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Abstract

The aim of this work has been to evaluate the effect of superchilled storage compared with ice and frozen storage on the quality of raw
material and subsequent behaviour during processing of lightly salted salmon (Salmo salar), as the first step of smoked salmon produc-
tion. Physicochemical parameters used as quality indicators were a-glucosidase activity, protein denaturation and degradation (as
changes in protein solubility, SDS–PAGE and free amino acids), texture attributes, and mass transfer phenomena during salting. The
results obtained for the raw material within the storage range studied (until 16 days) allowed us to conclude that salmon superchilled
for 9 days behaved as salmon stored on ice for 2 days with regard to hardness, protein solubility and free amino acids. In general, salting
minimises the effect of the different storage methods. Superchilling for 9 days obtained the highest process yield, indicating that this
method is a good way to preserve freshness of the raw material before processing.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Atlantic salmon; Storage method; Superchilling; Freshness; Protein solubility; SDS–PAGE; Free amino acids; Salting; Yield and texture
attributes
1. Introduction

Atlantic salmon (Salmo salar L.) has had a remarkable
commercial growth in Norway (Elvevoll, Sørensen, Øste-
rud, Ofstad, & Martı́nez, 1996). In the last decades produc-
tion of farmed Atlantic salmon for fresh and cold smoked
products has been developed into an important commercial
enterprise with a great market demand in several Northern
European countries, such as Norway, Scotland, Ireland,
Faroe Islands, as well as Canada and Chile (NF, 2006).
According to the Norwegian Seafood Export Council
(2005), the Norwegian production of farmed Atlantic sal-
mon was estimated to be about 423,000 t in 2000 increasing
to 545,000 t in 2005. This has contributed to the growth of
the smoking industry. It is estimated that 40–50% of the
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farmed salmon produced in Europe is consumed as cold-
smoked products (Rørå et al., 1999).

Freshness is the main quality parameter in fresh fish,
used either for direct consumption or as raw material for
the processing industry. In addition, fat content, colour,
texture, etc. are important quality attributes in salmon
(Nielsen, Hyldig, & Larsen, 2002; Ólafsdóttir et al., 1997;
Sigurgisladóttir, Torrissen, Lie, Thomassen, & Hafsteins-
son, 1997). The development of aquaculture allows easy
access to fresh salmon all year round and an efficient distri-
bution, as long as time and temperature are controlled
(Hempel, 1998, 1999; Nielsen et al., 2002; Roberts, 1998;
Sigurgisladóttir et al., 1997). However, for markets further
away from the main salmon producers, the relative short
shelf-life either necessitates expensive air freight, frozen dis-
tribution or inclusion of more preservative factors. The
time elapsing between the harvesting in Norway and the
arrival at European destinations may vary from 3 up to
5 days (personal communication). Therefore, there is a
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need to optimise the freshness of salmon during transport
and storage (Sivertsvik, Rosnes, & Kleiberg, 2003).

To increase shelf life and reduce the rate of microbial
and biochemical degradation, different preservative meth-
ods, mainly based on low temperature, have been
employed for storage and distribution. The most used
include refrigerated ice storage between 0 and 4 �C, super-
chilled storage in the range of �1 to �4 �C, by means of
slurry ice or in superchilled chambers without ice, and fro-
zen storage at �18 to (�40) �C.

The use of ice has been the most used system to cool
fresh fish. The ice ensures a high refrigeration capacity
and efficient heat transfer in contact with the fish (Magnus-
sen, Nordtvedt, & Hardarson, 2001). A box with 20–24 kg
of whole gutted fish has an additional weight of 20–30% of
ice (4–6 kg), which will increase the transport costs during
distribution. In addition, a reduced ice volume and refrig-
eration capacity, due to melting, often results in increased
temperatures during distribution, resulting in a loss of fish
quality (Nordtvedt et al., 1998). The shelf-life in ice for a
lean fish, such as cod, is from 7 up to 13 days (Sivertsvik,
Jeksrud, & Rosnes, 2002), while for iced whole salmon it
is about 20 days (Sveinsdottir, Martinsdottir, Hyldig, Jor-
gensen, & Kristbergsson, 2002) and for salmon steaks or
fillets, the shelf-life in modified atmosphere packaging
(MAP) at chilled temperatures (2–4 �C) can be from 14
to 21 days (Sivertsvik et al., 2003).

Superchilling, also known as ‘‘partial freezing” and
‘‘deep chilling” is used to describe a process where food-
stuffs are stored between 1 and 2 �C below the initial freez-
ing point and it is one of the potential preserving methods
to extend the period of prime quality in fish (Haard, 1992).
This method is used for preservation of the catch onboard
fishing vessels, by means of a slurry ice system immersion
(made by addition of salts, and other compounds to the
ice–water mixture) at subzero temperatures (�0.5 to
�3 �C) (Alemán, Kakuda, & Uchiyama, 1982; Kato,
Umemoto, & Uchiyama, 1974; Losada, Piñeiro, Barros-
Velázquez, & Aubourg, 2004, 2005; Piñeiro et al., 2005;
Zeng, 2003). Superchilling is also used for preservation
through the distribution chain (storage, distribution and
delivery for direct consumption), by using chambers with
controlled temperatures at �1 to �3 �C without ice (Aune
& Nordtvedt, 1999; Chang, Chang, Shiau, & Pan, 1998;
Huss, 1998; Magnussen et al., 2001; Nordtvedt et al., 1998).

In the superchilled temperature range, approximately
20–50% of the water in the fish is frozen, forming an inter-
nal ice reservoir, making it an alternative to the transporta-
tion on ice, avoiding melting ice and the extra weight in the
distribution (Nordtvedt et al., 1998; Nowlan, Dyer, &
Keith, 1974). Aune and Nordtvedt (1999) found that sal-
mon that was superchilled and transported had a satisfac-
tory quality upon arrival. However, better control of air
temperature in the trucks was needed. For some fish species
such as cod, a negative effect on freshness prime quality has
been observed due to formation of ice crystals and protein
denaturation (Nowlan et al., 1974). All in all, intrinsic
autolytic changes will be delayed compared to refrigerated
ice storage. Lower energy consumption, less thawing prob-
lems and less structural damage are observed compared to
frozen storage. Einarsson (1998) concluded that the shelf
life of superchilled food increases at least 1.5 – 4 times,
compared to chilled food, making superchilling an attrac-
tive compromise between freezing and conventional
chilling.

Several studies have reported promising results in micro-
biology, nucleotide degradation, total volatile basic-nitro-
gen (TVB-N), trimethylamine nitrogen (TMA-N), free
amino acids, eletrophoretic profiles, and sensory evalua-
tion, when comparing superchilling storage with the tradi-
tional storage methods for direct consumption. A better
product quality, improving the shelf-life with little negative
side effect, was observed in fish species such as hake (Los-
ada et al., 2004), sardine (Campos, Rodrı́guez, Losada,
Aubourg, & Barros-Velázquez, 2005), horse mackerel
(Losada, Piñeiro, Barros-Velázquez, & Aubourg, 2005),
farmed turbot (Piñeiro et al., 2005), mullet (Lee & Toledo,
1984), sea bass (Kato et al., 1974; Chang et al., 1998),
mackerel (Alemán et al., 1982), salmon (Aune & Nordt-
vedt, 1999; Sivertsvik et al., 2003), and northern shrimp
(Zeng, 2003). A few studies have been done in order to
evaluate the effect of superchilling with slurry ice after pro-
cessing (Losada, Rodrı́guez, Ortiz, & Aubourg, submitted
for publication). However, the effect of superchilled salmon
without ice prior to processing and on the behaviour dur-
ing the salting step have not been reported in the literature.

The aim of the present study was to investigate the
effects of storage method (chilled, superchilled and frozen)
and time on the quality of salmon as raw material and the
subsequent behavior during production of lightly salted
salmon. Enzymatic activity (a-glucosidase), protein dena-
turation and degradation (as changes in the protein solubil-
ity, molecular weight distribution by SDS–PAGE and free
amino acids), texture attributes, water holding capacity
(WHC), water activity (aw), pH, and mass transfer phe-
nomena (measured as weight, salt and water changes), were
used as quality indicators.

2. Materials and methods

2.1. Raw salmon and sample preparation

Farmed Atlantic salmon (Salmo salar) (n = 48) was sup-
plied by a commercial plant, Salmar Processing AS, located
in mid-Norway. The salmon was slaughtered commercially
and packed on ice in Styrofoam boxes. The boxes were sent
to the research facilities in Trondheim. The fish were
divided evenly into 6 batches, where the pooled mean
weight and length of all fish were 3.5 ± 0.3 kg and 72.1 ±
2.8 cm, respectively. Three batches of salmon were kept
on crushed ice at +4 �C for 2 days (raw material I0), 9 days
(raw material I1) and 16 days (raw material I2), one batch
was frozen at �40 �C for 30 days (raw material F) and two
batches were superchilled at �1 �C without ice, for 9 days
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Fig. 1. Illustration of sampling for analyses of salmon fillets; for details
see text.
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(raw material S1) and 16 days (raw material S2). After the
different storage treatments, each batch of salmon (n = 8)
was filleted with skin on, tagged and dry salted without
drainage (n = 16) at +4 �C. The average weight and length
values for all batches of whole gutted salmon and their fil-
lets are shown in Table 1.

2.2. Salting and fillet sampling

After the storage treatment, each batch (n = 16) was dry
salted with ordinary commercial refined salt (Jozo salt,
Akzo Nobel Salt, Göteborg, Sweden) for 24 h at 4 ± 1 �C
at a ratio 1 kg fish/0.5 kg salt, in plastic containers without
drainage. Lightly salted salmon as raw material for the
smoking industry was considered to be salmon salted
between 12 and 24 h. During salting, the fillet weight of
the salmon (n = 8) was recorded after partly removing
the salt crystals on the fillet surface, to calculate yields at
0, 4, 8, 12, and 24 h.

Samples for physicochemical analysis were taken from
two fillets chosen at random. The piece near the head
was used for texture analysis. The middle part of the fillet
was used for determination of chemical parameters: con-
tents of salt, water and fat (xw, xNaCl and xfat). In addition
water activity (aw), pH, water holding capacity (WHC),
protein solubility (amount of water and salt soluble pro-
tein: xWSP, xSSP), amount of free amino acids (free aa),
molecular weight distribution (SDS–PAGE), and a-gluco-
sidase activity were determined (Fig. 1).

2.3. Analytical determinations

2.3.1. Textural properties

Texture attributes were measured by double compres-
sion using a Texture Analyzer TA-XT2 (Stable Micro Sys-
tems, Surrey, UK) equipped with a load cell of 5 kg and a
flat-ended cylindrical plunger (12.5 mm diameter), using a
modification of the method described by Einen and Thom-
assen (1998). The probe was pressed downwards at a con-
stant speed of 1 mm s�1 into the fillets until it had reached
40% of the sample depth and the holding time between the
compressions was 5 s. The force (N) was recorded continu-
ously during compression in a texture profile curve (texture
profile analysis (TPA 40)). Textural parameters were calcu-
Table 1
Weight and length fish and fillets used

Storage method Chilled (4 �C, crushed ice)

Time Day 2 Day 9 Day 16

Sample I0 I1 I2

Weight (kg) (n = 8) 3.4 ± 0.4 3.6 ± 0.3 3.6 ±
Length (cm) (n = 8) 71.4 ± 2.6 72.0 ± 3.5 72.3 ±
Fillet weight (g) (n = 16) 1090 ± 144 1150 ± 187 1190 ±
Fillet length (cm) (n = 16) 42.7 ± 2.1 42.9 ± 2.7 42.2 ±
Thickness (cm) (n = 16) 3.0 ± 0.3 2.8 ± 0.7 2.9 ±

Values are given as mean ± sd.
lated as described by Bourne (1978) (Fhardness maximum
force of the first compression in the force–time curve, cohe-
siveness, elasticity, gumminess, chewiness). The measure-
ments were carried out 6–8 times on each fillet (n = 12)
and the area tested was between the gills and the dorsal
fin, above the mid-line (Fig. 1).

2.3.2. Protein solubility

After texture measurements, samples for determination
of protein solubility were cut out and the proteins were
extracted by a modification of the method of Anderson
and Ravesi (1968), and Licciardello et al. (1982). The
extractions were done in a cold room (+4 �C). Four grams
of white muscle were homogenised for 20 s in 80 ml of
phosphate buffer (0.05 M, 0.5% Triton X-405, pH 7.0)
using an Ultra-Turrax. After centrifugation (9000 rpm)
for 20 min at 4 �C, the supernatant was filtered and the vol-
ume was made up to 100 ml with phosphate buffer.
Neglecting the initial salt content of the sample, this was
regarded as the water soluble protein fraction (WSP).
The precipitate was homogenised for 10 s in phosphate
buffer with KCl (0.6 M KCl in 0.05 M phosphate buffer,
0.5% Triton X-405, pH 7.0), and centrifuged as above.
The supernatant was made up to 100 ml with KCl–phos-
phate buffer. This was the salt soluble fraction (SSP). The
extraction procedure was carried out twice on each fillet
(n = 4). The amount of protein in the extracts was deter-
mined with the BioRad protein assay, using bovine serum
albumin as a standard (Bradford, 1976). Absorbance was
measured at k = 595 nm in an Ultrospec 2000 spectropho-
tometer (Pharmacia Biotech, Uppsala, Sweden). The anal-
yses were run in triplicate.
Frozen (�40 �C) Superchilled (�1 �C, without ice)

Day 30 Day 9 Day 16

F S1 S2

0.2 3.4 ± 0.2 3.5 ± 0.3 3.7 ± 0.2
1.1 72.5 ± 2.2 71.0 ± 4.1 73.3 ± 2.7
97.5 1150 ± 97.6 1130 ± 74.2 1190 ± 57.7
1.6 42.8 ± 1.6 40.8 ± 1.8 43.2 ± 1.7
0.5 3.1 ± 0.5 3.0 ± 0.4 3.1 ± 0.4
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2.3.3. Free amino acids

The content of free amino acids was determined in the
water soluble extract, after precipitation of the water solu-
ble proteins in 2% sulphosalicylic acid, centrifugation and
filtration (Osnes & Mohr, 1985) and diluting the superna-
tant with deionised water. Reversed phase HPLC by
precolumn fluorescence derivatisation with o-phthaldialde-
hyde (SIL-9A Autoinjector, LC-9A liquid chromatograph,
RF-530 Fluorescence HPLC Monitor (Shimadzu Corpora-
tion, Japan), was performed using a NovaPak C18 car-
tridge (Waters, Milford, MA) using the method of
Lindroth & Mopper (1979), as modified by Flynn (1988).
Amino acids concentrations were determined twice in each
extract (n = 4). Glycine and arginine were determined
together, as their peaks coeluted.

2.3.4. Sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS–PAGE)

Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS–PAGE) was performed on the water and
salt soluble proteins, and carried out according to Lae-
mmli (1970), using PhastGel Gradient 4–15 gels, SDS
buffer strips, and high and low molecular weight calibra-
tion kit, on a Pharmacia LKB PhastSystem (Pharmacia
LKB, Uppsala, Sweden). The gels were stained with
Coomassie Brilliant Blue. The analyses were carried out
according to the instructions of the manufacturer. The
SDS sample buffer was composed of 10 mM Tris,
1 mM EDTA, 5% SDS and 10% b-mercaptoethanol
ME, pH 8.0.

2.3.5. Enzymatic activity (a-glucosidase)

Centrifugal cell tissue fluid (CTF) and homogenate
(HOM) were prepared according to Nilsson (1994). The
a-glucosidase (E.C. 3.2.1.20) activity was measured accord-
ing to Milanesi & Bird (1972) and Rehbein (1979). Na cit-
rate buffer (0.3 ml, 0.05 M), pH 4.0, was mixed with 0.2 ml
of 1.0 M NaCl, 0.2 ml of 4.2 mM p-nitrophenyl-a-gluco-
pyranoside solution and 0.8 ml sample solution. The mix-
ture was incubated at 37 �C for 60 min and the reaction
was stopped by adding 1 ml of 0.2 M KOH; and the absor-
bance was measured immediately (k = 405 nm,
eM = 19,500 M�1 cm�1) using an Ultrospec 2000 (Pharma-
cia Biotech, Uppsala, Sweden). Mean values were calcu-
lated from four replicates.

2.3.6. Salt, moisture and fat content

After determination of texture and sampling for protein
solubility, the rest of the fillet sample, indicated in Fig. 1,
was minced and used for chemical analyses. Salt content
was measured using Volhards method (AOAC, 1990a).
Moisture content was determined gravimetrically after dry-
ing 2 g of minced fish at 104 �C for 24 h (AOAC, 950.46,
1990). The total amount of fat was determined by the Bligh
and Dyer method (1959), as modified by Hardy & Keay
(1972). Mean values were calculated from three replicates
per sample.
2.3.7. Water activity, pH and water holding capacity

Water activity (aw), was determined on minced samples
(n = 2), using a CX-2 AQUALab (Decagon Devices Inc.,
Pullman, WA) and each sample was read 3 times. pH
was determined in a suspension made by mixing equal vol-
umes of fish mince and 0.15 M KCl, as described by Ben-
dall (1973), using a PHM210 Standard pHmeter
(METERLab, Copenhagen, Denmark) with a glass elec-
trode (Mettler Toledo inlab 413). The determination was
done in triplicate. Water holding capacity (WHC) was
determined on minced muscle by low-speed centrifugation
as described by Eide, Børrensen, & Strøm (1982) with a
centrifugation force of 210g. The WHC is expressed as
the percentage of water retained in the mince after centrifu-
gation for 5 min. Mean values were calculated from four
replicates per sample.

2.3.8. Statistical analysis

Significant differences between the measured parameters
were evaluated using one way and multifactor ANOVA at
a significant level of 95%, using the software Statgraphics
version 5.0 (Manugistics, Inc., Rockville MD). Principal
component analysis (PCA) (Esbensen, 2000) using the
software Unscrambler version 9.2 (CAMO A/S, Oslo, Nor-
way) was applied, to study the texture attributes (hardness,
cohesiveness, elasticity, chewiness and gumminess) in the
different batches. PCA was performed on weighted samples
of all objects, in order to compensate for the different
scales of the variables, applying cross validation at full
cross.

3. Results and discussion

3.1. Influence of time and storage method on the quality of

salmon as raw material

3.1.1. Characterisation of raw material

The characterisation of whole gutted fresh salmon
placed in open boxes and stored under different conditions:
ice-chilled for 2, 9 and 16 days (I0, I1 and I2), frozen for
30 days (F), and superchilled for 9 and 16 days (S1 and
S2), is shown in Table 2.

Although the ANOVA results indicate that there are
significant differences between the groups, with regard
to the determined parameters, no clear tendency was
found in relation to the effect of the storage conditions.
Therefore, differences in composition may be explained
as a result of fish-to-fish variations in the same batch,
and may not be derived from the chilling conditions
and storage time. The freshest raw material (I0) had
the highest water content, coinciding with a lower fat
content.

3.1.2. Enzymatic activity
Table 3 shows the activity of the a-glucosidase in the

homogenate (HOM) and in the cell tissue fluid (CTF)
of fresh salmon after the different storage conditions:



Table 2
Fresh salmon characterisation (weight fraction of water xw

0 and fat xf
0; water activity (aw), water holding capacity (WHC) and pH) stored under different

conditions (ice chilled (I), frozen (F) and superchilled (S))

Storage method Chilled (4 �C, crushed ice) Frozen (�40 �C) Superchilled (�1 �C, without ice)

Time Day 2 Day 9 Day 16 Day 30 Day 9 Day 16

Sample I0 I1 I2 F S1 S2

xw
0 ðw=wÞ (n = 6) 0.712 ± 0.003a 0.687 ± 0.006cd 0.694 ± 0.002c 0.687 ± 0.008cd 0.684 ± 0.006d 0.702 ± 0.001b

xf
0ðw=wÞ (n = 6) 0.081 ± 0.014a 0.089 ± 0.005ab 0.105 ± 0.009bc 0.120 ± 0.017c 0.105 ± 0.015bc 0.102 ± 0.007bc

aw(n = 6) 0.981 ± 0.002a 0.972 ± 0.003b 0.973 ± 0.002b 0.946 ± 0.002d 0.970 ± 0.002bc 0.968 ± 0.003c

WHC (%) (n = 8) 94.8 ± 0.9d 93.5 ± 0.9bc 94.5 ± 1.3cd 96.1 ± 0.9e 91.6 ± 1.2a 92.5 ± 0.8ab

pH (n = 6) 6.36 ± 0.02a 6.19 ± 0.05d 6.24 ± 0.03cd 6.28 ± 0.02b 6.26 ± 0.02bc 6.18 ± 0.04d

Significant differences between the storage conditions in the measured parameters are indicated with letter superscripts (p < 0.05). Mean values in the same
raw with no letters in common are significantly different.

Table 3
a-Glucosidase activity (lmol/g* min) in the homogenate (HOM) and the cell tissue fluid (CTF) of fresh salmon, as a function of storage conditions (ice-
chilled (I0, I1, I2), frozen (F), and superchilled (S1, S2)), (n = 4)

Storage method Chilled (4 �C, crushed ice) Frozen (�40 �C) Superchilled (�1 �C, without ice)

Time Day 2 Day 9 Day 16 Day 30 Day 9 Day 16

Sample I0 I1 I2 F S1 S2

HOM 0.961 ± 0.080 0.140 ± 0.036 0.062 ± 0.012 0.076 ± 0.052 0.286 ± 0.101 0.156 ± 0.083
CTF 0.004 ± 0.002 0.008 ± 0.012 0.008 ± 0.004 0.126 ± 0.036 0.005 ± 0.007 0.009 ± 0.009
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ice- chilled for 2, 9 and 16 days (I0, I1, I2), frozen for
30 days (F), and superchilled for 9 and 16 days (S1, S2).

a-Glucosidase is one of the lysosomal enzymes that has
been used for detection of freeze–thaw treatment of fish
(Rehbein, 1979). An increase in activity in the CTF indi-
cates membrane damage, resulting in the enzyme leaching
out of the lysosome (Nilsson, 1994). The higher activity
in the CTF in the frozen samples, compared to the super-
chilled samples, shows that the damage to the membrane
structure is larger in the frozen samples, compared to the
superchilled and the ice-chilled ones. This is in accordance
with the results from Lee & Toledo (1984), who found
minor structural changes in mullet, due to ice crystals at
�2 �C, compared to those occurring during freezing at
�20 �C. In yellowtail fish, however, a breakdown of glyco-
gen granules and some damage to the mitochondrial inner
membrane was found in tissue stored at �3 �C, indicating
that some deleterious changes occur at these temperatures.
Nevertheless, in samples stored at �20 �C, broken fibrils
were frequently found, with most damage occurring at
the Z-disk (Dion, 1995).

The total activity was determined in the homogenate
(HOM) and the enzyme activity was higher in HOM than
in the CTF. The a-glucosidase in HOM was reduced with
longer storage time, and the reduction during superchilled
storage was between the reductions observed during ice-
chilled and frozen storage. The residual activity was found
to be 32.5% after 9 days superchilled (S1) and 20% after
16 days superchilled (S2). Nine days ice chilled (I1) had a
residual activity of 17.8%, followed by 16 days ice chilled
(I2) with 10%, comparable with frozen storage (F) with
11.4%. Alemán et al. (1982), Chang et al. (1998), Lee and
Park (1985), Losada et al. (2004), Losada et al. (2005),
Piñeiro et al. (2005) and Uchiyama and Kato (1974)
reported lower k-values in fish superchilled at �3 �C and
with slurry ice, compared to ice storage, and they also con-
cluded that in superchilled storage the rate of enzymatic
reactions was reduced, compared to ice-chilled storage.

3.1.3. Protein solubility

Changes in the proteins during storage and processing
will be reflected in changes in solubility properties. The
myofibrillar proteins in fish are easily denatured during
processing, resulting in loss of solubility. The properties
of the salt soluble proteins are therefore important for
the water-holding capacity and thereby the texture of the
fish muscle (Hultmann & Rustad, 2002).

In general, the total amount of extractable proteins was
reduced during storage, independent of the storage method
(Fig. 2). This is in accordance with the results of Gómez-
Guillén, Montero, Hurtado, and Borderı́as (2000) and
Hultmann, Røra, Steinsland, Skåra, and Rustad (2004).
The amount of salt soluble protein (SSP) decreased with
storage time, independent of the storage method. Erikson,
Hultmann, and Steen (2006), however, found an increase in
the amount of SSP between 1 and 2 weeks storage on ice,
but the salmon in their experiment was smaller than in this
study. It is interesting to note that the amount of SSP in
salmon superchilled for 9 days (S1) was comparable to
the amount of SSP in samples 2 days ice-chilled (I0), and
was higher than in the samples ice stored for 9 days (I1).
This could be an indication that superchilling at �1 �C
does not result in a high degree of protein denaturation
(Kato et al., 1974). Nevertheless a decrease in water hold-
ing capacity was observed; this could be due to some struc-
tural changes in the muscle during superchilled storage.
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Fig. 2. Changes in water and salt soluble protein (WSP, SSP) of fresh
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The amount of water soluble protein (WSP) increased in
samples ice-chilled and superchilled for 9 days (I1, S1), fol-
lowed by a decrease after 16 days. This is in accordance
with previous studies of Hultmann and Rustad (2002),
who found that WSP decreased during iced storage for 2
weeks, whereas the amount of salt soluble proteins
remained constant. Frozen storage (F) significantly
reduced the amount of water and salt soluble proteins,
compared to I0 (p < 0.05). This is in agreement with Mac-
kie (1993), who reported a decrease in salt soluble proteins,
reflected in the insolubilisation of myofibrillar proteins,
and loss of functional properties during frozen storage,
while the solubility of the sarcoplasmic proteins was little
affected.

3.1.4. Free amino acids

An increase in the amount of free amino acids is a result
of enzymatic degradation of proteins. Table 4 shows the
total amount of free amino acids (lmol/g wet weight)
and the fraction (%) in fresh salmon fillets stored under dif-
ferent conditions (ice-chilled (I0, I1, I2), frozen (F), and
superchilled (S1, S2)).

The total content of free amino acids in the stored sal-
mon was slightly higher (I1, F, S2), than in the freshest sal-
mon (I0), but no significant differences (p < 0.05) between
the storage conditions were found. The increase in free
amino acids can be related to the increase in amount of
water soluble proteins observed during the first week of
storage. The total amount of free amino acids in salmon
superchilled for 9 days (S1) was comparable to the 2 days
ice-chilled (I0) and the batch superchilled for 16 days (S2)
was comparable to the 9 days ice-chilled (I1). Even if S1
was stored for a longer period than the freshest batch,
the enzymatic protein degradation was minor.

The decrease in the total amount of free amino acids
after 16 days in the ice- chilled batch (I2) could be due to
a higher bacterial load. In this experiment the microbial
growth was however not determined. Jackson, Acuff, and
Dickson (1997) reported that bacteria such as Pseudomo-
nas species could be able to compete successfully on aero-
bically stored and refrigerated muscle foods. The high
water content of fresh muscle tissue together with refriger-
ated temperatures, and with the readily available glycogen,
peptides and amino acids, as a source of energy, may have
contributed to its suitability as a substrate to support this
microbial growth. A higher bacterial load in iced salmon
compared to superchilled salmon has been observed (Rus-
tad, unpublished results) and is in agreement with signifi-
cantly lower counts obtained with slurry ice and ozonised
slurry ice treatment of farmed turbot and sardine (Piñeiro
et al., 2005; Campos et al., 2005; Campos, Rodrı́guez, Los-
ada, Aubourg, & Barros-Velázquez, 2006).

Regarding the relative amounts of the different amino
acids, small changes in the different amino acids were
observed. Independent of the time and storage method,
glycine/arginine (coeluting), and alanine constituted about
45–51% of the total amount of free amino acids (wt.%), fol-
lowed by threonine, glutamic acid, histidine, and valine.
This is in agreement with Hultmann and Rustad (2004),
who also found a decrease in the relative amount of gly-
cine/arginine during iced storage of salmon. Lund and
Nielsen (2001) investigated changes in free amino acids
(using ethanol extraction) during cold storage of fresh
salmon for up to 23 days. The dominating amino acid in
all samples was histidine and it constituted about 48%
(wt.%) of total free amino acid content in salmon. Alanine,
glutamic acid and glycine were also important, constituting
about 22% of total amino acid content. Hultmann et al.
(2004) found lower amounts of histidine, and this is in
accordance with the results in this study.

3.1.5. Electrophoretic profiles of myofibrillar and

sarcoplasmic protein

Changes in the composition of the salt and water
soluble proteins were investigated by eletrophoretic profiles
(Fig. 3). SDS–PAGE has been used for identification of dif-
ferent muscle proteins and their subunits in fresh muscle
and also to estimate the effects of storage and processing
on the stability of proteins (Thorarinsdottir, Arason,
Geirsdottir, Bogason, & Kristbergson, 2001). In the salt
soluble extracts (Fig. 3a), myosin and actin were the dom-
inating proteins. No large changes in intensity in the actin
(42 kDa) and myosin heavy chain (200 kDa) bands were
observed for the different storage procedures, except for
salmon ice stored for 2 days (I0); this is probably because
the fish was not completely out of rigor after 2 days (Wang,
Tang, Correia, & Gill, 1998). In the salmon ice-chilled for 9
and 16 days (I1, I2) as well as in the frozen (F) and 9 days
superchilled (S1), two bands with molecular weights in the
range of 76 and 170 kDa appeared. In the salmon super-
chilled for 16 days (S2), there was a decrease in band inten-
sity. An increase in new bands in the range of 45 kDa was
observed with longer storage. This could be due to proteo-
lytic degradation during storage. These results agree with
previous studies of Lund and Nielsen (2001), who reported



Table 4
Free amino acids in fresh salmon fillets stored under different conditions (ice-chilled (I0, I1, I2), frozen (F), and superchilled (S1, S2))

Storage method Chilled (4 �C, crushed ice) Frozen (�40 �C) Superchilled (�1 �C, without ice)

Time Day 2 Day 9 Day 16 Day 30 Day 9 Day 16

Sample I0 I1 I2 F S1 S2

Aspartic acid 2.1 3.7 4.0 4.7 2.9 4.2
Glutamic acid 7.5 7.0 7.1 6.8 6.4 4.8
Asparagine 0.0 0.0 0.0 0.0 0.0 0.0
Histidine 4.4 8.2 5.2 6.4 5.2 7.9
Serine 3.2 4.3 4.0 7.4 3.2 3.4
Glutamine 2.7 3.3 6.6 2.3 1.0 4.0
Glycine/arginine 18.8 13.2 14.5 12.9 12.3 12.7
Threonine 9.2 9.2 6.7 6.1 8.3 6.0
Alanine 32.5 32.5 32.8 29.6 34.8 34.0
Tyrosine 2.8 3.0 2.2 2.9 3.6 3.3
Methionine 1.1 1.0 1.2 1.3 1.1 1.1
Valine 4.6 4.5 4.9 5.2 5.4 5.4
Phenyalanine 1.3 1.7 2.4 3.1 2.2 2.8
Isoleucine 2.3 1.7 1.7 1.9 2.0 1.6
Leucine 3.9 3.4 4.0 4.8 4.6 4.4
Lysine 2.3 2.2 1.9 4.0 3.8 2.8
Total amino acid amount 6.8 ± 1.5a 11.7 ± 0.5ab 7.8 ± 1.1ab 9.9 ± 0.8ab 7.0 ± 0.7ab 12.1 ± 1.3b

Free amino acids fraction (%) of total amount (from lmol/g wet weight). Total amounts of amino acids (lmol/g wet weight), on the bottom line, are given
as average ± sd of the mean (n = 4).

Fig. 3. SDS–PAGE profile of the salt and water soluble protein extract (SSP (a), WSP (b)) of fresh salmon. Ice chilled (I0, I1, I2), frozen (F), and
superchilled (S1, S2) are the different times and storage methods. Arrows indicate other bands whose intensity increase during time and storage method.
Low molecular weight standard (LMW): a-lactalbumin (14.4 kDa); trypsin inhibitor carbonic (20.1 kDa); anhydrase (30.0 kDa); ovalbumin (45 kDa);
albumin (66.0 kDa); phosphorylase (97.0 kDa). High molecular weight standard (HMW): glutamic dehydrogenase (53.0 kDa); transferrin (76 kDa); b-
galactosidase (116 kDa); a2-macroglobulin (170 kDa); myosin heavy chain (220 kDa).
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the appearance of several bands in the 43-150 kDa range
after different storage periods. Hultmann et al. (2004) also
found that iced storage of salmon did not seem to cause a
great increase in large fragments, due to breakdown or
aggregation of proteins. New proteins might be present at
too low concentrations to be detected by SDS–PAGE,
and small changes in the molecular weights of proteins will
not be detected.

The bands in the water soluble fraction of salmon
(Fig. 3b), were in the range of 14.4 up to 97.0 kDa. Electro-
phoresis showed slight traces of bands in the range of 45–
97 kDa and in the range of 20.1–30 kDa, and a stronger
band intensity was observed with further storage.
3.2. Influence of time and storage method on the quality of

lightly salted salmon

3.2.1. Protein solubility
The amount of water and salt soluble protein (WSP,

SSP) after 12 and 24 h of salting is shown in Fig. 4. The
state of the proteins depends on the salt content. Muscle
proteins generally first show an increase in solubility (salt-
ing-in) with increasing salt concentration. This is followed
by a decreased solubility (salting-out) on further addition
of salt, mainly due to the protein denaturation (Martı́nez-
Álvarez & Gómez-Guillén, 2005; Sigurgisladottir, Sigur-
dardottir, Torrissen, Vallet, & Hafsteinsson, 2000; Thora-
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rinsdottir et al., 2001). Salting minimised the differences in
protein solubility after storage, but for all batches, a slight
increase in WSP and SSP compared to the unsalted sam-
ples was found. Similar amounts of WSP and SSP were
extracted after 12 and 24 h of salting in the ice-chilled
batches (I0, I1 and I2) and in the superchilled batches
(S1 and S2), indicating a low degree of protein denatur-
ation. The extractability of myofibrillar proteins (SSP),
was significant lower (p < 0.05) in the frozen samples (F),
compared to the rest of the batches after salting, due to
denaturation of the protein and loss of functional proper-
ties during frozen storage prior to processing (Mackie,
1993). However, an increased extractability in WSP and
SSP after salting, compared to the unsalted frozen batch
(F), was found.

3.2.2. Free amino acids

After 24 h of salting, there was a significant (p < 0.05)
increase in the total amount of free amino acids, compared
to fresh salmon, except for the frozen batch (F) (Table 5).
The salted samples showed the same pattern as salmon
before processing (Table 4). The total amount of amino
acids in salmon superchilled for 9 days (S1) was compara-
ble to the batch ice-chilled for 2 days (I0) and salmon
superchilled for 16 days (S2) was comparable to 9 days
ice-chilled (I1).

Small changes in the relative amounts of the different
free amino acids were observed during salting. Glycine/
arginine (coeluting), and alanine constituted about 37–
47% of the total amount, followed by threonine, glutamic
acid, histidine, and valine. The storage method and salting
did not seem to influence the relative amount of the differ-
ent free amino acids.
Fig. 4. Changes in water and salt soluble protein (WSP, SSP) after 12 (a, b) a
(frozen for 30 days), S1 and S2 (superchilled for 9 and 16 days) are the differe
Significant differences in water soluble and salt soluble protein among the sam
Samples with no letters in common are significantly different (p < 0.05), (n = 4
3.2.3. Electrophoretic profiles of myofibrillar proteins

The composition of the salt soluble proteins in salmon
salted for 24 h is shown in Fig. 5. No clear differences in
the protein distribution between unsalted (Fig. 3) and
lightly salted samples were observed. No marked differ-
ences between the salted salmon from batches stored under
different conditions were observed. The dominating bands
were actin and myosin heavy chain. Electrophoresis
showed slight traces of bands in I2-1, F-1, S1-1 and S2-1,
in the range of 45 kDa, and some others in I2-1 and F-1,
in the range of 220 kDa.

During dry salting, the salt uptake by the salmon mus-
cle results in competition with muscle proteins for water
molecules; after the ‘‘salting-in” phenomena, there is a
denaturation and aggregation of these proteins by the
‘‘salting-out” process, resulting in reduced hydration
capacity (Martı́nez-Álvarez & Gómez-Guillén, 2005,
2006). Even in the production of lightly salted salmon,
the salt concentration in the outer layers of the muscle
may be high enough to cause salting out. The myofibrillar
proteins in fish therefore, are easily denatured during pro-
cessing, resulting in loss of solubility (Hultmann et al.,
2004). When comparing other previous studies on the
effect of salting and different pHs on the functional prop-
erties of cod muscle proteins, either after subsequent
lightly salting or heavy salting of cod, Martı́nez-Álvarez
and Gómez-Guillén (2005, 2006) found that cod proteins
were easily degraded. Myosin heavy chain was mostly
absent and this could be due to possible protein aggrega-
tion in the early stages of salting. However, salmon pro-
teins showed more protein stability degree than cod
proteins (Ofstad, Kidman, Myklebust, & Hermansson,
1993) as Fig. 5 shows.
nd 24 h (c, d) of dry salting. I0, I1, I2 (ice chilled for 2, 9 and 16 days), F
nt batches used under different time and storage methods before salting.
ples after 12 and 24 h of salting are indicated with letters in the columns.
).



Table 5
Free amino acids in salmon salted for 24 h

Storage method Chilled (4 �C, crushed ice) Frozen (�40 �C) Superchilled (�1 �C, without ice)

Time Salted batch (24 h) Day 2 Day 9 Day 16 Day 30 Day 9 Day 16

Sample I0 I1 I2 F S1 S2

Aspartic acid 1.3 1.6 2.9 4.7 2.6 3.6
Glutamic acid 8.0 9.8 6.3 6.0 7.4 8.6
Asparagine 0.0 0.0 0.0 0.0 0.0 0.0
Histidine 8.6 5.2 5.0 6.3 8.1 4.9
Serine 5.4 11.5 16.0 9.1 4.6 5.3
Glutamine 0.7 0.9 0.5 0.8 0.3 0.5
Glycine/arginine 13.9 14.5 11.8 9.8 12.9 13.9
Threonine 9.8 7.8 7.7 7.0 7.3 7.9
Alanine 33.4 30.4 25.2 30.9 32.9 27.8
Tyrosine 2.3 2.2 2.4 3.1 3.3 2.8
Methionine 0.9 0.9 1.2 0.8 0.9 1.4
Valine 4.4 4.2 4.4 5.6 5.0 4.7
Phenyalanine 1.1 1.3 2.2 3.4 2.1 2.4
Isoleucine 2.0 1.9 1.7 2.0 2.0 1.8
Leucine 3.5 3.1 3.6 5.1 4.0 3.9
Lysine 3.2 3.5 4.0 4.3 2.7 5.6
Total amino acid amount 10.3 ± 1.3ab 14.7 ± 1.6cd 17.4 ± 0.9d 7.9 ± 1.3a 12.6 ± 0.9bc 15.3 ± 1.1cd

I0, I1, I2 (ice chilled), F (frozen) and S1, S2 (superchilled) are the different batches used under different time and storage methods before salting. Free
amino acids fraction (%) of total amount (from lmol/g wet weight). Total amounts of amino acids (lmol/g wet weight), on the bottom line, are given as
average ± sd of the mean (n = 4). Significant differences along the storage time and conditions are indicated with superscript letters. Samples with no
letters in common are significantly different (p < 0.05).

Fig. 5. SDS–PAGE profile of the salt soluble protein extract in salted
salmon for 24 h. Ice chilled (I0, I1, I2), frozen (F), and superchilled (S1,
S2) are the different times and storage methods underwent prior to salting.
The number 1 in each of the batches means 1 day of salting. Arrows
indicate other bands whose intensity increase during storage. Low
molecular weight standard (LMW): a-lactalbumin (14.4 kDa); trypsin
inhibitor carbonic (20.1 kDa); anhydrase (30.0 kDa); ovalbumin (45 kDa);
albumin (66.0 kDa); phosphorylase (97.0 kDa). High molecular weight
standard (HMW): glutamic dehydrogenase (53.0 kDa); transferrin
(76 kDa); b-galatosidase (116 kDa); a2-macroglobulin (170 kDa); myosin
heavy chain (220 kDa).
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3.2.4. Mass transfer

The main components transferred between salmon and
the brine are water and NaCl. In addition, some proteins
and some fat are lost into the formed pickle. Mass changes
were determined during the salting experiments using the
methodology described by Fito and Chiralt (1996) and
Barat et al. (2006).

The total, water and NaCl salmon weight changes (DMo
t ,

DMw
t and DMNaCl

t , respectively), determined by means of
Eqs. (1)–(3) (Mo

t and Mo
0 being the salmon weight at the

sampling time t and 0, xw
t and xw

0 being the salmon water
weight fractions, and xNaCl

t and xNaCl
0 being the salmon

NaCl weight fraction at time t and 0, respectively), during
the salting process, as a function of the raw material used
were

DMo
t ¼

Mo
t �Mo

0

Mo
0

� �
ð1Þ

DMNaCl
t ¼ Mo

t � xNaCl
t �Mo

0 � xNaCl
0

Mo
0

� �
ð2Þ

DMw
t ¼

Mo
t � xw

t �Mo
0 � xw

0

Mo
0

� �
ð3Þ

The total, NaCl and water weight changes after 12 (DMo
12,

DMNaCl
12 and DMw

12) and 24 h salting DMo
24, (DMNaCl

24 and
DMw

24) are shown in Fig. 6. After 12 h of salting, the total
weight changes are quite small for all of the batches. How-
ever a significant positive weight increase (p < 0.05) after
12 h salting was observed in batches stored 9 days on ice
(I1) and superchilled (S1), while batches I0, I2 (2 and
16 days ice-chilled), F (frozen) and S2 (16 days super-
chilled) lost weight. After 24 h of salting, the yield was neg-
ative for all of the batches; I2 and S2 (16 days ice chilled
and superchilled) had the lowest yield. This fact could be
explained by the higher degree of structural damage caused



Fig. 6. Total mass, salt and water weight change after 12 (a–c) and 24 h (d–f) of dry salting. I0, I1, I2 (ice chilled for 2, 9 and 16 days), F (frozen for
30 days), S1 and S2 (superchilled for 9 and 16 days) are the different batches used under different time and storage methods before salting. Significant
differences in total mass, salt and water weight changes after 12 and 24 h of salting are indicated with letters on each column. Samples with no letters in
common are significantly different (p < 0.05), (n = 8).
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due to different reasons. In the case of I2 samples, the high-
er damage to the structure could be explained by the in-
tense proteolytic activity during the ice storage; while for
S2 samples, small fluctuations in the storage temperature
range (�1 to �2 �C), would lead to intense recrystalisation
phenomena, contributing to an increase the structural
damage (Mackie, 1993). Over this temperature range, the
amount of ice in fish muscle varies from 10% to 56% of
the total water in the tissue (Huss, 1998).

Regarding the salt uptake weight changes (Fig. 6b), the
lowest value was for I0 (the freshest raw material stored
2 days on ice), indicating a more intact tissue structure. It
seems that when the structure of the muscle is not dam-
aged, it is limiting the salt uptake (Barat et al., 2006; Wang
et al., 1998). However I0 achieved the highest water loss
(Fig. 6c), probably due to the lower NaCl uptake previ-
ously commented. After 9 days of ice-chilling (I1), the sal-
mon structure is losing its integrity, as a consequence of
degradation of cellular structures by enzymes, which means
that salt ions have much more freedom to penetrate (Wang
et al., 1998). Nevertheless the protein matrix is still capable
of retaining water after 12 h of salting, and therefore less
dehydration was observed. The same phenomenon
occurred in S1 (9 days superchilled), probably mainly
caused by mechanical damage rather than biochemical
reactions. Therefore, 9 days old salmon obtained a higher
yield in the salting step, independent of the storage method
but for the aforementioned reasons. Concerning the
batches I2 and S2 (16 days ice-chilled and superchilled)
the structure may have become more degraded, and there-
fore, the protein might have lost the ability to retain water,
resulting in more dehydration and contributing to an
increase in salt uptake (Wang et al., 1998).

The frozen batch (F), behaved similarly to the fresh
batch (I0). Although the F batch has been frozen (accord-
ing to Mackie (1993), 92% of the water is frozen when
reaching –30 �C), it seems that there is not a marked vari-
ation in the tissue structure after salting, either due to the
use of very low freezing temperatures (�40 �C), or because
the fatty tissue nature of the salmon may tolerate vigorous
temperature changes, or a combination of both. Although
the structure of frozen salmon would be different from the
structure of 16 days superchilled salmon (Kato et al., 1974;
Mackie, 1993), salting minimised the differences.

When salting time increases from 12 to 24 h, there is lit-
tle difference in the behaviour of the samples. The behav-
iour of the superchilled samples seems to be between the
freshest batch and the oldest refrigerated batch. I1 seems
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Fig. 7. Mean values of hardness (N) for fresh salmon (n = 12–14). F
(frozen for 30 days), I0, I1, I2 (ice chilled for 2, 9 and 16 days), S1 and S2
(superchilled for 9 and 16 days) are the different batches used under
different time and storage methods before salting. Significant differences in
hardness are indicated with letters superscripts on each of the batches
name. Samples with no letters in common are significantly different
(p < 0.05), (n = 12–14).
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to have the optimum structure followed by S1, enabling a
high uptake of salt with a good capability to retain water,
and so is the least dehydrated. This is in agreement with
other studies (Barat et al., 2006; Lauritzsen et al., 2004).
The negative yield obtained after 24 h of salting (a 3.6–
7.4% reduction in fillet weight) was in accordance with
other results by (Cardinal et al., 2001; Mørkøre, Vallet,
Cardinal, Gómez-Guillén, & Montero, 2001).

3.2.5. Texture attributes

During ice storage the fish muscle softens or tenderises,
due to a weakening of the Z-discs of the myofibrils, a deg-
radation of connective tissue, or a weakening of myosin–
actin junctions (Hultmann & Rustad, 2002; Kato et al.,
1974; Wang et al., 1998). The texture of fish muscle is influ-
enced by several factors such as rate of pH decline and
extent of proteolysis causing breakdown of myofibrils
(Hultmann & Rustad, 2002).

In this study, the fillet hardness (force recorded at 40%
compression) was significantly reduced (p < 0.05) during
storage (Fig. 7). The highest value was obtained for the
2 days ice stored batch (I0), while the lowest recorded hard-
ness was for S2 (16 days superchilled) batch. This decrease
could be due to the slow freezing of fish flesh during a long
storage period. Some of the water freezes out and the salt
concentration in the tissue increases, leading to denatur-
ation of the muscle proteins, as well as structural damage
of membranes (Huss, 1998). In addition, temperature fluc-
tuations during storage promote an increase in the size of
the ice crystals, causing more mechanical damage of the
structure (Mackie, 1993), resulting in increased drip loss,
loss of water holding capacity, textural changes and poorer
appearance (Huss, 1998). On the other hand, the hardness
Fig. 8. PCA of the texture attributes on the different stored batches. Bi-Plot fo
model. The texture attributes are identified by (H: hardness; Coh: cohesivene
chilled for 2, 9 and 16 days), F (frozen for 30 days), S1, S2 (superchilled for 9 a
methods before salting.
of the S1 (9 days superchilled) batch, was between that of
the batches stored 2 and 9 days ice chilled (I0 and I1). It
seems superchilling for shorter periods will have less effect
on texture.

Regarding chewiness, all the batches showed the same
significant trend as in hardness (p < 0.05). The highest
value recorded was for the freshest raw material (I0) fol-
lowed by superchilled (I1), while the lowest was recorded
for the frozen (F) and superchilled for 16 days (S2). Cohe-
siveness and gumminess had the same significant group
trend, the highest cohesiveness was recorded for batches
I0 and I1 and the lowest values for F and S2. Samples
ice-chilled for 9 and 16 days (I1 and I2) were in between
the others. On the contrary, I0 followed by I1 were found
r the first two principal components PC1 (80%) and PC2 (15%) of the PCA
ss; Elas: elasticity; Gum: gumminess and Chew: chewiness). I0, I1, I2 (ice
nd 16 days) are the different batches used under different time and storage
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to be significantly (p < 0.05) the least elastic and F the most
elastic.

In order to obtain an overview of the main effects of the
salting process on the textural attributes (H: hardness;
Coh: cohesiveness; Elas: elasticity; Gum: gumminess and
Chew: chewiness), for salmon stored under different condi-
tions (I0, I1, I2, F, S1 and S2), a multivariate analysis was
performed to identify similarities and differences between
the treatments. The results are presented in a PCA bi-plot
of scores and loadings (Fig. 8). It was found that two PCs
explained 95% of the variance in the data set. The salting time
played an important role on texture parameters, indepen-
dently of the storage method. The behaviour of unsalted sal-
mon was different from the lightly salted salmon. Twenty-
four hours of salting was found to cause an increase in fillet
hardness of 200% in all of the different batches studied. The
PCA plot showed that the salted samples were associated
with an increased hardness, gumminess, chewiness and cohe-
siveness, compared to the unsalted samples. Unsalted sam-
ples were more associated with elasticity.

4. Conclusions

Salmon stored on ice, super chilled or frozen, seems to
behave differently with regard to biochemical and physical
changes. Superchilling seems promising for storing raw
material before salting, since biochemical quality degrada-
tion that easily happens under chilled storage is slowed
down, the degree of protein denaturation is low and the
degree of structural damage is less than in frozen storage.

The raw material superchilled for 9 days was compara-
ble to material ice-chilled for 2 days and better than
9 days ice-chilled, especially with regard to protein dena-
turation and degradation (measured as changes in protein
solubility and free amino acids), as well as structural
changes. Longer superchilled storage had a marked nega-
tive effect on textural properties. Therefore, to prolong the
superchilled storage time and to avoid mechanical dam-
age, it is necessary to control both the superchilling pro-
cess and the storage conditions, minimising temperature
fluctuations.

Regarding the salting step, the effect of the different stor-
age methods was minimised. Nevertheless the highest yield
of lightly salted salmon was obtained for salmon super-
chilled for 9 days followed by 9 days ice-chilled. Further
sensory and microbiological studies of the final smoked
product under the different preserving methods used
should be addressed.
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