distinct interaction with temperature.

For compromised fish, a clear effect of temperature

emerged for small fish, with mortalities increasing with

temperature. For large compromised fish, increased mortal-

ities at low and high temperatures emerged, likely for the

same reasons as thermal delousing. A complicating factor

that makes general analysis of the effects of mechanical

delousing difficult is that the three different systems in use

likely dominate in different production zones, where the

ambient seawater temperatures will also differ.

Mortality outcomes per treatment from 2012 to 2017

Overall, treatment outcomes for all treatment methods

improved from 2015 to 2017, particularly so for the three

most used delousing operations in 2016–2017: thermal,

mechanical and hydrogen peroxide. Numerous possibilities

could explain these improved outcomes, including a range

of advances in technology and improvements in their use

through time as operators become more experienced with

their deployment. Further, the introduction and wide-

spread use of thermal and mechanical treatments in 2016

and 2017 may have reduced the need to use hydrogen per-

oxide treatments in high-risk conditions. Prior to the intro-

duction of thermal and mechanical treatments in 2015,

hydrogen peroxide may have been the only option at times
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when other chemotherapeutants were unsuitable, regardless

of risks to fish welfare. For example, hydrogen peroxide

may be used regardless of risky conditions where lice are

resistant to other chemotherapeutants, or when delousing

is required shortly before harvesting (food safety regula-

tions mandate minimum times between chemical delousing

and harvest).

Uncertainties in the database

The database used relies on reported delousing events to the

Norwegian Food Authorities and the difference in monthly

mortality reported to the Norwegian Directorate of Fisheries

the month before and the month of delousing. Each data

point has inherent uncertainties, including: (1) number of

fish in a cage is estimated by the farmer; (2) actual cause of

fish mortality after treatment; (3) date of delousing relative

to reporting dates at the end of each month; (4) crowding

time during delousing (not reported); and (5) variation in

delousing protocols and reporting accuracy among compa-

nies. However, we have no reason to believe that these

uncertainties differentially affected the patterns identified for

sea temperature, fish size or pre-existing mortality. Further,

the size of the data set, which is based on thousands of

observations across 6 years, reduces the relative influence of

any anomalous events on overall trends.

Nevertheless, interpretation of certain aspects of the

dataset should be cautious, especially for groups where the

number of observations is relatively low. There may also be

differences in when mortality occurred after the different

delousing operations (i.e. acute or delayed). Ideally, tar-

geted, controlled experiments should explicitly test for rela-

tionships between mortality outcome, treatment method,

temperature and fish size. Moreover, these analyses should

include sub-lethal effects on fish welfare.

Conclusion

Broadly, our results illustrate that the salmon farming

industry in Norway has largely retreated from chemothera-

peutant use in favour of thermal and mechanical delousing

treatments. With such a dramatic shift in delousing strat-

egy, the outcomes of mechanical and thermal delousing

treatments, in terms of both short and long-term impacts

on salmon welfare and mortality combined with their lice

removal efficacy, must be a clear focus for future research

and development. Improved knowledge is required to

decrease the risks associated with these treatments, as our

findings demonstrate that high mortality rates can occur in

specific circumstances.

Further, our findings illustrate the importance of

national databases of this type, which allow in-depth analy-

sis of industry-scale processes. Previous database analyses

have been used to analyse lice populations (Revie et al.

2003), and also identify factors associated with delousing

operations and changes in delousing operation use (Lees

et al. 2008; Murray & Hall 2014; Murray 2016). Recently,

salmon mortality databases in Scotland have been made

public for full transparency. When national-level databases

of cage-based mortality rates become publicly accessible, it

will enable a greater level of analysis to understand underly-

ing mechanisms.

Our analyses of factors that correspond with increased

mortalities are limited to those currently reported and may

not tell the full story. To improve databases for more

sophisticated analyses likely to yield greater benefit to the

industry, we recommend that policymakers consider addi-

tional reporting requirements, including: (1) underlying

disease status prior to treatment; (2) consistent reporting

of chemotherapeutant dosages; (3) consistent reporting of

mechanical, thermal and freshwater method use, including

treatment temperature and water chemistry; (4) crowding

time and duration during treatments; (5) cage-by-cage

rather than whole farm reporting; (6) detailed scoring of

the health and welfare status of the fish (e.g. SWIM, Stien

et al. 2013; Folkedal et al. 2016) prior to and after treat-

ment to enable assessment of the sub-lethal effects of treat-

ment on fish welfare; (7) Daily mortality rates instead of

monthly, which will allow better identification of mortality

caused by delousing treatments and other operations on

the farm. Daily mortality rates are already registered by

companies and could be easily integrated from their farm

management software.
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Figure S1. Percentage of mortality observations ≥1 per-

centage point (pp) for compromised (0.25–1% mortality

the month before treatment) at 4–7, 7–10, 10–13 and 13–
16°C from 2012 to 2017, for: (i) small (<2 kg) fish and (ii)

large (≥2 kg) fish, for: (a) Azamethiphos (b) Cypermethrin

(c) Deltamethrin (d) Hydrogen peroxide (e) Mechanical (f)

Thermal.

Figure S2. Boxplots of the distribution of (a) tempera-

ture; (b) uncompromised fish mortality pp; (c) compro-

mised fish mortality pp; (d) fish weight in all 13 Norwegian

Atlantic salmon production zones.
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