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Sea cages used for fish farming are typically open to the environment, making the grow-out phase a race against
the accumulation of infections. In Norway, farmed Atlantic salmon (Salmo salar) suffer outbreaks of salmon lice
(Lepeophtheirus salmonis), which by law must be managed, and comorbid infections that weaken salmon and
increase the risk of mortality following delousing treatments. To understand the role of louse management on
size-at-harvest, we analysed monthly data from 1054 salmon farms over a 10-year period. Mean weight at
harvest declined 6.6% (—310 g) from 2012 to 2021, with the smallest size-at-harvest occurring in months when
delousing treatments were reported. In 2021, size-at-harvest was 3.4% smaller during treatment vs. non-
treatment months. There is a pattern of increasing responsiveness to louse outbreaks over time, with delous-
ing treatments preferred for small fish and harvesting preferred for large fish. There are also several lines of
evidence suggesting that potential post-treatment mortalities are sometimes diverted to harvest statistics.
Treatments tend to lead to higher relative mortality in the following month, except when a harvest was also
reported during the treatment month. Stunboats are harvesting vessels equipped with stunning, bleeding and
chilling systems, and anecdotally, are preferred for ‘emergency’ harvests. We found that stunboat visits were
disproportionately associated with harvests of small fish during 2018-2021. Moreover, stunboats often visited
during treatment months without any harvest being reported, consistent with accounts of stunboats standing by
during risky operations to salvage moribund fish if necessary. Because harvests and mortalities are reported
monthly, it is not clear how often harvests during treatment months reflect (i) harvesting of vulnerable fish as an
alternative to treating, or (ii) risky treatments that produce moribund fish. However, if the latter is common,
mortality statistics will underestimate the health and welfare risks of delousing treatments.

1. Introduction

Marine finfish farming in sea cages is highly vulnerable to disease
outbreaks, and marine pathogens are often characterised by high con-
nectivity over large spatial scales (Cantrell et al., 2020; Samsing et al.,
2017). Transmission between neighbouring farms may be further
enhanced if wild hosts act as reservoirs or vectors, and typical farm
designs that rely on mesh sea cages provide little barrier to entry by
pathogens (Johansen et al., 2011). One of the most severe and well-
documented cases relates to ectoparasitic copepods in Atlantic salmon
(Salmo salar) aquaculture, especially the salmon louse (Caligidae:
L. salmonis). Severe infestations on farmed salmon have negative welfare
impacts (Stien et al., 2013) and amplify infestation pressure on wild
salmonids (Dempster et al., 2021; Kristoffersen et al., 2018; Taranger

et al., 2015; Torrissen et al., 2013), yet a combination of high connec-
tivity and a reservoir of wild hosts rules out eradication. Instead, farmers
implement a range of measures to suppress louse densities on their fish
and allow grow-out to continue (Noble et al., 2018), yielding infestation
densities that exhibit seasonal cycles but are relatively stable over inter-
annual timescales (Fig. 1A-B).

Medicinal treatments (chemotherapeutants) were ubiquitous
through the 2000s and early 2010s, providing farmers with a highly
effective and relatively gentle method of removing lice (Overton et al.,
2019). However, the evolution of lice with resistance to medicinal
treatments eventually forced farmers to find alternative methods (Aaen
etal., 2015; Coates et al., 2021), and during 2016 onwards, the industry
largely shifted from medicinal treatments to thermal and mechanical
methods (Fig. 1C). These new methods are more stressful and injurious
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to treated salmon (Moltumyr et al., 2022; Overton et al., 2019; Persson
et al., 2021; Sviland Walde et al., 2021), and are also less effective
against early (attached) louse stages, necessitating more frequent
treatment (Grgntvedt et al., 2015; Roth, 2016). This technological
transition has occurred within a context of tight regulations, including
the legislation of maximum allowable adult female louse densities
(Ministry of Trade and Industry, 2012) and biomass caps applied to 13
spatial management zones or ‘production zones’ that are intended to
limit the impact of farm-derived lice on wild salmonids (Ministry of
Trade and Industry, 2017a). This situation, in which farmers are obliged
to maintain lice at low levels using risky delousing methods, has led to a
conflict between the immediate welfare of salmon and the need to
reduce infestation pressure on farmed and wild salmon (Kragesteen
et al., 2019; Stien et al., 2020).

The need to remain within regulatory limits while applying the
fewest possible treatments (Stien et al., 2020) has led farmers to search
for solutions and work-arounds, including (i) applying and reporting
treatments on a cage-by-cage basis, allowing farmers to focus on the
worst cages and delay treatment of fish that are close to harvest size or
assessed as too weak to treat (Fig. 1D), (ii) widespread stocking of
cleaner fish into sea cages in an attempt to continuously suppress den-
sities of adult lice (Fig. 1E), and more recently, (iii) the use of preven-
tative methods such as skirts or snorkels to reduce infestation pressure
(Barrett et al., 2020; Geitung et al., 2019; Stien et al., 2018).
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If the farmed cohort is close to the planned harvest date, farmers may
elect to harvest early instead of treat. However, harvesting is only ex-
pected to be preferred if the opportunity cost of lost future growth is less
than the cost of delousing. The cost of delousing includes service fees
and labour (which together, can be upwards of 100,000 USD per day:
(Iversen et al., 2020, Iversen et al., 2015), but also lost or foregone
production, which occurs because fish are usually fasted prior to treat-
ment, may not feed for some time afterward, and can be injured or killed
by the treatment (Moltumyr et al., 2022). Treatment-related mortality,
which often accumulates over the days or weeks following the treat-
ment, is believed to be more common when the fish have comorbidities
such as pancreas disease, cardiomyopathy syndrome or amoebic gill
disease (Oliveira et al., 2021; Sviland Walde et al., 2021). If moribund
fish cannot be harvested before they die, all costs that have been
invested in rearing them become a total financial loss for the farmer.
Essentially, the decision to delouse or harvest is a cost- or risk-
optimisation problem, which takes place within limits set by regula-
tors, the needs of the company and fish welfare (Stien et al., 2020;
Stgrkersen et al., 2021).

Decisions to delouse or harvest may also be influenced by local
availability of specific infrastructure and services. One such case is the
recent development of harvesting vessels with on-board slaughtering
capabilities (first used in 2006 in Canada and 2008 in Norway: (Oaland,
2019). These vessels have been variously termed ‘stunboats’, ‘stun-and-
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Fig. 1. Long-term patterns in salmon louse infestation density and control strategies (bottom row) in Norway during 2012-2021. The upper row shows that mean
infestation densities of all mobile lice (A) and adult female lice only (B) have remained relatively stable year-to-year, but with reduced seasonal variability in recent
years. Thin lines show the 6-week moving average with weekly resolution; thick lines show annual means by region. The lower row shows that: (C) preferred
treatment methods have changed over time, particularly between 2015 and 2016; (D) reporting approaches shifted around the same time, from whole farm reporting,
usually with zero or one report per month, to partial farm reporting, sometimes with multiple reports per reporting period; (E) use of cleaner fish has increased over

time (data were available for 2012-2020 only).
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bleed boats’, ‘processboats’ and ‘processing boats’, with the core feature
being the presence of equipment to stun, bleed and then chill the
salmon. Cage-side slaughter has numerous potential advantages
compared to transport of live fish to onshore slaughterhouses, including
(i) improved animal welfare, as fish do not experience multiple transfers
and a long journey in a vessel's hold, (ii) improved biosecurity, as live
fish are not transported long distances to a slaughter house but instead
killed on-site with requirements to disinfect wastewater and the vessel
before the next assignment), (iii) improved efficiency, as smaller vessels
can be used for the same harvest volume, and (iv) avoidance of the
wastage that occurs when weak fish die during transport and must be
discarded (Midling et al., 2011; Ringvall, 2020). A questionnaire given
to salmon farmers by the Norwegian Veterinary Institute in 2020 indi-
cated that 31 out of 70 respondents had been involved with delousing
operations using stunboats on stand-by in case of moribund fish (18%
answered “often” or “very often”: (Sommerset et al., 2021)). In the same
report, it was noted that while stunboats can improve welfare outcomes
for farmed salmon, the capacity to salvage moribund fish could also
increase willingness to perform risky delousing operations. Thus, the
role of stunboats in treatment vs. harvest decisions, and the animal
welfare implications of those decisions, warrant investigation.

Here, we show that size-at-harvest has declined between 2012 and
2021, and (1) investigate whether the decline is related to the pressures
of salmon louse and other disease control management; (2) test whether
responses of farmers to salmon louse outbreaks have changed over time;
(3) document the spatial distribution of farm visits by stunboats in
Norway, and describe the likely role of these vessels based on reported
treatments and harvests coinciding with visits by stunboats; (4) model
farm-scale decisions to delouse or harvest according to the size of the
fish and presence of disease; and (5) assess evidence that impending
post-treatment mortality is frequently avoided by emergency harvests
during treatment months, especially through the use of stunboats.

2. Methods
2.1. Data sourcing and initial cleaning

Norwegian regulations on the operation of aquaculture production
sites require fish farming sites to report various data weekly to the
Norwegian Food Safety Authority and monthly to the Directorate of
Fisheries (Ministry of Trade and Industry, 2008, 2012). To document
patterns of delousing and harvesting, we combined data from both
sources.

2.1.1. Harvest and mortality data (Directorate of Fisheries)

Monthly reports to the Directorate of Fisheries include cage-level
data on fish year-class, number of fish, mortalities, and the number
and weight of fish harvested or transferred. Data reported to the
Directorate of Fisheries are confidential and any users granted access
must abide by strict data privacy rules. The data were initially cleaned
by omitting reports relating to rainbow trout, omitting harvest reports of
less than 100 kg or 10 individual salmon.

2.1.2. Louse density, delousing treatment, disease (Food Safety Authority)

Weekly reports to the Food Safety Authority include site-level data
on sea temperature, mean number of salmon lice (L. salmonis) per fish
(categorised as sessile, mobile or adult female stages), and any delousing
treatments along with the date, method and any specific substances
used. Quantities and species of cleaner fish stocked for louse control
were reported to the Food Safety Authority until responsibility was
transferred to the Directorate of Fisheries in 2018-2019. Cases of
pancreas disease and infectious salmon anaemia are also recorded. We
downloaded files containing louse counts, treatment reports and disease
status for all sites from 2012 to 2021. Louse density reports undergo an
initial cleaning process at the Food Safety Authority, and we assumed all
reported densities to be correct - it is not possible to reliably detect errors
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where plausible numbers have been reported. Delousing reports were
cleaned by consolidating variations in the spelling or naming of common
delousing methods, and categorising those methods into 5 categories:
Thermal, Mechanical, Bath, In-feed, and Other. Thermal methods were
identified by mention of Thermolicer or Optilicer systems, as well as
generic terms such as “warm water” (in Norwegian). Mechanical treat-
ments were identified by mention of Hydrolicer, SkaMik, Optilicer or
Flatsetsund/FLS systems, as well as generic terms such as “flush”. Bath
and in-feed treatments were generally clearly reported as such. Occa-
sional misspellings or other variations were manually recoded if the
correct coding was obvious. Remaining reports with unclear methods or
substances were placed within the ‘Other’ category. Treatment reports
typically stated a start and end date. Where this was not stated, we
assumed that the report date was the sole treatment day.

2.1.3. Vessel visits (BarentsWatch)

The BarentsWatch fish health application (https://www.barentsw
atch.no/) uses nonconfidential data from the Directory of Fisheries
and Norwegian Food Authorities databases to provide up-to-date data
on lice and lice treatments at all Norwegian aquaculture sites. Bare-
ntsWatch also uses other data sources, including automatic identifica-
tion system (AIS) data on movements and farm site visits by AIS-enabled
vessels. The AIS data can be viewed directly on the website or down-
loaded through an application programming interface (API). We used
the API to obtain a list of the names and identification numbers of all
tracked vessels, together with their International Maritime Organisation
designation (e.g. wellboat, small workboat, fishing vessel). We then used
a variety of sources, including company websites, news articles and
images to manually corroborate or update the designation and purpose
of each vessel, particularly whether it possesses onboard stunning,
bleeding and chilling capabilities. Among those vessels, we excluded fish
factories (e.g. Norwegian Gannet) and vessels for which harvesting was
a secondary role (e.g. the delousing vessel Géso Freja), ultimately
yielding a list of 14 stunboats. This list is not exhaustive, but each vessel
is included with high confidence. For each stunboat on the list, we then
obtained a record of all probable farm site visits during 2018-2021. For
older vessels that were refitted with stun-and-bleed facilities during
2018 or later, we omitted any visits that occurred prior to the refit.

2.2. Data aggregation and additional cleaning

The various datasets were aggregated and joined as necessary to
address specific research questions. In each case, the temporal resolution
was limited by the dataset with the lowest resolution (harvests and
mortalities are reported monthly, louse density weekly, delousing daily,
and vessel visits in real-time). This means that, for example, all analyses
involving harvest or mortality data are limited to monthly time-steps.
Due to difficulties in reliably tracking cage-level data (when available)
through time, all data were aggregated to the level of farm sites (also
called localities). We use the term ‘site-months’ to denote monthly time-
steps with site-level data.

Before fitting any models, we omitted all records for sites with
licenses for slaughter holding pens, broodstock or research, as of Nov
2021, as these facilities may not be representative of typical commercial
grow-out sites. We also omitted site-months with suspected or confirmed
infectious salmon anaemia virus, as the Norwegian Food Safety Au-
thority enacts temporary local regulations to limit further spread of the
virus when detected, often including a requirement to slaughter the fish.

For analyses of mortality rates, cage-level fish movement reports
were aggregated to site level by summing end-of-month fish counts
(end), additions (in) and all removal categories (out). Based on these
values, we back-calculated fish counts at the start of the month: start =
end + out — in. In rare cases (<0.3% of site-months), this calculation
yielded a negative value for start, indicating data entry errors, and
affected site-months were omitted.

The final dataset included 1054 sites and 83,168 site-months
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(median 75 months per site).
2.3. Analysis

We specified 4 main models (Models 1-4) corresponding to 4
research questions regarding long-term patterns in size-at-harvest (with
small sizes assumed to indicate early harvests), responsiveness of
farmers to louse outbreaks, decisions to delouse or harvest, and the as-
sociation between post-treatment mortality and emergency harvests. We
fitted several versions of each model to test multiple hypotheses relating
to the same research question. All variables used in model fitting are
described in Table 1, while model specifications are given in Table 2.

It is important to consider the role of comorbidity in decisions to
delouse or harvest. The only comorbidities with routine status reporting
by farmers are infectious salmon anaemia (ISA), caused by the infectious
salmon anaemia virus, and pancreas disease (PD), caused by salmon
alphavirus. As site-months with infectious salmon anaemia are omitted,
PD is the only remaining comorbidity that can be accounted for within
this analysis. We do this by including a variable for PD status in each
model and adjusting model predictions for PD status.

2.3.1. Model 1: Long-term patterns in size-at-harvest

To test whether salmon lice and associated requirements are corre-
lated with early harvests, we fitted a generalised additive model (GAM)
to monthly site-level size-at-harvest data spanning 2012-2021. The
model was fitted using the gam function in the mgcv package for R
(Pedersen et al., 2019; R Core Team, 2020; Wood, 2011) with a Gaussian
model family. To detect differences in size-at-harvest (Wpg;) during site-
months with or without delousing treatments, the model included time
(t) and treatment status (T;) effects. Time was fitted as a smooth term
within levels of treatment status, using a shared smoother of the factor
smooth type (bs = “fs”) (Pedersen et al., 2019). The basis complexity (k
= 45) and penalty (m = 1) were selected to give the model freedom to
follow seasonal patterns in size-at-harvest over the 10-year timeframe.
To minimise model complexity while accounting for latitudinal or other
regional effects, we fitted 3 datasets individually, each containing re-
cords from western (Model 1A), mid (Model 1B), or northern Norway
(Model 1C), respectively. These regions were defined according to reg-
ulatory production zones (west: 2-5; mid: 6-10; north: 11-13) (Ministry
of Trade and Industry, 2017a). Model fits were assessed using the gam.
check function in mgev. Model predictions and confidence intervals were
extracted using the predict gam function in the tidymv package (Coretta,
2021), and plotted using the ggplot2 package (Wickham, 2016).

2.3.2. Model 2: Responsiveness to louse outbreaks

To test whether salmon farmers in Norway are becoming more
responsive to salmon louse outbreaks, we first limited the dataset to site-
months in 2012-2020 with high louse levels, defined as cases in which
the adult female louse density in the previous month (L) was >75% of
the maximum allowable density for the month. The allowable density
was normally 0.5 adult female lice fish™?, or else 0.2 during the spring
salmon outmigration season. We then fitted three related models to
response variables indicating whether the site had treated (T}, Model
2A), harvested (Hj, Model 2B), or taken either action (Aj, Model 2C)
during the month in question. We used a generalised linear mixed effects
modelling (GLMM) approach, specified with a binomial family and lo-
gistic link function. The three models were each specified with terms for
time (t), PD (P;) and region (R;), including a t x R;; interaction term. We
also specified a random intercept term for farm site identity (i) to ac-
count for any consistent differences in the responsiveness of individual
farms through time. These and all other GLMMs were fitted using the
glmmTMB function in the glmmTMB package for R (Brooks et al., 2017).
Model fit was assessed using the simulateResiduals function in the
DHARMa package (Hartig, 2019), and analysis of deviance tables (type
I Wald .¥?) were generated using the Anova function in the car package
(Fox and Weisberg, 2019). Predictions and confidence intervals were
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Table 1
List and description of all variables.

Notation =~ Name Description

Unique identifier for the farm site (also known as a
locality)

The legislated production zone containing site i
(there are 13 zones, designated 1 to 13 from south to
north)

The region within which site i is located, coded as a
factor with 3 levels defined according to regulatory
production zones (West = zones 2-5, Mid = zones
6-10, North = zones 11-13). Zone 1 is omitted from
the entire analysis, as this zone has few farms and
fish health challenges that are distinct from the rest
of the country, including relatively few salmon lice.
Analyses of mortality and stunboat visitation only
consider data from zones 2-8

Monthly time steps (integer)

Annual time steps (integer)

Mean size-at-harvest, i.e. slaughter weight, of fish
that were harvested at site i during month ¢
(numeric, kg). Reported at cage-level and
aggregated to site-level via a weighted mean (values
weighted by the mean number of fish in each cage
during month t)

Estimated mean size of all fish at site i during month
t (numeric, kg). Reported at cage-level and
aggregated to site-level via a weighted mean (as for
Whir)

Overall site-level mean size of fish at site i during
month ¢ If only Wiy, is reported, Wi, = Wy if only
Wr;, is reported, Wy, = Wy, if both are reported, W;,
is the mean of both

Binary factor indicating whether site i has reported
any delousing treatments during month t. In-feed
medicinal treatments were not considered. A 1-
month time-lagged variable was also used: Tj_1
Binary factor indicating presence or absence of
pancreas disease at site i during month t (no
distinction between suspected or confirmed cases,
nor SAV2 and SAV3 strains)

Some action Binary factor indicating whether site i had taken any
taken action (harvesting and/or treating) during month t
Mean density of adult female salmon lice (numeric,
fish~1) reported by site i during the previous month
t — 1. Lice are reported weekly, and aggregated to
months

Ratio variable indicating the louse density in the
previous month relative to the allowable limit for

i Site

Z; Production zone

R; Region

t Time
Y Year

Whiie Size-at-harvest

Mean size

Wi,
Eit (estimated)

Mean size
(overall)

Ty Treated

P, Pancreas disease

Li 1 Louse density

-~ Proximity to

louse limit the previous month: Ly ; = Ly /Ki_; where Ki_1

is the maximum allowable louse density for the
previous month

Binary factor indicating whether site i was visited by
a stunboat during month t

Estimated mean number of fish at site i over month
t, obtained by aggregated cage-level reports to site-

level: Ny = >°be — (%)/(%) where b, is the

number of fish in the cth cage at the start of the
month, w, is the number of fish withdrawn from the
cage for any reason during the same month, and a. is
the number of fish added to the cage during the
same month

Number of fish harvested by site i during month t
Number of fish reported as mortalities by site i
during month ¢

~ ) Ratio variable indicating the mortality rate of fish at
M Mortality rate

Vie Visited

N; N fish

Ny N harvested

Nuie N mortalities

site i during month t My = Nyt /Nie
Binary factor indicating whether site i harvested any
volume of fish during month t. Time-lagged and
time-led variables were also used: H;;_ and Hy 1
N Ratio variable indicating the harvest rate of fish at
H; Harvest rate o ) ~

site i during month t: Hi; = N /N
Relative monthly mortality for site i and a 3-month
window of time centred on month t, expressed as the
log rate ratio of mortality in the following month ¢

H; Harvested

~c Relative
it mortality
+ 1 relative to the previous month t — 1: IVIZ =

(continued on next page)
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Table 1 (continued)

Notation = Name Description

M, PN
ln(%m) . Values of 0 or 1 for M; or M;_; were
it-1
adjusted to 0.0001 or 0.9999 before computing M,

it

Table 2
Model specifications.

Model Type Outcome Model terms Model family
1A GAM Size-at-harvest Whie ~ s(t, by = Tyy) Gaussian
1B GAM Size-at-harvest Whiie ~ s(t, by = Ty) Gaussian
1C GAM Size-at-harvest Whie ~ s(t, by = Typ) Gaussian
Treatment Binomial
2A GLMM Tj ~t*Ri+ P; 1|i 1
conducted g i+ Put (1D (logistic link)
Harvest Binomial
2B GLMM H;j ~t *R; + Py 1|i
conducted Y i+ Pt (1D (logistic link)
Either Binomial
2 LMM Aj ~ t *R; + P; 1|i
C G conducted 3~ t* Rit Py + (1) (logistic link)
Treatment T;i ~ Wy * Vi * Lip.; * Py Binomial
3A GLMM
conducted + (11D (logistic link)
Harvest Hjj ~ Wy * Vi * Lig.q * P Binomial
3B GLMM v
conducted +(1|) (logistic link)
4A LM Rela'tlve Mi; ~ Tie * Hie * Ri + Tiea Gaussian
mortality rate + Tity1 + Hieq + Higya
4B M Relative My, ~ Ty * Vi * Yo+ Tiea Gaussian

mortality rate + Tier1 + Hier + Hierx

Refer to Table 1 for descriptions of model terms. Model formulae are given in R
syntax: response ~ predictor, with asterisks denoting where interactions are
included. The ‘s()’ within the generalised additive model (GAM) formula de-
notes a smoothing term, which is fitted within levels of a grouping factor named
using the ‘by’ argument.

extracted using the ggeffects package (Liidecke, 2018) and plotted using
ggplot2. A similar evaluation and interpretation procedure was followed
for each of the models below.

2.3.3. Model 3: Decisions to delouse or harvest during louse outbreaks

To model decisions to delouse or harvest, we fitted a binomial GLMM
with a logistic link function to monthly site-level data spanning
2018-2021 in production zones 2-8 (the timeframe and zones in which
stunboats were active). We omitted site-months where mean fish size
was <0.25 kg, as such fish are rarely deloused or harvested. For Model
3A, the response variable was treatment status (T3), predicted by model
terms for mean fish size (Wp), lice (Li_1), visitation by stunboats (V;),
PD status (P;) and region (R;). We also included full interactions be-
tween Wy, Li_1, Vi and P;. Region was removed from the final fit as it
explained little variance and was not central to the hypothesis. As
comorbidities such as PD could also make delousing riskier, model
predictions regarding the stunboat effect are conditional on negative PD
status. We also extracted predictions for the PD effect, regardless of
stunboat visitation. Model 3B was specified as for Model 3A, but with
harvest status (Hy) as the binary outcome.

2.3.4. Model 4: Do emergency harvests mask health and welfare impacts of
delousing treatments?

Post-treatment mortality rates, viewed in isolation, may underesti-
mate the health and welfare impacts of delousing treatments if affected
fish are harvested before dying, leading to a mortality rate that is within
the normal range. One possibility is to test whether harvests are asso-
ciated with lower mortality rates relative to comparable months without
harvests. However, monthly mortality rate calculations can be biased if
a substantial proportion of the fish are harvested (or removed for any
other reason), as the number of fish at the start of the month may be
much larger than at the end of the month, leading to differing mortality
rate estimates depending on which number is used as the denominator in
the mortality rate calculation. Because removals and additions are only
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available with monthly resolution in the Directorate of Fisheries data-
base, we calculated a hedged monthly mortality rate using the mean of
the number of fish at the start and end of the month. This means that if a
large harvest or mortality event occurs early or late in the month, we
could substantially under- or overestimate the true mortality rate. To
mitigate this issue, we tested for a correlation between harvesting and
post-treatment mortality over a 3-month window (Fig. 2). We predict
that harvests conducted during a treatment month t will lead, on
average, to lower relative mortality in month ¢t + 1 relative to month t —
1, based on an expectation that weak or moribund fish will have been
preferentially harvested.

We fitted Model 4A with relative mortality as the response variable

(1\7[;), predicted by treatment status (T;) and harvest status (H;) during
month t, as well as region (R;), with 2-way and 3-way interactions be-
tween each of these terms also specified. The model also included main
effects to control for treatment and harvest status during the previous
and following month: Ty 1, Tjrr1, Hir—1 and Hy, 1. The dataset contained
site-months in production zones 2-13 during 2012-2021. Site-months
with cages holding fish smaller than 0.25 kg or larger than 3.5 kg
were omitted to ensure that the model represents fish that are large
enough to be treated if necessary but would not be harvested under ideal
circumstances.

Model 4B was specified as for Model 4A, but with stunboat visitation
(Vy) instead of harvest status (Hy), and year (Y) instead of region (R;), as
there were too few site-months with stunboat visits in the mid and north
regions to test for a regional effect. The dataset used for Model 4A was
also filtered to 2018-2021 and production zones 2-7, as there were no
stunboat visits north of zone 7 remaining once the dataset had been
limited to site-months with fish between 0.5 and 3.5 kg. This resulted in
a sample size of 153 site-months with stunboat visits and 5635 without.
Given this small sample size and the model complexity, we consider the
group means and adjusted model predictions to be unreliable in isola-
tion, but useful as an additional line of evidence alongside the findings
from Model 4A.

3. Results

Model summary tables are included as supplementary information
(Models 1A-C: Tables S1-3; Models 2A-C: Tables S4-6; Models 3A-B:
Tables S7-8; Models 4A-B: Tables S9-10).

A typical salmon harvested in 2021 was 310 g smaller than one
harvested in 2012 (4.25 kg cf. 4.56 kg; 6.6%). These values are based on
reported mean size-at-harvest per month at each site, weighted ac-
cording to the number of fish harvested during each site-month, and
excluding site-months with pancreas disease or infectious salmon
anaemia present. There was a 6.9% decline in the median size-at-
harvest, from 4.50 kg in 2012 to 4.21 kg in 2021. The decline
occurred in all three regions (west, mid, north), although typical size-at-
harvest differed between regions, with harvested fish tending to be
smaller in the western region (weighted mean 4.19 kg in 2021). The
largest decline occurred in the north, from 4.98 kg in 2012 to 4.22 kg in
2021 (18%) (Fig. 3). One possible explanation for the widespread
decline is that the need to manage louse infestations is driving earlier
harvest. Consistent with this hypothesis, Models 1A, 1B and 1C also
indicate that fish harvested in the same month as delousing were smaller
on average (in 2021, 4.14 kg cf. 4.30 kg). This relationship was statis-
tically significant across western, mid and northern Norway (p < 0.0001
in each case: Tables S1-S3).

It is difficult to track the responsiveness of farmers to salmon louse
outbreaks over time because preferred treatments shifted markedly be-
tween 2012 and 2021 (Fig. 1C). Likewise, methods of reporting treat-
ment to authorities shifted from predominantly ‘whole farm’ reports in
the early 2010s to predominantly ‘partial farm’ reports since 2017
(Fig. 1D). By recording binary treatment status for each site-month, we
aim to reduce the influence of partial farm reports, as multiple reports
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(relative to the baseline mortality rate in month t — 1).
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within the same month—for example, where treatments are reported as
they are applied to individual cages—will have the same weight as one
whole-farm report. We also avoid inferring a change in the number of
treatments experienced by an average farmed salmon. However, we do
find evidence that between 2012 and 2021, farmers in west and mid (but
not north) Norway became more responsive to high densities of adult
female lice (defined as >75% of the allowable limit). Adjusted pre-
dictions from Model 2A indicated farms were twice as likely to delouse
in 2021 than 2012, increasing from 30% to 65% in the west and from
33% to 67% in mid Norway (Fig. 4A; Table S4). The probability of
harvesting or taking either action also increased over time, although less
markedly (Fig. 4B-C; Tables S5-S6). The presence of PD was associated
with a 14-16% lower probability of delousing and an 18-25% higher
probability of harvesting (Tables S4-S5), although with this model
specification, the effect of PD on delousing/harvesting decisions is
confounded by fish size, as large fish are more likely to have PD and are
also more likely to be harvested than small fish. To ensure that these
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findings are robust to the aforementioned changes in preferred treat-
ments and reporting methods, we fitted the same models to a subset of
the data spanning 2017-2021. The greatest changes occurred around
2016, making 2017-2021 a relatively stable period in terms of the
predominant louse management strategies (Fig. 1C, E). Models 3A-C
returned qualitatively similar outcomes when fitted to this shorter
timeframe (Tables S11-S13).

Collectively, during the period from 2018 to 2021, the 14 tracked
stunboats made numerous farm visits in production zones 2-8 (Fig. 5A).
No visits were recorded in zones 9-13. During 2021, 8% of reported
harvest volume in zones 2-8 occurred during site-months in which at
least one stunboat visited (Fig. 5B). However, this should not be taken to
mean that stunboats harvested that volume, as stunboats may visit
without harvesting, or share harvesting duties with other vessels. Site
visits by stunboats were usually associated with harvesting, delousing,
or both during the same month (Fig. 5C). Notably, 20% of site visits
during the study period coincided with delousing but no harvesting at
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Fig. 5. Spatial distribution of Norwegian stunboats during 2018-2021, with visits aggregated to production zones. (A) The latitudinal distribution of individual
stunboats in terms of the number of farm visits within each production by each stunboat. Vessels are anonymised. (B) The proportion of harvest volume in each
production zone that coincided with stunboat visits during 2021. Note, the bars are overlaid, not stacked. No stunboats visits were identified north of production zone
8 during the period monitored. (C) Site activities corresponding to visits by stunboats. (D) The distribution of size-at-harvest based on whether a stunboat was present
during that month or not. Dashed lines indicate the median size-at-harvest (yellow = stunboat visit, purple = no stunboat visit). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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that site. There is substantial overlap in the size distribution of fish
harvested during months with and without stunboat visits, yet there is
some evidence that stunboats are preferred for harvests of small fish
(Fig. 5D).

Given that stunboats may play a different role to other harvest ves-
sels, it is worth considering which farm activities lead to visits by
stunboats, or switching the assumed direction of causality, whether the
availability of stunboats influences decisions to treat or harvest fish with
heavy louse infestations. Model 3A showed that delousing treatments
were significantly more likely when louse levels were high and/or fish
were small (Fig. 6A; Table S7). Model 3B showed that harvest was also
more likely when louse levels were high, but was less likely if the fish
were small (Fig. 6B; Table S8). Stunboat visits were more likely to occur
during either treatment or harvest months. Overall, responses to louse
outbreaks were very likely to involve some harvesting as fish
approached an ideal harvest size of ~5 kg, although treatment rates
remain high throughout the size range. Notably, stunboat visits were a
strong predictor for harvest of very small fish, consistent with an
emergency harvest role (Fig. 6B). For example, at a site holding ~2 kg
fish, a stunboat visit increases the probability of harvesting from 7% to
71%. PD status was also related to treatment and harvest decisions
(Tables S7-S8), such that PD-positive fish were less likely to be treated
(Fig. 6C) and more likely to be harvested (Fig. 6D) than PD-negative fish
of a similar size.

Model 4A found evidence of post-treatment mortality, with higher
relative mortality after treatment months than non-treatment months
(Fig. 7A; Table S9). However, harvests conducted during treatment
months appeared to mitigate post-treatment mortality (Fig. 7A;
Table S9). Given that the model was fitted to data from cohorts that were
too small to be harvested under ideal conditions (0.25-3.5 kg), this
finding is suggestive of emergency harvesting of fish that either could
not be treated due to comorbidities or other risk factors, or else were
treated and were severely affected by the treatment. Model 4B did not
find stunboat visits to be a significant predictor of mortality (Fig. 7B,
Table S10), although the model was affected by low statistical power.
Mortality rates are highly variable and preparing the dataset for this
model resulted in a much smaller sample size than for previous models:
668 site-months with harvesting reported, of which only 188 coincided

Aquaculture 559 (2022) 738440

with a stunboat visit.
4. Discussion

Salmon are being harvested at a smaller size in recent years, and fish
harvested during treatment months tend to be smaller. Together, these
findings suggest that the observed decline in size-at-harvest is related to
louse infestations or their management. We found evidence that farmers
in western and mid Norway are treating more often in response to high
louse levels. For fish with high louse levels, delousing is preferred when
fish are small and harvest is preferred when fish are large, although the
presence of a comorbidity (PD) increased the probability of small fish
being harvested rather than treated. We found evidence that post-
treatment mortality is reduced when harvesting takes place during
treatment months. These putative emergency (early) harvests, which are
related to louse management, may be a large component of the decline
in mean size-at-harvest. Stunboats appear to be preferred for emergency
harvests, especially when the fish are small, although probable emer-
gency harvests regularly occur in the absence of stunboat visits.

4.1. Lice, comorbidities and size-at-harvest

There are many possible reasons for farmers to harvest their fish
early. These include harvesting healthy fish early to take advantage of
high spot prices (Asche et al., 2018; Forsberg and Guttormsen, 2006) or
to remain within the regulatory biomass caps that are applied to specific
sites, maximum allowable stocking density per cage, and biomass caps
that are applied to companies within each region (Bjgrndal and Tusvik,
2020; Ministry of Trade and Industry, 2008). Biomass and density caps
are known in advance, and farmers can therefore optimise their pro-
duction plans to avoid exceeding their allocation, usually aiming to
harvest at a relatively large size if possible (>5 kg), as growth efficiency
remains high throughout the cycle and large fish attract a higher per-kg
price (Berge, 2021; SjgmatNorge, 2020). If high mortality is expected,
farmers may also over-stock at the start of a grow-out cycle to avoid
falling short of the allowable biomass. If mortality is then lower than
expected, it may be necessary to conduct small ‘spot’ harvests later in
the grow-out cycle. However, farmed cohorts do not always remain free
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Fig. 7. Adjusted predictions from Model 4A (Panel
A) and Model 4B (Panel B) showing the effect of
delousing treatments on relative mortality rates in
the following month. Crosses indicate the group me-
dian value for relative mortality. Panel A shows a
significant reduction in relative mortality following
months in which some harvest had been conducted,
whether or not fish had been treated (production
Stunboat  Z0TeS 2-13 during 2012-2021: Model 4A). Similarly,
visited Panel B shows that treatment months were followed

¢ No by elevated relative mortality in production zones

. Yes 2-7 during 2018-2021 (Model 4B). The effect of
stunboats is not significant. Relative mortality is a log

® rate ratio resulting from actions in month ¢, based on

mortality rates in month t + 1 relative to month t — 1
(Table 1, Fig. 2). Predicted values in both panels are
conditional on no treatment or harvest in months t —
1 or t + 1. The predicted values have been back-
transformed, and so represent the predicted n-fold
increase in mortality. Error bars indicate 95% confi-
dence intervals.
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of infections and infestations for long enough, and if the health of the
cohort is expected to deteriorate or louse levels approach legislated
thresholds, farmers may make a decision to treat (if a suitable treatment
is available), or else harvest early and forego future growth to avoid
risking widespread mortality or regulatory penalties (Pettersen et al.,
2015).

Many studies have shown that the fight against salmon lice is driving
up the cost of production (Abolofia et al., 2017; Bjgrndal and Tusvik,
2020; Iversen et al., 2020; Iversen et al., 2017; Iversen et al., 2015;
Kragesteen et al., 2019), and it has been suggested that this fight will
drive the industry toward later sea transfers or earlier harvests.
(Bjorndal and Tusvik, 2020) modelled scenarios in which steady-state
on-growing of 1000 g post-smolts costs 30.8 NOK/kg without delous-
ing and 32.4 NOK/kg with two treatments. After an equivalent pro-
duction cycle, the scenario with treatments substantially reduces profits
via direct costs of treating, higher rates of mortality and downgrading
among treated fish, and slower growth due to feeding interruptions
(untreated: 2.875 million fish harvested annually at 5.50 kg; treated:
2.847 million at 5.32 kg). However, the optimal strategy depends on the
regulatory environment and on-growing costs. If treating is necessary to
continue the production cycle, then doing so is likely to be a worthwhile
investment, even though the eventual benefit to the farmer will depend
on factors such as feed costs (which have been the greatest driver of
rising production costs: (Iversen et al., 2017) and how soon the fish will
need to be treated again. In general, the fight against salmon lice
dominates decision-making in Norwegian salmon aquaculture. The
most-used treatment methods are highly stressful for the fish and only
effective at removing the mobile louse stages, meaning that louse in-
festations can return to pre-treatment levels within a few weeks. The
never-ending cycle of treatments leads to fatigue among farm personnel
(Medaas et al., 2021; Stien et al., 2020), and risks not providing affected
fish with sufficient time to recover between treatments, leading to more
severe declines in growth and welfare (Moltumyr et al., 2022). This
process also occurs amid pressure from authorities, non-government
organisations and the general public to keep louse levels down while
maintaining good fish health and welfare. The trend toward earlier
harvests may therefore reflect ethical and regulatory requirements (i.e.
controlling lice while maintaining fish welfare) that are difficult to
achieve using available tools (Medaas et al., 2021). In some cases, early
harvest may be the best way to avoid criticism.

Another consideration is whether the perceived or actual risks
associated with delousing have increased over time. There are a range of
diseases that could make early harvest more attractive than delousing,

Treated

Yes

including PD, cardiomyopathy syndrome, amoebic gill disease, and
winter ulcers or other lesions (Bang Jensen and Kristoffersen, 2015;
Carvalho et al., 2020; Garseth et al., 2018; Oldham et al., 2016; Pet-
tersen et al., 2015; Sommerset et al., 2021; Sviland Walde et al., 2021).
Of these, PD has had the greatest increase in reported prevalence, with
100-176 newly positive farms each year from 2013 to 2020 (Sommerset
et al., 2021), although a recent requirement for routine testing may
account for some of that increase (Ministry of Trade and Industry,
2017b). PD, which is also the only disease reported to the Norwegian
Food Authority's database, was associated with a lower probability of
treating and a higher probability of harvesting small fish during
2018-2021 in the present analysis. This is suggestive of some risk-
aversion when it comes to treating weakened fish. To explore this
further, we fitted a supplementary model (Table S14) testing whether
farmers are more likely to use freshwater bathing—one of the least
effective but gentlest treatments—when the most virulent strain of PD,
SAV3, is present at the site. The dataset spanned 2012-2021, but was
limited to production zones where SAV3 is tolerated by authorities
(zones 2-5) and site-months where some treatment was reported. The
model estimated that SAV3 increases the probability of freshwater
bathing being the preferred treatment in all 4 zones, from a 5-10%
probability in the absence of SAV3 to a 13-23% probability in the
presence of SAV3 (Fig. S1).

4.2. The role of stunboats

While the rationale for stunboats has been clearly articulated from an
industry perspective (Midling et al., 2011; Oaland, 2019; Ringvall, 2020;
Sommerset et al., 2021), there is value in characterising their role(s)
using industry data on the production parameters and activities that
coincide with stunboat visits. Farm-reported data matched to visits by
14 stunboats in 2018-2021 suggests that stunboats were preferred over
live fish carriers for small harvest volumes and were sometimes used in
stand-by roles during delousing operations, as outlined by recent dis-
cussions in the literature (Ringvall, 2020; Sommerset et al., 2021).
However, many farming companies prefer to use stunboats for all har-
vests, even without known complications. There are several possible
reasons for this, but foremost are concerns around biosecurity regula-
tions and mortality during crowding, loading and transport. Pancreas
disease and cardiomyopathy syndrome are perhaps the most likely to
cause mortality at the end of a production cycle, when resulting finan-
cial losses are greatest. This is a strong motivator to handle harvest-size
fish with extra care. The high prevalence of PD (and we assume also
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cardiomyopathy syndrome) among harvest-sized fish in southern and
western Norway was reportedly a key driver of MOWTI's transition to
stunboats (Oaland, 2019). Holding pens at slaughterhouses allow some
flexibility in the timing of harvesting and transporting, as fish can be
delivered by live fish carriers ahead of time and be processed when the
slaughterhouse has capacity. However, it is usually illegal to place fish
with PD into open holding pens (Ministry of Trade and Industry, 2017b),
and while some live fish carriers can transfer fish directly, this is time-
consuming. Given the vulnerability of diseased fish to additional
stressors, this is likely to result in substantial mortality during transport
and transfer. By 2014, MOWI had discontinued use of holding pens, and
in 2018, the most southerly of its 4 processing facilities was rebuilt to
exclusively receive chilled fish from stunboats (Oaland, 2019). The
distribution of stunboats in Norway in late 2020 (all in production zones
1-9: Fig. 5) is consistent with the adoption of stunboats being motivated
by the various risk factors that affect harvest-size fish most severely in
the southern half of Norway.

It clearly makes sense to slaughter badly injured fish, whether to
shorten their suffering or to allow them to be utilised as food. However,
stunboats can also be viewed as a ‘band-aid’ solution to a larger prob-
lem: that the predominant delousing methods in use today risk the
welfare of farmed salmon. It has been suggested that emergency harvests
by stunboats could lead to an underestimation of the welfare impacts of
delousing treatments, as injured or moribund fish that are slaughtered
before dying are reported to authorities as harvest, not mortality
(Sommerset et al., 2021). The present study provides support for that
concern, with evidence that: (1) stunboats sometimes visit without any
harvest being reported, which may be indicative of a standby role
(Fig. 4); (2) stunboat visits predict harvests of small fish, as may occur
following a risky delousing treatment (Model 3B, Fig. 6B); and (3)
harvests during treatment months lead to a smaller increase in mortality
than would otherwise be expected (Fig. 7A). Moreover, while Model 4B
(Fig. 7B) did not find stunboat visits to be a significant predictor of
relative mortality, we suspect that a larger sample size would have
revealed a stunboat effect that interacts with treatment status. For farms
with fish well below harvest size, visits by stunboats during non-
treatment months are probably a response to disease outbreaks or
other health problems. In such cases, stunboat visits would correlate
with higher relative mortality if not all affected fish are harvested or
poor environmental conditions persist. By contrast, stunboat visits
during treatment months may result in relatively low mortality rates if
the stunboat arrives before treatment begins and is able to selectively
harvest any fish not to be treated and/or salvage fish that were injured
during treatment. However, we note that among site-months in
2018-2021 where the fish were between 0.25 and 3.5 kg and some
treatment was reported, relatively few coincided with stunboat visits
(182 out of 2030 treatment months). Most stunboat visits were to sites
with cohorts that were closer to an ideal harvest size (median 3.9 kg
across 774 site-months in 2018-2021). Those visits likely reflect a range
of motivations that are not easily distinguished based on the available
data, including standard harvests, standby roles during delousing, har-
vesting of sick or vulnerable fish (unrelated to delousing), and for over-
stocked sites, spot harvesting to remain within biomass or density caps.

Drivers of early harvest, as well as the possible influence of stunboats
on treatment decisions, warrant further attention in the future as more
stunboats are commissioned. Future studies would benefit from access to
cage-specific harvests and mortalities, as well as comprehensive veter-
inary data on disease status and other mortality risk factors (Persson
et al., 2021; Sviland Walde et al., 2021). Early harvest is a valid welfare
mitigation strategy that has benefitted from the availability of stunboats.
However, in an ideal world, stunboats would be reserved as welfare-
friendly alternatives to live fish carriers. Their current role underlines
the importance of developing cost-effective strategies to prevent in-
festations and more welfare-friendly delousing methods.
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