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ABSTRACT

The quality of fresh fish is a concern for both the fishing industry and consumers in Sri Lanka
due to insufficient cooling practices and limited quality inspection. Sensory evaluation plays an
important role in assessing fish freshness and supporting quality control. This study evaluated
quality changes and shelf life of gutted farmed Atlantic salmon (Sa/mo salar) stored under sub-
chilled (SUBC) and ice-chilled (ICEC) conditions and assessed whether modifications to the
Quality Index Method (QIM) scheme are required for sub-chilled salmon. A total of 54 salmon
(average weight 4.42 + 0.73 kg) were divided into two groups (n =27 each). The SUBC group
was stored in ice at -2°C to 0°C until day 16 and then at 0°C to 4°C until day 23, while the
ICEC group was stored at 0°C to 4°C throughout the 23-day period. Three fish from each group
were sampled on nine storage days (1,4, 8, 11, 14, 16, 18, 21, and 23). Sensory quality of whole
fish was assessed using QIM, cooked samples were evaluated using Generic Descriptive
Analysis (GDA), and microbial quality was determined by Total Viable Counts (TVC).
Temperature loggers monitored storage conditions throughout the experiment. QIM results
showed that quality index scores increased linearly with storage time in both groups. Scores for
skin odour, skin texture, eye form, gill mucus, blood in the abdomen, and abdomen odour were
similar between treatments. However, SUBC salmon consistently received higher scores for
eye pupil and eye form attributes, while [CEC salmon showed higher scores for skin mucus and
gill colour after day 16. GDA indicated a decline in freshness characteristics over time, but no
spoilage attributes were detected. The only significant sensory difference was observed on day
23, when SUBC salmon displayed a fresher flavour than ICEC salmon. TVC remained within
acceptable limits in SUBC salmon, whereas ICEC salmon reached unacceptable microbial
levels on days 21 and 23. The results indicate that gutted farmed Atlantic salmon stored under
sub-chilled conditions have a shelf life exceeding 23 days in ice storage, while conventionally
iced salmon exhibit a shorter shelf life. No adjustment of the QIM scheme was considered
necessary for sub-chilled salmon.

Key words: Atlantic salmon (Sa/mo salar), subchilling, ice-chilling, Quality Index Method
(QIM), shelf life, sensory evaluation, Sri Lanka.
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1 INTRODUCTION

Sri Lanka is a small tropical island in the Indian Ocean, situated off the southern tip of India,
with an exclusive economic zone covering approximately 517,000 km? (Jianadasa, et al., 2014).
In 2021, the annual capture fisheries production was 331,675 metric tons, and the total annual
fisheries production, including aquaculture, was 435,910 metric tons (State Ministry, 2021).
These statistics indicated a 1.5% increase in seafood production compared to the previous year.
The total contribution of the fisheries subsector to the gross domestic product (GDP) was 1.1%
in 2021 (DFAR, 2022). Owing to its significant contribution to the national economy, efforts
are being made to further increase the fisheries sector's contribution to GDP (World Bank,
2021). As a result of some policy changes, the export earnings for fish and fishery products
reached approximately 26,749 metric tons in 2021, generating a record-high export income of
around $318 million compared to previous years (State Ministry, 2021). Additionally, the
fisheries sector provides nearly 586,000 employment opportunities across the country (DFAR,
2022).

Marine capture fisheries in Sri Lanka are broadly categorised into coastal and offshore fisheries,
with the coastal fisheries further divided into pelagic and demersal subsectors. Seasonal
demersal fisheries are prevalent in most coastal areas of Sri Lanka. Over 15 fishery resource
surveys have been conducted in Sri Lankan waters since 1920, predominantly focusing on
demersal resources (Samaranayake, 2003). Some of these surveys estimated the potential yield
of the demersal fishery in Sri Lanka. For instance, a survey conducted by the Dr. Fridtjof
Nansen research vessel (RV) between 1978 and 1980 estimated demersal fishery resources at
80,000 t (Samaranayake, 2003). After 40 years, in 2018, another survey was conducted by RV
Dr. Fridtjof Nansen in Sri Lankan waters. This survey recorded four main families of demersal
species (Carangidae, Lethrinidae, Lutjanidae, and Serranidae) with great potential for demersal
fisheries. The estimated total biomass for each family was 2, 695t, 1,876, 2, 720 t,and 1, 102
t for Carangidae, Lethrinidae, Lutjanidae, and Serranidae, respectively (Krakstad et al., 2018).
Additionally, the survey revealed a high potential for demersal fishery in Sri Lanka, particularly
for species such as groupers, snappers, and sweetlips, owing to the lower fishing pressure
(Gunasekara et al., 2019). These demersal fish species, including groupers and snappers, are
categorised as high-demand species among both local and foreign consumers, especially in
tourism areas of Sri Lanka (Samaranayake, 2003).

When considering the demersal fishery of Sri Lanka, most fishermen engage in fishing activities
using outer-fitted engine fibreglass-reinforced boats (OFRP), employing main fishing gear
types such as gill nets and purse seines. Typically, fishermen return to shore after 68 hours of
fishing, and the catch is packed in polystyrene boxes with ice. However, if fish are caught during
the daytime, they are exposed to the sun and wind, leading to increased core temperatures and
susceptibility to spoilage. Demersal fish species in Sri Lanka have high fat and water content
(normally 1-24% fat and 60-81% water), making them susceptible to spoilage if not cooled
promptly after capture (Mallikage, 2001). Proper handling and storage of fish at sea are essential
to ensure that the catch remains as fresh as possible until it is landed. An effective on-board
handling system is required to cool fish to a storage temperature just above the freezing point.

In Sri Lanka, the coastal fishery fleet mainly uses polystyrene boxes with crushed ice to cool
fish on board. However, this practice is not universal among boats engaged in demersal
fisheries. Consequently, the delayed cooling of fresh fish can significantly impact its quality.
To enhance fish freshness, the Sri Lankan government has regulated two main storage
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conditions: chilled and frozen. According to the amendment published in 2020 under the Food
ActNo. 26 of 1980, chilled fresh fish should be cooled to a temperature approaching the melting
ice range of -1°C to 4°C. Chilled fish should not be frozen, and the water should remain in the
liquid stage, while the chilled fish should maintain visual quality. Frozen fresh fish undergo
freezing until they reach a core temperature of -18°C (Gazette, 1980). However, these regulated
conditions are often not followed in the local retail market throughout the entire value chain
until reaching the consumer level, except by a few reputable seafood processing companies in
Sri Lanka. The quality of fresh fish is an important concern for both the fish industry and
consumers.

Atlantic salmon (Salmo salar) is in significant demand among consumers worldwide,
contributing to a global salmon consumption three times higher than that of the 1980s. It is
considered a luxury food and ranks among the most popular fish species in the US, Europe, and
Japan. Salmon aquaculture is the fastest-growing food production system globally, capturing
70% of nearly 2.5 million metric tons of the market. According to the FAO's State of World
Fisheries and Aquaculture report, Atlantic salmon and 21 other dominant species, such as
milkfish, collectively account for 75.6% of all finfish species in mariculture and coastal
aquaculture. With a production of 2.7 million tons in 2020, Atlantic salmon alone represented
a significant 32.6% share of marine and coastal aquaculture of all finfish species.

Freshness is the most important attribute in evaluating fish quality (Osibona and Ezekiel, 2014).
Various sensory evaluation methods exist to estimate the freshness and shelf life of whole fish
and fillets. Among these, the European Union (EU) scheme, which includes the Quality Index
Method (QIM) and Torry schemes (Martinsdottir, et al., 2001), is widely recommended and
documented. The Torry scheme, prevalent in the fish industries of several countries, assesses
the overall freshness of cooked fillets based on odour and flavour characteristics. Conversely,
the QIM method is esteemed for its cost-effectiveness, as it requires no specialised equipment
and relies solely on trained sensory assessors to perform the evaluations. Moreover, the QIM
method is renowned for its swiftness, reliability, and noninvasive nature, making it an ideal tool
for fish quality control management. However, it must be adjusted according to the sensory
characteristics of each species.

Recent studies have focused on developing Quality Index Method (QIM) schemes tailored to
individual fish species. These endeavours necessitate specific knowledge about fish species,
trained sensory assessors, and standardised storage experiments. In Sri Lanka, several QIM
scheme sensory evaluation studies have been conducted for pelagic fish species, including
spotted sardinella (Amblygaster sirm) (Perera et al., 2020), frigate tuna (Axis thazard)
(Ariyawansa et al., 2003), and various tuna species (frigate and yellowfin tuna) (Edirisinghe e?
al., 2019). However, there is a notable absence of published QIM scheme sensory evaluation
literature for common demersal fish species in Sri Lanka.

Given the high demand for demersal fish species in Sri Lanka, ensuring the freshness quality
of fish is paramount for both industrial and consumer ends in the country. Unfortunately, limited
attention has been given to developing knowledge for identifying the freshness quality of fish
using the QIM scheme sensory evaluation. Therefore, it is imperative to develop QIM schemes
for sensory evaluation tailored to the demersal fish species in Sri Lanka. Sensory evaluation is
the most practical, quick, reliable, and cost-effective method for developing countries such as
Sri Lanka.

GRO Fisheries Training Programme under the auspices of UNESCO 2
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The primary objective of this project is to gain knowledge and experience in the sensory
evaluation of fish, particularly focusing on freshness assessment and shelf-life studies of fish
stored under sub-chilled and ice-chilled conditions. This will involve the assessment of a
Quality Index Method (QIM) scheme to evaluate freshness and conduct shelf-life studies of
fish, particularly targeting commercially important diadromous fish species in Iceland.

The acquired knowledge and experience will be utilised to develop QIM schemes tailored for
commercially significant demersal fish species in Sri Lanka. Furthermore, the expertise gained
will be leveraged to train a team of sensory panellists, such as staff members of the Department
of Fisheries and Aquatic Resources (DFAR) and the National Aquatic Resources Research and
Development Agency (NARA). This aspect of the project holds significant value for developing
countries such as Sri Lanka, providing a method that is quick, applicable, reliable, and cost-
effective.

1.1 Project summary

The overarching objective of this project was to explore the application of sensory evaluation
in the Sri Lankan demersal fishery industry. This study involved the application of a sensory
evaluation method to assess fish freshness, specifically utilising the developed Quality Index
Method (QIM) in a comprehensive shelf-life study. This study evaluated the need to adapt the
QIM scheme developed for iced whole farmed Atlantic salmon (Salmo salar) to sub-chilled
conditions, employing trained panellists at Matis for evaluation in the shelf-life study. The
knowledge and technology garnered from this endeavour will be transferred to demersal fishery
species in Sri Lanka, facilitating the development of QIM schemes tailored for each species
under ice storage conditions.

1.2 Problem statement and background

In 1920, Le Danois described the super-chilling process for the first time, although the term
"super-chilling" or "deep-chilling" was not used (Zhou et al., 2010). The novel technology was
introduced based on the concept of sub-chilling, aiming to address the issue of temperature
fluctuation and lack of control in the processing of fresh salmon within the value-added supply
chain. The implementation of this technology was expected to result in improved quality of
fresh products and longer shelf-life, increased security in the value-added cold chain, and
reduction in production and logistics costs. However, despite advancements in technology,
there is a lack of simplified methods for producers and consumers to assess the quality of fresh
products, especially when compared to chemical or sophisticated instrumental (liquid/gas
chromatographic) food analysis methods. Therefore, sensory evaluation is an ideal tool for
identifying the quality of fresh products, given its applicability, speed, reliability, and cost-
effectiveness, particularly in developing countries such as Sri Lanka.

Furthermore, producers in Iceland, such as the salmon producer Arnarlax, have requested that
Matis revise or develop the existing Quality Index Method (QIM) for farmed Atlantic salmon
in ice for sub-chilled storage conditions. Arnarlax agreed to provide salmon samples free of
charge to facilitate the adjustment of the QIM for cultured Atlantic salmon in sub-chilled
storage. Arnarlax's expectation is the creation of a more accurate and reliable QIM for cultured
Atlantic salmon under sub-chilled conditions, along with well-explained publications on
sensory evaluation to assess the quality of the flesh and shelf life of the fish. Therefore, it is
essential to utilise trained sensory panellists for the development of QIM for farmed Atlantic
salmon under sub-chilled conditions.

GRO Fisheries Training Programme under the auspices of UNESCO 3
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Expanding the quality of flesh and shelf-life of farmed Atlantic salmon using sub-chilled
conditions will be advantageous for stakeholders in the country. Currently, they must spend a
significant amount of money on air freight to distribute their products worldwide to maintain
high-quality standards. The aim of the project is to evaluate whether adjustments of the QIM
scheme are needed for subchilled salmon and conduct a shelf-life study comparing the quality
attributes of salmon stored in ice and sub-chilled. The objective is to ensure that the freshness
of salmon could be accurately evaluated at any point during transport to the market. The aim of
this project is to evaluate the shelf life of salmon using sub-chilled storage. Such information
can be used by stakeholders to support the transition from air freight to shipping freight for
transportation worldwide. The ultimate results of the project will be advantageous to both
producers and consumers, particularly Arnarlax, as they seek accurate measures of the shelf life
of their sub-chilled salmon production. The ultimate results of the project will be advantageous
to both producers and consumers, as it will reduce transportation costs by switching from air
freight to shipping freight.

1.3 Project objectives

1. Assess the need to adjust the Quality Index Method (QIM) scheme for sub-chilled
farmed Atlantic Salmon (Salmo salar).

2. Conduct a shelf-life study of sub-chilled and ice-chilled whole fresh farmed Atlantic
Salmon (Salmo salar) stored in ice using the QIM scheme, Generic Descriptive Analysis
(GDA), and microbiological methods.

GRO Fisheries Training Programme under the auspices of UNESCO 4
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2 LITERATURE REVIEW
2.1 Farmed Atlantic salmon - Salmo salar (Linnaeus, 1758) and aquaculture

Salmo salar, known as Atlantic salmon, belongs to the Salmonidae family and inhabits marine,
freshwater, and brackish water environments. These salmon are categorised as demersal or
benthopelagic species because they occupy seabeds and river floors. Due to their spawning
behaviour, they are categorised as anadromous fish species. Atlantic salmon are distributed
naturally in the North Atlantic Ocean, temperate and arctic zones in the Northern Hemisphere,
and the Western Atlantic. In addition, Atlantic drainages from northern Quebec, Canada, to
Connecticut and New York, USA, geographically between 72°N - 37°N to 77°W - 61°E.
(Froese and Pauly, 2024). Biologically, amphihaline species spend most of their lives in
freshwater. They remain in freshwater for their first—6 years but then migrate to coastal marine
waters or even to open oceans, where they remain for 1-4 years before returning to freshwater
for spawning. After 1-4 years at sea, they migrate back to the upper reaches of their natal rivers
to spawn.

Atlantic salmon farming began in the 19" century in the United Kingdom in freshwater as a
means of stocking waters with parr to enhance wild returns for anglers. Marine cage culture
was first used in the 1960s in Norway for fattening salmon to a marketable size. (FAO
Factsheet, 2009) Fishing pressure on wild stocks has decreased due to intensive farming but
other problems have increased. According to the FAO (2022), the dominant species in marine
culture is salmon, which contributes to the global production of aquatic animals. In 2020, the
worldwide production of salmon was 2719.6 thousand tonnes of live weight, representing 32.6
percent of the total. Furthermore, the report mentioned that Atlantic salmon, with a production
of 2.7 million tonnes in 2020, accounted for a high 32.6 percent of marine and coastal
aquaculture among all finfish species.

Aquatic foods play a crucial role in maintaining a healthy and balanced diet. Even small
quantities of aquatic foods can significantly improve nutrition by providing essential nutrients
that may be scarce in plant-based diets. These foods offer high-quality proteins, essential amino
acids, vitamins (particularly A, B, and D), phosphorus, and minerals, such as iron, calcium,
zinc, iodine, magnesium, potassium, and selenium. They also serve as a primary dietary source
of heart-healthy omega-3 fatty acids (FAO, 2022). The nutrient content of aquatic foods varies
depending on the species. One significant distinction lies in fat content: species such as sardines,
salmon, and tuna are considered fatty, whereas cod and catfish are lean. The two omega-3 fatty
acids found in aquatic species are eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). As the human body does not produce omega-3 fatty acids, they must be obtained
through food. Although omega-3 fatty acids are present in all types of aquatic food, they are
especially abundant in fatty fish. Regular consumption of aquatic food contributes to
maintaining a healthy heart by reducing blood pressure and lowering the risk of stroke,
depression, Alzheimer's disease, and other chronic conditions.

According to FAO (2022), nearly 90 percent of the quantity (live weight equivalent) of traded
aquatic products consists of preserved products, with the majority being frozen. However,
owing to the demand for fresh aquatic products and advancements in packaging and logistical
technologies, the proportion of fresh products in trade volumes has increased over time. In
1976, fresh products accounted for 5.8 percent of the quantity (live weight) of traded aquatic
products, compared to 11.1 percent in 2020. The development of airfreight has facilitated the
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export of high-end fresh aquatic products such as farmed salmon and captured demersal finfish
species.

2.2 Fish storage techniques in ice

Freshly caught fish are prone to spoilage and require processing and preservation to extend their
shelf life. Preservation aims to maintain the quality of fish and fish products, particularly by
preventing microbial spoilage. According to Gokoglu and Yerlikaya (2015), preservation
involves storing excess fish, caught abundantly or produced in surplus, to be consumed fresh
during times of scarcity or when transported over long distances. Preservation methods vary in
terms of their effectiveness and the duration of shelf-life extension. The choice of method
depends on factors such as the product type, properties, available energy sources, storage
facilities, and cost considerations (Gokoglu and Yerlikaya, 2015). In some cases, combining
preservation methods may be necessary to achieve optimal results. Typically, fish preservation
begins on fishing vessels, where immediate cooling is essential to counteract accelerated
spoilage caused by high ambient temperatures. Chilling, refrigeration, and freezing are common
preservation methods used on board vessels and inshore facilities. Fish are transported to land
under cold conditions and stored in cold storage facilities until they are further processed or
marketed (Gokoglu and Yerlikaya, 2015).

2.2.1 Ice chilling

Chilling is employed to lower the temperature of fish to approximately 0°C. Although chilling
slows the spoilage process, it does not completely halt it. The effectiveness of chilling depends
on various factors, including the initial microbial load, chemical composition of the fish,
temperature, relative humidity, and air velocity (Gokoglu & Yerlikaya, 2015). Chilling is
particularly effective at inhibiting the growth of mesophilic and thermophilic microorganisms.
According to Gokoglu and Yerlikaya (2015), one of the most common and efficient chilling
methods involves the use of ice. In this method, the fish is fully surrounded by ice, leveraging
its excellent cooling capacity. As ice melts, it absorbs heat from the fish, effectively cooling it.
Additionally, chilled or refrigerated seawater (RSW) is used for fish chilling, a practice
commonly observed in onboard applications (Gokoglu and Yerlikaya, 2015).

2.2.2  Sub-chilling

In 1920, Le Danois described the super-chilling process for the first time, although the term
"super-chilling" or "deep-chilling" was not used (Zhou et al., 2010). Generally, super chilling
implies temperatures at the borderline between conventional chilling and freezing. The super-
chilling process has been defined differently by several researchers. Ando ef al. (2004) defined
it as the temperature zone below 0°C, where ice crystals are not formed. The concept of super
chilling technology was described by Beaufort et al. (2009), who reported that food is stored
just below its initial freezing temperature, or more precisely, the temperature of the food product
is lowered to 1-2 °C below its initial freezing point (Duun and Rustad, 2007). Magnussen et
al. (2008) described the terms "sub-chilling”, "partial-freezing”, or "shell-freezing" as a process
in which a minor part of the product’s water content (5%—-30%) is frozen. After initial surface
freezing (1-3 mm layer of ice), the formed ice absorbs heat from the food interior, eventually
leading to an equilibration of temperature between the interior and exterior during food storage
and distribution (Magnussen et al., 2008).

According to Kaale et al. (2011), the super-chilling method comprises two primary phases: the

super-chilling process and super-chilled storage. The superchilling process involves partial
freezing, resulting in ice formation along the edges of the product. Subsequently, during super-
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chilled storage, the product is kept at temperatures lower than the conventional chilling range
of 4-10°C. The super-chilling process can be delineated into two stages. First, the precooling
stage entails cooling the product to its initial freezing point. Second, the latent heat of
crystallisation is removed.

The primary reason for implementing super-chilling technology is its ability to combine the
favourable effects of low temperature with the conversion of some amount of free water into
ice (Kaale et al., 2014), thereby making it less available for deteriorative processes (Banerjee
and Maheswarappa, 2017). For shorter storage or transport periods, this process provides a
refrigeration reservoir, eliminating the need for external ice around the product (Wang et al.
2008). This approach reduces the amount of ice used during the supply chain, minimising
transport weight and costs, and has a positive impact on the environment (Bahuaud et al., 2008).
It has been used for the preservation of salmon fillets and seabass throughout the distribution
chain by utilising chambers with controlled temperatures of -1 to -3°C without ice (Chang et
al., 1998; Huss, 1998). However, for long-term storage, refrigeration under super-chilling
conditions (1-1.5 °C below the product’s freezing point) is necessary. The shelf life of
superchilled food is shorter than that of frozen food but longer than that of chilled food
(Banerjee and Maheswarappa, 2017). Compared to traditional chilling, it improves the shelf life
of foods by 1.5 to 4 times (Kaale et al., (2011). Gallart-Jornet et al. (2007) reported
superchilling as a promising method for minimising biochemical degradation, protein
denaturation, and structural damage in Atlantic salmon compared to frozen storage. However,
the main concern of this technology is the formation and growth of ice crystals (Einarsson,
1988, Duun and Rustad, 2008). At super-chilling temperatures, microbial activity is reduced,
and most bacteria cannot grow (Kaale, ez al., (2011), but autolytic, enzymatic, or other chemical
reactions may occur at a higher rate (Einarsson, 1988) or even accelerate, as reported by
Magnussen, et al., (2008).

For meat, fish, and seafood products, this technology will be a boon in extending their shelf
life. In addition to the cost of manpower and unit operations for freezing-thawing, the weight
loss of the products during these processes results in significant economic loss. As a commercial
practice, super-chilling can reduce the need for freezing/thawing of production buffers,
minimise labour and energy costs, and improve product yield (Zhou et al., 2010). It may also
reduce the processing time, thereby increasing the capacity of the chilling equipment.
Superficial ice formation in superchilled products protects them from temperature abuse.

Banerjee and Maheswarappa (2017) also mentioned that, in addition to improving shelf life,
companies claim that the super-chilling process can reduce energy use and waste. The energy
required to produce and distribute chilled and superchilled salmon was calculated. Although
more energy was required for super-chilling fish during manufacture, more fish could be packed
into each vehicle, and as no extra ice was required during transportation, the number of journeys
required was reduced. The extra energy used during the super-chilling process was equated to
fuel savings. The food industry is under constant pressure to produce fresh, additive-free fish
and meat products with extended shelf lives, and superchilling offers a cost-effective and simple
method for achieving this target. Research and trials so far indicate that some products respond
more favourably to super-chilling than others, such as fish, seafood, and meat, in which the
extensive use of this technology has shown promising results.

Some scientific investigations have revealed several advantages of using the super-chilling

process industrially. Extending the shelf life of fresh food products is essential in the industry.
Delivering food via air transport while keeping it fresh incurs costs both in terms of
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environmental and monetary costs. However, with super-chilling, products can be transported
by ships and arrive fresh. This is in contrast to chilled products, which have such a short shelf
life that they must be transported by air (Banerjee and Maheswarappa, 2017).

Freezing is another widely-used conservation method industrially, but it has downsides. When
thawed, the product is no longer fresh, and there is an additional economic cost of
freezing/thawing due to the weight loss of the product (Banerjee and Maheswarappa, 2017).
However, according to Magnussen et al. (2008), the industrial use of super-chilling can
decrease the use of freezing/thawing for production buffers. This reduction can lead to savings
in energy costs, labour, and product weight losses, thereby improving the yield (Zhou, et al.,
2010). Additionally, it can decrease the processing time, which increases the capacity of the
chilling equipment. Some superficial ice formation in super-chilled foodstuffs helps protect
them from temperature abuse (Banerjee and Maheswarappa, 2017).

Although more energy is needed to manufacture super-chilled products, more fish can be
packed into each transport vehicle as no extra ice is needed during transportation (Banerjee and
Maheswarappa, 2017). The transport of food products is more effective when there is no
external ice, as the products can be packed tighter, weigh less, and there is no latent spill water
during transport. In traditional chilling, ice adds an extra approximate 20-30% of the weight of
each box of fish (Magnussen et al., 2008), which is avoided with the use of super-chilling. Here,
the refrigeration capacity is stored within the product owing to the thin lining of ice along the
product’s edges, and the need for external ice is thus eliminated. Using super-chilling could
theoretically reduce the number of trucks exporting salmon from Norway to Europe by 20-30%
(Magnussen et al., 2008). However, there are requirements regarding whether the product is
intended to be further stored as super-chilled or to be thawed and stored as chilled. Furthermore,
a break in the cold chain leading to an increased product temperature would also mean that it
would take longer for the product to return to the desired temperature (Duun, 2008). No ice
should form on the surface of the products during traditional chilling processes. Therefore, the
driving force for heat removal is very low, particularly for thick products, where internal heat
transfer is slow owing to low thermal conductivity and a long thermal conduction path.
Consequently, traditional industrial chilling is time-consuming. For comparison, a common size
salmon (4-5 kg) can be chilled from 15 to 2°C in approximately 2 h at -1°C (Magnussen et al.,
2008). The super-chilling process (partial freezing) can be applied both before traditional
chilled distribution or before super-chilled storage, where the refrigeration capacity is stored in
products. It can also be applied to fishing in offshore waters, where there is insufficient ice to
maintain the quality of the catch.

2.3 Fish freshness and shelf life

Fish freshness is a crucial factor in ensuring food safety. Maintaining high-quality fish
throughout the complex chain from catch to consumption is essential. Botta (1995) cited 15
different definitions of quality, ranging from general statements to consumer perspectives,
highlighting the complexity of defining quality. Nielsen and Hyldig (2004) emphasised that
quality cannot be simply defined and varies depending on the context and species, influenced
by biological and technical parameters. We agree with this perspective and believe that
chemical parameters should also be considered.

Seafood is highly perishable (Defoe, 2015). Martinsdottir et al. (2002%) noted that the

deterioration process begins as soon as seafood is caught, affecting its quality as a food product.
Changes in the composition and structure of seafood due to biochemical, physical, enzymatic,
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and bacterial processes negatively impact its sensory quality. Bremner (2000) described quality
as a multidimensional concept influenced by various parameters affecting a product's quality.
However, producing high-quality food requires detailed information on the quality of raw
materials and products.

Most of the super-chilled studies highlighted farmed Atlantic salmon as a rich source of
essential polyunsaturated fatty acids, potentially enhancing the nutritional level of the growing
population. However, Atlantic salmon tends to have a shorter shelf life than most other food
products because of its high polyunsaturated fatty acid content and susceptibility to microbial
spoilage. Earlier studies have indicated that the use of sub-chilling can extend the shelf life of
Atlantic salmon Go6koglu and Yerlikaya (2015).

Quality changes during the storage of salmon occur due to various biological, chemical, and
physical factors affecting the body of the salmon, both externally and internally. These factors
include drip loss, water content, cell tissue fluid, pH, temperature, colour, microbial growth,
primary and secondary oxidation product content, and protein solubility. Biologically affecting
factors associated with cultured salmon include the size of the fish, sex, maturity stage, stress
before slaughter, parasitic attachment, fish tissue anatomy and structure, rigor stage, muscle
thickness, and lag phase of spoilage microbes. Additionally, chemical factors such as the fish
feeding regime during aquaculture, nutritional composition, protein content, fat content, water
content, oxidation states, protein denaturation, and pH in the muscle tissue play significant
roles. Physical factors, such as temperature, cell tissue fluid, and drip loss, also have a notable
impact. These factors directly or indirectly influence the quality of the fish and the shelf life of
the salmon. (Doyle, (1989); Sveinsdottir, et al., 2002; Martinsdottir, et al., 2003; Bahuaud, et
al., (2008); Duun and Rustad, (2008); Sebra and Pedrosa, (2010); Kaale, (2011 and 2013);
Gokoglu, and Yerlikaya, (2015); Kaale and Eikevik, (2016); Ochiai and Ozawa, (2020)).

Superchilling prolongs the shelf life of food compared to conventional chilling (Duun, 2008).
Furthermore, the shelf life of super-chilled products is much lower than that of frozen products,
as a larger proportion of the bulk water remains unfrozen compared to frozen products.
However, there is less structural damage in super-chilled foods because of a lower degree of
freeze denaturation and drip loss. Kaale and Eikevik (2016) found that super-chilled foods have
many advantages over traditional chilling or freezing. At traditional chilling temperatures,
many spoilage microorganisms are highly active, and pathogenic bacteria can grow and produce
toxins. Therefore, it is necessary to lower the temperature as much as possible without
damaging the product. This is done in super-chilling, where a mix of partial freezing and storage
at low temperatures extends the shelf life of the product by drastically reducing microbial
activity (Duun and Rustad, 2008).

The initial freezing point of most foods typically falls within the range of -0.5 to -2.8°C. In the
super-chilling process, the temperature of the food product is reduced to 1-2°C below this range
(Duun and Rustad, 2007), which corresponds to 5-30% of the water inside the products forming
ice (Wu et al., 2014). This temperature is sufficiently low to maintain the taste of products
resembling fresh food after thawing. The initial surface freezing results in approximately a 2
mm layer of ice along the product’s surface (Kaale ef al., 2013), ultimately leading to
temperature equilibrium between the exterior and interior during storage (Magnussen et al.,
2008). This ice formation acts as a refrigeration capacity stored within the product, thereby
eliminating the need for external ice.
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Martinsdottir (2004) emphasised that using sensory methods to evaluate food provides valuable
information on food quality. Martinsdottir et al. (2003) highlighted that freshness is a key
element in consumers' assessment of fish quality. Fish are perishable with a limited storage life
and are highly dependent on various factors during handling and storage from catch to
consumer. Defoe (2014) also discussed the complexity of freshness, noting its varied
interpretations, from wild-caught to unfrozen or unprocessed, and even "fresh frozen". Defoe
(2014) further stated that quality is linked to freshness, with freshness being essential for quality
but not an inherent quality factor.

The shelf life of food refers to the maximum duration for which a specific product remains
suitable for human consumption (Tamarit, 2018). For fish, this period extends from the time of
catch until it becomes fit for human consumption (Huss, 1995). Various factors influence fish
quality, including environmental conditions (such as fishing grounds and seasons), fishing
practices, handling and storage conditions, and bleeding and gutting procedures (Dowlati et al.,
2013). Additionally, the method of catching, overall handling, and fish processing affects fish
freshness (Massaquoi, 2011).

Doyle (1989) highlighted that the shelf life of seafood is primarily determined by temperature,
which controls the rate of bacterial spoilage, enzymatic activity, and fat oxidation reactions.
The spoilage rate decreases at lower temperatures, extending the period of human consumption.
Thermometer data loggers are commonly used to monitor temperature fluctuations during shelf
life studies (Tamarit, 2018). In normal aerobic chilled storage, the shelf life of fish and fish
products is limited by the growth and biochemical activities of specific aerobic spoilage
organisms, primarily bacteria. However, cooling to temperatures close to melting ice (0 °C)
significantly extends the shelf life of fish and fish products by slowing enzymatic and
microbiological activity.

Research studies have investigated the shelf life and storage temperatures of various fish
species. According to Magnusson, et al., (2010), the freshness declines of whole fish stored in
ice depending on the fish species and ambient temperature. The characteristic flavour of fish
typically develops after catch and during the initial days of storage, while changes in appearance
and texture occur later during storage (Church, 1998). The extent of these sensory changes
varies considerably depending on the species and storage methods (Huss, 1995; Church, 1998).

Rigor mortis is a significant change that occurs after the death of the fish. Cooking fish in the
pre-rigor stage results in a soft and pasty texture, whereas cooking in the rigor stage leads to a
tough but not dry texture. Post-rigor stage cooking results in firm, succulent, and elastic flesh
(Huss, 1995).

Seabra and Pedrosa (2010) mentioned that certain compounds, such as astaxanthin found in
Atlantic salmon flesh, can influence the shelf life of the product. Astaxanthin, a red carotenoid
pigment, possesses significant antioxidant properties that mitigate the detrimental effects of
oxidation in food products. This compound occurs naturally in various seafood, including
salmon, which obtain it through their diet of zooplankton, insects, or crustaceans that have
ingested microalgae that produce astaxanthin. Research indicates that astaxanthin effectively
reduces lipid peroxidation while preserving the membrane structure. Additionally, it has
beneficial effects in mitigating chronic diseases, cardiovascular diseases, muscular
degeneration, and cancer (Seabra and Pedrosa, 2010). Consequently, the addition of astaxanthin
could further prolong the shelf life of the product.
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According to Coultate (2016), lipids represent a challenging group to categorise, linked by their
insolubility in water yet solubility in non-polar solvents like chloroform. Fatty acids, a crucial
component of many lipids, significantly contribute to the properties of food owing to their
structure. They serve as vital energy sources for most animals, particularly fish. Lipid oxidation,
also known as oxidative rancidity, occurs when oxygen interacts with unsaturated fatty acids in
an auto-oxidation reaction, resulting in the formation of several chemical products associated
with product degradation. This reaction is highly undesirable and prevalent in foods rich in
polyunsaturated fatty acids (PUFA) because the a-methylene groups ( CH2-groups adjacent to
the double bond) are susceptible to oxidation.

Council (1985) revealed that the microbes responsible for the deterioration of a food product
greatly depend on the initial flora of the food and the processing methods applied. According
to Forget (2010), the flora of salmon typically consists of psychrotrophic aerobic or facultative
anaerobic bacteria. However, the composition of this flora may change during storage. The
bacterial growth curve encompasses four primary phases: lag, logarithmic, maximum
stationary, and decline. The lag phase may be extended by various processing methods,
conservation techniques, and storage conditions, consequently enhancing the shelf life of the
product (Forget, 2010).

Drip loss is a critical factor in industrial approaches because it is undesirable and leads to
economic losses by reducing product weight (Kiessling, 2004). Additionally, it results in
nutrient loss (Dunn, 2008; Turan, 2003). As water leaks out, various compounds exit with it,
including sarcoplasmic, water-soluble proteins (Devahastin, 2010). The pH and ice crystal
formation significantly influence drip loss, as most of the bulk water shelves within the
myofibrillar network. Larger ice crystals can break down more muscle tissue, leading to leakage
as the network collapses (Devahastin, 2010). A decrease in muscle pH creates an acidic
environment, triggering the release of lysosomal cathepsin, which further breaks down muscle
tissue. Consequently, the network holding the water collapses, resulting in water release as drip
loss. The structure of muscle tissue fractures from ice crystal formation and breakdown of
myofibrillar proteins, causing cell contents to leak out along with leaking extracellular fluid,
contributing to drip loss. Drip loss, such as that occurring during freezing/thawing, is
undesirable for both consumers and producers, as it not only leads to economic losses but also
facilitates faster microbial growth of the thawed product. Many nutrients are water-soluble and
exit fish tissue in drip loss, serving as food for microorganisms, which proliferate faster owing
to easy access to oxygen. This accelerated microbial growth shortens the shelf life of the
product. Moreover, as water freezes, it damages cell structures and increases the solute
concentration of the remaining water, resulting in more available water lost as drip during
thawing (Devahastin, 2010).

Proteins can undergo various changes, such as oxidation reactions, freeze denaturation, or
interactions with lipid oxidation products, all of which tend to render proteins insoluble
(Lushchark, 2007). Additionally, freezing a product can induce freeze denaturation of proteins
due to several stresses, including ice formation, changes in solute concentration resulting from
water crystallisation, and subsequent pH alterations (Lushchark, 2007). Moreover, the
oxidation of myofibrillar proteins increases during postmortem muscle storage (Martinaud et
al., 1997). Myofibrillar proteins constitute approximately 66-77% of the total muscle proteins
(Ge et al., 2020). While these proteins are insoluble in water, they are soluble in solutions with
high salt concentrations (>0.3M). Furthermore, Bhat (2018) explained that oxidation in
postmortem muscle also affects protein activity by either inactivating or modifying calpain
activity, which is an intracellular enzyme system.
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The peroxide value (PV) is a crucial measure for assessing the decomposition status of flesh
products, particularly in fish. The formation of peroxides, quantified by PV, is regarded as an
indicator of the rate of primary oxidation, whereas the thiobarbituric acid (TBA) value indicates
secondary oxidation (Milijasovic et al., 2017). Low PV values suggest minimal amounts of
primary oxidation products, indicating either low oxidation levels or the breakdown of primary
oxidation products into secondary products. Peroxides act as intermediates in this process, and
the PV value reflects the disparity between the formation and decomposition of peroxides
(Velasco et al., 2010). Primary oxidation products have the potential to decompose into various
volatile and non-volatile compounds. The rate of primary oxidation product decomposition can
outpace their formation, leading to low PV values despite a higher degree of lipid oxidation
(Matthdus and Rubner, 2010).

During storage, there is a delay before the primary oxidation products accumulate, as measured
via PV titration. The rate of primary oxidation buildup is expected to rise after a few days of
storage, followed by a decline as primary oxidation products transform into secondary oxidation
products. Consequently, an initial increase in PV values is anticipated, followed by a decrease
as secondary oxidation products accumulate.

2.4 Method to evaluate fish quality

2.4.1 Sensory evaluation

Sensory evaluation is the principal method for assessing seafood freshness. It involves the
analysis of food sensory characteristics using the human senses. In the fisheries sector, sensory
evaluation provides valuable information on fish freshness and quality based on parameters
such as appearance, odour, flavour, and texture. Subjective methods rely on assessors'
preferences and product acceptability, which can introduce bias among the assessors. This
method is commonly used in market research and product development (Huss, 1995).

In fish sensory evaluation, objective descriptive methods are employed using a group of trained
assessors (Martinsdottir ez al., 2009). In this method, structured scales describing the nature and
intensity of the quality parameters are used for evaluation. Various grading schemes have been
established for the sensory evaluation of whole and cooked fish. The European Union (EU)
schemes and Quality Index Methods (QIM) are utilised for evaluating the freshness of raw
whole and gutted fish, while the Torry scheme and Quantitative Descriptive Analysis (QDA)
are employed for evaluating cooked fish (Martinsdottir ef al., 2001).

2.4.1.1 Quality Index Method

Huss (1995) mentioned the following in an FAO publication: QIM is based on significant
sensory parameters for raw fish, utilising multiple parameters and a scoring system ranging
from 0—4 demerit points. QIM employs a practical rating system in which fish are inspected
and appropriate demerit points are recorded. The scores for all characteristics are then summed
to give an overall sensory score, known as the quality index. The QIM assigns scores of zero
for very fresh fish, with larger totals indicating greater deterioration as the fish age.

The most recommended and widely published method is the European Union (EU) scheme,
which includes the Quality Index Method (QIM) and Torry schemes (Martinsdottir, et al.,
2001). The QIM Eurofish, 2001, published by Martinsdottir et al. (2001), is considered an ideal
tool for determining the quality of fish freshness. Different fish species exhibit various sensory
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changes during their spoilage. Therefore, the QIM in Eurofish is based on well-defined
characteristic changes that occur in raw fish (Martinsdottir ef al., 2001).

Scores ranging from 0 to 1, 0 to 2, and 0 to 3 are assigned for changes observed in the odour,
texture, and external appearance of the gills, skin, and eyes, as outlined in the grading scheme.
A score of zero indicates very fresh fish, with a significant increase in the score as freshness
declines. The Quality Index (QI) provides an overall sensory score summarising the scores for
all assessed characteristics. Subsequently, QIM schemes have been developed for various fish
species, including bogue (Boops boops) (Bogdanovi¢ et al., 2012) and blackspot seabream
(Pagellus bogaraveo) (Sants Ana et al., 2011). QIM schemes have also been developed for raw
fish fillets because of the specific sensory changes observed in different fish species. Bonilla,
et al. (2007) established a QIM scheme for fresh cod (Gadus morhua) fillets based on species-
specific characteristics such as colour, odour, texture, gaping, and appearance.

2.4.1.2 Descriptive analysis

According to Huss (1995), descriptive testing is a simple method used to assess a single
attribute, such as texture, flavour, or appearance. This method, known as descriptive analysis,
can generate a comprehensive description of fish products and has been developed by scientists.
This provides a quantitative description of products based on the perceptions of a group of
qualified panellists (Defoe, 2017). According to Stone and Sidel (2004), the descriptive test is
a very dynamic system in which the panel leader must make numerous decisions when
organising a panel through screening, training, and product evaluation. Without sufficient
knowledge, inadequate or incorrect product decisions are made. A basic strength of the GDA
method is the ability to independently verify (after each test) that individuals perceive
differences among products on attributes in a reliable manner. This is directly measured using
one-way analysis of variance for each panellist for each attribute. The need to monitor the
performance of each panellist in each test reflects the awareness of the sensory limitations of
humans (Stone & Sidel, 2004). Flavour profiling is an excellent approach for describing
products. The freshness of both whole fish and fillets can be determined through the sensory
evaluation of cooked flesh. Sensory evaluation of cooked fish fillets involves the assessment of
appearance, flavour, odour, and texture by a sensory panel. A descriptive scale with 10 points
has been developed for lean, medium-fat, and fatty fish species, known as the Torry method. A
score of 10 is assigned to fish with a very fresh taste and odour, while a score of 3 indicates
spoilt fish, and an average score of 5.5 suggests that the fish is nearing its limit for human
consumption due to the detection of off-flavour and odour attributes associated with spoilage
(Martinsdottir, et al., 2001). Scores below 3 are considered unfit for human consumption.
Therefore, it is possible to determine the maximum storage time of fish through the sensory
evaluation of cooked fish samples. In addition to providing a detailed description of the sensory
profile of a product, the maximum storage time of fish can be determined using GDA
(Sveinsdottir, et al., 2002).

2.4.2 Microbial analysis

Microorganisms are typically found on externally exposed areas of live and newly caught fish,
such as the skin, gills, and intestines (Huss, 1998; Bataringaya, 2007). The microbial profile of
fish after capture depends on environmental conditions and the microbial quality of water
(Shewan, 1977). Other factors influencing microbial growth include temperature, salt content,
and natural bacterial flora (Feldhusen, 2000). Fish caught in very cold and clean water
environments tend to have lower bacterial counts than those caught in warm water
environments (tropical regions). When fish die, bacteria multiply, initially on the skin, and
during storage, they invade the flesh of the fish (Huss, 1998; Bataringaya, 2007). Sveinsdottir
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et al. (2002) revealed that the number of bacteria on newly caught fish skin varied from 1072
to 10n7 CFU/ecm”2. The TVC on newly caught fish skin was 10"3 CFU/cm”2. Additionally,
newly slaughtered salmon contained a total viable count (TVC) of approximately 10 CFU/g in
the flesh. If the flesh of healthy, live, newly caught fish is sterile, it is due to the fish's immune
system. However, upon death, the immune system collapsed, leading to the termination of the
microbial lag phase and the potential onset of exponential growth if not preserved using
appropriate preservation methods.

Spoilage of marine temperate water fish is characterised by the development of offensive, fishy,
rotten, and H>S odours and flavours. This differs for different types of fish; tropical and
freshwater fish are more likely to develop fruity and sulfhydryl odours and flavours (Gram and
Huss, 1996). Microbial examination of fish evaluates the potential presence of bacteria or
organisms that may pose a public health risk. It also serves as an indication of the hygiene and
quality of fish, reflecting factors such as temperature abuse and hygiene conditions during
handling (Lauzon, ef al., 2010). The number of specific spoilage bacteria provides information
on the remaining shelf life, with higher counts indicating a more advanced stage of spoilage
(Huss, 1995). For microbiological assessments, it is recommended to use measurements of
specific spoilage organisms or Total Viable Counts (TVC) (Olafsdottir, et al., 1997). Various
peptone-rich substrates containing ferric citrate have been employed for the detection of HS-
producing bacteria, such as Shewanella putrefaciens, which form black colonies due to the
precipitation of Ferrous Sulphide (FeS) (Huss, 1995). In aerobic storage conditions, levels of
1078-10"9 CFU/g of specific spoilage bacteria in the flesh are required to cause spoilage during
ice storage (Gram and Huss, 1996). The ice-chilled salmon was microbiologically rejected
when compared to the 10"5 CFU/g (log CFU/g = 5.0) threshold in the flesh of whole salmon,
which led to rejection at 20 days, as reported in Sveinsdottir, et al. (2002).

2.4.3 Chemical analysis

The chemical composition of fish is another important factor that directly affects fish quality
and sensory characteristics (Huss, 1988). Autolytic changes are responsible for the initial loss
of quality in fresh fish, but their contribution to the spoilage of chilled fish and fish products is
minor. Autolytic changes are of great importance in frozen fish (Huss, 1995). Chemical
compounds developed in naturally spoiling fish and sterile fish indicate that most volatile
compounds are produced by bacteria (Shewan, 1962). Typically, many specific spoilage
bacteria on fish can use Trimethylamine N-Oxide (TMOA) as an electron acceptor in anaerobic
respiration. The reduced chemical compound trimethylamine (TMA), which is one of the
leading components of spoilt fish, generates a fishy odour (Dalgaard et al., 1993). Bacterial
activity is inhibited, and TMOA is broken down by autolytic enzymes into dimethylamine
(DMA) and formaldehyde (FA). The formation of formaldehyde causes increased denaturation
of fish tissue, changes in texture, and loss of water retention capacity (Huss, 1995). Fat
oxidation usually occurs after autolysis and bacterial spoilage when fresh fish are iced. The
formation of hydroperoxides is the first step in the oxidation process, and although tasteless, it
causes brown and yellow discoloration of fish tissue (Huss, 1995).

The chemical method involves analyzing a sample to determine the concentration of a specific
chemical (Howgate, 1982). Various chemical methods are used to measure total volatile bases
(TVB) in fish, but with each change, the fish or fish extract is made alkaline. Owing to the
chemical change, the generated bases are distilled off, collected, and measured by titration. An
established method for determining TVB-N is based on the water stream distillation of a
perchloric acid extract (Oehlenschlager, 1997). According to European Commission Regulation
No. 2074 (2005), unprocessed fishery products are regarded as unfit for human consumption
when sensory assessment raises doubts regarding freshness and chemical analysis reveals that
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TVB-N has exceeded certain limits for specific fish species, such as 25 mgN/100 g maximum
for perch species, 30 mgN/100 g for flatfish, and 35 mgN/100 g for white lean fish (cod and
haddock).
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Experimental design

The experiment was conducted at Matis laboratories in Reykjavik, Iceland
design is illustrated in Error! Reference source not found..
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Figure 1. Flow chart for the experimental design for shelf-life study of super-chilled and ice
chilled farmed Salmo salar (salmon) whole fish storage at 00C to 40C with crushed ice in

polystyrene boxes.

Group I, SUBC salmon, was transferred to a 0-2°C storage room on day 16, as a storage
temperature of -2°C was utilised during sea transportation, which typically takes around 10 to
14 days. Three fish from both ICEC and SUBC salmon were taken out each day (1, 4, 8, 11,
14, 16, 18, 21, and 23), and microbial analysis and sensory evaluation (Quality Index Method -
QIM and Generic Descriptive Analysis — GDA) were conducted for the shelf-life study in ice
storage according to Table 1.
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Table 1. Sampling schedule during the study period.

Experiment No of dates in ice = Microbiological Sensory evaluation
date storage Analysis QIM GDA
Evaluation Analysis

05.03.2024 01 X X X
08.03.2024 04 X

12.03.2024 08 X

15.03.2024 11 X X X
18.03.2024 14 X

20.03.2024 16 X X X
22.03.2024 18 X X X
25,03,2024 21 X X X
27.03.2024 23 X X X

3.2 Raw material

The cultured amphihaline fish species Salmo salar Linnaeus, 1758 (Atlantic salmon) was
gutted, and whole fish were used for the study. The raw materials were provided free of charge
by Arnarlax, one of the biggest producers of cultured salmon in Iceland. A total of 54 salmon
fish (4.24 £ 0.73 kg) were provided by Arnarlax within 1 d of slaughter. Half of the fish (n=27)
were pretreated using the super-chilling technique and then packed in polystyrene boxes with
ice (SUBC). The remaining 27 fish were cooled with ice and packed in polystyrene boxes with
ice (ICEC). Both ICEC and SUBC boxes included three salmon fish each and were transported
to Matis for the study. The SUBC salmon boxes were stored in a -2 °C refrigerated cool room
for 16 days before being transferred to the 0°C to 4 °C cool room for the remainder of the
experimental period. Conversely, the ICEC salmon boxes were stored in 0°C—4 °C cool rooms
throughout the entire 23-day experimental period.

3.3 Temperature monitoring

Button temperature loggers (DS1922L/T) were used to measure and record the temperature
every 15 min during the ice storage period. Arnarlax staff placed eight button temperature
loggers in one selected ICEC and SUBC box as follows: two temperature loggers were placed
on the outside of the polystyrene box, another two were placed on the wall inside the box, two
were placed on the fish, and the remaining two were inserted into the flesh of the fish, closer to
the back fin. All temperature data loggers were installed on 4 March 2024 and recovered on 23
March 2024 at the end of the shelf-life study of ICEC and SUBC cultured Atlantic salmon
stored in ice.

3.4 Sensory evaluation

3.4.1 QOIM

Three fish from each group (ICEC and SUBC) were placed on a clean white table for 45 min
before the QIM evaluation. Each fish sample was coded with a three-digit random number. All
physical observations were conducted under standardised conditions at room temperature and
under white fluorescent light. For the fish, the side from which samples were taken for
microbiology faced down, as shown in Figure 2.
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Figure 2. Salmon sample arrangement for QIM sensory evaluation.

The QIM scheme for cultured Atlantic salmon (Salmo salar), as explained in the QIM Euro-
fish Sensory Guideline (Martinsdottir et al., 2001), was utilised for the alteration of the QIM
scheme for the same species stored with chilled ice in polystyrene boxes after the SUBC
pretreatment and ICEC conditions. A detailed description of both groups was completed during
the ice storage period, representing dates 1,4, 8, 11, 14, 16, 18, 21, and 23 (end of the expected
shelf life). The QIM assessments were conducted by trained panellists at Matis and by 2-4
GRO-FTP fellows (who were trained in QIM sensory evaluation of cod). The Quality Index
(QI) was obtained following the quality index method scheme for farmed Atlantic salmon, as
indicated in Appendix A.

34.2 GDA

For the GDA analysis, whole salmon from both the ICEC and SUBC groups were filleted after
the QIM sessions, and samples weighing approximately 40-50 g were taken from the loin part
of the fillets. The samples were placed in aluminium boxes coded with three-digit random
numbers. Subsequently, the samples were cooked at 100°C for seven minutes in a pre-warmed
Convostar oven with air circulation and steam (Figure 3).

Figure 3. Preparation of cooked samples for GDA sensory evaluation in Matis.

Generic descriptive analysis (GDA), as introduced by Stone and Sidel (2004), was utilised to
evaluate cooked samples of salmon in two groups: ICEC and SUBC. An unstructured scale
ranging from 0 to 100% was used to describe specific attributes such as odour, flavour,
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appearance, and texture. However, in this study, the GDA panellists focused solely on the odour
and flavour (Table 2). The sensory evaluation of the cooked salmon was conducted as shown
in Table 3. The panellists observed differences in the odour and flavour of the cooked salmon,
with replicates of both ICEC and SUBC provided in the same area of the fillet. Red light was
used to mask the appearance during evaluation.

Table 2. Sensory attributes (odour and flavour) evaluated according to Generic Descriptive
Analysis for cooked salmon

Sensory attribute Short name Description of attribute

Odour
01 Sweet, characteristic O-sweet Sweet characteristic odour of boiled salmon
02  Fresh oil 0-oil Fresh unspoiled fish oil
03  Spoilage sour O-sour Spoilage sour, spoilage characteristic
04 Rancid O-rancid Rancid odour, spoilage characteristic
05 Queasy sweet O-queasy Queasy sweet, spoilage characteristic
06 Putrid O-putrid Putrid odour
07  Spoilage odour O-spoilage  Overall spoilage odour

Flavour
08 Sweet, characteristic F-sweet Sweet characteristic flavor of boiled salmon
09  Fresh oil F-oil Fresh fish oil
10 Spoilage sour F-sour Spoilage sour, spoilage characteristic
11 Rancid F-rancid Rancid flavour, spoilage characteristic
12 Queasy sweet F-queasy Queasy sweet, spoilage characteristic
13 Spoilage flavour F-spoilage Overall spoilage flavour

Twelve panellists participated in the GDA. Both ICEC and SUBC cooked salmon samples were
evaluated by four to eight trained panellists in each session. The panellist’s participation is
indicated in Table 3, and only one panellist participated in all the GDA sessions. Maintaining
continuity in the panellists’ participation was a challenging task due to their scheduled work
and the Easter vacation.

Table 3. The panellist’s participation to the GDA evaluation

Panellists Ice storage period/Days
01 11 16 18 21 23

01 X X X X X X
02 X X X X X
03 X X X X
04 X
05 X
06 X X
07 X X X X
08 X X
09 X X X
10 X X X
11 X X
12 X X X X

Total # each day 07 06 08 06 06 05
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All panellists had been trained according to international standards (EN ISO 8586:2014),
including the detection and recognition of tastes and odours, the use of scales, and the
development and use of descriptors. Each panellist evaluated duplicates of each test group in a
random order (four samples per session). Data collection was facilitated using a computerised

system (FIZZ, Version 2.51C, 1994-2014, Biosystémes).
3.5 Microbial analysis

Flesh samples from both salmon groups (ICEC and SUBC) were collected for microbiological
analyses. Samples were collected from fresh salmon after different ice storage periods (1, 11,
16, 18, 21, and 23 days) before initiating sensory evaluation. Total Viable Counts (TVC) were
determined on molten nutrient agar using the pour plate method. Each sample (20 g) was
minced using a laboratory-grade blender. The minced sample was then diluted with 200 ml of
cooled Maximum Recovery Diluent (MRD, Oxoid, UK) and homogenised in a stomacher bag
for one minute. Serial 10-fold dilutions were prepared using 9 ml of cooled MRB. After
completing the dilutions, the TA plate solution was spread onto the plates, which were then
incubated at 17°C for 5 days. The total number of colonies was counted using a colony counter,
and the total viable bacterial count was calculated as colony-forming units (CFU) per gram (g)
of the sample. Each colony on the plate represented one bacterium in the fish tissue.

3.6 Data analysis

Microsoft Excel Professional Plus 2016, which is part of the Office 365 software package, was
used for various analytical tasks. It was employed to compute the means for parameters such as
Total Viable Count (TVC), Quality Index Method (QIM), and other necessary calculations.
Additionally, it was used to create plots against storage time. Furthermore, Excel facilitated the
calculation of the linear regression and correlation equations for the QIM analysis. To analyse
whether the ICEC and SUBC groups differed in QI scores with respect to ice storage time, an
ANOVA was conducted to compare the p-values using R (version 4.3.3 for Windows). Each
panellist's performance was evaluated using the Panelcheck V1.4.0 (Nofima, Tromse, Norway)
software package. Statistical analysis of the results was conducted using the NCSS 2000
(NCSS, Utah, USA) software package and Microsoft Excel 2016. Analysis of variance
(ANOVA) using the General Linear Model method and Duncan’s post hoc test were employed
to perform multiple comparisons on GDA data. The data for each sampling day were analysed
as separate datasets. A significance level of p < 0.05 was applied in the ANOVA; values below
this threshold indicated significant differences between the samples of each group (ICEC and
SUBC).
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4 RESULTS
4.1 Temperature fluctuation in storage

The experiment commenced on 5 March 2024 and concluded on March 27%, 2024 (1-23 days
period). Subchilled (SUBC) salmon boxes were stored in a cool room at -2°C to 0°C, whereas
ice-chilled (ICEC) salmon boxes were stored in a cool room at 0°C to 4°C. Four button
temperature loggers were placed in one selected box from each group, as listed in Table 4. Eight
button temperature loggers were recovered from the boxes, and the data were provided as an
Excel file. One data logger, which was placed on ice inside the ICEC box, failed to obtain
readings because of technical issues. Additionally, data from three temperature loggers (No. 3,
7, and 8) were erased due to recent data overwriting previously recorded data. However, the
loss of data did not affect the measurement of the overall temperature fluctuations during the
study period. The remaining temperature data are presented as a temperature range and average
temperature, with the standard deviation calculated using a total of 20,565 temperature data
points, as shown in Table 4.

Table 4. The button temperature logger’s recovery data

No Group Recovered place Temperature Average
range temperature

01 SUBC Core of the one fish -0.98t0-040°C -0.94°C +0.09

02 Inside the box, on ice -2.50t0-0.05°C -1.86°C+0.59

03 Inside the box, fixed on the wall Data erased

04 Outside the box, fixed on the wall -2.50t0-0.05°C -0.85°C+0.78

05 ICEC Inside the box, on ice Technical Issue

06 Core of the one fish 0.04 to 0.54 °C 0.40°C+0.25

07 Inside the box, fixed on the wall Data erased

08 Outside the box, fixed on the wall Data erased

The results showed that the temperature loggers inserted in the core of the fish (approximately
30 mm beneath the flesh, next to the back fin of the fish) recorded an average temperature of -
0.9°C £ 0.1 for SUBC salmon and 0.4°C £ 0.3 for ICEC salmon during the ice storage period.
The temperature range (core of fish) also varied, with SUBC salmon ranging from -1.0 to -
0.4°C and ICEC salmon ranging from 0.0 to 0.5°C. According to the Arnarlax report provided
with the salmon samples, the indicated average core temperature for SUBC salmon was -0.4°C
+ 0.0, and for ICEC salmon, it was 1.9°C + 0.1. However, during the experimental period, the
core temperature logger readings showed an average of 0.5°C higher for SUBC salmon and
1.5°C lower for ICEC salmon than the reported values. Additionally, for SUBC salmon boxes
on ice, the temperature range and average temperature were -2.5°C to -0.1°C and -1.9°C £ 0.6
°C, respectively. The temperature logger placed outside the SUBC salmon box recorded a mean
temperature inside the refrigerated cool room with a range of -2.5°C to -0.1°C and an average
value of -0.9°C + 0.8 during the study period (Table 4).

4.2 Sensory evaluation and shelf-life study in ice storage

4.2.1 Sensory evaluation using QIM scheme

Fifteen assessors participated in the QIM sessions, as shown in Table 5. Two assessors
(Assessors 11 and 12) participated in only one session, and their QI values, along with those of
two other assessors (Assessors 05 and 07), were not included in the results interpretation due to
their below-average and above-average values, respectively. Maintaining continuity in the
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panellists’ participation was challenging due to their busy work schedules and the Easter
vacation.

Table 5. The assessors’ participation in the QIM sessions each day.

Date Days Assessors

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
05.03.2024 01 X X X X X X X X X X
08.03.2024 04 X X X X X X X X X X X X
12.03.2024 08 X X X X X X X X X X
15.03.2024 11 X X X X X X X X
18.03.2024 14 X X X X X X X
20.03.2024 16 X X X X X X X
22.03.2024 18 X X X X X X X
25.03.2024 21 X X X X X
27.03.2024 23 X X X X X X

The quality index (QI) was calculated based on the sum of the scores of the panellists for each
storage day for both ice-chilled (ICEC) and sub-chilled (SUBC) pre-treated cultured salmon
during the ice storage period. Figure 4 depicts the distribution of the QI scores over time for the
ICEC salmon in ice storage for each assessor. Some differences were observed between the
assessors, especially at the end of the experiment, except on day 23.
25
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Figure 4. Assessors’ average QI for ICEC salmon during iced storage.

Figure 5 illustrates the distribution of the QI scores over time for SUBC salmon in ice storage
between the assessors. Similar trends in assessor differences were observed in the ICEC group.
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Figure 5. Assessors’ average QI for SUBC salmon during iced storage.

The variation increased with storage time, indicating that the panellists were more consistent in
their assessments when analysing very fresh salmon with the QIM scheme at the beginning of
the storage period than with less fresh salmon at a later stage in both the SUBC and ICEC
groups (Figures 4 and 5). There was a tendency for some panellists to score either higher or
lower than the average score obtained throughout the storage period. The evaluated sum of
scores according to the QIM scheme for farmed Atlantic Salmon is presented as the QI. The
average QI and p-values for each group of ICE and SUBC salmon are presented in Table 6. The
average QI was calculated for both groups of salmon (ICEC and SUBC) on each storage day of
sampling and formed a linear relationship with the ice storage time (Figure 6). A high
correlation between the average QI and days in ice storage was observed, with R>=0.9717 for
ICEC group and R? = 0.9863 for the SUBC group (Figure 6).
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Figure 6. Linear relationship of QI values (ICEC and SUBC groups) and storage time in ice.

According to the ANOVA analysis conducted to compare the ICEC and SUBC groups QI
scores with respect to ice storage time, the obtained p-values are indicated in Table 6. Based
on the appropriate hypothesis (H1) that there are no differences between the two groups of ICEC
and SUBC salmon with days in ice storage when testing with sensory evaluation parameters,
the average QI values were recorded for both ICEC and SUBC salmon groups across different
days of ice storage.
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Table 6. Average QI scores and p-values for salmon (ICEC and SUBC) storage days in ice.

Days in Ice Average Quality Index (QI) P- value
ICEC SUBC
1 1.8+0.9 24+ 1.7 0.06
4 33+1.2 42418 0.22
8 6.1+2.5 6.2+3.0 0.86
11 7.1£2.4 7.1+£24 0.95
14 8.8+22 99+23 0.16
16 12.6 £3.1 11.1+£3.3 0.13
18 13.3£2.5 13.6£3.1 0.75
21 15.1+3.6 14.1+£2.8 0.46
23 152+1.4 147+2.8 0.57

According to the obtained p-values, all values were greater than 0.05 (p > 0.05) at a 95%
confidence level. This indicates that the p-values for the average QI across different ice storage
dates were greater than 0.05, suggesting that the deviation from the null hypothesis (Ho) was
not significant. In other words, there was no significant difference between the two groups of
ICEC and SUBC Atlantic salmon across various storage dates in ice. However, on days 1, 4,
and 8, the average QI values for the SUBC group were higher than those for the ICEC group in
ice storage. On day 11, both groups had the same average QI value. On day 14, the average QI
values for SUBC salmon were greater than those for ICEC salmon. Conversely, on days 16 and
18, the results were reversed for the average QI. In the later stages of ice storage, specifically
on days 21 and 23, the average QI values for the SUBC group were higher than those for the

ICEC group.
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Table 7. Average scores for each quality parameter in QIM scheme and average QI of SUBC
and ICEC group’s salmon in ice storage period (with linear regression (R?) and PLC
regression (r)values)

# Quality  Group Days in ice storage R? PLC
parameter (r)

01 04 08 11 14 16 18 21 23
1 Skin ICEC 00 03 04 01 06 10 10 12 13 0.87 0.75
colour SuUBC 0.1 02 04 03 06 0.7 1.1 1.0 12 095 0.78
2 Skin ICEC 01 05 06 08 0.7 1.1 12 13 12 089 0.71
mucus SuUBC 02 04 08 06 09 1.0 1.1 1.1 1.0 0.78 0.59

3 Skinodour ICEC 0.1 03 0.7 05 04 1.0 09 12 1.1 0.86 0.69
SuBC 0.1 03 04 05 05 08 1.1 12 12 09 0.75

4 Skin ICEC 10 10 1.1 10 1.0 1.1 1.1 13 1.0 024 037
texture suBC 1.0 1.0 12 1.0 10 12 13 1.1 10 0.08 0.33
5 Eyes ICEC 0.1 02 02 01 04 07 10 14 1.1 086 0.72
pupils SuBC 02 03 04 03 07 07 12 16 15 091 0.71

6 Eyesform ICEC 03 07 08 09 11 15 12 15 15 086 0.70
SuBC 04 09 07 1.0 12 13 1.6 15 15 0.89 0.67

7  Gills ICEC 0.1 01 03 09 09 14 16 18 16 092 0.84
colour SuBC 0.1 02 06 08 16 13 1.1 15 15 0.78 0.74
8 Gills ICEC 0.1 05 06 14 15 14 16 1.7 17 084 0.76
mucus SUBC 02 05 06 1.0 16 14 15 1.7 1.8 091 0.76

9 Gillsodour ICEC 0.1 02 08 1.0 13 18 1.8 21 23 096 0.88
SsuBC 01 03 06 09 10 14 17 17 18 098 0.87
10 Abdomen ICEC 0.0 0.0 02 01 01 03 04 02 06 0.71 053

blood SuBC 0.0 00 01 02 01 04 05 03 05 077 0.63
11 Abdomen ICEC 00 0.1 05 03 08 12 15 15 1.7 094 0.80
odour SUBC 02 02 04 05 08 1.0 15 15 16 095 0.78

Both the ice-chilled (ICEC) and subchilled (SUBC) pretreated salmon groups in ice storage
indicated a clear linear relationship (R? > 0.9) with time in ice storage for most of the quality
parameters, except for a few, as shown in Figure 9. However, there was a clear linear
relationship for quality parameters such as skin colour/appearance (R?= 0.9467) (Figure 07: A,
skin odour (R*>= 0.9630) (Figure 9: C, eyes pupil appearance (R*>= 0.9125) (Figure 07: E, and
gills mucus (R?=0.9085) (Figure 07: H, respectively, in the SUBC salmon group. Additionally,
there was a clear linear relationship between quality parameters, such as gill colour (R* =
0.9182) (Figure 07: G) in the ICEC group of salmon. Furthermore, there was a strong linear
relationship for gill odour (R*= 0.9797 and R? = 0.9636) in Figure 07: I and abdomen odour
(R?=0.9392 and R?= 0.9518) in Figure 07: K, for both ICEC and SUBC salmon. The lowest
linear regression values were obtained for the skin texture attribute, with R? = 0.02 for ICEC
salmon and R?=0.02 and R* = 0.08 for SUBC salmon.

GRO Fisheries Training Programme under the auspices of UNESCO 25



Skin Colour
2
R?=0,8732

g R?=0,9467
81
o
2
<

o @

1 4 8 11 14 16 18 21 23
Storage days inice

A. Skin colour/appearance parameter

Skin Odour
3
2 @=@== |CEC
R*=0,8457
e=@== SUBC
2 R?=0,963
g
o
(]
2
%
>
<
0

1 4 8 11 14 16 18 21 23

Storage days inice

C. Skin odour parameter

Eyes Pupils
2
R?=0,8565
R?=0,9125

2
=1
o
o0
>
<

0

1 4 8 1 14 16 18 21 23
Storage days in ice
E. Eyes pupils parameter
Gills Colour
2

° R%2=0,9182

'g' R%=0,7824

21

< =@ [CEC
>

< == SUBC

8 1 14 16 18 21 23
Storage days in ice

G. Gills colour/appearance parameter

Nirbadha

Skin Mucus
2
R*=0,8992

o R*=0,778
) s
o' e
¥
<

0

1 4 8 11 14 16 18 21 23
Storage days inice

B. Skin mucus parameter

Skin Texture

2 —0—ICEC
R?=0,2493
R*=0,0842

==@==SUBC

Avg QI score

1 4 8 11 14 16 18 21 23

Storage daysinice

D. Skin texture parameter

Eyes Form
2
R?= 0,867
o R%=0,8863
S A
o1 g
o
o0
>
<
=== SUBC
0
1 4 8 11 14 16 18 21 23
Storage days inice
F. Eyes form parameter
Gills Mucus
2 et
R?=0,8374 Lt
R?=0,9085
(]
s e
@
o
¥ L2t° 4
< e =@ | CEC
1t == SUBC

1 4

8Stordge day$ in ic& 18 21 23

H. Gills mucus parameter

GRO Fisheries Training Programme under the auspices of UNESCO 26



Gills Odour

Nirbadha

Blood in Abdomen

3
1
R?=0,7059 To—IpEC
== SUBC
R? = 0,9636 - R?=0,7705
@ , °
5 R?=0,9797 5
(] . o
o e S ]
o e >
H H
0
1 4 8 11 14 16 18 21 23 0
P 1 4 8 1" 14 16 18 21 23
Storage days in ice Storage days in ice
I. Gills odour parameter J.  Blood in abdomen parameter
Abdomen Odour
3
0= CEC
s &= SUBC
R®=0,9392
2 R*=0,9518

Avg Ql score

11

14

23

21

Storage daysinice

K. Abdomen odour parameter

Figure 7. Variation of eleven QI parameters of QIM scheme with ice storage period.

Photographs taken for visual quality parameters, including skin colour/appearance, eyes pupils,
eyes form, gills colour/appearance, and blood in the abdomen, indicated changes in the
mentioned quality parameters with the ice storage period. However, the most dominant changes
occurred in the eye pupils and gill colour/appearance (Figures 7 and 8). The skin
appearance/colour quality parameter in the QIM scheme for days 1, 11, 14, and 23 of ice storage

is shown in Figure 8.
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Figure 8. Variation in skin colour/appearance of ICEC and SUBC salmon during the ice
storage period for selected days.
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When considering the skin appearance/colour quality parameter in the QIM scheme, the
average scores showed a linear relationship with the dates of ice storage for both the ICEC and
SUBC groups (Figure 7 A and Table 7). The skin appearance/colour quality attribute scores
were assigned according to the QIM scheme, where a score of 0 represents a shiny pearl
appearance all over the body, a score of 1 indicates less pearl shininess, and a maximum score
of 2 is given to fish that appear yellowish, especially near the abdomen. On day 1, at the
beginning of the experiment, the average score for the skin colour appearance attribute was 0.3,
indicating a value closer to zero. Subsequently, on days 8 and 11, the scores remained close to
zero for both the ICEC and SUBC groups. On day 14 of ice storage, the same average score
(0.6) was recorded for skin colour in both groups of salmon. However, on day 16, the average
skin colour score was 1.0 for the ICEC group and 0.7 for the SUBC group. As ice storage
continued, on days 18 and 21, the average skin appearance scores exceeded 1. By the end of
the experiment on day 23, the average skin appearance scores were 1.3 and 1.2 for the ICEC
and SUBC groups of salmon in ice storage, respectively (Figure 7A and Table 7).

e gt
A. Day 1 ICEC, Ice storage B. Day 1 SUBC, Ice storage
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Figure 9. Skin mucus quality parameters on days 1 and 23 of the ICEC and SUBC groups of
salmon in ice storage.

Skin mucus, the second quality parameter in the QIM scheme, showed average scores that
exhibited a linear relationship with the dates of ice storage for both ICEC and SUBC salmon.
However, it is not indicated to have a strong linear relationship; nonetheless, the trend is
comparatively fair with the dates of ice storage (Figure 7: B and Table 7). Furthermore, the R-
squared (R?) values for skin mucus were 0.899 and 0.788 for the ICEC and SUBC salmon
groups, respectively. Skin mucus quality attribute scores were assigned according to the QIM
scheme, where a score of 0 represented clear and non-clotted mucus, a score of 1 indicated
milky and clotted mucus, and a maximum score of 2 was given to fish that exhibited yellowish
and clotted mucus on the skin. The average skin mucus score was 0.1 and 0.2 (considered as 0)
for ICEC and SUBC salmon on day 1 of ice storage, respectively. From then until day 16, the
average scores for both groups of ICEC and SUBC salmon remained below 1, indicating a clear,
not clotted condition. However, after day 16, the average values exceeded 1, indicating a shift
towards milky, clotted mucus. On days 16, 18, 21, and 23, the average skin mucus score for
ICEC was comparatively higher than that for SUBC. The highest average score of 1.3 was
recorded for ICEC salmon on day 21, after which the average scores for skin mucus decreased
in both the ICEC and SUBC groups (Figure 7 B and Table 7).

As the third quality attribute in the QIM scheme, skin odour also exhibited average scores
indicating a linear relationship with the dates of ice storage for both the ICEC and SUBC
salmon. A strong linear relationship was found with the dates of the ice storage period (Figure
9 B and Table 4). The R-squared (R2) values for skin odour were 0.846 and 0.963 for the ICEC
and SUBC salmon groups, respectively (Figure 7 C and Table 7). The skin odour quality
attribute scores were assigned according to the QIM scheme, where a score of 0 represented a
fresh, sea-weedy, or neutral odour, a score of 1 indicated a cucumber, metallic, or hay-like
odour, a score of 2 was given to fish with a sour or dishcloth odour, and a maximum score of 3
was allocated to the rotten odour detected on the skin (Appendix 1). The average skin odour
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score was almost 0 (0.1 for both) for both ICEC and SUBC salmon on day 1 of ice storage.
From then until day 14, the average scores for both the ICEC and SUBC groups remained below
1, indicating a fresh, sea-weedy, or neutral odour from the skin. However, after day 16, the
average values exceeded approximately 1, indicating a shift towards a cucumber-, metallic-, or
hay-like odour emanating from the skin. On days 18, 21, and 23, the average skin odour score
for ICEC salmon was comparable to that of SUBC salmon. The highest average score of 1.2
was recorded for SUBC salmon on day 23 (Figure 7 C and Table 7).

The average skin texture attribute score showed a weak linear relationship with the number of
days of ice storage. The R-squared values were R? = 0.249 and R? = 0.084 for the ICEC and
SUBC groups, respectively. The scoring regime for skin texture was as follows: a score of 0
was given when the skin texture felt rigid when pressed down with fingertips, a score of 1 was
assigned when finger marks on the skin disappeared rapidly, and a maximum score of 2 was
allocated when the finger mark remained visible for over a 3-second period after pressing on
the skin. At the beginning of the experiment on day 1 and at the end of the experiment on day
23, the average scores for skin texture were almost equal to 1, indicating that the finger marks
disappeared rapidly.
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Figure 10. Variation in eye pupil quality parameter during the ice storage period for both
groups of salmon.

The average scores for the eye pupil colour quality parameter showed a clear linear relationship
with the days in ice storage for both the ICEC and SUBC groups of salmon, with R-squared
values of R?=0.856 and R*=0.912, respectively. Throughout the experimental days, the SUBC
salmon group consistently had higher average scores for eye pupils, except on day 16, when the
average scores for both groups were almost the same. By the end of the experiment on day 23,
the average score for eye pupils was comparatively lower than the average score on day 21 for
both ICEC and SUBC salmon. The eye pupil scoring regime varied from 0 to 2, where a score
of 0 was given when the eye pupils appeared clear and black with a metallic shine, a score of 1
was assigned if the eye pupils turned dark grey, and a maximum score of 2 was given if the eye
pupils turned to a matte grey appearance. From days 1 to 14 in ice storage, the average scores
for eye pupils gradually increased, with the SUBC salmon group consistently showing higher
average scores than the ICEC group. On day 16, the average score for eye pupils was almost
the same (0.7) for both groups. Subsequently, the average scores for eye pupils gradually
increased on days 18 and 21 for both ICEC and SUBC salmon. The maximum average score
for eye pupils, reaching 1.6, was recorded on day 21 in the SUBC group (Figure 7 E, Table 7).

The eye form, a QI quality factor in the QIM scheme, also exhibited a clear linear relationship
with the storage period. However, the average eye form scores fluctuated during the ice storage
period for both the ICEC and SUBC groups. The R-squared values for both the ICEC and SUBC
groups were R? = 0.867 and R% = 0.886, respectively. Zero scores for eye form were allocated
for a convex appearance as very fresh, while a score of 1 was given when the eye cornea became
flat. A maximum score of 2 was assigned to the eye form when it appeared sunken. On day 1
of ice storage, the average eye score was 0.3 and 0.4 for the ICEC and SUBC salmon groups,
respectively. By day 4, the average score for eye form increased to 0.7 to 0.9 in both the ICEC
and SUBC groups. On day 8 of ice storage, the average score for eye form was almost the same
for both ICEC and SUBC salmon. However, on days 11 and 14, the average eye form score
was higher in the SUBC salmon group than in the ICEC salmon group. Conversely, on day 16,
the results were reversed. The maximum average score of 1.6 for eye form was recorded for the
SUBC group on day 18 of storage. However, on days 21 and 23, the average scores for eye
form were almost the same for both the ICEC and SUBC groups (see Figure 7 E, Table 7).
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The average scores for the gill colour attribute also showed a linear relationship with days in
ice storage. The R-squared values for both the ICEC and SUBC salmon groups were R?=0.918
and R?=0.782, respectively. However, the gill colour attribute of the ICEC group indicated a
stronger linear relationship than that of the SUBC group during the days of ice storage. The gill
colour/appearance scoring regime varied from 0 to 2 as follows: a score of 0 was allocated to
the very fresh stage of gill colour, which is red or dark brown in appearance; a score of 1 was
given when the gill colour turned to pale red, pink, or light brown; and a score of 2 was allocated
if the gill colour turned to grey-brown, brown, grey, or green. On day 1, the average score for
gill colour was almost the same in both the ICEC and SUBC salmon groups in ice storage. By
day 8, the average score for gill colour doubled (1.6) compared to the average score on day 11
(0.8). On day 16, the average gill colour score was almost the same for both the ICEC and
SUBC groups of salmon stored in ice. Subsequently, on days 18, 21, and 23, the average gill
colour scores were 1.6, 1.8, and 1.6, respectively, in the ICEC salmon group. The maximum
average score for gill colour (1.8) was recorded for the ICEC salmon group on day 21 of ice
storage. The average gill colour scores for the SUBC salmon groups on days 18, 21, and 23 of
ice storage were 1.3, 1.5, and 1.5, respectively. By the end of day 23, the average gill colour
score was almost the same for both the ICEC and SUBC salmon groups in ice storage.

The average scores of the gill mucus attributes for both ICEC and SUBC salmon groups also
exhibited a clear linear relationship with days in ice storage. The R-squared values were 0.837
and 0.908 for the ICEC and SUBC salmon groups, respectively. According to the QIM scheme,
the gill mucus score regime varied from 0 to 2, with a score of 0 given to transparent gill mucus,
a score of 1 given when the gill mucus appeared milky and clotted, and a maximum score of 2
given when the gill mucus colour changed to brown and clotted. During the experimental
period, on days 1, 4, and 8 in ice storage, the average scores for the gill mucus attribute were
almost the same for both ICEC and SUBC salmon groups, gradually increasing with time in ice
storage. On day 11, the average score for gill mucus increased to 1.4 in the ICEC group and
was 1.0 in the SUBC group. On day 14, the average score for gill mucus was almost the same
for both ICEC and SUBC salmon groups in ice storage. On days 16, 18, 21, and 23, the average
scores for gill mucus were almost the same for both ICEC and SUBC salmon groups, gradually
increasing with time. The maximum average score for gill mucus was recorded for the SUBC
group on day 23 of ice storage.

The average scores for the gill odour quality parameter in both ICEC and SUBC salmon groups
showed a better linear relationship with days in ice storage, yielding R-squared values of 0.963
and 0.979 for the ICEC and SUBC salmon groups, respectively. In the QIM scheme, gill odour
attribute scores were allocated from 0 to 3, where a score of 0 was given for a fresh seaweed
odour from the gills, a score of 1 was assigned when the gill odour turned to a metallic or
cucumber odour, a score of 2 was allocated when the gill odour turned to a sour or mouldy
smell, and a maximum score of 3 was assigned for a rotten odour from the gills. On days 1 and
4 of ice storage, the average score for gill odour was almost the same in both ICEC and SUBC
salmon groups and was very close to 0. However, on days 8, 11, 14, 16, 18, 21, and 23 of the
ice storage period, the average score for gill odour was consistently higher in the ICEC group
than in the SUBC group. Nevertheless, on day 18 of ice storage, the average score for gill odour
was very close between both groups of salmon. The maximum average score for gill odour was
recorded for the ICEC salmon group on day 23 of ice storage, representing a value of 2.3.

The 10™ attribute in the QIM scheme, the blood in abdomen parameter, also showed a linear

relationship with days in ice storage, though with relatively low R-squared values of 0.705 and
0.770 for the ICEC and SUBC salmon groups, respectively. The blood abdomen attribute score
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regime ranges from 0 to 1, with a score of 0 given when the blood is red or not present in the
abdominal cavity, and a score of 1 when the blood colour changes to brown or yellowish. The
average scores for the blood in the abdomen feature varied between the ICEC and SUBC
groups. On days 1, 4, and 8, the average score for blood in the abdomen was almost the same
in both the ICEC and SUBC groups. However, on day 11, the average score for abdominal
blood in the SUBC salmon group increased compared to that in the ICEC salmon group. On
days 16, 18, and 21, the average score for abdominal blood was higher in the SUBC group than
in the ICEC group. However, on day 23, the average score of 0.6 for blood in the abdomen in
the ICEC salmon group was the highest.

The abdomen odour, the 11th QI parameter in the QIM scheme, also exhibited a clear linear
relationship with days in ice storage, with R-squared values of 0.939 and 0.952 for both the
ICEC and SUBC salmon groups, respectively. The abdominal odour score regime varied from
0 to 3, where a score of 0 was given when the abdominal odour was neutral, a score of 1 was
allocated when the abdominal odour turned to cucumber or melon scent, a score of 2 was
assigned for a sour odour reminiscent of fermentation, and a maximum score of 3 was given if
the odour turned to a rotten or rotten cabbage scent in the abdominal cavity. However, during
the experimental period, on most days of ice storage, the average abdominal odour score was
almost the same for both the ICEC and SUBC salmon groups, except on days 11 and 16. The
maximum average score for abdomen odour (1.7) was recorded for the ICEC salmon group on
day 23 of storage in ice.

4.2.2 GDA
The GDA odour and flavour sensory attribute scores and p-values for both ICEC and SUBC
cooked salmon are presented in Tables 8 and 9, respectively.

Table 8. Odour sensory attribute scores and p values for SUBC and ICEC cooked salmon.

Date Daysin  Group Odour characteristics
ice Fresh Spoilage
storage Sweet Oil Sour Rancid Queasy Putrid Spoilage
05.03.2024  day 1 ICEC 53 27 0 1 0 0 0
SUBC 44 27 0 0 0 0 0
p-value 0.093 0937 0.356 0216 - - -
15.03.2024 day 11 ICEC 50 17 1 5 4 0 4
SUBC 42 17 1 5 3 0 5
p-value 0.139 0911 0394 1.000 0.423 - 0.647
20.03.2024 day 16 ICEC 50 16 0 1 1 0 1
SUBC 45 17 0 2 1 0 1
p-value 0.048 0.544 - 0.325 0.351 - 0.227
22.03.2024 day 18 ICEC 44 12 1 2 2 0 3
SUBC 46 15 0 5 0 0 2
p-value 0.644 0.131 0.363 0.363 0.363 - 0.505
25.03.2024 day 21 ICEC 34 11 2 4 3 0 5
SUBC 44 16 2 2 4 1 5
p-value 0.008 0.093 0.542 0.315 0.730 0.363  0.890
27.03.2024  day 23 ICEC 40 22 1 4 2 1 4
SUBC 36 17 2 4 1 1 4

p-value 0426 0.394 0.399 0.604 0.391 0.391 0.807
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Table 9. Flavour sensory attribute scores and p-values for SUBC and ICEC cooked salmon.

Date Daysin  Group Flavour characteristics
ice Fresh Spoilage
storage Sweet Oil Sour Rancid Queasy Spoilage
05.03.2024 day 1 ICEC 50 29 1 0 0 0
SUBC 51 31 1 0 0 0
p-value 0.855 0.675 1.000
15.03.2024 day 11 ICEC 36 23 0 2 2 2
SUBC 41 26 1 1 2 1
p-value 0431 0.565 0304 0.624 0.363 0.745
20.03.2024 day 16 ICEC 47 19 0 0 1 0
SUBC 43 16 0 1 1 1
p-value 0.095 0.135 - 0.125 0.944 0.061
22.03.2024 day 18 ICEC 40 15 1 0 2 2
SUBC 46 17 1 3 0 1
p-value 0.204 0.376 1.000 0.363 0.363 0.482
25.03.2024 day 21 ICEC 39 15 1 2 2 2
SUBC 47 17 2 2 2 3
p-value 0.058 0.487 0.287 1.000 0.472 0.536
27.03.2024 day 23 ICEC 37 23 1 1 3 2
SUBC 41 21 2 1 2 2

p-value 0.033 0.663 0.614 0.391 0.182 0.861

The sensory panel employed Generic Descriptive Analysis (GDA) to evaluate the parameters
of odour and flavour. According to the results obtained from the GDA, freshness attributes
remained dominant throughout the storage period for both ICEC and SUBC salmon groups.
The most dominant attribute was the sweet characteristic of the odour and flavour for both
groups. The average scores for the freshness attribute of sweet odour and flavour ranged from
36 to 53 and 36 to 51 for the ICEC and SUBC groups, respectively, throughout the ice storage
period (Tables 8 and 9). On storage day 21, the sweet flavour was close to being significantly
higher for the SUBC group, and on storage day 23, the sweet flavour was significantly higher
in the SUBC group (Figure 9). By the end of storage day 23, the second freshness attribute of
fresh fish oil odour and flavour was observed, with values that were comparatively lower than
the sweet characteristic attributes. The average scores for the freshness attribute of fresh fish
oil odour and flavour ranged from 11 to 27 and 15 to 31 for the ICEC and SUBC groups,
respectively, throughout the ice storage period (Table 08 & 09).

However, the characteristic salmon and oily flavours were clearly mentioned by the panellists,
indicating a difference between the groups. At the end of the evaluation of the cooked salmon,
a rejection point was not reached, indicating that the end of the shelf life was not obtained.
Odour and flavour attributes with freshness characteristics of fish oil were detected at a constant
level with slight fluctuations throughout the days in cold storage in ice for both groups of ICEC
and SUBC salmon. The sweet attribute remained dominant throughout the storage period
(Tables 8 and 9).

Attributes such as sour, rancid, queasy, and putrid, which are negative and indicate spoilage
characteristics, were detected at very low levels or were undetected throughout the storage
period, with GDA scores below 10. The average scores for the freshness attribute decreased
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slightly over time for both groups of salmon. However, at the end of the evaluation of cultured
Atlantic salmon in both the ICEC and SUBC groups, the end of shelf life was not reached.

Figure 12 illustrates the mean values for GDA sensory attributes of the most dominant attributes
sweet odour and flavour for cooked Atlantic salmon in ICEC and SUBC groups.
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Figure 12: Freshness characteristic odour (A) and flavour (B) scores for cooked ICEC and
SUBC salmon groups during ice storage.

On storage day 23, three salmon from the ICEC group and three from the SUBC were filleted.
The odour of three raw fillets from each group was evaluated by two trained assessors. Fillet
examination was conducted to better understand the condition of the flesh, especially in the tail
area of the fish. The results are presented in Table 10.

Table 10. Description of the sensed odour attributes of salmon fillets.

#  Group Code Description for odour attribute from fillet

1 ICEC 187 Sour odour from entire fillet

2 227 Cucumber odour from middle portion and sour from tail region
3 379 Cucumber odour from middle portion and sour from tail region
4 SUBC 447 Cucumber odour from entire fillet

5 597 Cucumber odour from middle portion and sour from tail region
6 671 Cucumber odour from entire fillet

All three fillets in the ICEC group had a sour odour from the tail region, and in one of the fillets,
a sour odour was detected from the entire fillet, whereas a cucumber odour was detected from
the middle portion of the other two fillets. Additionally, a sour odour was detected in the tail
region of two fish (227 and 379) in the ICEC salmon group. The fillets in the SUBC group all
had cucumber odour, although a sour odour was detected in the tail part (Table 10).
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4.3 Microbial analysis

Microbial counts in both the ICEC and SUBC groups increased with storage time (Figure 13).
At the initial measurement point on storage day 1, the Total Viable Count (TVC) for both groups
of ICEC and SUBC was less than 10 CFU/g (log CFU/g= 1.0). However, after 21 d of storage
on ice, the TVC values for ICEC salmon exceeded 1.1 x 10° CFU/g (log CFU/g=5.0) and 1.9
x 10° CFU/g (log CFU/g= 5.3) on day 23 (end of storage). The TVC value for the SUBC group
was approximately 2.6 x 10* CFU/g (log CFU/g= 4.4) on day 23.
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Figure 13. Variation in TVC counts with days of ice storage for ICEC and SUBC salmon.

A higher correlation (R? = 0.9819) was observed between the days in ice storage and log total
viable counts for the SUBC salmon group during ice storage, and a weaker correlation (R? =
0.838) was observed for the ICEC salmon group in ice storage (Figure 13).
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5 DISCUSSION

This study focused on whether there was a need to adjust the existing Quality Index Method
(QIM) scheme developed for farmed Atlantic salmon stored in ice to more accurately evaluate
the freshness of sub-chilled salmon. This was done by monitoring the changes in sensory
attributes of whole gutted salmon with the QIM scheme, changes in sensory attributes of cooked
salmon with Generic Descriptive Analysis (GDA), and microbial quality by Total Viable
Counts (TVC) during storage for up to 23 days. For this purpose, subchilled (SUBC) and
conventional ice-chilled (ICEC) gutted salmon were stored in ice in Styrofoam boxes. The
SUBC group was kept in cold storage at -2°C to 0°C for up to 16 days, when it was transferred
to cold storage at0°C to 4°C until the end of the storage study of 23 days. This was done because
refrigerated cool rooms are typically used for shipping freight for 14-day period. The ICEC
group was kept in cold storage at 0°C to 4°C from storage day 1 until 23 days. The temperature
logger placed outside the boxes of ICEC in the cool room was erased, but the logger placed
outside the boxes for the SUBC data was recovered. The temperature range was -2.5 to -0.1 °C,
and the average temperature was - 0.8°C + 0. 8.

The average temperature recorded for the core of salmon fish was - 0.9°C + 0.1 for SUBC
salmon and 0.4°C £ 0.2 for ICEC salmon during the ice storage period. The temperature range
(core of fish) also varied, with SUBC salmon ranging from - 1.0°C to -0.4°C and ICEC salmon
ranging from 0. 4°C to 0.5°C. According to the Arnarlax report provided with the salmon
samples, the indicated average core temperature for SUBC salmon was -0.4°C + 0.0, and for
ICEC salmon, it was 1.9°C £+ 0.1. However, during the experimental period, the core
temperature logger readings showed an average of 0.5°C higher for SUBC salmon and 1.5°C
lower for ICEC salmon than the reported values. This indicates that the temperature of the core
of fish for both groups of SUBC and ICEC salmon during the ice storage period was well-
controlled in a successful manner.

The assessment of individual panellist performance during the sensory evaluation with QIM
demonstrated some variation between assessors. Some assessors scored the samples
consistently higher or lower throughout the shelf-life experiment. Earlier trials have shown
similar results to those of Sveindottir ef al. (2002) and Sveindottir et al. (2003).

Throughout the 23-day experimental period, the overall average scores for the quality
parameters of skin odour, skin texture, eye form, gill mucus, blood in the abdomen, and
abdomen odour were nearly identical in both ICEC and SUBC salmon groups. However, there
was a consistent trend of higher average scores for the eye pupil attribute within the QIM
scheme for SUBC than for ICEC throughout the experiment. After a storage period of 16 d on
ice, the average skin mucus and gill colour scores in the ICEC group were comparatively higher
than those in the SUBC group. Further analysis revealed a clear linear relationship between the
average QI values of both the ICEC and SUBC groups of salmon and the duration of ice storage,
as assumed. However, no statistically significant difference was observed between the ICEC
and SUBC Atlantic salmon groups across various ice storage dates. Nevertheless, on days 01,
04, and 08, which marked the initial stages of ice storage, the average QI values for the SUBC
group were higher than those of the ICEC group. By day 11, the average QI values were similar
in both groups. Subsequently, from days 16 to 23 (the end of the experiment), the average QI
values of the ICEC group were consistently higher than those of the SUBC group. In general,
during the initial days, approximately 14 days, the SUBC group exhibited higher QI values than
the ICEC group. However, as the storage duration progressed, particularly after 16-day mark,
the average QI values for the ICEC group surpassed those of the SUBC group.
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The microbiological analysis conducted in this experiment yielded results similar to the Total
Viable Counts (TVC) of salmon flesh observed in the study by Sveinsdottir e al. (2002), where
the point of rejection was reached at 20 days for ICE salmon. In comparison, the ICEC salmon
was microbiologically rejected when the count exceeded the 105 CFU/g (log CFU/g = 5.0)
threshold in the flesh of whole salmon, occurring at the point of rejection at 20 days
(Sveinsdottir et al., 2002). However, in this study, the endpoint of rejection was not reached for
SUBC. Remarkably, ICEC salmon exceeded its shelf life, lasting up to 23 days under ice storage
conditions. Based on microbial aspects, the shelf life of SUBC salmon could potentially be
longer than 23 d under similar ice storage conditions.

In the GDA analysis, the freshness attributes of odour and flavour were consistently detected
throughout the experimental period, albeit decreasing over time. Conversely, attributes such as
sour, rancid, queasy, and putrid, indicative of spoilage, were either detected at very low levels
or were undetected throughout the storage period. At the end of the experiment, neither the
ICEC nor the SUBC group of cultured Atlantic salmon reached the end of shelf life on storage
day 23. According to Sveindéttir et al. (2002 and 2003), in QDA analysis, positive attributes
for freshness, odour, and flavour were obtained at the beginning of ice storage. However, after
21-22 days of ice storage, they were hardly detectable, and the salmon reached marginal
acceptability as negative attributes dominated.

Carotenoid red pigments (Sveindottir et al., 2002), such as astaxanthin (Sebra & Pedrosa, 2010),
naturally occur in salmon flesh and are believed to play a crucial role in protecting lipid tissues
by inhibiting lipid oxidation (Sveindottir et al., 2002; Sebra & Pedrosa, 2010). Both studies
cited this as the reason for the low rancidity observed during the 21-day ice storage period. The
feed given to farmed salmon often includes carotenoids to enhance this quality (Sveindottir et
al., 2002). Additionally, Sveinsdottir et al. (2002) identified propionaldehyde and (Z)-1,5-
octadien-3-one as the most potent high-volatile odourants in cooked fresh salmon samples.
These compounds imparted a sweet and metallic odour, contributing to the overall flavour
profile of the cooked salmon. Furthermore, according to Sveinsdottir et al. (2002), various
odourants from fresh cooked salmon were described, with the characteristic salmon odour
attributed to compounds such as propionaldehyde and acetaldehyde for sweetness, hexanal and
(Z)-3-hexenal for green leaves smell, methional for boiled potato-like aroma, dimethyl
trisulfide for cabbage-like scent, and 1-octen-3-one for mushroom-like odours. The oily flavour
and aroma might have been attributed to (Z, Z)-3,6-nonadienal, which is described as fatty and
green (Sveinsdottir et al., 2002).

To better understand the situation, it is important to identify both internal and external changes
that may occur in the salmon's body and the areas where factors are involved in inducing these
changes. Numerous studies have explored the biological, chemical, and physical factors
affecting the cold storage shelf-life of salmon (Doyle (1989); Sveinsdottir et al. (2002);
Martinsdottir et al. (2003); Bahuaud et a/. (2008); Duun and Rustad (2008); Sebra and Pedrosa
(2010); Kaale (2011 and 2013); Gokoglu and Yerlikaya (2015); Kaale and Eikevik (2016);
Ochiai and Ozawa (2020)) and other species (Chang et al. (1998); Nielsen et al. (2004);
Lushchark (2007); Devhastin et al. (2010); Provincial et al. (2010); Dowlati et al. (2013);
Osibona and Ezekiel (2014)). Biological factors associated with salmon fish encompass various
aspects, including the size, sex, maturity stage, individual biological features, parasitic
attachment, fish tissue anatomy and structure, rigor stage, muscle thickness, and lag phase of
spoilage microbes. These factors collectively contribute to the overall quality and shelf life of
salmon. Chemical factors also play a crucial role and are influenced by factors such as the fish
feeding regime during aquaculture, nutritional composition of the fish, protein content, fat
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content, water content, oxidation states, protein denaturation, and pH in muscle tissue. These
chemical parameters can significantly affect the quality and preservation of salmon. In addition,
physical factors such as temperature, cell tissue fluid, and drip loss are noteworthy contributors.
For instance, temperature fluctuations can affect enzymatic and microbial activity, thereby
influencing the rate of spoilage. Variations in cell tissue fluid and drip loss can impact the
texture and overall freshness of salmon.

Considering the comprehensive interplay of these biological, chemical, and physical factors, it
is evident that one or more of these factors, either individually or in combination, may affect
salmon quality, even under optimal preservation conditions. Understanding the complex
dynamics among these factors is essential for enhancing the shelf life and maintaining the
quality of salmon during its storage. These factors directly or indirectly influenced the quality
of both the ICEC and SUBC salmon groups, as well as the quality parameters measured using
sensory and microbiological evaluations. Among these factors, temperature plays a pivotal role
in cold preservation techniques, such as chilling, superchilling, and freezing.

At super-chilling temperatures, microbial activity is reduced, and most bacteria cannot grow
(Kaale et al., 2011). However, autolytic, enzymatic, or other chemical reactions may occur at a
higher rate or even accelerate (Magnussen ef al., 2008). Consequently, initially, both the ICE
and SUB group salmon showed low Total Viable Counts (TVC) values (log CFU/g), but in the
later days (21 and 23), the TVC value in ICEC salmon increased and reached rejection levels.
Kaale and Eikevik (2015) noted that at traditional chilling temperatures, many spoilage
microorganisms remain highly active and pathogenic bacteria can grow and produce toxins.
Therefore, lowering the temperature as much as possible without damaging the product is
crucial. Superchilling, which combines partial freezing and storage at low temperatures, extends
the shelf life of products by drastically reducing microbial activity (Duun and Rustad, 2008).

Additionally, in the initial stages, microbial growth may be in the lag phase due to temperature
inhibition of bacterial activity, particularly their biological functions. Doyle (1989) emphasised
that the shelf life of seafood is primarily determined by temperature, which controls the rate of
bacterial spoilage, enzymatic activity, and fat oxidation. The TVC of SUBC salmon did not
reach the rejection limit during the 23-day ice storage period, gradually increasing with time,
indicating that the shelf life of SUBC salmon would likely be reached after a few more days.

Temperature is intricately linked with other factors and can influence their activities, either
accelerating or inhibiting them, thereby affecting the quality index (QI) parameters and the
attributes evaluated through GDA. According to Duun (2008), super-chilling extends the shelf
life of food compared to conventional chilling and is superior to freezing, as a larger proportion
of the bulk water remains unfrozen compared with frozen products. This results in less
structural damage, a lower degree of freeze denaturation, and reduced drippage loss. Similarly,
Kaale and Eikevik (2015) observed numerous advantages of super-chilled foods over traditional
chilling or freezing methods. These findings underscore the significance of temperature control,
particularly in superchilling processes, for preserving the quality and extending the shelf life of
food products.

The Quality Index Method (QIM) scheme developed for cultured Atlantic salmon is primarily
tailored for assessing fish stored in ice, with quality parameters, especially appearance, relying
heavily on visual assessments. Newly caught fish typically exhibit a clearer appearance and
receive lower scores. However, when stored in ice or ice-chilled environments, the natural
appearance of the fish is generally preserved because the temperatures hover around or slightly
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below the initial freezing point (-0.5 to -2.8°C for most foods). In the super-chilling process,
the temperature of the food product is lowered to 1-2°C below this range (Duun and Rustad,
2007). Therefore, the appearance of SUBC salmon may be affected. According to Kaale (2013),
this initial surface freezing results in an approximately 2 mm layer of ice along the product
surface. Magnussen et al. (2008) also mentioned a 1-3 mm ice layer formed after super chilling.
While this may be advantageous in achieving temperature equilibrium between the exterior and
interior during storage, it can alter the external appearance of salmon. As a result of the
formation of a 2 mm or thicker ice layer, some appearance quality parameters may exhibit
higher scores for SUBC than for ICEC salmon. Consequently, the Quality Index (QI) values
for SUBC salmon were higher than those for ICEC salmon, reflecting the differences in
appearance caused by the super-chilling process. This could explain the higher values observed
for SUBC salmon in the initial days of storage compared to ICEC salmon.

Colour is one of the most crucial quality parameters, as it is one of the first things consumers
notice. Salmon skin contains black spots formed by specialised chromatophores called
melanophores (or melanocytes), which produce dark pigments known as eumelanin (Bagnara
and Matsumoto, 2006). These pigments, along with the proteins they produce, can be damaged
or become inactive when suddenly exposed to the super-chilling process. Pigment denaturation
may also occur. However, when subjected to ice chilling, the pigments were less likely to be
harmed. Therefore, differences in skin appearance may have occurred in the SUBC salmon
group due to the super-chilling process. In later days, light grey patches were observed on the
skin, possibly due to pigment denaturation or skin deterioration. Over time, the appearance may
decrease, resulting in higher Quality Index (QI) scores for both groups of salmon. Furthermore,
other factors such as exposure to stress conditions in aquaculture tanks while alive, slaughtering
time and method, individual biological features, and rigor stage can also affect skin appearance
of the fish. Additionally, the feeding regime and composition of feeds during the fish's lifetime
could influence skin colouration. These factors collectively contribute to the overall appearance
and quality of salmon.

The appearance quality parameter of gill colour in the QIM scheme exhibited variations
between the two groups. The individual scores for gill colour significantly impacted the ultimate
QI value in both groups. Gill colour also varied over time, with SUBC salmon initially receiving
higher scores than ICEC salmon, and vice versa in later days. The gills of fish serve as the main
respiratory organs and are regularly exposed to the external environment. Their structure
consists of thinner tissue with a high blood supply, making them susceptible to spoilage owing
to biological, chemical, and physical factors. The gills are composed of filamentous proteins
with two or three cell layers for osmoregulation with blood and water. Super-chilling conditions
can directly affect gill tissues by denaturing proteins, causing structural damage, and rupturing
thin tissues. Initially, internal damage may not be visibly apparent, resulting in lower gill
appearance scores. However, as tissue damage progresses, microbial activity and chemical
reactions occur, leading to higher gill quality scores. These observations highlight the complex
interplay between superchilling conditions, gill tissue integrity, and overall salmon quality.

Eye pupils and eye shape are also significant quality parameters primarily considered by
consumers. It is likely that the SUBC salmon group would receive a higher score when assessed
using QIM. As mentioned earlier, the denaturation of proteins and other structural compounds
can lead to a loss of quality compared to that of ICEC salmon. The eye is a thin and sensitive
tissue structure, similar to gill tissues, and is susceptible to damage. The formation of an ice
crystal layer on the body can disrupt its visual appearance. Consequently, changes in the colour
of the eye pupils may occur, and the cornea of the eye can easily become contracted and sunken
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when subjected to lower temperatures during super chilling. These factors contributed to the
variations in eye appearance between the ICEC and SUBC salmon groups, further emphasising
the impact of preservation methods on the overall quality of salmon.

The odour and flavour attributes of the flesh of both ICEC and SUBC salmon fell within the
freshness range and were observed throughout the experimental period of 23 days. Neither
salmon group was rejected during the GDA analysis, confirming an extension of shelf life for
the salmon flesh of more than 23 d. Several factors may have contributed to the increase in shelf
life. Chemical compounds that naturally occur in salmon and are generated after the fish's death
due to enzymatic and chemical reactions, such as lipid oxidation and breakdown into primary
and secondary products, as well as microbial secretions, may influence the taste and smell of
the fish. Astaxanthin, a carotenoid red pigment naturally found in salmon flesh, is one such
compound that can affect the shelf life of salmon. Astaxanthin possesses significant antioxidant
properties that help mitigate the detrimental effects of oxidation in food products. It is typically
acquired by salmon through their diet, originating from microalgae, zooplankton, insects, or
crustaceans.

As mentioned earlier, colour is the first impression from the customer's perspective, and to
enhance the flesh colour of salmon, industries may add astaxanthin or similar carotenoids to
artificial salmon feeds. Therefore, feeding regime and feed composition also play a role in
affecting the shelf life of salmon, given the competitive nature of the industry. Seabra and
Pedrosa (2010) suggested that the addition of astaxanthin could further prolong the shelf life of
products.

The flesh of salmon is considered a rich nutritional source, particularly high in protein and fat
content. Proteins can undergo various changes, such as oxidation reactions, freeze denaturation,
or interactions with lipid oxidation products, all of which tend to render proteins insoluble
(Lushchark, 2007). Freezing a product can induce freeze denaturation of proteins due to several
stresses, including ice formation, changes in solute concentration resulting from water
crystallisation, and subsequent pH alterations (Lushchark, 2007). Moreover, the oxidation of
myofibrillar proteins increases during the storage of postmortem muscles (Martinaud et al.,
1997). Additionally, Bhat et al. (2018) explained that oxidation in postmortem muscle also
affects protein activity by either inactivating or modifying calpain activity, which is an
intracellular enzyme system.

The structure of muscle tissue fractures from ice crystal formation and the breakdown of
myofibrillar proteins, causing cell contents to leak out along with extracellular fluid,
contributing to drip loss. Many nutrients are water-soluble, exiting fish tissue in drip loss and
serving as food for microorganisms, which proliferate faster due to easy access to oxygen. This
accelerated microbial growth shortens the shelf life of the product. Moreover, as water freezes,
it damages cell structures and increases the solute concentration of the remaining water,
resulting in more available water being lost as drip loss during thawing.

Fatty acids, which are crucial components of many lipids, significantly contribute to the
properties of food owing to their structure. Lipid oxidation, also known as oxidative rancidity,
occurs when oxygen interacts with unsaturated fatty acids in an autooxidation reaction,
resulting in the formation of several chemical products associated with product degradation.
This reaction is highly undesirable and is prevalent in foods rich in polyunsaturated fatty acids
(PUFA) because the a-methylene groups (the CH2-groups adjacent to the double bond) are
susceptible to oxidation. During storage, there is a delay before primary oxidation products
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accumulate, measured via PV-titration. The rate of primary oxidation buildup is expected to
rise after some days of storage, followed by a decline as primary oxidation products transform
into secondary ones. Consequently, one can anticipate an initial increase in PV values followed
by a decrease as secondary oxidation products accumulate. These factors directly or indirectly
affect the quality parameters and GDA attributes.

Many nutrients in the salmon body are water-soluble, and after breakdown, protein-like
compounds exit the fish tissue in drip loss, serving as food for microorganisms. This accelerated
microbial growth shortens the shelf life of the product. The structure of muscle tissue fractures
from ice crystal formation and the breakdown of myofibrillar proteins, causing cell contents to
leak out along with extracellular fluid, contributing to drip loss. As water leaks out, various
compounds exit with it, including sarcoplasmic, water-soluble proteins (Devahastin, 2010).

The pH and ice crystal formation significantly influence drip loss, as most of the bulk water
shelves within the myofibrillar network. Larger ice crystals can break down more muscle tissue,
leading to leakage as the network collapses (Devahastin, 2010). A decrease in muscle pH
creates an acidic environment, triggering the release of lysosomal cathepsin, which further
breaks down muscle tissue. Consequently, the network holding the water collapses, resulting in
water release as drip loss. Protein denaturation may occur during superchilling. This could be
the reason for the higher QI value for SUBC salmon at later dates of ice storage.

Ultimately, the size, sex, and maturity stage of fish also affect their quality and shelf life.
Previous studies conducted by Sveindottir ef al. in 2002 and 2003 utilised fish with an average
weight of 3-4 kg and a size lower than that in this experiment. In this experiment, fish with an
average weight exceeding 4 kg were used, and their flesh was comparatively thicker than that
of lower-weight salmon. According to Glover et al. (2009), differences in salmon flesh quality
parameters are closely linked to fish size. Furthermore, according to Glover et al. (2009),
farmed and wild-caught salmon have average weights of 4433 g and 2013 g, respectively. The
percentage of fillets for farmed salmon was 72.8%, whereas that for wild-caught salmon was
71%. Furthermore, the texture (mechanical testing) of farmed salmon is 843 g, whereas that of
wild-caught salmon is 807 g. The dry matter content in farmed salmon was 34%, which was
slightly higher than the 33.5% found in wild-caught salmon. This may be attributed to the
feeding regime and feed composition provided by the industry. Consequently, microbes
involved in spoilage may find it difficult to penetrate the thicker flesh layers, resulting in
spoilage mainly occurring in the surface layers. Additionally, the formation of a 2 mm-thin
layer of ice crystals may further prevent microbial invasion. However, in the tail region, which
is thinner than the middle of the salmon, some spoilage attributes were observed during the
fillet examination at the end of the experiment. Therefore, when suggesting further studies, the
size, sex, and maturity stages of the fish should be considered. Furthermore, as salmon,
especially females, reach maturity, their fat content increases over time due to spawning. High
fat content can lead to oxidation and the production of primary and secondary metabolic
compounds, affecting the fish shelf life. In this study, fish size appeared to contribute to the
increased shelf life of both ICEC and SUBC salmon.

GRO Fisheries Training Programme under the auspices of UNESCO 46



Nirbadha

6 CONCLUSION

In this experiment, two groups of gutted farmed Atlantic salmon (Sa/mo salar) were evaluated
during storage time up to 23 days: one was ice-chilled and stored in ice at 0—4°C (ICEC), and
the other was subchilled and stored in ice at -2°C to 0°C (SUBC) until storage day 16, when it
was moved to 0—4°C for up to 23 days of storage. The published Euro-fish Quality Index
Method (QIM) scheme for farmed Atlantic salmon was used to evaluate the freshness of the
whole salmon. The average Quality Index (QI) scores increased linearly with storage time in
ice. Throughout the 23-day experimental period, the overall average scores for the individual
quality parameters of skin odour, skin texture, eye form, gill mucus, blood in the abdomen, and
abdomen odour did not differ between the ICEC and SUBC groups. However, there was a
consistent trend of higher average scores for the eye pupil and eye form attributes within the
QIM scheme for SUBC salmon compared to ICEC salmon throughout the experiment. After a
storage period of 16 days on ice, the average skin mucus and gill colour scores in the ICEC
group were comparatively higher than those in the SUBC group. Therefore, it is recommended
to change the current quality index method (QIM) scheme for iced farmed Atlantic salmon to
focus on subchilled salmon, with less emphasis on eye pupils and eye form. Individual
panellists scored the salmon systematically higher or lower than the majority of the panellists.
Although guidance material is provided with the QIM, panel training is important. Some
panellists did not receive training in evaluating salmon using QIM before the experiment, which
might have affected the results.

Neither the sensory evaluation conducted using the QIM for the whole salmon nor the Generic
Descriptive Analysis (GDA) for cooked salmon indicated the end of shelf life within the
duration of ice storage of 23 days. No spoilage attributes were detected in the cooked samples
according to the GDA, but scores for the attributes that were the most characteristic at the
beginning of storage (freshness attributes) decreased with storage time. No statistical
differences between the iced (ICEC) and sub-chilled (SUBC) were observed in most sensory
attributes of odour and flavour, throughout the experiment. The only exception was the sweet
flavour on storage day 23, when the subchilled salmon had a higher sweet flavour. Although it
cannot be concluded that the groups differ in shelf life based on the GDA results, the results
indicated that the sub-chilled group retained freshness characteristics longer than the iced
group. The total viable microbial counts in the SUBC group did not reach unacceptable limits
but were comparatively higher in ICEC salmon after 21 and 23 days of storage. At the end of
the storage trial, on day 23, the ICEC salmon reached an unacceptable microbial quality. Based
on the microbial analysis, it can be concluded that salmon stored in ice reached the end of shelf
life after 23 days.

Essentially, the SUBC-treated farmed Atlantic salmon exhibited certain advantages over ICEC
salmon when evaluated using sensory methods (QIM and GDA) and microbiological analysis.
The study indicated that the shelf life of farmed gutted Atlantic salmon with subchilling (SUBC)
exceeded 23 days in ice storage, whereas the salmon not undergoing subchilling was at the end
of shelf life. According to previous studies, the shelf life of iced Atlantic salmon is
approximately 20 days. Factors such as fish size, flesh thickness, nutritional composition, rigor
stage, lag phase of microbes, and muscle pH affect shelf life. Future studies should consider the
aforementioned factors and increase the number of salmon samples per batch to more than three
for each sensory session. Quality Index Method (QIM) and microbial analysis should be
conducted every 2-3 days, extending the experimental period to up to 25 or 30 days to enhance
precision.
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APPENDIX
QIM scheme for cultured Atlantic salmon (Salmo salar) whole fish (Martinsdéttir et al.,
2001).
Quality Parameter Description Score
Skin Colour/ Pearl-shiny all over skin 0
Appearance | The skin is less pearl shiny 1
The fish is yellowish, mainly near the abdomen | 2
Mucus Clear, not clotted 0
Milky, clotted 1
Yellow and clotted 2
Odour Fresh sea weedy, neutral 0
Cucumber, metal, hay 1
Sour, dish cloth 2
Rotten 3
Texture In rigor 0
Finger mark disappears rapidly 1
Finger mark leaves over 3 seconds 2
Eyes Pupils Clear and black, metal shiny 0
Dark grey 1
Matt, grey 2
Form Convex 0
Flat 1
Sunken 2
Gills Colour Red / dark brown 0
Pale red, pink/light brown 1
Grey brown, brown, grey, green 2
Mucus Transparent 0
Milky, clotted 1
Brown, clotted 2
Odour Fresh, seaweed 0
Metal, cucumber 1
Sour, moldy 2
Rotten 3
Abdomen | Blood in Blood red/ not present 0
abdomen Blood more brown, yellowish 1
Odour Neutral 0
Cucumber, melon 1
Sour, fermenting 2
Rotten / rotten cabbage 3
Total QIM score 0-24
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