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Abstract

Here, we present an extended version of a semantic model for overall welfare
assessment of Atlantic salmon reared in sea cages. The model, called SWIM 2.0, is
designed to enable fish health professionals to make a formal and standardized
assessment of fish welfare using a set of reviewed welfare indicators. SWIM 2.0
supplements SWIM 1.0, which was designed for application by fish farmers. We
searched the literature for documented welfare indicators that could be used by
fish health professionals. The selected indicators are eyes, cardiac condition,
abdominal organs, gills, opercula, skeletal muscles, vaccine-related pathology,
aberrant fish, necropsy of the dead fish and active euthanasia. Selection criteria
for the SWIM 2.0 indicators were that they should be practical and measureable
on salmon farms by fish health professionals and that each indicator could be
divided into levels from good to poor welfare backed up by relevant scientific lit-
erature. To estimate each indicator’s relative impact on welfare, all the indicators
were weighted based on their respective literature reviews and according to
weighting factors defined as part of the semantic modelling framework. This was
ultimately amalgamated into an overall SWIM 2.0 model that can be used to cal-
culate welfare indexes for salmon in sea cages, taking into account the available
fish health expertise. Using this model, an example calculation based on record-
ings and samplings done from an Atlantic salmon sea cage containing 106 000
fish yielded an overall welfare index of 0.81 of a maximum of 1.0.

Key words: animal welfare score, aquaculture, diagnostic, fish health, sea cage, welfare
indicator.

lighting, disturbances, daily mortality, appetite, sea lice
infestation, body condition, emaciated fish, vertebral defor-

In a previous study, we presented a welfare assessment
model (SWIM 1.0) for Atlantic salmon (Salmo salar L.)
reared in sea cages, primarily designed for salmon farmers
(Stien et al. 2013). SWIM 1.0 was based on the biological
and welfare needs of the species and formulated welfare
indicators that could be scored separately, weighted and
integrated into an overall welfare assessment (OWA). The
selected SWIM 1.0 indicators were water temperature,
salinity, oxygen saturation, water current, stocking density,
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mation, maturation stage, smoltification state, fin condi-
tion and skin condition.

This paper describes an extended version of the model
(SWIM 2.0), a health-oriented supplement to SWIM 1.0,
designed for fish health professionals. The model’s name
SWIM is an acronym for Salmon Welfare Index Model. No
2. states that this is the fish health professionals’ version of
SWIM and .0 indicates that it is the first version that may
be upgraded later. The main objective of SWIM 2.0 is to
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supply a standardized methodology for fish health profes-
sionals and representatives of food and aquaculture author-
ities to assess salmon welfare in sea cages.

How to assess the welfare status of fish is an ongoing
debate, and no consensus has been reached on definitions
or assessment methodology (Huntingford & Kadri 2008).
Both SWIM 1.0 (Stien et al. 2013) and 2.0 were constructed
using the principles of semantic modelling introduced by
Bracke et al. (1999a)Bracke et al. (1999b)Bracke et al.
(1999¢). In semantic modelling, welfare is defined as the
quality of life as perceived by the animals themselves, and
both positive and negative aspects of welfare are taken into
account. Semantic modelling is designed for the purpose of
formalized assessment of animal welfare based on available
scientific information, including scientific knowledge and
scientific descriptions of welfare-relevant aspects of holding
systems in terms of both environment-based and animal-
based measures (Bracke et al. 2008). It was originally devel-
oped for assessment of housing systems for dry sows
(Bracke et al. 2002a,b), but it has also been applied to poul-
try (De Mol et al. 2006), to cattle (Ursinus et al. 2009), to
tail-biting in pigs (Bracke et al. 2004) and to assess the wel-
fare impacts of enrichment materials for pigs (Bracke
2008).

While SWIM 1.0 was designed for fish farmers, SWIM
2.0 supplements welfare indicators (WIs) that require the
skills of fish health professionals, that is, expertise in patho-
physiology of the fish, treatment and disease prevention in
relation to ecology and technical aspects of salmon produc-
tion. The objective was to the integrate fish health into the
overall welfare assessment (OWA) of the SWIM model so
as to further improve the accuracy of the welfare assess-
ment. Health, as defined by the World Health Organization
(1948), is a state of complete physical, mental and social
well-being and not merely the absence of disease or infir-
mity. Health has been identified as a separate welfare need
in semantic modelling (Bracke et al. 1999¢c), because it is
related to a semibehavioural system, namely ‘sickness
behaviour’ (Hart 1988). Health is clearly associated with
welfare-relevant emotional states. In addition, when acti-
vated, sickness behaviour competes for time and motor
output with other behaviour systems such as feeding (hun-
ger) and the avoidance of danger (fear). Often sickness
behaviour takes priority indicating that combating the dis-
ease is important for the animal and its welfare. Like other
motivational systems, sickness behaviour is functional for
survival (Hart 1988). It also involves learning processes, for
example, food aversion learning and self-narcotization to
alleviate pain (see e.g. Toates 1986).

The presence of disease may indicate an underlying
problem with the environment or management, but dis-
eases may also evolve in optimized rearing conditions
(Huntingford et al. 2006). The welfare implications of

Reviews in Aquaculture (2014) 6, 162-179
© 2013 Wiley Publishing Asia Pty Ltd

Salmon welfare index model 2.0

disease should be interpreted carefully as the underlying
pathophysiological mechanisms giving rise to disease are
not always completely understood (Huntingford et al.
2006). As a consequence, we emphasize that diagnosis per
se, although useful for predicting future development and
the need for treatment (prognosis and cure), is not of
prime relevance to welfare assessment. By contrast, we
decided to take a symptom-oriented approach, reflecting
the sensorial or emotional experience associated with good
or poor health. Also, in practice, definitive diagnoses are
often lacking at the time when welfare assessment is to be
performed.

The welfare indicators reviewed in this paper are
intended to be practical and feasible to be performed in
conjunction with routine farm visits by fish health profes-
sionals and/or food authorities. Because the SWIM 2 model
is primarily based on visual inspections, standardized gross
necropsy procedures (Meyers 2009) and fish farm records,
it should not be too time-consuming, costly or otherwise
be too demanding (e.g. in requiring time, expertise/facili-
ties for advanced diagnostics), either for the farmer or for
the fish health professional. Further details regarding the
methods are not outlined in this paper as these may depend
on the application of the OWA (e.g. routine welfare moni-
toring, scientific or legislative use). However, to obtain a
reliable result and allow a proper comparison between
farms, it is essential to investigate a sufficient and represen-
tative number of fish per sea cage (we recommend mini-
mum 20) and of sea cages (minimum 2) from each farm.

In the following, we first give a brief description of the
semantic modelling process of creating the SWIM 2.0
model. We then present a review of the scientific statements
collected for each newly formulated welfare indicator (WI)
and how the WIs have been weighted using the semantic
modelling calculation rules. We also present the final
model, give examples of its use and finally discuss the con-
cept of semantic modelling and the SWIM 2.0 model as a
tool for objectively assessing overall salmon welfare in sea
cages in accordance with the state of the art of knowledge
in veterinary science.

The semantic modelling process

The first step of welfare assessment in semantic modelling
is to draw up a list of the species’ basic needs. This was
already done for creating the SWIM 1.0 model (Table 1).
The second step is to collect a list of scientific statements
(Bracke et al. 2002a) obtained from a systematic literature
review. The main criterion here is that each statement must
somehow be relevant to discriminate good welfare from
poor welfare of farmed salmon in sea cages. A Web applica-
tion (www.imr.no/swim) was constructed to facilitate
author collaboration when updating the model’s scientific
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Table 1 List of basic welfare needs of Atlantic salmon (Stien et al. 2013)

Need

Explanation and relevance for salmon

Physical needs

Uptake of oxygen and release of carbon dioxide by pumping water over the gills.

Intake of food containing the required energy, amino acids, minerals, vitamins, etc.

Respiration

Osmotic balance Maintaining homoeostasis of body cell fluids
Nutrition

Health Absence of disease, injury, illness and malfunction

Thermal regulation
Behavioural needs
Behaviour control

Optimization of metabolism and temperature, including thermal comfort
Ability of the fish to freely position themselves (including regulation of buoyancy) and respond to stimuli

Possibility to keep the body undamaged from physical injury and to avoid perceived danger

Feeding Regular access to food.

Safety

Social contact Predictable interaction with conspecifics

Exploration Possibility to search for resources and information.

Kinesis Being able to swim (physical activity)

Rest Possibility of reducing activity level or ‘sleep’.

Sexual behaviour Homeward migration, breeding behaviour, spawning, etc.
Body care Scratching, parasite cleaning, etc.

database (statements from the literature) and application of
the model itself. The Web application also supports updat-
ing the model with results from future research, such that
the SWIM models are dynamic and can be kept up to date.

The third step is to formulate a list of measurable or
observable welfare indicators (WIs). More specifically, we
searched the literature for welfare indicators indicative of
fish welfare and applicable by fish health professionals
when visiting a farm. The selected new indicators were eyes,
cardiac condition, abdominal organs, gills, opercula, skele-
tal muscle, vaccine-related pathology, aberrant fish, nec-
ropsy of the dead fish and active euthanasia. To ensure that
the W1s were relevant to welfare from the animal’s point of
view, they all had to be linked to at least one need
(Table 2).

We then divided the WIs into levels that could be ranked
from best to worst for welfare. The levels are mutually
exclusive and must cover the model’s domain. As a result,
all characteristics of a farming system, including the ani-
mals living there, are described by exactly one level of each
attribute. This ensures that a generic calculation rule can be
used such that any welfare advantage to, for instance, a cage
system accrues to all systems with the same descriptive
property, and only to them. Based on the ranking, each
level was assigned an indicator score (IS):

NL; — RL;;

IS;; =
YONLi—1

(1)

where IS, ; is the score of the j th level of the i th WI in the
model, NL; is total number of levels of indicator i, and RL;;
is the rank number of level j. Next, the scientific statements
were used to assign weighting scores (WS) using weighting
categories (WC) (Table 3). The WSs are experts’
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judgements based on the content of the scientific state-
ments presented in each reviewed WI and within the frame-
work of the weighting categories and the range of
weighting scores defined in Table 3. This is a somewhat
subjective, but systematic, scoring of the weighting category
based on experts’ assessment of the intensity, duration and
incidence of the welfare impact as implied by each scientific
statement that has been linked to the WI. The WCs classify
welfare performance criteria, for example, pain, illness or
reduced survival (Table 3). The weighting factor (WF) of
each welfare indicator i in the model was subsequently cal-
culated as proposed by De Mol et al. (2006):

WF,‘ = Z max(WSWd) - Z min(wswcl)
we we

ILbest i ILworst,i

(2)

where Ly ; is the best indicator level, and IL,,,; is the
worst indicator level of the i th welfare indicator; WS,,; is
the weighting score assigned to the indicator level based on
the scientific statements; wc identifies the weighting catego-
ries linked to the indicator level. A special case is made up
of WI levels that are so detrimental for welfare that welfare
is considered poor (minimum), no matter which levels are
selected for the other indicators, that is, other WIs can no
longer compensate for this welfare state, and consequently,
the SWIM 2.0 model is not designed to assess this level of
welfare any further. These levels are called knockout levels
and are not included when calculating WFs.

Each section below reviews a WI, which applies at the
level of either the individual fish or sea cage (group), and
each review section includes a ranking and weighting para-
graph. For each weighting, the weighting score (WS) is
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pathology

Aberrant fish

Necropsy of the
dead fish

Active euthanasia

Salmon welfare index model 2.0

given in parenthesis behind its respective weighting cate-
gory (WC). The WIs and WCs have been given capital first
letters in these paragraphs to denote that these are techni-
cally defined terms. This is done in more detail for the first
WI, that is, the eyes indicator, to help the reader under-
stand the methodology. The WSs are expert’s opinions
based on the literature review and intended as a starting
point for discussion about welfare assessment, but the
reader is free to challenge these decisions.

Review of individual specific welfare indicators
(Wis)

Eyes

The fish eye anatomy is very similar to the eyes of other
vertebrates. However, when compared to most mammals,
the fish eye is more exposed to the external environment.
Eye disorders can induce physiological and behavioural
stress that is considered to be detrimental for fish welfare
(Thatcher 1979) and may occasionally lead to death (Noble
et al. 2012).

Eye infections can be caused by several pathogens, which
can enter the eye either through trauma (exogenous) or via
the blood circulation (endogenous). After an infection, the
eye may shrink and become dysfunctional. Factors such as
chemical, thermal, toxic and UV light exposure may cause
eye trauma, but it most frequently results from mechanical
injuries (Jurk 2002; Koppang & Bjerkas 2006). Routine
aquaculture practices such as pumping, grading and brail-
ing are important risk factors for mechanical eye damage
(Deng et al. 2005) and often result in intraocular haemor-
rhages and corneal damage. In addition, traumatic injury
commonly results in secondary infections (Koppang &
Bjerkas 2006).

The eyes can also be affected indirectly from a wide-
spread non-eye-specific disease such as Parvicapsulosis,
caused by the parasite Parvicapsula pseudobranchicola. This
parasite affects the pseudobranchs (reduced first gill arch)
inside the gills and leads to a reduced oxygen supply to the
eyes, and infected fish can display haemorrhages inside the
eyes (Karlsbakk et al. 2002; Anonymous 2011).

A well-studied eye disease in salmon aquaculture is cata-
racts and involves increased opacity and cloudiness of the
lens, generally located bilaterally (two-sided; Poppe 2000).
Chronic and severe cataracts are generally considered irre-
versible (Waagbe ef al. 2003) and may result in poor
vision, reduced growth, secondary infections and mortality
(Breck & Sveier 2001; Ersdal et al. 2001; Bjerkas et al. 2003;
Waagbg et al. 2010; Remo et al. 2011). The development of
cataracts has been associated with nutritional deficiencies,
toxic agents, parasites (e.g. flukes), exposure to ultraviolet
light, hereditary factors, variation in water temperature and
rapid growth (reviewed in Bjornsson 2004). For salmon
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Table 3 Weighting categories (WCs) used in the weighting procedure of semantic modelling with brief descriptions and ranges of weighting scores

(WSs). Adapted from Bracke et al. (2002b)

Weighting category Brief description Range of WS
HPI Evidence of activation of the HPI (hypothalamic pituitary interrenal) axis indicative of stress. —5t0 -1
llIness Evidence of health problems, including increased mortality, but excluding skin lesions, fin damage —5to -1
and abnormalities in body shape (see ‘pain’).
Pain Evidence of unpleasant sensory and emotional experience associated with actual or potential —5to -1
tissue damage, or described in terms of such damage
Reduced survival Evidence of reduced survival related to physiological requirements (other than through specific —5to—1
health problems), for example, longevity, deprivation of food, poor environment
Abnormal behaviour Evidence of disturbed behaviour and/or apathy. —3to—1
Aggression Evidence of aggression such as bite marks and attacks. —3to-1
Avoidance Evidence of avoiding stimuli (which are perceived as dangerous/noxious). —3to—1
Frustration Evidence of blocked behaviour or deprivation. —3to-—1
Negative performance Evidence of decreased performance (that is likely to indicate negative affect), including —3to -1
(re)production effects, but excluding specific survival aspects related to physiological
necessities, HPI activation and illness.
SAM Evidence of SAM (sympathetic adrenal medullary) activation (indicative of negative affect), —3to—1

for example, increased heart rate and (nor)adrenaline levels.

Demand

Natural behaviour
Positive performance
Preference

Evidence that the fish are willing to spend effort to obtain food or other recourses. 1-5
Evidence of (potential positive reward from) behaviour as seen in (semi) natural conditions. 1-3
Evidence of healthy, fit fish, which are growing well. 1-3
Evidence of choosing one resource over another (e.g. in a preference test). 1-3

aquaculture in particular, a deficiency of histidine in the
feed (Breck et al. 2003, 2005; Waagbe et al. 2010),
increased use of vegetable oil in the feed (Waagbe et al.
2003) and rapid increase in water temperature and growth
(Bjerkas et al. 2001) have been associated with outbreaks of
cataracts. A cataract classification scale proposed by Wall
and Bjerkas (1999) characterizes cataracts from 0 to 4 based
on the percentage cataract coverage of the lens, from
healthy normal lens (0) to 10% (1), 10-50% (2), 50-75%
(3) and total cataract (4). Cataracts covering more than
50% of the lens may be associated with impaired vision and
reduced feed uptake (Poppe 2000).

Exophthalmia or ‘popeye’ describes the presence of
protruding eyes. In severely affected fish, the stretching
and compression of the optic nerve may lead to blind-
ness (Jurk 2002). The condition may be caused by many
factors including infections (Karlsbakk et al. 2002; Rom-
alde et al. 2008), cardiovascular disorders (Terud et al.
2006), gas supersaturation (Giltepe et al. 2011) and
trauma (Jurk 2002). It may also be recognized as a sign
of generalized illness (Koppang & Bjerkas 2006). Aggres-
sion in salmonids may cause physical injury, including
eye damage (Turnbull et al. 1998). Eye snapping has also
been reported to occur when sun reflections trigger con-
specific attacks to the eye resulting in one-sided eye
injury (Noble et al. 2012).

We suggest distinguishing between acute and chronic
conditions. We consider chronic conditions to be more
detrimental to welfare due to an increased time of potential
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suffering. Based on this consideration, the indicator is
divided into five levels: 1) functional, healthy eyes, 2)
unilateral ~ (one-sided), traumatic injury, moderate
exophthalmia or haemorrhages inside the eye, 3) bilateral
(two-sided), traumatic injury, moderate exophthalmia or
haemorrhages inside the eyes, 4) bilateral cataract (more
than 50% of lens coverage) or chronic condition with
impaired vision. Level 5 is a knockout level (K) and is given
to individuals with severe exophthalmia and bilaterally
blind individuals. Salmon need functional eyes for food
consumption (Jurk 2002), and impaired vision is related to
abnormal behaviour (—2), frustration (—1) and negative
performance (—1). Eye injuries can lead to pain (—2), ill-
ness (—1) and reduced survival (—2). Healthy eyes are
indicative of positive performance (1) and natural behav-
iour (1). Using Equation 2 presented above, we calculated a
weighting factor (WEF) of 11 for the WI
(WE=(1+1)—(—2—1-1-2—1-2)).

G
eyes

Cardiac condition

The ventricle of salmonid fish is normally shaped as a trian-
gular pyramid with the apex pointing caudoventrally. Its
shape is positively correlated with the cardiac output.
Farmed salmon appear to have rounder ventricles than wild
salmon do. Furthermore, wild salmon exhibit a more acute
angle between the ventricular axis and the axis of bulbus
arteriosus compared with farmed salmon (Poppe et al.
2003; Farrell et al. 2006). Claireaux et al. (2005) found that
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fish with rounder ventricles have lower cardiac outputs and
can be characterized as less adapted swimmers.

Several anomalies of the heart are recognized in farmed
salmon including arteriosclerosis (Farrell 2002), abnormal
heart rate (Mercier et al. 2000), aplasia of septum transver-
sus (Poppe et al. 1998), situs inversus (Kaada & Hopp
1995), hypoplasia of the outer, compact ventricular myo-
cardium (Poppe & Taksdal 2000) and cardiac hernia with
myocardial hypoplasia (Poppe et al. 2002). Abnormal heart
morphology may be linked to genetics (Dunmall & Schreer
2003), nutrition (Seierstad et al. 2005) and environmental
factors like egg or alevin incubation temperature (Takle
et al. 2006).

A number of viral diseases such as cardiomyopathy syn-
drome (CMS), pancreatic disease (PD) and heart and skele-
tal muscle inflammation (HSMI) can cause infections in
various compartments of the heart (Mcloughlin et al. 2002;
Kongtorp et al. 2004a; Haugland et al. 2011). Cardiomyop-
athy syndrome is associated with sudden death in well-fed
fish late in the production cycle, even though the infection
itself may be regarded as chronic (Brun et al. 2003).

In a normal situation, caged salmon has limited space for
movements and thus potentially reduced requirements for
cardiac performance. However, abnormal heart morphol-
ogy or a heart in poor condition may lead to reduced car-
diac output with congestion in the abdominal organs;
reduced ability to handle stressful events like handling,
grading, transport and sea lice treatment; and increased
mortality (Poppe et al. 2003; Farrell et al. 2006; Torud
et al. 2006).

We suggest dividing the ‘cardiac condition’ into the fol-
lowing two levels: 1) healthy cardiac condition and 2)
severely deformed heart suggesting reduced cardiac output,
congestion in the abdominal organs or signs of other gross
heart pathology. Level 1 is linked to positive performance
(1), while level 2 indicates illness (—2) and negative perfor-
mance (—2) and reduced survival (—1). The WF is calcu-
lated to be 6.

Abdominal organs

Inflammation is an initiated protective response to any tis-
sue damage commonly caused by factors like infectious
microbes, parasites, mechanical trauma, heat, cold, radia-
tion and cancerous cells (Roberts & Rodger 2012). Typical
signs of internal acute inflammation are swollen and discol-
oured organs, exudates of various composition (i.e. fibrin-
ous, serous, catarrhal, purulent), necrosis and
haemorrhages. Chronic inflammatory responses are more
related to a proliferative phase with manifestations like
adherents, fibrosis, granulomas (Roberts & Rodger 2012)
and more fish-specific, melanin deposits (Agius & Roberts
2003). In mammals, inflammatory responses are also
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typically linked to loss of function of the affected tissue and
pain perception (McGavin & Zachary 2007).

Some fish may show abnormalities in the swim bladder
(Poppe et al. 1997a), but the affected fish can often live
normally and without external signs (Branson 2008).
Another condition is nephrocalcinosis, a chronic, degenera-
tive and inflammatory condition, often visible as white or
grey spots in the kidney (Herman 1996). The condition is
associated with excessive CO, concentrations in the fresh-
water phase (Fivelstad et al. 1999).

The intestine is, along with gills, an important entry site
for pathogens, and salmon intestines may be subjected to
inflammation and haemorrhages from infectious agents
(Poppe 1999; Lumsden 2006). Inflammation of the intes-
tines may also be caused by nutritional ingredients (e.g. soy
bean: Baeverfjord & Krogdahl 1996). In addition, tape
worms such as Eubothrium sp. may infest salmon intestines,
even though affected fish generally remains clinically
healthy (Anonymous 2011).

We suggest emphasizing chronic conditions as indicating
persistent disease and reduced welfare. In this sense, it may
also be useful to evaluate the amount of fat deposits in the
abdominal cavity, which in a reduced state may indicate a
long-term condition. In addition, pathological changes in
the abdomen must be distinguished from the side effects of
injected vaccines, as we decided to identify the latter as an
independent welfare indicator (see under ‘vaccine-related
pathology’).

Therefore, based on a visual inspection of the abdominal
organs, we suggest to divide the indicator ‘abdominal
organs’ into the following 3 levels: 1) normal healthy
abdominal organs; 2) discoloured organs, exudates, bleed-
ing or swelling; and 3) signs of severe chronic pathology
including adherents, granulomas, melanin deposits or
fibrosis. Symptoms of inflammation and dysfunctional
organs are associated with illness (—3), pain (—3) and neg-
ative performance (—3), while normal organs are related to
positive performance (1) implying a WF of 10.

Gills

Gill diseases have been associated with reduced perfor-
mance and growth as well as large-scale mortality in salmon
aquaculture (Rodger et al. 2011). Because the respiratory
system of the fish is in intimate contact with the external
environment, it is particularly vulnerable to waterborne
agents. Consequently, the gills may act as an important site
of antigen entry (Farrell et al. 2006; Huntingford et al.
2006). Gills also function as an important organ for main-
taining osmotic balance and for the excretion of waste
products such as ammonia (Farrell et al. 2006). Hence, gill
tissue disturbances are likely to interfere with these func-
tions (Albassam et al. 1987; Byrne et al. 1995). However,
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careful interpretation of the systemic implications of a gill
disease is necessary because the implications are complex
and not fully understood (Ferguson & Speare 2006).

Noninfectious gill diseases may be caused by harmful
algae, zooplankton and pollutants including jellyfish, nutri-
tional, genetic and congenital factors (Rodger et al. 2011). A
number of infectious agents of bacterial, viral and parasitical
origin can infect the gills. Generally, however, gill diseases
are multifactorial disorders where both environmental and
infectious factors are involved (Mitchell & Rodger 2011).

Gill disease may result in petechial (small) bleedings,
oedema, lamellae necrosis, increased mucus production
and pale gills. It may lead to impaired gas exchange with
respiratory distress, flared opercula, acid/base disturbances,
cardiac dysfunction and ultimately death (Mitchell & Rod-
ger 2011). Associated behavioural changes in severe cases
include surface gasping, lethargy and anorexia (Mitchell &
Rodger 2011).

We suggest dividing the indicator ‘gills’ into 3 levels: 1)
normal healthy gills; 2) mild signs of focal inflammation,
necrosis (dead tissue), lesions or trauma; and 3) severe
signs of more generalized inflammation, necrosis, lesions
or trauma. Healthy gills are associated with positive perfor-
mance (1), while inflammation and reduced gill capacity
may lead to abnormal behaviour (—2), activation of HPI
(—1), frustration (—1), illness (—2) and reduced survival
(—2) implying a total WF of 9.

Opercula

Opercula play an important part in fish respiration, includ-
ing when fish ‘cough’ to clear debris from the gills, and
shortened opercula may interfere with these mechanisms
(Branson 2008; Davis 2010). A shortened operculum leads
to exposure of the gill filaments which, as a consequence,
may become shortened and thickened, making the fish
more vulnerable to secondary infections (Branson 2008;
Rodger et al. 2011). The condition may also result in a
reduced ability to pump water over the gills, making the
fish more susceptible to poor water quality and low levels
of oxygen (Ferguson & Speare 2006). Severely affected fish
must maintain an elevated swimming speed to ensure suffi-
cient perfusion of the gills, and this makes affected fish par-
ticularly susceptible to handling procedures (Branson
2008). In addition, fish with shortened opercula may show
reduced growth rates compared with fish with intact oper-
cula (Ferguson & Speare 2006).

High temperatures during egg incubation have been
associated with the development of shortened opercula, but
nutrition and genetics may also play a role in its aetiology
(Southgate 2006). Erosion of the opercula has also been
observed in salmons affected by bacterial gill disease (BGD)
(Ferguson & Speare 2006).
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We suggest dividing the indicator ‘opercula’ into 5 levels;
1) normal opercula, 2) operculum only partly covering the
gill on one side (unilateral), 3) opercula only partly cover-
ing the gills on both sides (bilateral), 4) operculum unilat-
erally absent and 5) opercula bilaterally absent. Intact
opercula are associated with positive performance (1),
while shortened opercula are related to abnormal behaviour
(—=2), reduced survival (—2) and illness (—2). Hence, the
total WF is 7.

Skeletal muscles

Despite the importance of the muscular apparatus as the
basis of animal movement, as a source of food for humans
and as a site for several pathological entities, it is generally
not given much attention during routine fish health exam-
inations (Turnbull 2006).

The inflammatory, degenerative and reparative responses
in muscular tissue are quite similar in fish and mammals.
However, because fish are poikilothermic (cold blooded),
the inflammatory activity is closely related to the water
temperature (Roberts & Rodger 2012). Most fish species
continue to grow throughout their life with a constant
increase in the number of muscle fibres, which may posi-
tively influence the ability to repair muscular tissue after
injury (Mommsen 2001).

Fungal, bacterial, viral, nutritional and parasitic aetiolo-
gies are often associated with muscular pathology, but also
idiopathic (unknown) myopathies and mechanical and
predatory causes may lead to injuries of muscular tissue
(Turnbull 2006). The skeletal muscle is a common site for
haemorrhages or necrosis following systemic viral infec-
tions. Pancreas disease and heart and skeletal muscle
inflammation are two common viral diseases present in
Norwegian salmon aquaculture that typically affect the
skeletal musculature. However, their pathologies are often
only visible when examined using histological techniques
(Mcloughlin et al. 2002; Kongtorp et al. 2004b).

Some bacterial diseases can cause multifocal liquefactive
necrosis of muscle tissues in the subacute or the chronic
stages. These lesions are often characterized as pulpy and
haemorrhagic. They may be visible on the skin surface and
can even rupture through the skin (Turnbull 2006).

We suggest making a longitudinal incision through the
muscles from the head to the tail, followed by a visual
inspection of the revealed epi-axial muscular tissue. Based
on this inspection, we suggest dividing this indicator into
the following 3 levels: 1) normal healthy muscular tissue; 2)
haemorrhages, necrosis (dead tissue) or scar tissue (fibrotic
tissue) in the skeletal muscle; and 3) abscesses with pulpy
liquefactive necrosis in the skeletal muscles. Haemorrhages
in musculature are indicative of illness (—1). Muscular
injuries caused from either abiotic or biotic factors induce
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inflammation and pain (—1) and can reduce fish kinesis
(mobility) leading to abnormal behaviour (—3). Normal
musculature is related to positive performance (1). The WF
calculated is 8.

Vaccine-related pathology

Oil-based polyvalent vaccines injected intraperitoneally (I.
P.) are widely used in salmon aquaculture to prevent infec-
tious diseases. Vaccines have proven highly efficacious
against bacterial diseases, and vaccination programs have
been the major contributing factor to the low consumption
of antibiotics in the Norwegian salmon industry (Sommer-
set et al. 2005; Evensen 2009).

An oil-based adjuvant is normally included in multiva-
lent salmon vaccines to enhance the response to certain
antigens and to maintain a depot effect, that is, long-term
antigen release, of the vaccine (Evensen 2009). However,
the recipient fish can exhibit adverse reactions to the vac-
cine including inflammatory reactions in the abdominal
cavity (Midtlyng et al. 1996a,b), impaired growth rate
(Berg et al. 2006), decreased carcass quality (Poppe & Breck
1997b; Midtlyng & Lillehaug 1998), behavioural restrictions
(Bjorge et al. 2011), spinal deformities (Aunsmo et al.
2008a), uveitis (Koppang et al. 2004) and systemic autoim-
mune reactions (Haugarvoll et al. 2010). Over time, most
intraperitoneally vaccinated fish develop relatively moder-
ate pathological changes in the abdominal cavity that can
persist up to the time of harvest (Mutoloki et al. 2004). In
more severe cases, the intra-abdominal pathology may be
manifested as melanin deposits, fibrous granulation and
strong adhesions between internal organs or between the
organs and the peritoneal wall (Mutoloki et al. 2004).
Occasionally side effects of vaccination can be so severe that
normal organ functions are negatively affected (Poppe &
Breck 1997b).

Midtlyng et al. (1996b) proposed a gross pathology scor-
ing system (Speilberg’s score) to evaluate the lesions caused
by intraperitoneal administration of vaccines containing
adjuvants. Aunsmo et al. (2008a) and Midtlyng and Lilleh-
aug (1998) found, respectively, an increase in spinal defor-
mity and reduction in growth related to intra-abdominal
lesions at Speilberg’s scores of approximately 3 and higher.

Based on this scoring system, we propose dividing the
indicator ‘vaccine-related pathology’ into the following 7
levels: 1) no visible lesions; 2) slight adhesions, close to the
injection site; 3) minor adhesions that may connect colon,
spleen or caudal pyloric caeca to the abdominal wall; 4)
moderate adhesions including more cranial parts of
abdominal cavity, partly involving pyloric caeca, the liver
or ventricle connecting them to the abdominal wall; 5)
major adhesions with granuloma, extensively interconnect-
ing internal organ, which appear as one unit; 6) extensive
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lesions affecting nearly every internal organ in the abdomi-
nal cavity. In large areas, the peritoneum is thickened and
opaque, and the fillet may carry focal, prominent and/or
heavily pigmented lesions or granulomas; 7) even more
pronounced than 6, often with considerable amounts of
melanin resulting in an inability to remove viscera without
affecting fillet integrity. Vaccination is likely associated with
a degree of stress and impairment of fish welfare, but may
simultaneously constitute a prerequisite for freedom from
disease and thus positive performance (1). On the other
hand, the vaccine can induce a variety of side effects includ-
ing inflammation with pain (—3), abnormal behaviour
(—3) and negative performance (—3). The indicator is
given a WF of 10.

Review of sea cage-specific welfare indicators
(Wis)

In SWIM 1.0, the welfare indicator ‘daily mortality rate’
was used to score the mortality rate in the sea cage (Stien
et al. 2013). The indicator was divided into 5 levels based
on a mortality benchmark curve established by Soares et al.
(2011). This benchmark curve was estimated from mortal-
ity rates in the marine stages from 88 salmon productions
cycles in Scotland. Because the mortality values may differ
between the salmon-producing countries, over time, the
SWIM models may later be updated as new and more
appropriate mortality benchmark curves arise. The indica-
tors presented below may be regarded as a deeper investiga-
tion and more detailed classification of the mortalities in
the ‘daily mortality’ WI in SWIM 1.0. The concept is to
bring the welfare assessment a step further using the pre-
sented WIs to add additional weight to the mortalities
depending on the individuals’ welfare prior death.

Aberrant fish

Intensive salmon aquaculture is carried out in large sea
cages with huge populations (up to 200 000 individuals;
Anonymous 2008). A number of causes (e.g. diseases, inju-
ries and congenital disorders) may reduce the ability of fish
to cope under these conditions. As a result, some fish may
become aberrant from the rest of the sea cage population.
The expression of abnormal behaviour in sea cages has pre-
viously been used as a welfare indicator (Huntingford et al.
2006). Careful interpretation of the phenomenon, however,
is necessary as the causes and consequences are only par-
tially understood (Huntingford et al. 2006; Ashley 2007).
In general, a notable proportion of aberrant fish, that is,
fish suffering from disease showing an appearance and/or
behaviour that markedly differs from the other fish in the
sea cage (‘looser fish’, ‘runts’, ‘pinheads’, etc.), is indicative
of reduced welfare (Huntingford et al. 2012).
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Aberrant fish may display changed locomotion, external
signs and/or rapid breathing (Getchell 2012). Clinically ill
individuals may show abnormalities in skin colour (typi-
cally darker) as the pigmentation is under neuroendocrine
control, that is, down-regulated by stress hormones such as
epinephrine (Noga 2010). Abnormal behaviour such as
bumping into the nets, circling or spiralling is sometimes
observed (Stephen & Ribble 1995; Stien et al. 2009). Such
fish tend to group with similar conspecifics either in the
periphery of schooling groups or at the water surface form-
ing subpopulations showing sickness behaviour (Stephen &
Ribble 1995; Stien et al. 2009). They may live for months
before either recovering (Getchell 2012) or dying from
osmotic disturbance, anaemia or secondary diseases (Stien
et al. 2009; Anonymous 2011).

Moreover, aberrant fish may experience a stressful state
implying an impaired immune response against ubiquitous
microbes and infectious diseases. As a consequence, they
may serve as hosts for pathogen reproduction (Weyts et al.
1999; Conte 2004; Ashley 2007; Stien et al. 2009). A notable
presence of aberrant fish in the sea cage may therefore be
indicative of increased infection pressure in the sea cage as
they may act as ‘superspreaders’, threatening the health and
welfare of their conspecifics (Stien et al. 2009; Getchell
2012).

Estimating the number of aberrant fish in a sea cage can
be quite a challenge. Visual detection of these individuals is
dependent on several environmental factors such as clarity
of the water, light reflection, wind, waves and the size of
the sea cage. Despite this, we suggest that with a proper
level of experience, it should be possible to make a reason-
able estimate of up to 100-200 individuals accounting for
approximately 1 9, of the population in a sea cage of
100 000 —200 000 individuals. The indicator is therefore
divided into the following 4 levels based on the number of
aberrant fish: 1) none, 2) single individuals (<1 9,), 3)
between 1 9, and 2% of the sea cage population. When
more than approximately 2% (2000-4000) of the sea cage
population are showing sickness behaviour, the welfare sit-
uation is considered to be very poor. Level 4 is therefore a
knockout level, and the welfare assessment of the respective
sea cage is discarded (i.e. the SWIM 2.0 model is not
designed to assess this level of welfare any further). Absence
of disease is associated with natural behaviour (2) and posi-
tive performance (1). Aberrant fish are associated with
abnormal behaviour (—2), reduced survival (—2), illness
(—3) and negative performance (—1). This implies a WF of
11.

Necropsy of the dead fish

Fish rapidly show post-mortem autolysis and necropsy
should ideally be performed as soon as possible after death
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(Poppe 1999; Aunsmo et al. 2008b; Noga 2010). In the
Norwegian salmon aquaculture, self-dead fish are normally
removed from the sea cages on a daily basis resulting in a
daily sample of mortalities being available from a period of
approximately 24 h (Anonymous 2008). The importance of
the clinical observations by fish health professionals when
gathering information about the causes of mortality should
not be underestimated. Aunsmo et al. (2008b) found that
experienced fish health professionals could assign a likely
cause of death in 1929 of 2088 (92.4%) dead fish using
post-mortem evaluation supplemented with site and fresh-
water disease history and some laboratory diagnostic sup-
port.

Based on this, we suggest performing a visual inspection
and a brief necropsy on the dead fish collected on the day
of inspection to estimate the proportion of fish that died
from chronic causes, presumably associated with impaired
welfare. Dead fish showing severe acute organ lesions may
presumably be indicative of intense acute pain. Conversely,
fish with a chronic condition may live for several months
with moderate but continuous pain or discomfort before
dying (Stien et al. 2009) and thus experience a prolonged
period of reduced welfare. When possible, we suggest tak-
ing into account the health history of the population, and
the former confirmed diagnoses when evaluating the find-
ings of the necropsied fish. While the other WIs have been
given discrete levels, mainly for practical rather than theo-
retical reasons, we suggest assigning a continuous scale to
the present WI (Necropsy of the dead fish) based on the
proportion of fish presumably succumbing from chronic
causes, ranging from 1.00 (when none of the fish subjected
to necropsy are estimated to have died from chronic
causes) to 0 (when 100% fish were classified as such). The
‘necropsy of the dead fish’ indicator’s outcome is directly
linked to the level of the sea cage mortality and therefore
needs to be linked to the ‘daily mortality rate’ (see calcula-
tion rules under ‘final model’). Fish suffering from chronic
disease can be related to abnormal behaviour (—2), illness
(—3), negative performance (—2) and pain (—2). Accord-
ingly, the indicator has a WF of 9.

Active euthanasia (% per day calculated from the previous
7 days)

Removal of fish in poor condition (i.e. looser fish and ill
fish that are not likely to recover in due course) from the
sea cages for euthanasia is considered a good health man-
agement practice in aquaculture as it reduces the pool of
potential disease carriers and spreading individuals (Ellis
et al. 2012). In addition, active euthanasia is also beneficial
for welfare. While the catching and killing procedure may
present a brief negative experience to the fish (fear/pain),
the practice is likely to contribute to considerable overall
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reduction in poor welfare conditions in the affected indi-
viduals. This is also reflected in the current legislation (e.g.
in Norway: Anonymous 2008).

The total number of fish dropping out of the production
cycle is the sum of the number of fish that died spontane-
ously and fish that were euthanized actively. Because the
majority of fish in poor condition are likely to die eventu-
ally (Stien et al. 2009), a larger proportion of euthanized
fish indicates that fewer fish are experiencing a prolonged
poor welfare condition.

Removing fish in a poor condition out of the sea cages
may be challenging in a daily practice, because behaviour-
ally unaffected individuals may still try to avoid the netting
procedure. The indicator is divided into the following four
levels based on the proportion of euthanized fish from the
total number of dropouts: 1) more than 30% of the drop-
outs, 2) between 10% and 30% of the dropouts, 3) <10% of
the dropouts and 4) 0% of the dropouts. Similar to the WI
‘necropsy of the dead fish’, the ‘active euthanasia’ indica-
tor’s outcome is directly linked to the level of the sea cage
mortality and therefore needs to be linked to the ‘daily
mortality rate’ (see calculation rules under ‘final model’).
As indicated above, euthanasia may have both pros and
cons as perceived by the individual fish themselves. The
euthanized fish is freed from illness (—3), pain (—3) and
negative performance (—3), but consequently leads to
reduced survival (—3), and therefore, we consider the over-
all evaluation of euthanasia to be a major welfare improve-
ment. The WF is calculated to be 12.

Final model

The final step of the semantic modelling procedure (Bracke
et al. 2002a; Stien et al. 2013) is to assemble the WIs, the
levels and their associated ranks into an overall welfare
assessment (OWA) model using the following three formu-
las for calculating relative weighting factors (RWFs), indi-
cator welfare scores (IWSs) and the overall welfare index
(OWI) on a scale from 0 to 1:

—1
m
RWF; = WF; - (Z WF]-) (3)
=1

IWS; = IS; - RWE; (4)
OWI = ) "IWS; (5)
j=1

where m is the total number of indicators in the model,
WFEF; and WEF; (see Eqn 2) are the weighting factors of,
respectively, indicator i and j, and IS; (see Eqn 1) is the
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Table 4 SWIM 1.0 welfare indicator ‘daily mortality rate’ with levels
from best to worst and the associated mortality indicator score (IS,

Wi # Levels IS
Daily mortality rate 1 At or below the 10 percentile 1.00
(% per day) 2 Below benchmark curve 0.75
3 Atthe benchmark curve 0.50
4 Above the benchmark curve 0.25
5  Ator above the 90 percentile curve 0.00

6 At or above the 90 percentile curve, K

long term

The IS, is used to link the ‘necropsy of the dead fish” and ‘active eutha-
nasia’ indicators to the daily mortality in the sea cage.

indicator score given by the assessor for indicator i. In case
of one or more knockout levels, the OWI is discarded.
Knockout levels are not included when calculating RWFs
and IWSs.

The WIs ‘necropsy of the dead fish” and ‘active euthana-
sia’ are measured on ‘already’ dead individuals and the out-
come given as proportions. They must therefore be
evaluated in association with the daily mortality rate
because the WIs’ welfare impact is directly linked to the
level of sea cage mortality. In Table 4, the welfare indicator
‘daily mortality rate’ from SWIM 1.0 is divided into 5 levels
with their respective indicator scores. Based on this, the ISs
for the WIs ‘necropsy of the dead fish’ and ‘active euthana-
sia’ are in addition multiplied with the daily mortality indi-
cator score, henceforth referred to as IS,, given in Table 4
when calculating their IWS.

Table 5 shows the RWFs for the individual fish and the
sea cage WIs. These RWFs together with their levels and
their ISs in Table 6 give a model (or schema) for

Table 5 Relative weighting factors (RWFs) for the individual fish-spe-
cific welfare indicators (WIs) and for the sea cage—specific Wis in SWIM
2.0

Individual fish WF  RWF Sea cage WIs WF  RWF
Wis

Eyes 1 0.18  Aberrant fish 1" 0.34
Cardiac condition 6 0.10  Necropsy of the 9 028

dead fish

Abdominal organs 10 0.16  Active euthanasia 12 0.38
Gills 9 0.15

Opercula 7 0.12

Skeletal muscles 8 0.13

Vaccine-related 10 0.16

pathology
SUM 61 1.00 32 1.00

RWFs are calculated by dividing the weighting factor (WF) with the sum
of all WFs (61 and 32 for Wis applying at the level of the individual fish
and of the sea cage, respectively (Eqn 3)).
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Table 6 Welfare indicators (Wis) with levels from best to worst, the associated indicator level score (IS), the sum of the weighting score assigned to
the best and worst level and the calculated weighting factor (WF), see Eqn 2

Wi # Levels IS > WF
Individual
Eyes 1 Functional, healthy eyes 1.00 2 1
2 Unilateral (one-sided), traumatic injury, moderate exophthalmia or haemorrhages 0.66
inside the eye
3 Bilateral (two-sided), traumatic injury, moderate exophthalmia or haemorrhages 0.33
inside the eyes
4 Bilateral (two-sided) cataract (more than 50% of lens coverage) or chronic 0.00 -9
condition with impaired vision
5  Severe exophthalmia or bilaterally blind individuals K
Cardiac condition 1 Healthy cardiac condition 1.00 1 6
2 Severely deformed heart suggesting reduced cardiac output, congestion in the 0.00 -5
abdominal organs or signs of other gross hearth pathology
Abdominal organs 1 Normal healthy abdominal organs 1.00 1 10
2 Discoloured organs, exudates, bleeding or swelling 0.50
3 Signs of severe chronic pathology like adherents, granulomas, melanin 0.00 -9
deposits or fibrosis
Gills 1 Normal healthy gills 1.00 1 9
2 Mild signs of focal inflammation, necrosis (dead tissue), lesions or trauma 0.50
3 Severe signs of more generalized inflammation, necrosis, lesions or trauma 0.00 -8
Opercula 1 Normal opercula 1.00 1 7
2 Operculum only partly covering the gill on one side (unilateral) 0.75
3 Opercula only partly covering the gills on both sides (bilateral) 0.50
4 Operculum unilaterally absent 0.25
5  Opercula bilaterally absent 0.00 -6
Skeletal muscles 1 Normal healthy muscular tissue 1.00 1 8
2 Haemorrhages, necrosis (dead tissue) or scar tissue (fibrotic tissue) in the 0.50
skeletal muscle
3 Abscesses with pulpy liquefactive necrosis in the skeletal muscle 0.00 -7
Vaccine-related pathology 1 No visible lesions 1.00 1 10
2 Slight adhesions, close to the injection site 0.83
3 Minor adhesions that may connect colon, spleen or caudal pyloric caeca to 0.66
the abdominal wall
4 Moderate adhesions including more cranial parts of abdominal cavity, partly 0.50
involving pyloric caeca, the liver or ventricle connecting them to the abdominal
wall
5 Major adhesions with granuloma, extensively interconnecting internal organ, 0.33
which appear as one unit.
6  Extensive lesions affecting nearly every internal organ in the abdominal cavity. In 0.16
large areas, the peritoneum is thickened and opaque, and the fillet may carry focal,
prominent and/or heavily pigmented lesions or granulomas
7  Even more pronounced than 6, often with considerable amounts of melanin 0.00 -9
resulting in an inability to remove viscera without affecting fillet integrity
Sea cage
Aberrant fish 1 None 1.00 3 11
2 Single individuals (<1 %) 0.50
3 Between 19, and 2% of the sea cage population 0.00 -8
4 More than approximately 2% of the sea cage population K
Necropsy of the dead fish 1.00 — (the proportion of fish subjected to necropsy and estimated to have 0 <Is<1 -9 9
died from chronic causes)
Active euthanasia 1 More than 30% of the dropouts 1.00 12
2 Between 10% and 30% of the dropouts 0.66
3 <10% of the dropouts 0.33
4 0% of the dropouts 0.00 -12

Levels with indicator score K are knockout levels, that is, levels that result in severely reduced welfare regardless of other Wis.
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Table 7 SWIM 2.0 applied on the example fish in the example scenario. The overall welfare index (OWI) is the sum of the indicator welfare score

(IWS) (Eqn 5)

Individual Wis RWF Level IS IWS
Eyes 0.18 1 Functional healthy eyes 1.00 0.18
Cardiac condition 0.10 1 Healthy cardiac condition 1.00 0.10
Abdominal organs 0.16 1 Normal healthy abdominal organs 1.00 0.16
Gills 0.15 1 Normal healthy gills 1.00 0.15
Opercula 0.12 2 Operculum only partly covering the gill on one side (unilateral) 0.75 0.09
Skeletal muscles 0.13 1 Normal healthy muscular tissue 1.00 0.13
Vaccine-related pathology 0.16 3 Minor adhesions that may connect colon, spleen or caudal 0.66 0.1
pyloric caeca to the abdominal wall
owl 0.92

calculating an overall welfare index (OWI) score for an
individual fish or sea cage.

To calculate an overall SWIM 2.0 OWI for the sea cage,
the median OWI for the individual fish is combined with
the sea cage OWI as described in the example scenario
below.

Example scenario

In this section, we present an example of how the proposed
SWIM 2.0 indicators may be used for welfare assessment to
calculate an overall welfare index (OWTI) score. We will also
show how the SWIM 2.0 OWI may be combined with the
OWI from SWIM 1.0. The calculated SWIM scores may be
integrated further from sea cage to farm level, depending
on the intended SWIM application.

A SWIM 2.0 trial was conducted in a sea cage at a fish
farm in western Norway in the autumn of 2012. Six fish
were sampled and euthanized for a SWIM 2.0 evaluation.
We suggest using the median OWI of the investigated fish.
Here, we present just one fish as an example. The fish had
bilateral cataracts, but it was estimated to cover <50% of
the lens implying that level 1 was given to the WI ‘eyes’.
There were no signs of pathology of the heart, skeletal mus-
cles or abdominal organs. The operculum only partly cov-
ered the gill on one side, but the gills were looking healthy.
The WI ‘opercula’ was therefore assigned to level 2. The
vaccine-related pathology based on Speilberg’s score was
evaluated as level 3, that is, minor adhesions that may con-
nect colon, spleen or caudal pyloric caeca to the abdominal
wall. Based on Table 7, we calculate an individual OWTI of
0.92 where 0 is worst and 1 is best welfare (Figs 1,2).

At the day of the visit (7 months after sea transfer), the
sea cage population was estimated to be 106 122 fish. Some
looser fish and fish showing sickness behaviour could be
observed along the net of the sea cage, but their number
was estimated to be <106 fish (i.e. <19,,) indicating level 2
in the WI ‘aberrant fish’. Two of 6 dead fish (33%) sub-
jected to necropsy were found to have suffered from
chronic causes substantiated from emaciation, small body
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Figure 1 Vaccine-related pathology level 3: minor adhesions that may
connect colon, spleen or caudal pyloric caeca to the abdominal wall

Figure 2 Operculum only partly covering the gill on one side (unilat-
eral).

size and limited fat deposits in the abdomen giving an indi-
cator score (IS) of 0.67 (1.00-0.33). The total number of
dropouts calculated from the previous week was 63 fish.
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Table 8 SWIM 2.0 applied on the sea cage from the example scenario

Sea cage WIs RWF Level IS ISm IWS
Aberrant fish 0.34 2 Single individuals (<1 %,) 0.50 0.17
Necropsy of the dead fish 0.28 1.00-0.33 0.67 0.75 0.14
Active euthanasia 0.38 1 More than 30% of the dropouts 1.00 0.75 0.29
owl 0.60

The indicator welfare score (IWS) is the product of the relative weighting factor (RWF), the indicator score (IS) and the mortality indicator score (IS).
ISm is retrieved from the SWIM 1.0 WI ‘daily mortality rate’ (Table 4) (Stien et al. 2013). The overall welfare index (OWI) is the sum of the IWSs

(Egn 5).

Two days before the visit, the farmers removed 42 aberrant
fish from the sea cage using a dip net implying that 66%
(42/63) of the total number of dropouts had been actively
euthanized. This is more than 30% of the dropouts and
thus level 1 in the WI ‘active euthanasia’. The daily mortal-
ity rate was estimated to be 0.0084% (63 fish/7 days of
106.122 fish), that is, below the benchmark curve (Soares
et al. 2011) and an IS, of 0.75 (Table 4). The IS, is
included in the calculations of the IWS (=RWF*IS*IS,,,) for
the W1s ‘necropsy of the dead fish’ and ‘active euthanasia’
(Table 8). The sea cage WIs in Table 8 give a sea cage OWI
of 0.60.

The individual scores of the sampled fish and the sea cage
indicators scores may be combined into a SWIM 2.0 total
OWI for the sea cage taking into account the summarized
WEF for each category: OWI = (0.60*32 + 0.92*%61)/
(32 + 61) = 0.81. This implies that the welfare scores cal-
culated from all SWIM 2.0 indicators are 0.81 of maximum
1.00.

Considering that SWIM 2.0 is designed as a health-ori-
ented supplement to SWIM 1.0, the OWI from SWIM 1.0
and SWIM 2.0 may also be combined. SWIM 1.0 has a total
WE of 94 + 89 = 183 (Table 9). At the same day of visit,
the SWIM 1.0 OWI was calculated to be 0.73. The total WF
for SWIM 2.0 is 61 + 32 = 93 (Table 5). The OWI for the
combined SWIM 1.0 and SWIM 2.0 models is then given
by: OWI = (0.81*93 + 0.73*%183)/(93 + 183) = 0.76. See

Table 9 SWIM 1.0 welfare indicators (WIs) and their respective
weighting factors (WFs) (Stien et al. 2013)

Sea cage WIs WEF Individual fish Wis WF
Temperature(°C) 16 Sea lice "
Salinity 3 Condition factor 6
Oxygen (%) 17 Emaciation state 16
Water current (BLs™") 3 Vertebral deformation 10
Stocking density (kg m~3) 8 Sexual maturity stage 9
Lighting 4 Smoltification state 9
Disturbances 11 Fin condition 13
Mortality (% day™") 21 Skin condition 15
Appetite 11

SUM 94 89
174

Stien et al. (2013) for further details regarding the SWIM
1.0 OWL

Discussion

In a previous study (SWIM 1.0), basic welfare indicators
for sea reared Atlantic salmon were reviewed (Stien et al.
2013). The objective then was to construct a semantic
model, which enabled fish farmers to assess the welfare sta-
tus of their respective sea cages. In this follow-up paper, we
have presented a supplementing set of welfare indicators
that can be provided by fish health professionals. As in
SWIM 1.0, the indicators in SWIM 2.0 presented here are
for Atlantic salmon (Salmo salar L) in sea cages. The WIs
were selected based on feasibility and relevance for welfare,
thus excluding associated ethical aspects. The presented
model may be used independently, but we recommend
using it in combination with SWIM 1.0 regardless of
whether or not the scores of the models are combined.
Importantly, combining SWIM 1 and 2 will also verify that
all aspects of the welfare needs of salmon have been covered
(see Table 2). Later, it should also be possible to supple-
ment the overall welfare assessment (OWA) further with
in-depth laboratory analysis (SWIM 3.0) in order to obtain
the best possible OWA based on available scientific infor-
mation from a wide range of disciplines including behav-
iour, (stress- and neuro-)physiology as well as veterinary
science.

Although several papers have been published presenting
welfare indicators for aquaculture (e.g. see Huntingford
et al. 2006; Ashley 2007; Segner et al. 2012), to our knowl-
edge, SWIM is the first model to systematically assess the
overall welfare status of farmed fish based on the scientifi-
cally documented links to the basic needs of the fish and
practical on-farm measurements.

As in SWIM 1.0, the semantic modelling procedure for
SWIM 2.0 was derived from Bracke et al. (2002b) and De
Mol et al. (2006). An important focus of semantic model-
ling is to systematically review the scientific literature in
order to derive the welfare indicators and to weight these
indicators based on knowledge about how they affect
animal welfare. The procedure provides structured,
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dedicated steps to analyse the available literature and derive
WIs, weighting factors and welfare scores.

The process of creating the SWIM 2.0 model started with
an extensive literature review for statements about fish
health relevant to the welfare assessment of Atlantic salmon
farmed in sea cages. This ensures that the formulation of
WI levels and the calculation of WFs are based on indepen-
dent scientific statements, that is, statements that have not
been produced to confirm preconceived notions of the
importance of different WIs and how welfare should be
assessed.

It is also important to note that although the SWIM 2.0
model gives OWIs as output, its main purpose is to serve as
a diagnostic tool to identify indicators of reduced welfare
and encourage their targeted improvement. In addition,
the SWIM WIs also put focus on the farmer’s management
and recognize that farmers are essential players in the ani-
mal welfare equation highlighted by Aerts et al. (2006) as
an important aspect of an OWA. SWIM 2.0 now provides
an important backup for farmers by incorporating the
expertise of fish health professionals.

Health-related WIs have advantages. They are relatively
straightforward to measure and are routinely monitored in
modern aquaculture, thereby providing feasible tools to
evaluate fish welfare under practical farming conditions
(Segner et al. 2012). However, the link between health and
welfare is not necessarily simple (Huntingford et al. 2006).
In a health perspective, specific pathologies cannot always
be ascribed to observed clinical signs, and often a range of
external and internal factors may play a role, which may
complicate the assessment (McGavin & Zachary 2007). Sev-
eral deficiencies remain in our scientific knowledge about
fish diseases, for example, links between stress, immune
function and disease states; and relationships between
health and welfare (Huntingford et al. 2006). When screen-
ing the literature, we encountered many studies where wel-
fare-relevant parameters were excluded because their
scientific objective was not welfare related. In addition, and
despite its clear health relevance to the sea cage population,
few published papers were dedicated to ‘looser fish’ in the
salmon aquaculture.

A major criticism of semantic modelling is that it is sub-
jective; that is, the modeller has to decide on how to divide
the indicators into levels, which weighting categories are
appropriate for each indicator and which indicator and
weighting scores are to be assigned. These decisions are
indeed based on a partly subjective interpretation of the
meaning of the collected scientific information. This sub-
jectivity is, however, decreasing with increasing quality and
amount of available scientific information; more solid data
reduce the freedom of the interpretation of the data. The
model and the semantic modelling procedure itself are
objective, that is, the information is scientifically valid, and
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the semantic modelling procedure is formalized and has
been described and validated in detail elsewhere (Bracke
et al. 2002b, 2008; Bracke 2008, 2011). It is designed to take
the modeller’s point of view, as much as possible, out of
the equation (Bracke et al. 2002b, 2008; Bracke 2008).

One shortcoming of the SWIM models may relate to the
challenge of obtaining a representative sample of fish from
a sea cage containing thousands of individuals. Therefore,
the number of sampled fish and the sampling method are
important factors when evaluating the quality of the indi-
vidual welfare scores. Farmed salmon are normally sampled
from the surface using different types of nets. Some known
factors are likely to influence the sample precision: size-
dependent swimming depth in sea caged salmon (Folkedal
et al. 2012), highest sea lice infestation rate of sea caged sal-
mon in the upper cage meters (Hevrey et al. 2003), and the
fact that chronically ill and moribund salmon position
themselves close to surface and net wall (Stephen & Ribble
1995). Moreover, time of day with regard to hunger level is
likely to influence the sample as there is a positive correla-
tion between hunger level and surface attraction (Juell e al.
1994).

A series of health inspections and observations are
needed to determine the welfare status on the fish farm
throughout the production cycle (Segner et al. 2012). Also,
with frequent health inspections, in-depth evaluation of the
historical data is less essential. However, we suggest includ-
ing a retrospective and summary evaluation of the sea site
population after the time of harvest. To a large extent, the
salmon aquaculture industry is already recording environ-
mental and health data using sophisticated software (Aun-
smo et al. 2008b), and this may support the assessment of
fish welfare. A retrospective welfare assessment should
focus on analysis of production parameters such as inci-
dents of disturbance, handling routines, disease outbreaks,
cumulative and cause-specific mortality, obtained growth
rates and also slaughter house reports. A model for a retro-
spective welfare evaluation is proposed in a continuation of
the SWIM model concept.

Considering the semantic SWIM model in terms of its
transparency, it is likely that existing indicators may have
to be upgraded, and new indicators will be integrated as
new technology or scientific evidence develops or when
new health challenges arise. In particular, mortality bench-
mark studies on national levels are needed to support
short- and medium-term goals for industrial improvement.
Robust scientific backing of health- and function-related
overall welfare assessments (OWAs) may also be important
to receive necessary acceptance for legislation (Segner et al.
2012). Readers of this paper are encouraged to suggest
improvements in the model in terms of new WIs, specific
weightings, studies relevant to indicators or other
improvements in the model, making it more accurate and
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up to date. In addition, after the model has been tested in
field, the procedure and weighting are to be optimized so
that SWIM 2.0 users can rely on the model’s reliability and
validity. A first ‘validation’ of SWIM 1.0 and 2.0 will be
presented in a separate paper (Folkedal et al. In prep).

In conclusion, we have proposed a semantic SWIM 2.0
model for welfare assessment of Atlantic salmon in sea
cages. SWIM 2.0 contains 10 welfare indicators (WIs),
which may be assessed by fish health professionals so as to
improve the farmer-oriented SWIM 1.0 model. We antici-
pate that the SWIM 2.0 model can substantially contribute
to a standardized objective welfare assessment of Atlantic
salmon reared in sea cages.
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