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SUMMMARY

The objective of this Ph. D. thesis wasstady the liquid holding capacity/liquid loss of
raw and smoked salmonids as affected by raw material and chill storage of the cold

smoked product.

The liquid holding capacity is an importaqpiality parameter for cold smoked salmon.
This study has shown that the liquid holdoapacity in raw and cold smoked salmon is
influenced by several factors. The size @& tish affected the liqdiholding capacity as
large fish had lower liquid holding capacityathnsmaller fish. The salt content influenced
the liquid holding capacity in smoked fiak it was found that high salt content gave
higher liquid holding capacity. The salt uptakahe fillets was affected by the lipid
content as a high lipid content lead to a logadt content. It was aldound that the lipid
content increased with the siakthe fish. The lipid contdraffected the liquid holding
capacity in raw salmon, as high lipid contgave lower liquid holding capacity. Thus, the
lipid content is an important parameter netyag the liquid holding capacity as it can
influence the liquid holding capacity directly iodirectly by affeting other factors e.g.

the salt content which influencése liquid holding capacity.

During the chill storage period of smoked saimthe liquid holding capacity decreased. It
was found that the large smoked salmon lostenfiquid than the small smoked salmon did
during chill storage. At the same time thedifiaction of the liquid loss increased while
the water fraction remained at a constantlléMee decrease in the liquid holding capacity
during chill storage of the smoked product wdatesl to changes in the water distribution.
Three water pools were found in raw and snadokamon samples. An exchange of water
from pool Il to pool | was seen during chstiorage of smoked salmon. The microstructure
of the fish muscle was affected by the smgkprocess and the subsequent chill storage.
An indication of lipid droplet being released was obserdenling the chill storage period,

which could indicate denaturation oktlollagen structure in the muscle.
Several methods for measuring tiquid holding capacity in fatty fish have been used. A

comparison of two of the methods, a centgdtion method and a liquid leakage test, was

made. The investigation showed that the two methods measure different parameters, and



that the two methods cannot substitute eztbler and the methods may have different
applications. Both methods are highly degent on experimental conditions. It is
recommended that both types of methods aed usorder to get a detailed picture as
possible of the liquid holding capacity. NMR reltiga curves were used to investigate the
relation between the centrgation method and the liquidaleage test. A high correlation
was found between NMR relaxation curvesl éhe liquid holding capacity measured by
the centrifugation method fdoth rainbow trout and satm. Thus, the low-field NMR
technique has potential agast and non-destructive nhetd to measure liquid holding
capacity in fatty fish.

In conclusion, this study has shown that theitglilf the salmonid muse to hold liquid is
a complex property influenced by many factdise experiments in thihesis have shown
that raw material and chill storagetbe smoked product affected the liquid holding
capacity. Thus, the producers of cold smogaltnon should be aware of this and should

have a careful control of the raw mategapecially regardmthe lipid content.



SAMMENDRAG (DANISH SUMMARY)

Formalet med dette Ph. D. projekt var atensgige om vaeskebindimysmen/veesketab i ra
og raget laks var pavirket af ramateriatpefterfalgende kalelaing af det koldrggede
produkt.

Veeskebindingsevnen er en vigkvalitets parameter for kolrgget laks. Dette studie har
vist, at veeskebindingsevnen i ra og koldtdgks er pavirket af mange parametre.
Starrelsen af fisken pavirkede veeskelimgsevnen, idet store laks havde mindre
vaeskebindingsevne end sma laks. Saltindhqléeirkede veeskebindingsevnen i ragede
fisk, idet hgjere salt indhdlgav bedre vaeskebindingsevBalt optaget var pavirket af
fedtindholdet, da et hgjt fedtindhold farte till@vere salt indhold. Fedtindholdet steg med
fiskens starrelse. Fedtindholdet pavirkedskebindingsevnen i ra laks, idet et hgjere
fedtindhold gav lavere vaeskebindingsevne tirRetioldet er en vigtig parameter, da det
kan pavirke veeskebindingsevnginekte eller indirekte ved gvirke andre faktorer som

f.eks. salt og derved pavirke vaeskebindingsevnen.

Under kglelagring af regede laks, sas et faigbskebindingsevnen. Store rgget laks tabte
mere vaeske end sma rgget laks i Igbet aflagtingsperioden. Pa samme tid blev der set
en stigning i fedtdelen af vaesketabet, mearsddelen i veesketabet forblev pa et konstant
niveau. Faldet i veeskebindingsevnen i |afétglelagringen af deggede produkt var
sammenfaldende med andringer i vandfondgh. Der blev fundet tre vand pools i ra og
regede laks. Under kglelagringen af raglatte skete der en udveksling af vand mellem
vandpool | og vand pool II. Der skete aander i mikrostrukturen, som falge af
koldrggningsprocessen og som fglge af kglatggn. Der blev set en indikation af
frigarelse af fedtdraberd@bet af kalelagringsperioden, itket kunne indikere nedbrydning

af collagen strukturen i musklen.

Forskellige metoder har veeret anvendt tih@stemme veeskebimgdjsevnen i fede fisk.

Der blev lavet en sammenligning af entténge metode og en vaeskeslips metode.
Undersggelsen viste, at disse to metoder nfidtekellige parametre, og at de ikke kan
erstatte hinanden, men de kan have forslebigvendelsesmuligheder. Endvidere er begge
metoder meget afhaengig af de fysiske foreggdaendigheder. Det anbefales at anvende



begge metoder for at fa et nuanceredledé som muligt af veeskebindingsevnen. NMR
relaxations kurver blev anvendt til at undege sammenhangen mellem de to ovennaevnte
metoder. Der blev fundet en hgj korredatimellem centrifuge niedens resultater og

NMR malingerne for bade regnbuegrreder dg.ldow-field NMR faventes derfor at

have et potentiale som énrtig og ikke-destruktiv mede til bestemmelse af

vaeskebindingsevnen i fede fisk.

Som konklusion, sa har dette studist at lakse musklens evtieat holde veeske er en
komplex parameter, der kan pavirkes af mafiaggeorer. Forsggene i denne afhandling har
vist, at bade ravaren og afi@igende kalelagring pavirkedraeskebindingsevnen. Det er
derfor vigtigt for produenter af koldrgget laks at veere aenksom pa dette, og stille krav

til deres ravare specielt med hensyn til fedtindhold.

Vi



ABBREVIATIONS

CLSM Confocal laser scanning microscope
CPMG Carr-Purcell-Meiboom-Gill
Cv Cross validation

DIFRES Danish Institute for Fisheries$®arch, Department of Seafood Research
DHA Docosahexaenoic acid

DKK Danish kroner

DM Dry matter

DTU Technical University of Denmark

EPA Eicosapentaenoic acid

FA Fatty acid

LHC Liquid holding capacity

LHC, The amount of liquid left in the mbe after centrifugatin related to the
original liquid content

LHC, The amount of liquid left in the mie after centrifugatiorelated to the dry
matter content

LL Liquid loss

LM Light microscope

M, The relative size of water pool |

M The relative size of water pool Il

M The relative size of water pool Il

NMR Nuclear magnetic resonance

PARAFAC Parallel factor analysis

PC Principal component

PCA Principal component analysis

PLSR Partial least squares regression

PUFA Polyunsaturated fatty acids

QI Quality index

QIM Quality index method

RMSEP Root mean square error of prediction

SD Standard deviation

T, Longitudinal or spin-lattie relaxation time constant

T, Transverse or spin-spinlagation time constant

WHC Water holding capacity
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INTRODUCTION

Cold smoked salmon is a popular product agnoonsumers as well as a commodity of
economic importance on the world markétwever, during recent years, problems
associated with increaseduiid loss, discolouration, sd&xture, and gaping in cold
smoked salmon products have been observed @spe2002; Rara and Einen, 2003).
Such defects in quality are the reason behiddwngrading of thproduct, resulting in

financial loss for the producers.

The quality of cold smoked products canitftuenced by several parameters relating to
raw material composition (Esjet al. 2004; Rgrét al. 1998), processing conditions
(Birkelandet al. 2003; Birkelanckt al. 2004a; Birkeland and Bjerkeng, 2005) and “post-
processing” parameters (shelf life andragje temperature of the product) (Retal.

2003). Additional parameters suah slaughtering methods (Erikseinal. 1997; Olseret

al, 2006), genetics and rearing cammhs (density, feed, tempeuag, stress etc.) can also
have an influence on the product (Rasmus2efl). Today the smoking process is still
based on traditional principles and methods Biggest change has been the replacement
of wild salmon by farmed salmon as the raw material in the cold smoked production.
Farmed salmon differ from wild salmon by eh@ving a higher lipid content due to the

rearing strategies.

The liquid holding capacity is an important Gtyaattribute of cold smoked salmon as a
decreased liquid holding capacisults in a poorer glity of the product. It is thus of
major interest to know how changes in lidjhiolding capacity occur in relation to raw
material, processing and storage of cold smoked salmon.

A suitable measurement of the liquid holdoapacity is an impéant part of the
production control. There is no standardimoel for measuring the liquid holding capacity.
Different methods have been used to evaltladiquid holding capacity in salmonid fish,
making it difficult to compare the results. Therefore it is relevant to investigate the

suitability of these methods.

Xi



OBJECTIVES

This Ph. D. project was initiated as a resdilenquires received from the Danish salmon
industry regarding quality deficiency (sédixture, discolourabin and liquid loss) in
industrially produced cold smoked salmon. In jgaitr, liquid loss in the sliced products

causes significant financial loss for the prodaahre to complaints from the retailers.

The main objective of this thesis was thostudy the liquid holding capacity/liquid loss
of raw and smoked salmonids as affected bymaterial and storage time of the smoked
product using a traditioh@rocess. In particular this gect aimed to answer the following

guestion:

% How are the liquid loss related to the limidntent, raw material variation and

storage time?

An investigation into theskctors should improve the knowlige about the importance of
raw material composition and storage timetoa cold smoked product, which in turn
should lead to cold smoked products wétver quality defects. To control the raw
material as a part of production control iedvantageous to have a suitably method to
determine liquid holding capacity. In reseaditfierent studies of liquid holding capacity
have used different methods and differexperimental conditions, and this makes it

difficult to compare the results. Thus, the following question was raised:

¥, Is it possible to suggest methodsi&giermine the liquid holding capacity in

salmonid fish to be used research and production?

Xi



OUTLINE OF THESIS

This thesis is divided into four chapters.apter one gives an imduction to cold smoked
salmon, the raw material used for the production of smoked salmon and the cold smoking
process. Quality parameters of salmon arld smoked products are also presented. In
chapter two, the design of the study is présgand the methods used are presented and
discussed. In chapter three, thsults found in this study, i.the results from the attached
papers, are presented together with utiphied results. Chaptéour presents the

conclusions and the perspectives.

Xiii



Chapter 1

1. Background

This chapter gives an introduction to thegessing of cold smoked salmon with focus on
the raw material and the prase In addition, the quality pareeters of raw and smoked are
described. At the end of the chapter, ther@ short summary of the parameters that
influence the cold smoked product and fipathe focus of this thesis is given.

1.1Importance of cold smoked salmon for Denmark

The production of cold smoked salmon is important for Denmark as well as many other
north European countries. In Denmark, cold smoked salmon is the most popular smoked
fish product, followed by smoked rainbowett (DFU, 2005). In 2005, the export of cold
smoked salmon products from Denmark was 7tBAies, which represents a value of 614
million DKK (the Danish Directorate of Bheries, 2005) making cold smoked salmon a

commodity of considerable economic importance for Denmark.

1.2 Definition of cold smoked salmon

Cold smoked salmon is a traditional prodand in Denmark is produced by a large
number of smoke houses using traditionainare modern automated production methods.
Cold smoked salmon is considered a ligipitgserved fish product with a salt content
ranging from 3.5 to 6.0 % in the water phase (Haeseth 1996), a water content between
63 and 70 % (Espet al. 2004; Cardinaét al. 2004) and a pH between 5.8 and 6.3 (Hansen
et al. 1995).

1.3Raw material for the production of cold smoked salmon

The raw material for the production of coldaked salmon in Denmark is mainly farmed
Atlantic salmon $almo sala). The farmed salmon are imported from Norway, the Faroe
Islands, Scotland, and Chile. There is asmall production of cold smoked salmonid
products from imported Paciffoncorhynchuspecies, from Danish farmed trout (rainbow

trout, Oncorhynchus mykissind from wild Baltic salmoSalmo salar)



1.4The smoking process

The cold smoking process has developed faosimple process to a modern industrial
process. However the fundamental principlethansmoking techniqueestill used by the
commercial smoke houses. Salting, drying amoking are used in combination to
preserve the fish. Due to the developmenedfigeration and packaging technologies it
has been possible to redube salt content and the smogitime. Thus, nowadays cold
smoked salmon appears as a lightly presepveduct with less salt, more moisture and
less smoke flavour than previously (KHan, 1995; Regra, 2003; Birkeland, 2004).

The processing steps vary according to the iifferecipes used at the smoke houses. In
Figure 1.1, a flow chart for the traditional caohoking process for salmon is shown from

slaughtering to final product.

) Drying &
Slaughtering Filleting Salting smoking Slicing Packaging Storage

Figure 1.1 Flow chart showing the process for the production of cold smoked salmon.

In addition to the steps mentioned in Figure frdezing can be included in different steps.
Smoke houses buy both fresh and frozen raw fish. The smoke houses may choose to freeze
their fish either before or after processing thutgistics, market prices, etc. Very often

the smoked fillet is frozen short-term to kedt easier to slice the smoked fillet (Rara,

2003). The smoked product might also be stémerkn before being transported to the

retail store in order to ease logisticsthis study, freezing was only performed on samples

intended for chemical analyses.

The main steps in the cold smoking process are salting, drying and cold smoking. These

are described in the following sections.

1.4.1 Salting
Salting provides the desired firm textuaind salty taste difie flesh (Doest al. 1998).



Salting also preserves and ingea the shelf life of the produas salting results in lower
water activity, thereby lowerg microbial activity. The reeomended critical limit for salt
content of chilled vacuum-packed cold smoked salmon is 3.5 % salt in the water phase to
prevent growth and toxin production Gfostridium botulinunduring chill storage

Different salting methods are applied in thdustry e.g. dry, brine anjection salting.

Dry salting has traditionally le& used as a salting method floe cold smoking process of
salmon and is still frequently used in ihdustry. The salting tievaries between the
smoke houses, and can vary from houisk@and, 2004) to several days (FAO/WHO,
1983). The temperature during dry saltinggsommended to be below 10°C (FAO/WHO,
1983). Dry salting is done by spraéagl crystalline salt on the flasand leaving the fillet to
equilibrate. The excess salt ishsequently removed by rinsing.

Brine salting is a process by which the fish is soaked in a salt solution for a certain time.
After salting, the fillets are rinsed. Brine aamtrations that rangedim 15 to 24 % salt can

be used to achieve at least 3.5 % salt in the water phase (Jittinahdhi2902). The
temperature during brining should not exc&édC (FAO/WHO, 1983). The salting time

for brine salting depends on several paraméitezdipid content, size and thickness of the
fillet. For Atlantic salmon (size 3-4 kg) a salting time of 6 hours at 12°C has been reported
(Sigurgisladattiret al. 2000a: Sigurgisladottit al. 2000b).

Several factors can affect the uptake and 8istion of salt in salmon fillets that have been
dry salted or brine salted. Theefactors are salt concentratidiborner, 1992; Jittinandana
et al.2002),lipid content in the fille(Shenderyuk and Bykowski, 1990; Sheekaal.

1996; Cardinaét al. 2001;Mgrkareet al. 2001; Gallart-Jornedt al. 2007) fillet size and
thickness (Shenderyuk and Bykowski, 1990; Jittinanddrad 2002; Gallart-Jornedt al.
2007), rigor state of thfillet (Shenderyuk and Bykowski, 1990; Waetgal. 1998;Wang

et al. 2000; Rgrét al. 2004),salting time(Jittinandanaet al. 2002; Birkeland and

Bjerkeng, 2005), temperatiduring salting (Diaet al. 1993; Birkeland and Bjerkeng,
2005)and salt to fish ratio (Shenderyakd Bykowski, 1990; Jittinandared al. 2002).

During dry salting, the salt solution will diffuse into the muscle and water will be extracted



from the muscle tissue until equilibrium haeeh reached. Shrinkage of the muscle fibres
of Atlantic salmon fillets due to dry salting has been reported (Sigurgislaetéadir2000b;
Sigurgisladottiret al. 2001), causing a reduction in thiget weight after dry salting
(Cardinalet al. 2001;Mgrkareet al. 2001). In brine salting, thidlets are soaked in a
solution and as a result, water diffusiomagluced. Thereby, lower weight losses and
higher yield are obtained for brine salted fdlebmpared to dry salted fillets (Cardiedl

al. 2001).

The diffusion of salt is an important issueidgrsalting and the lipid content may be a
limiting factor for the diffusion (Wangt al. 2000;Gallart-Jornett al. 2007)either by
replacing the aqueous phase that serves astar\er transfer duringhe salting step or by
acting as a physical barrier. Therefdhes yield after salting depends on the lipid
content/water content in the fillets as thensfer of the salt solution decreases with
increased lipid content (Sheehetral. 1996; Wanget al. 2000) and thereby a decreased
weight loss is observed during salting and smoking (Rah 1998;Mgrkareet al. 2001).
The rate of the salt diffusion is tempera&tdgependent and increasas the temperature
increased (4-40°C) (Diaat al 1993; Corzo and Bracho, 2004).

The dry salting step itself and the conditiampplied during the prcess affect several
parameters e.g. colour, liquid kdotg capacity, texture and yekin the final smoked fillets
(Birkelandet al.2004a; Birkeland and Brkeng 2005). Cardinak al. (2001) found no
colour difference between samples which wamesalted or brinsalted. Birkeland and
Bjerkeng (2005) found that thelag temperature and saltirigne of brine or dry salting
affect the colour of cold smoked Atlansalmon. The smoked fillets which were brine
salted or dry salted at low temperature (4#@re significantly more light and yellow
compared to fillets salted at 10°C. Uponrigasing the salting time from 6 to 12 hours the
smoked fillets became less light and red. A further increase of the brining time from 12 to
24 hours did not have any significant effectssarface colouration of the smoked fillets.
The colour parameters of smoked fillets werare affected by the brine concentration
than by the brining time and the temperaturee fillets salted in a brine concentration of
50 % saturated salt solution keesignificantly less red than fillets salted in a brine

concentration of 100 %. The brine concahon did not affect the lightness and



yellowness of the smoked filletsifBeland and Bjerkeng, 2005). Birkelaatlal. (2004a)
found that fillet processkaccording to dry salting were fiemand more elastic than fillets
which were processed according to injectsalting. Birkeland and Bjerkeng (2005) found
that increasing salting temperature (4 to@RSignificantly increased the weight loss by
1.5 % units and increased salting timén@irs vs. 24 hours) signifantly increased the
weight loss by 3.2 % units. Other studies (Cardiall. 2004; Magrkgrest al. 2001) have

found similar weight losse®llowing dry salting.

The injection salting method was originatlgveloped by the meat and poultry industry.
The injection salting method row frequently used by producers of cold smoked products.
During injection salting, brine imjected through needles ditey into themuscle tissue by
means of pressure (Birkelaetial. 2003). The applied presswserves to distribute the

brine among the muscle fibres. Hence, the sa#tkgpduring injection ding is not solely
dependent on diffusion. Deposits of brine willfbemed in close proximity to the injection
sites and salt will be disbuted throughout the fillets liffusion during the following
production unit operations (drying and csltioking) and vacuum-storage (Birkelagtdal.
2003; Birkeland, 2004). The salt content in smoliéts is affectedby the brine injection
pressure, needle speed, needle densiyirgection directionln addition, the

concentration of the brine injected will afféhe salt content in the smoked fillet as the
amount of salt injected into the muscle tissualmost proportional to the amount of brine
injected (Birkeland, 2004). A high pressure (above 0.4 MPA) may cause damage to the
muscle structure, e.g. gaping (Birkelagtdal 2003).

By adapting the injection salting methodpg@uction time is saved and a higher processing
yield is obtained (Birkelandt al. 2003; Birkelancet al. 2004a; Birkelanet al. 2004b)
compared to the dry salting and brineisglimethods. The injeicin salting method leads

to products that differ in quality traits coamed to dry salted spked products (Birkeland

et al. 2004a; Birkelanet al. 2004b). A higher gaping score aswfter texture have been
reported for salt injected salmon fillets congzhto dry salted salmon fillets (Birkelasd

al. 2004a). Birkelanet al. (2004b) found that the dry $ialg technique affected the
variation in colour characteristmore than the injection salting technique, which indicated

that the injection saltingethnique gives a more homogensusoked product with respect



to colour characteristics thamat obtained after dry salting.

1.4.2 Drying and cold smoking

The conditions used for drying the salmon fdlgary substantially from producer to
producer, but usually the temperature is mithnge of 15-26°C and the relative humidity
is in the range of 55-70 % (Birkelaetlal. 2003; Birkelancdet al. 2004a; Birkelanett al.
2004b). Drying removes water from the fillettatihus decreases thater content and the

water activity of the product.

Cold smoking is usually performed withinemperature range of 20 to 30°C for 2 to 12
hours at a humidity of 605 % (Hansen 1995; Birkelard al. 2003; Birkelancet al.

2004a; Birkelanaet al. 2004b). The temperature iretkven must never exceed @0 as
there should be no “coalg” of the fish (Doeet al. 1998). Cold smoking can be performed
by use of wood-chips for smoke generation. 8dal range of chips from hardwoods like
oak, hickory, cherry and beech are usuphgferred (Birkeland, 2004). During smoking,
the product absorbs volatile compoundsrirthe smoke and loose water. The
characteristic flavour and taste of smoked fsshhainly due to the phenols present in the
smoke (Maga, 1987; Dast al. 1998).

The yield after smoking is an importaatfor for economical success in the smoking
industry. Weight loss during smoking is maiulye to the evaporation of surface water and
the diffusion of water within the flesh towards the surface of the fillet. The diffusion is
affected by the quantity of water availableahe flesh, and leaner fillets with a high water
content will lose more water than faftets with a lower water content (Rgeé al. 1998;
Cardinalet al. 2001; Mgrkgreet al. 2001). Injection salting ges a higher yield after
smoking (in the range of 92-102 %) (Retaal. 1998; Birkelanckt al. 2003; Birkelanckt

al. 2004a; Birkelanet al. 2004b) than dry salting, which gwgields in the range of 82-91
% (Sigurgisladéttiet al.2000a; Sigurgisladéttet al. 2000b;Cardinalet al. 2001;Regost

et al. 2004;Rgraet al. 2004; Birkeland and Bjerkeg 2005). The lower smoking yield
obtained for dry salted fillets compared tceictjon salted fillets is due to loss of water
during the dry salting and the supply of leri the fillets dung injection salting
(Birkeland, 2004).



The duration of the salting step has showrffiecathe smoked fillet yield as an increase in
the salting time (6 to 24 hours) decreasestheked fillet yield significantly (Birkeland
and Bjerkeng, 2005). The smoking temperatifects the yield of smoked Atlantic
salmon fillets (Sigurgisladéttit al. 2000a; Sigurgisladéttet al. 2000b; Cardinagt al.
2001; Birkeland and Bjerkeng, 2005), and smokihg temperature of 30°C caused the
fillet yields to be higher than smoking at a temperature of 20°C. However, Birlatlahd
(2003; Birkelanckt al 2004a) found that smoking at ajhitemperature (30°C) compared
to a low temperature (20°C) led to avier smoking yield. Increasing yield of smoked
Atlantic salmon fillets with increasing filldipid content has been reported (Cardieial.
2001; Torrissert al 2001).The differences in yield after smoking between fillets with
high lipid contents may be explained bgueed dehydration dumgy the processing of
fillets with a high lipid content (Sigurgisladétet al. 2000a;Torrissenet al. 2001).

Temperature during processihgs a significant effect ondtguality characteristics of
smoked salmon. By increasing the temperadumreng smoking, the colour parameters are
altered (Birkelanceet al. 2004b; Cardinaét al. 2001). A reduction in redness was found to
be higher for fillets smoked at 20°C than at 30°C, whereas changes in lightness,
yellowness and hue were not affectlsdsmoking temperature (Birkelaetial. 2004b). A
high smoking temperature (30°C) gave higher firmness and elasticity in smoked fillets
compared to smoking at 21°C (Ratgal. 2005b), which may be due to a higher drying
rate at a higher temperature and therehigher water loss, which subsequently gives a
firmer and more elastiexture (Jittanandaret al. 2002). Rarat al. (2005b) investigated
the effect of cold smoking temperature fZDand 30 °C) on liquid holding capacity in
smoked fillets and found no sidicant effect of smoking temperature on the amount of
exudates, but a positive regression was fdagtdeen liquid loss and smoking temperature

in smoked fillets from salmon fed dieyaPeruvian fish oil as sole oil.

To conclude, the recommended salt contermhdfed vacuum-packed cold smoked salmon
is 3.5 % salt in the water phafifferent salting methods aempplied in the industry e.g.
dry, brine or injection salting. Several factoe affect the uptakand distribution of salt

in salmon fillets. The highest yield is olbitad after injection $ting, while injection



salting gives a softer texture and gaping in the smoked fillets compared with dry salting
and brine salting. Dry salting affects theaiol parameter more thdlie injection salting.

The applied conditions during smoking affdw colour parameter and texture. High
smoking temperature gives a firmer and malesstic texture and a reduced redness in
smoked salmon compared with smoking &t temperature. Long smoking time decreases

the yield after smoking.

1.5Quality parameters regardingraw and cold smoked salmon

Quality is one of the most frequentlyagswords relating to food. However, it is
exceptionally difficult and complicated tofdee quality in terms that are widely
understood (Meiselman, 2001). Qtatan be regarded asancept and Bremner (2000)
has described a new approach for definingoiinedity of food matesls in usable common
terms. This is achieved by a nominal hiehy, where the highest level is an overall
concept of quality. Below that is the veryngeal definition e.g. thaif the International
Standards Organisation (ISO) tltatvers all aspects of qualitand below that a specific
definition constructed to suihe material in question under given circumstances. The
specific definitions are linked toriteria, methods, values, gspecifications. In practice,
the concept and the general definition would be taken for granted and only the specific
definitions, criteria and methods are usedhia work, the quality parameters of raw and
smoked salmon will mainly be related to prds and attributes measured by standard

and instrumental methods.

Sigurgisladottiret al (1997) have reviewed salmon quality, reporting on the main quality
parameters of raw salmon based on litemsiudies and interviews with companies
throughout Europe. The quality parameters ofipalar importance were lipid content,
composition and distribution of lipids in thdlét, colour intensit, distribution of the

colour in the fillets and texture (firmneasd gaping). Other important cited parameters
were white stripes (myocommata and coninedissue), bleeding, blood stains, marbling
and melanin (Sigurgisladottat al. 1997). Koteng (1992) found in a survey that problems
with texture, blood stainsd colour of the skin werdne reason why Norwegian salmon
was not of the expected qugliAnother important qualitissue is the liquid holding

capacity as a decreased liquid holding capamtylead to liquid leakages from the



products, which is an important quality preiv in products available on the commercial
market (Cardinaét al. 2004). The most important qualipyarameters will be discussed in

the following sections.

1.5.1 Liquid holding capacity

The liquid holding capacity of fish muscleag major importance with respect to both
commercial value and consumer acceptance (Elvetall 1996). A reduced liquid
holding capacity makes the fillets morepe to liquid leakagy during smoking or
afterwards during slicing and vacuum staag§ccumulated liquid leakages in vacuum-
packaged smoked salmon have a negatiwxedfin the product appearance (Birkeland,
2004).

The liquid holding capacity is defined as thdigbof a given struatire to prevent water
and/or lipids from being released from the stawe, and it refers therefore to both water
and lipid holding capacity (Hermansson, 198&)r lean fish, the term water-holding

capacity is generally used.

The lipid holding property is a complicatedrpaneter as it relates to both lipid that is
emulsified or entrapped in a protein matixd to the solid lipid making an important

contribution to the muscle structure (Hermansson, 1986).

The liquid holding capacity of fish musclerche influenced by factors such as salt
concentration (Ofstaelt al. 1996), pH (Regensteit al. 1984; Ofstackt al. 1995; Ofstad
et al. 1996), storage conditiorfMackie, 1993; Nilsson and Ekstrand, 1994; Rara and
Regost, 2003) ankeat (Ofstadt al. 1993; Ofstadkt al. 1995; Ofstacdkt al. 1996; Rara and
Regost, 2003), all of which influence the sture and conformatioof myofibrillar and

connective tissue proteins.

Most of the water in the muscle is presenthi@ myofibrils. The myofibrillar proteins are
primarily responsible for the binalj of water in the muscle. Uptake of water occurs by the
entry of water into the myofibrils as thewell laterally by expansion of the filament

lattice. During salting, salt causes swellingled muscle and an increase in the water



holding capacity. The maximum swelling is reather salt concentrations at 1M (~ 6 %)
(Offer and Trinick, 1983). Higher concerticans will reduce theswelling effect and
decrease the liquid holtlj capacity of the fish muscle (Hamm, 1986; Shoehex. 1987;
Jittinandanaet al. 2002).

The pH is an important factor for thedig holding capacity. The minimum liquid holding
capacity is at the isoelectricipg where the myosin or actomsin has zero net charge. At
lower or higher pH values, the proteins havgositive or a negative net charge and the
liquid holding abilityincreases (Morrissest al. 1987). Ofstackt al. (1995) found that an
increase in pH from 6.0 to 7.0 (in a modedtsyn) greatly influeced the liquid holding
capacity as the liquid loss was reduced. &tfiect of pH is influenced by the salt

concentration and the temperature (Ofsgtadl. 1995).

Storage and processing of fish can infleeethe liquid holding caeity of the muscle.
Such procedures include transportatioaragye, freezing and thawing, drying, mincing,

salting, smoking, canning and cooking (Hamm, 1986).

Heat-induced structural changasnuscle are related to deased liquid holding capacity.
Ofstadet al (1993)found that the liquid loss was almasinstant between 5 and 20°C. At
higher temperature the liquid loss (mainlyter increased rapidly as a function of
temperature and heat-induced shrinkage @mtlyofibrillar proteins and increased water
loss were seen (Ofstad al. 1993; Ofstackt al. 1995). A temperature between 20 and 30°C
is used for cold smoking salmon. At temperasupetween 20-35°C, the main structural
changes appeared in the endomysium surrognitie muscle cells. The endomysial layer
swelled and melted collagen fibres filled thiglened collagen spaces. Therefore, a liquid
loss between 20 and 35°C may be due to thatdeation of collagealtering the physical
properties of the pericellular layer, which repents a physical bamrito release the fluid
(Ofstad, 1995).

In addition, biological factors such as cheah composition, biological state e.g. spawning

and starvation (Love, 1988), and post-mortem processes, e.gcaganfluence the fish

flesh quality and thereby influence the liquid holding capacity.
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To conclude, the liquid holding capacadfsmoked salmon is affected by several
parameters: pH, salt, heating as wel@msage time and storage temperature after

smoking.

1.5.2 Water distribution

Water is the main constituent of musctelanany important quality parameters such as
liquid holding capacity, storageadlility and texture are related to the interaction of water
with protein and the distribution of watm the muscle tissue (Fjelkner-Modig and
Tornberg, 1986; Offeet al. 1989; Hills, 1998; Ruan and Chen, 1998). Together, water and
lipid make up about 80 % of the fish muscle éimey are inversely k&ed. Thus, variation

in lipid content leads to changes in the wétaction and that may beflected in the water
distribution. This was shown for herring, whevater distribution varied according to the
lipid content (Jenseet al. 2005).

Many of the functional properties are relatedhte interactions between water and protein
(Schnepf, 1989). The muscle water can be reghag distributed into several populations
or “pools” depending on the mobility of theater molecules e.g. how tight the water is
bound or entrapped to structural elements efcitlls (e.g. myofibrillaprotein) (Ruan and
Chen, 1998). A fraction of the w& is structurally bound to ¢hprotein (structural water),
whereas the main part of the water has diffedegrees of assotian to the proteins
(Morrisseyet al. 1987; Schnepf, 1989). The distribution of water between these pools
depends on changes in the chemical composénd the physical sitture (Hills, 1998;

Ruan and Chen, 1998) due to e.g. processing and/or storage.

To conclude, water and lipidamversely related and therswf these two constituents
accounts for about 80 % of thiddt. Knowledge about water stribution in raw and cold
smoked salmon muscle may provide importafdrmation about the relationship between
changes in the raw material properties amdghality differences in the final product.

1.5.3 Lipid content

The lipid content, its compd®n and distribution in the fillets are important quality
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parameters in salmon (Sigurgisladogtiral. 1997). Increased lipidontent decreases the
smoked fillet yield (Rar&t al. 1998; Markareet al. 2001; Birkelanckt al. 2004a). The
effect of high lipid content on the sensoryaraeters shows contradictory results. Reira
al. (1998) found no effect, whereas and Sheatah (1996) found a significant effect of
lipid content on the sensory attributes (oiisetexture, coloumal gaping) after 24 days
after smoking. Robbkt al (2002) found that an increasiguld content ledo a decreased
firmness and an increased oily taste iroked salmon A high lipid content affects the
colour of dry salted smoked fillets (Sheeleral 1996; Eineret al 1999; Birkelancet al
2003) as fillets with a high lipid content are mdight and yellow than fillets with a low
lipid content (Birkelandaet al. 2003). In the study by Birkelaret al. (2003), the redness
was not affect by the lipid contetowever the opposite was seen by Sheehah
(1996) and Eineet al. (1999).

A high lipid content has been reporteddad to a decreasdiquid holding capacity.
Markareet al (2001) found a negative correlatiortween lipid content (between 14.5
and 21.8 %) and liquid holding capacity (@®bined by the centrifugation method by
Gomez-Guilléret al. 2000) in smoked salmon fillets. Birkelaatal. (2004a) found a
reduced liquid holding capacity (measuredaldyigher lipid loss) for smoked salmon with
high lipid contents (20.2 £ 1%) as opposed to smoked salnvaith low lipid contents
(16 £ 1.0 %).

Farmed Atlantic salmon of market size hdp@ content between 6 and 22 %, with 15-16
% as an average measured in thevégian quality cut (Sigurgisladotet al. 1997; Regra

et al.1998). The total lipiccontent can vary ati@nd variation in ligl contents between
individuals is high (Belet al. 1998; Refsgaardt al. 1998). Even in the same batch there
can be considerable individualriation in lipid content (Rarét al. 1998). In addition, the
lipids are not equally distributed the fillet (Hardy and King 1989; Aursamd al. 1994;
Refsgaarcet al. 1998; Katikouet al. 2001). The highest lipid cost is found in the dorsal
lipid depot, the belly flap area and the red nheisall of which contain three times as much
lipid as the white muscle (Aursaetial. 1994).

The lipid content in farmed Atlantic salmonimdluenced by several parameters such as the
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lipid content and the lipid eoposition of the feed (Liet al. 1993; Bellet al. 1998; Hemre
and Sandnes, 1999), annual variations (Alated. 1986; Markare and Rgrvik, 2001) and
the body weight of the fish (Storebakketal. 1991; Shearest al. 1994; Torrissewt al.
2001). Other parameters, e.gnggc strain, environment and sexual maturation, may also
affect the lipid content (Gjedrem, 1997).

To conclude, there is high variation in ligidntent of salmon fillets between individual
fish within a population and the lipid conteran range from 6 to 22 % in farmed salmon.
The lipid content in fillet Hects several quality parameters in the smoked salmon e.g.
yield, texture, colour, senspattributes and liquid holdingapacity. Thus, knowledge of

the lipid content is of importaedo assure a consistent quality.

1.5.4 Texture and gaping

The texture of fish is an important quality cheteristic and fillets with soft texture and/or
gaping can cause considerable econonhisales due to quality downgrading (Lavétyal.
1988; Michie, 2001). The term gaping is useddscribe the gaps, teaor slits that are
found in post mortem fish flesh (Bremner, 1999), and muscle gaping occurs when the
connective tissue fails to hold theobks of muscle together (Lavéty al. 1988; Love,
1988). Gaping in salmon makes the flesh unbleétéor the production of sliced products.
Products with gaping are less presentable sarek the flesh is sqfthe texture is less
acceptable (Bremner, 1999).

The texture of fish muscle is influeed by season (Mgrkgre and Rarvik, 2001), the
collagen content (Satet al. 1986; Bremner, 1992), post mortem factors, pH (Egteal.
1999) the lipid content and the dibution of muscle lipid (Regosit al.2004). During the
cold smoking process, the texture of the filat will change. The processing parameters
that affect the textural characteristics am phocessing temperatusalt/ionic strength and
pH, since these have an infhe® on the structure and confation of the myofibrillar and
connective tissue proteins (Dunajski, 1979)ld3moked salmon products are firmer and
more elastic compared to raw, uapessed fillets (Sigurgisladotet al. 1999;
Sigurgisladottiret al. 2000a).
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Salmon processors have blamed a high lipigtent in farmed Atlantic salmon for causing
increased muscle gaping in the smoked fillets (Sheehah1996) ), which can result in
difficulties when slicing the smoked fish (Eckhetfal. 1998). However, Birkelanet al.
(2003) found no evidence of lipid contenffiliet affected the gaping scores in smoked
Atlantic salmon following dry- omjection salting, whereas Sheeletral. (1996) found

that gaping was most severe in smoked fillets which had been fed on a high lipid diet.
Gaping is influenced by the salting methodrase muscle gaping was found in injection-
salted than dry salted fillets (Birkelaetlal. 2003). The texture properties of smoked
fillets are affected by fillet lipid content agell as by the salting method. Dry salted fillets
were firmer and more elastic than fillesisbjected to injectio salting. The observed
difference in textural characteristics was dmeifferent water contents in the smoked
fillets (Birkelandet al.2004a). Sheehaat al. (1996) found that smoked fillets fed with a
low lipid diet (21 %) were significantly softer than fillets of fish fed with a medium (25 %)
or a high lipid diet (30 %).

Collagen is the major component of connextissue. The connective tissue forms a
supporting network through the whole fish mesdherefore, the connective tissue has a
significant influence on the functional and rraptal properties of the muscle and is the
main contributor to the tensile strength in the muscles (Siketsii 1990). Gaping and
texture of fish muscles are influenced bg thtal collagen content. High collagen content
is associated with firmer taxte and less gaping incidence (Sett@l. 1986; Hataet al.
1986). Raw fish flesh from mofish species softens aftefew days of chilled storage
(Satoet al. 1991). Histological studies i shown that the rapid softening of fish flesh is
caused by weakening of the connective tigesealting from a disintegration of thin
collagen fibrils (Halletend Bremner, 1988; Andet al. 1991; Andcet al. 1992). Fish
collagen contain less proline and hydroxypr® than mammalian collagen so fish
collagen is thermally less stable and measily soluble than mammalian collagen. The
denaturation and shrinkage temperaturessbfcollagen are near 20°C and 40°C,
respectively (Sikorsket al. 1984).

The muscle fibres in fish fillets run approximigtérom the front of the fillet to the tail in

adjacent muscle blocks called myotomes. The myotomes are one cell (muscle fibre) deep
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and are separated from the muscle fibres of the adjacent myotomes by collagen sheets
termed the myocommata (Bremner and HglE985). Within each myotome, the muscle
fibres run approximately paralled each other and are attadhito the myocommata of the
fibre ends (Bremner and Hallet, 1985; L&&70; Bremner, 1992). Bhindividual muscle
fibre is comprised of bundles of myofibrils. &leell wall of the individual muscle fibre is
referred to as the sarcolemmasgThyofibrils consists of thick filaments, myosin and thin

filaments, which are composedautin, tropomysion and troponin (Howgal®,79).

The individual muscle fibre constitutesetimuscle cell, which is surrounded by a cell
membrane called the sarcolemma. Outsideuorounding this is the basement membrane
and the endomysial layer of fine collagibres. The endomysium runs into the
surrounding perimysium which in fish erges from the myocommata (Bremner and
Hallett, 1985). Although the endomysium, persiyyn and myocommata are considered to

be discrete areas of the extracellulatnrathey join to form a single weave.

To conclude, the texture of fish muscleanges during cold smoking process and becomes
firmer and more elastic. The texture is ughce by the lipid content and collagen content
as well as post mortem factors and preges Contradictory re#tis have been found

regarding the effect dipid content on gaping.

1.5.5 Colour

The colour of a product is the first impressanonsumer has of a given product, and if the
consumer dislikes the colourgifnthe other quality parameters such as texture or flavour

are not likely to be judged atl (Francis, 1995). Thus, theloar of the flesh is among the

most important quality charactstics of salmon (gurgisladéttiret al. 1997). The red

colour of salmon flesh is due to carotenomisl farmed salmon deritke colour from the
carotenoid astaxanthin, which is addedh® feed (Skrede and Storebakken, 1986a;

Bjerkeng, 2004). Another carotadpcanthaxanthin, can also bseed either alone or in
combination with astaxanthin. However, restrictions on the use of canthaxanthin have been
introduced by the EU (Bjerkeng, 2004).

Problems related to discolouration are occasionally observed in salmon and salmonid fish
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species. Several kinds of colour defiges exist and include poor pigmentation,
discolouration, partly or complete depigntation and zebra stripes (Torrissen, 1995).
Several factors can influence the colour, e.g.dbncentration and type of the pigment in
the feed (Skrede and Storebakken, 198jérkeng, 2000), dietarypid level (Regoset

al. 2001), the size of the fish, tetage of sexual maturity (Aknes al. 1986; Bjerkenget

al. 1992), the lipid conterin the fish (Rgr&t al. 1998) and processing (Birkeland and
Bjerkeng, 2005). A general trend is that cefdoked fillets are lesgd and less light, but
more yellowish compared to the raw material (Raaral. 1998; Cardinaét al. 2001;
Birkelandet al.2004a).

To conclude, the colour of smoked salmomftuenced by several factors such as
processing parameters and contents of caratearad lipid. It is impa@ant to be aware of
how these parameters affect the colour asura®an important parameter for cold smoked

salmon.

1.6 Summary

Cold smoked salmon is a very popular product among consumers and is also of

considerable economic importance. Howewdeiring recent yearthe salmon smoking
industry has faced problems such as liqug$)soft texture and discolouration of the

smoked product.

The smoking process is still based on traditigmanciples and methods. The main steps in
the cold smoking process are salting, dgyand cold smoking, and numerous procedures
are utilized by different smoke houses. Prsg&sconditions are important factors that
affect the quality of the fingdroduct and the processing yield.

The quality of the cold smoked product carirfifeienced by many other factors. The lipid
content in the raw material can vary a Iotlan addition, high vaation between individual
fish has been reported. The lipid content israportant parameter, which can affect yield,
sensory properties, colour, tax¢ and liquid loss. Lipid andater contents are inversely
related and changes in lipid content will affda water content. Water and its interactions

with protein affect severdlinctional parameters suels liquid holding capacity and

16



texture.

The liquid holding capacity is an importgrdgrameter as low liquid holding capacity can
lead to higher liquid loss. The liquid hahdj capacity can be influenced by several
parameters, e.g. salt, pH, lipid contengrmiical composition and post-mortem process.
Soft texture and/or gaping are of major impocegas they can lead to difficulties in slicing
the products. The texture depends on severahpeters e.g. collagen content, season, post
mortem factors, pH and lipid content. Sevéiads of discolouration have been reported
and several parameters may affect the colewy. processing conditis, concentration of

pigment and lipid content.

Within recent years several studies have lmagried out into the factors that influence the
cold smoking product. However, problems sti# observed with respect to liquid loss,

soft texture and discolourati in cold smoked products. The production of farmed salmon
has grown substantially duritige recent years and the lipid level in farmed fish has
increased. Thus, the lipid content and iribution in the fish may be important

parameters regarding the problems with quality of cold smoked salmon.
The main objectives of this thesis wénestudy the liquid holding capacity/liquid loss of

raw and smoked salmonids as affected by raw material and chill storage of the smoked
product.
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Chapter 2

2. Design and methods

This chapter gives an introduction to thesign of the study, the experiments and the
methods used in this work. In section 2.1, the design of the study and an overview of the
experiments are given, including a descadptof sampling, handling and storage. In

section 2.2, a brief description thfe used methods is given.

2.1Design of the study
The objective was to investigate the effectast material and chill storage on quality
parameters of cold smoked salmon. In otdeénvestigate this, tee experiments were

carried out. In Figure 2.1 to 2.3 overvieafthe experimental designs are given.

At smoke house location Analyses perbrmed at the
laboratory at DIFRES
Sampling I
v I
QIM || Analyses (both raw and smoked samples):
il " - Liquid loss

- Lipid content

Filleting - Left fillet —

- Fatty acid composition

v I - Salt content

Right fillet
v
Salting I
v I
Smoking

Figure 2.1 Overview of sampling and analyses in experitrie The dotted line indicates that the QIM,
filleting, salting and smoking took gte at the commercial smoke houwshile the cutting othe fillet into
smaller pieces and analyses were camigidat the laboratory at DIFRES.
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Analyses raw salmon:
-NMR
- Salt content
- Liquid holding capacity
- Microstructure
- Liquid loss
- Lipid content
- Fatty acid composition
- pH
- Collagen content

Analyses smoked salmon:
- NMR
- Salt content
- Liquid holding capacity
- Microstructure
- Liquid loss
- Lipid content
- Fatty acid composition
- pH
- Collagen content

Salmon

v

QIM

b

b

Size: Size:
3-4 kg

6-7 kg

!

b

FILLETING

e

Left fillet

™~

Right fillet

!

Smoking process

}

A

Day 1 after smoking

}

A

Day 11 after smoking

}

A

Day 20 after smoking

Figure 2.2 Overview of sampling and analyses in experiment 2.

19



/v Left fillet > Analyses

F
I
L
Rainbow trout E
T 1%
12 [~ Smokin - ™
3 Right filet [—> 2T0079 | 11+ Analyses
\ o /'
*Chill (2°C) storage time (days) ** Chill (2°C) storage time (days)
after arrival at DIFRES after smoking

Figure 2.3.0Overview design for experiment 3.

2.1.1 Description of experiments

The three experiments will be described ftyien the following. All three experiments

were carried out in collaborah with the Danish cold soking industry. In experiment 1,

the salting and smoking processes were ddrecommercial smoke house according to

their recipe, whereas the sampling and analysze performed at éhlaboratory at the

Danish Institute for Fisheries Research (DIFRES). In experiments 2 and 3, the salting and

smoking processes as well as the analyses dane at the labatory at DIFRES.

Experiment 1

The purpose of experiment 1 was to charamtethie variation in the raw material and the
smoked product in a commercial smoke hoti$e smoke house was instructed to follow
its standard procedure. The aim was to dategrthe variation in th normal production in
order to reveal any criticgloints according to raw materihd/or processing, which could
have an influence on the final product. For aqukof four weeks, samples were taken out
twice a week from the production and analysed for chemical composition and functional

properties.
Experiment 2

The purpose of experiment 2 was to studyitifleence of the size of the fish on the

smoked product. The salmon came from two f&amnNorway and there were two sizes of
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fish from each farm. Thus four groups were made. All the fish went through the same cold
smoking process. The fish were salted andksd at the laboratory at DIFRES according

to in-house recipes (referred to as in-housek&d). The smoked filletwere chill stored

for up to 20 days. Three times during tharatje period, samples were taken out for

analysis. Three fish from one of the far(feam 2) were dry salted and smoked in a
traditional oven at a commercial smoke house in Denmark. Both the salting and the
smoking process were longer thfan the in-house smoked samplé\fterwards, the fillets

were sent to the laboratory at DIFRESere they were analysed for chemical

composition and functional progties in the same way as the in-house smoked salmon.
Thereby, an indication of the influence offdrent processing couloe obtained using the

same raw material. The samples aferred to as commercial samples.

Experiment 3

The purpose of experiment 3 was to study tlfleémce of differentéeding strategies for
rainbow trout on the smoked rainbow trout prod Compared to experiment 2, rainbow
trout were used instead of salmon andddigon a chill storage period of the raw fish

prior to filleting and processing was includedte design to evaluate the effect of chill
storage of raw fish on the smoked rainbosutrproduct. The rainbow trout were salted

and smoked at the laboratory at DIFRES accgrtinn-house recipes in the same way as
the salmon in experiment 2. The smoked fillets were chill stored for up to 19 days. Three
times during the storage period sdespwere taken out for analysis.

2.1.2 Samples, handling and storage

In experiments 1 and 2, Atlantic salm@a(mo salay farmed in Norway were used as raw
material. In experiment 3, rainbow tro@rfcorhynchus mykisgrmed in Denmark was
used. The rainbow trout were chosen as raveria because information from egg to fish
could be obtained e.g. feeding strategies, ntgtatc. In all threeexperiments, the left
fillets were used for analysis of raw material and the right fillets were processed into
smoked fillets and analysed as smoked products.

Experiment 1
Since the purpose of experiment 1 was to obaai overview at whaével variations can
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be expected in a commercial process, themercial smoke house was told to follow the
normal procedure for filleting, salting and skimg. The only requirement was that the size
of the fish should be the same and only farmed salmon from Norway was to be used during

the whole period.

For a period of four weeks, salmon sarsplere taken out twice a week. The first
sampling day in a week was the day when thie dirrived at the smoke house (analysis day
A). The second sampling day in the same weak 2-3 days after the first day (analysis
day B). Meanwhile the fish were stored in a chill storage roongagaithe smoke house.
Samples taken out from the same week Virera the same batch. One box of raw salmon
was used on the first sampling day (anayiy A) and another box of raw salmon from
the same batch was used on the secondlsajrgay (analysis day B). In total, four

different batches were analysed and threthem (week 2 to 4) were from the same
supplier and the batch from wegkvas from another supplier.

Before filleting, the whole fish were evaludtby the quality index method (QIM). After
filleting, the left fillets were used for analys§raw material. Theight fillets were dry
salted for one to four days. During dry saltitigg fillets were kept in a chill room at the
smoke house at a temperature df 2After that, the right fillets were dried for two hours
and smoked in an automatic oviem approx. 9 hours at 20 to &2 with a relative
humidity of 60 %.

In the laboratory at DIFRES, bothe left and the right filletasere cut into the same pieces
for analysis; the piece undertdorsal fin (above the latetale) was used to determine
liquid holding capacity and thaece anterior tthe dorsal fin (The Norwegian Quality
Cut) was used to determine chemical composition.

Experiments 2 and 3

In experiment 2, four groups of Atlantic salm@&@a(mo salar)vere analyzed. The fish
came from two farms in Norway with two sizZgs4 kg and 6-7 kg) of fish from each farm.
The fish arrived at the bratory at DIFRES six dayafter being slaughtered.
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In experiment 3, rainbow trouDficorhynchus mykisérom two different fish seafarms in
Denmark were used. The fish arrived at thmtatory at DIFRES dal (group 4) and day
2 (group 1-3) after slaughtering. The fishrevelivided into fouilgroups according to
feeding strategies, maturity and farm. Theding of the fish was either normal or
restricted and the states of tonéty were either mature, immature or in one case a mix
(Table 2.1). Fish from farm 2 were slaugkttone day before the other fish. There were
eight fish in each group. Upomreval each group was divided intawo subgroups with four
fish in each subgroup. The fish were iced admgfore storage. Subgroup A was stored at
2 & until 5/6 days after slaughtering, and subgroup B was storedl airi?il 12/13 days

after slaughtering.

Table 2.1 Overview samples in experiment 3

Feeding Number Maturity Farm Strain Chill storage before
of fish processing
Number of fish A or B

Group 1l Restrictive 8 Mature 1 Fausing A (short) 4
B (long) 4
Group 2  Restrictive 8 Immature 1 Fausing A (short) 4
B (long) 4
Group 3  Normal 8 Mature/immature 1 Trend A (short) 4
B (long) 4
Group4  Normal 8 Mature 2 Trend A (short) 4
B (long) 4
Total 32

1: A (short): The fish were stored for 5-6ydaafter slaughtering and before processing
2: B (long): The fish were stored for 12-13 days after slaughtering and before processing

The salmon (experiment 2) were evaludigdhe quality index maod (QIM) on the day
of arrival at the lab@tory at DIFRES.

The salmon and the rainbow trout (after chitirage of the raw fish) were processed in the
same way. After filleting, the left fillets were kept as raw (unprocessed) and used for
analysis of raw material. The left fillets wezet into smaller pieces (Figure 2.4). The right

fillets were processed into smoked fillets.
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The right fillet was dry salted according toiarhouse recipe. The fillets were dry salted
(60 g salt per kg fillet) for five hours for small fish (size 3-4 kg) and eight hours for the
large fish (size 6-7 kg) at room temperatl Fine salt with a grain size 0.6-0.13 mm
(Brgste, Denmark) was used and spread ofiltat side and the fillets were left on
racks. The brine was able to run off. Afterwards the fillets were rinsed and chillgd at 2
until the next day. The normal cold smokinggedure used at the laboratory at DIFRES
was applied. The fillets were dried for 2 hours atf2énd smoked in an oven supplied
with smoke generated from beechwood for 5% hours &t 26th a relative humidity of

75 %. After smoking the fillets were chilled at@ until next day.

The right fillets were cut intéour pieces as the raw courgart. For the smoked fillets, all
pieces, except for the tail part, were each furtieded into three saller pieces (Figures
2.4 and 2.5). However for smoked rainbow trquice three was not divided into three
smaller pieces. Each of these three smaller pieces was vacuum-packed and randomly
assigned to one of three storagequs (1, 11 or 19/20) days atf2 after smoking. After
each storage period, analyses were perfor@aty. samples for chemical analysis were
frozen. The temperature of 2°C was chosentdyeactically reasoas it was not possible
to store the large number of sampleamother chill storage room with a higher

temperature.
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Figure 2.4. Sampling for experiment 2. The upper figure shows the sampling of raw samples and the lower
figure shows the sampling of smoked samples. For the smoked fillet, pieces 1 to 3 were further divided into
three parts. NMR is low-field NMR, LHC is liquid holding capacity measured by the centrifugation method,
salt is salt content, DM is dry matter, LL is liquidsomeasured by the liquid leakage test. Lipid is lipid
content and collagen is collagen content. FA is omessent of fatty acid composition. Measurement of the

salt content was only performed on the raw sample and on smoked fish one day after smoking.
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Figure 2.5 Sampling for experiment 3. The upper figure shows the sampling for raw samples and the lower
figure shows the sampling of smoked samples. For the smoked fillet, pieces 1 and 2 were further divided into
three parts. NMR is low-field NMR, LHC is liquid holding capacity measured by the centrifugation method,
salt is salt content, DM is dry matter, LL is liquid$omeasured by the liquid leakage test. Lipid is lipid

content and collagen is collagen content. FA is omemsent of fatty acid composition. Measurement of the

salt content was only performed on the raw &éisld on the smoked fish day 1 after smoking.

Four papers were made, and in table 2.2,shmvn which experiment belongs to what
paper.

Table 2.2 Overview results used in Paper | to IV.

Paper Results used

Paper | NMR relaxation curves for rawcasmoked salmon from experiment 2.

Paper I A review paper on quality parametarsold smoked salmon. Lipid contents
from experiment 1 were used.

Paper llI Lipid contents, collagen contents, yadues and microscopically analysis pf

raw and smoked salmon from experiment 2 were used. The results frorn
determination of liquid holding capagi(centrifugation method) for smoke
salmon were also used. The water pdabm experiment 2 (calculated in
Paper 1) for the smoked salmon wereluded in the multivariate data
analysis to see effects of chill storage on smoked salmon.

[@ N

Paper IV Results from liquid leakage test and centrifugation method on raw and
smoked salmon (experiment 2) anchkaw trout (experiment 3). The whol
NMR relaxation curves for salmon afat rainbow trout were used to
predict the liquid holding capacity.

[¢)

2.2 Methodological considerations

In the following sections, the methods usedsensory evaluation of the raw material
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Quality Index Method, measurements of gaift, lipid, fatty acid and collagen contents,
measurements of liquid holding capacity avater distribution (NMR are discussed. The
microscopy techniques are briefly describ&ahort introduction to multivariate data

analysis techniques used in this work is also given.

2.2.1 Quality Index Method (QIM) (experiments 1 and 2)

The raw material quality in experimeritsand 2 was evaluated by the Quality Index
Method (QIM). QIM was originally developdaly Bremner (1985) and has since been used
and further developed in many Europdiaheries laboratories (Jonsdottir 1992;
Martinsdaéttiret al. 2001; Sveinsdottiet al. 2002; Hyldig and Nieden, 2004; Hyldig and
Green-Petersen, 2005).

QIM is based on the characteristic changes ¢lacur in raw fislduring ice storage
(Martinsdattiret al. 2001; Hyldig and Green-Peters€005). QIM schemes have been
developed for various species and to take actmount the differences between species it is
necessary to develop a separscheme for every species. A scheme with the most
predominant descriptors for appearance, odmngrtexture is used and trained QIM
assessors give a score from 0 to 3 for eacheoflescriptors. The Quality Index (QI) is
obtained by summarising the scores for all patarseThe QI is zero for a very fresh fish
and increases as the fish deteriorates. Thecpdases with the keeping time in ice, so if
the scheme has been constrdagpropriately, the total sum démerit scores can be used
to predict the remaining shelf life (Martinsdogiral. 2001).

Table 2.3 shows the (QIM) scheme fomfizd Atlantic semon (Martinsdattiret al. 2001).
Trained assessors from an internal pan#dt@taboratory at DIFRES carried out the
evaluations. The fish were marked with a themaround the tail. In experiment 1, the QIM
evaluation was performed thie commercial smoke house. The conditions were optimized
as much as possible. The fish were plamegarchment paper on a table in the production
hall and the evaluation was paemined during a break for the vkers. In experiment 2, the
QIM evaluation was performed at the laborgitat DIFRES. The fish were placed in
daylight and on cooled bricks during the easlon in order to minimize quality changes.

All assessors evaluated all the fish at the same time.
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Table 2.3.The Quality Index Method (QIM) scheme used in the evaluation of raw farmed Atlantic salmon.
Adapted from Martinsdottiet al. (2001).

Quality parameter Description Score

Skin Colour/ Pearl-shiny all over the 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 seaweedy, neutral 0
Cucumber, metal, hay 1
Sour, dish cloth 2
Rotten 3
Texture In rigor 0
Finger mark disappears rapidly 1
Finger leaves mark over 3 seconds 2

Eyes Pupils Clear and black, metal shiny 0
Dark, grey
Matt, grey
Form Convex

Sunken

Gills Colour Red/dark brown

Pale red, pink/light brown
Grey-brown, brown, grey, green 2
Mucus Transparent 0
Milky, clotted 1
Brown, clotted 2
Odour Fresh, seaweed 0
Metal, cucumber 1
Sour, mouldy 2
Rotten 3

1
2
0
Flat 1
2
0
1

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

Quality Index 0-24

2.2.2 Determination of liquid holding capacity (experiments 1, 2 and 3)
The term liquid holding capacity for fatty fishfers to both water- and lipid-holding
capacity i.e. the ability of a given struatuo prevent water arat/ lipid from being

released from the structure (Hermansson, 1986).
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In this work, three methods were used ttedmine liquid holding capacity. In experiment

1, a filter press method was used. In experiments 2 and 3 both a centrifugation method and
a liquid leakage test were used. The camgation method and the filter press method are
“active” methods which are based on the use of external forces e.g. centrifugation and
compression. However, in the centrifugation imeek mince is used, whilbe filter press

method uses intact muscle. The liquid leaki@geis a “passive” method as it measures

free drip, which refers to the amount of liquidtievithout applicatiorof an external force

The filter press method does not require advanced equipment and can be applied at the
production plant. However, high variationsliquid loss were observed for both raw and
smoked samples. In addition, the filter gresethod is time-consuming, so it was decided
not to use this method in the further experimeat a larger number of fish were to be
analysed on the same day. Instead a centtifuganethod and a liquid leakage test were
used in experiments 2 and 3. Both methodevagplied to the same sample to get a
detailed picture as possible of the idjhholding capacity. The two methods measure
different properties e.qg. liquid$s from an intact muscle wiaht an external force applied

and liquid loss from minced muscle with @xternal force applied to the full sample.

In addition, it was also invégated if the liquid leakagest could substitute the
centrifugation method which is nfeasible in the laboratgr The liquid leakage test does
not require advanced equipment during analgs the centrifugeon method requires and

is similar to the drip losmethod used in the indugiiow-field NMR curves were

correlated to the values obtathby the centrifugation method and the liquid leakage test to

see if the NMR signals could be relatedite phenomena measured by these methods.

The Filter press method

The filter press method determines the amoultitjofd that is squeezed out from an intact
muscle piece during three minutes underessure of 500 g (Hgjmarklaboratoriet,

2005). Two pieces of Whatman GFA filter pag2.5 cm in diameter were weighediJw

The upper filter paper was moved. A thiege of nylon cloth was placed on the other

filter paper in order to prevent the sample from sticking to the filter paper. The scale was

set at zero. A piece of untrimmed musclepi@x. 8-10 g) approx. 0.5 cm thick was cut
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from the loin (over the lateral line) and thldn was removed. The piece was placed on the
filter paper on the scale and weighed)(wnother piece of nylon cloth was put on top of

the sample, on top of which the upper filb@per was placed. The filter papers with the
sample in between were placed on the platether plate was plagan top of the filter

papers (see Figure 2.6). The upper plateghesl 500 g. After 3 minutes the upper plate

was removed and the sample was removed. The two filter papers were weighed ggain (w
The filter papers were dried in an oven at fiDfor one hour. Afterwardshe filter papers
were cooled down and weighed again)(Whe liquid loss (LL) was determined as LL (%)

= (w2 — wp)/wg) * 100.

Upper plate weight 500 g.

I gl
—— Filter paper
) <«——— Sample

Filter paper

.
\ Lower plate

Figure 2.6. lllustration of the filter press methodldapted from Hgjmarklaboratoriet (2005).

The liquid leakage test

The liquid leakage test by Magrkeeeal. (2002) gives an indicatn of liquid loss of the
material without deformation or destroyitige microstructure ahe sample during
sampling. Intact fillets were placed on atisng pads for 20 hours at room temperature
and the liquid released was measured. The method by Makalk€2002) was used with
some minor modifications. In experiment®other kind of pad was used as it was not
possible to obtain the gaecommended by Mgrkage al. (2002). In experiment 3,
Whatman filter paper was used instead of a pad and a Petri dish instead of wrapping in
aluminium foil and the sample size was reduttedpprox. 10 g due to the smaller size of
the fish. The changes from experiment 2xpegiment 3 were done due to high variations
found in the raw data from experiment 2 eTiece under the dorsal fin was used for the
liquid leakage test on both experiments 2 @ndhe lipid loss and the water loss in the
liquid loss were also determined. The gfgiof the pad was cerded initially (vg), after

20 hours (w) and after drying (8. The liquid loss in %vas calculated as 100 * fw

wg)/m, water fraction (of the liquid loss) as 100 *,(swn:)/m, and lipid fraction (of the

liquid loss) as 100 * (w—w,)/m, where m is the weight of the muscle sample.
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The centrifugation method

The centrifugation method by Eiéé¢ al. (1982) was used in bo#xperiment 2 and 3. The
piece in front of the dorsal fin was used &malysis after mincing. The liquid holding
capacity was determined by centrifugation @f @ minced sample for 5 minutes at 10°C
and 1500g. The liquid holding capacity was o&lted in two ways: as the amount of
liquid left in the mince aftecentrifugation relative to theriginal amount of liquid (LHE),
or relative to the dry matter content (LEJCFor fatty fish, fat free dry matter content is
used in the calculations of LH@nd LHG,

100 —dm -ar

LHC1 = *100 %
100 —dm

100 —dm -ar

LHC2 =
dm
g sample (before) — g sample (after)

ar = * 100

g sample (before)

Dry matter is dm (%) in the sample beforetcéugation. For fatty fish, fat free dry matter
content is used in éhcalculations of LHCand LHG,

2.2.3 Determination of lipid content and fatty acid composition (experiments 1, 2

and 3)
The lipid content was evaluated both in reamon and in smoked salmon (not in smoked
rainbow trout samples in experiment 3). Aslip&l content varies ithe muscle, it is very
important to specify the exact area of sangplivhen comparing results. In the present
study, the area behind the dorsal fin, also calhledNorwegian Quality Cut, was used for
determination of lipid contds in all three experiment$he piece was minced before
analysis. The lipid extraction method biigh and Dyer (1959) (extraction with
chloroform, methanol and water) was used for determination of lipid contents. The fatty

acids of the lipids in the Bjh and Dyer extract were detenad by preparation of methyl
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esters (AOCS Official Method Ce 2-66, 1998aat were in turn analysed by gas
chromatography (AOCS Offial Method Ce 1-b-89, 1998b).

2.2.4 Determination of collagen content (experiments 2 and 3)

The hydroxyproline content was determined acicgydb a colorimetric method described
by the International Orgézation for Standardization (IS@994). Sulphuric acid was used
instead of perchloric acid to dissolve tt@our reagent. Toonvert the amount of
hydroxyproline to collagen in salmon miesca factor of 11.42 was used (Satal. 1991).
The area behind the dorsal fin was used foatiadysis, and it was minced before analysis.

2.2.5 Determination of salt conent (experiments 1, 2 and 3)

The salt content was determined accordmgOAC methods (AOAC Method 976.18 in
combination with AOAC Method 937.0ahd AOAC Method 971.27, 2000). The salt

content was determined in raw fish and in smoked fish one day after smoking. The salt
content was calculated in tweays as the amount of % s@iacCl) in relation to the

sample weight or as % salt (NaCl) in thetevgohase. In experiments 1 and 2, the piece
behind the dorsal fin was used for determination of salt content. In experiment 3, the piece

in front of the dorsal fin was usddr determining salt content.

2.2.6 Determination of pH (experiment 2)

The measurement of pH was performedtmnarea behind the dorsal fin (Norwegian
quality cut) in experiment 2. The piece was minced for 2 x 5 se@anhm:a Knifetec, 1095
Sample Mill (Foss Tecator, Sweden). Theasurement of pH was performed with an

Autocal pH meter (Metrohm, Denmark). The electrode was placed directly into the flesh.

2.2.7 Determination of water distribution by low-field NMR (experiments 2 and 3)
Nuclear magnetic resonance (NMR) is a smscopic technique based on the magnetic
properties of atomic nuclei and is widely usedan analytical techouie in many scientific
fields as it is a rapid ambn-destructive method. Low-fiettH NMR is an excellent tool
for measuring the water distributiomvarious food products. Low-fieftH NMR
measures the properties of protons and istbes a direct technique for investigating the

total quantity of water and theas¢ of water and its interaction in the fish muscle. In this
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study, low-field'H NMR was used to determine thetedistribution. In this section, a
brief description of the low-field NMR theory will be given. For a more detailed
description of the NMR theorthe reader is referred Earrar (1989), Field (1989),
Deleanu and Paré (1997), Colquhotif93) and Ruan and Chen (1998).

NMR spectroscopy is based on the absorptioeneirgy through eleaimagnetic radiation

by the nucleus with non-zero-spimthe presence of an extally applied magnetic field.
The protontH is mainly used. In NMR, nuclei with non-zero spin are active due to their
magnetic moment or net spin of the wholmpée. In the absence of a magnetic field, the
non-zero spin nuclei are randomly oriented. Whlkated in an external magnetic field, the
spins will align with the field or opposed ttee field determined by the external magnetic
field and the temperature. These twinsgiates have different energi@he NMR signal is
produced by applying a suitable electromagngulse whose energy is equal to the
difference between the two spin states. puikse tips the magnetisation away from the
static field (Hemminga 1992; Deleanu andé*h997; Ruan and Chen, 1998). This induces

an energy transition in the spins by the absorption of energy.

After application of a pulse, the spins will return to their equilibrium states at a certain rate.
This decay rate is characterized by twoxateon time constants. These two constants are
named spin-lattice relaxation tim&) and spin-spin relaxatiofor transverse relaxation

time) (T2). The relaxations constarkg andT,can be measured by low-field NMR by

applying different pude sequences. The CPMG seaquedeveloped by Carr and Purcell
(1954) and Meiboom and Gill (1958)adten the preferred method fo measurements

and was applied in the present study.

The CPMG sequence includes asgf pulses starting with a gpulse followed by a
number of 18@pulses (Figure 2.7). Afteapplication of a 9@pulse, all the spins are
aligned in the plane perpendiar to the applied magnefield. Following the pulse, the
spins will de-phase at different rates duéntiomogeneity of the magnetic field and spin-
spin interactions. After a short time denot2d 180gpulse is appliedThis reverses the
direction of rotation and ghspins now move (called-phasing) back to phas&pplication

of a series of 18@pulses spaced by a period ofX&sults in a train of echoes with
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gradually decreasing intengitAccording to common practice the relaxation curve is
recorded as the maximum of every second echo (even echoes) as this corrects for

imperfections of the pulse length (Farrar, 1989).

35N 06
3S7Ncb 08T
3sIndb 08T
35INb 08T
3sINdb 08T
3asIndb o8t

. »
Time

Figure 2.7.CPMG pulse sequence showing the first five esh{gelid line) and transverse relaxation curve
(dashed line).

The low-field NMR relaxation signals abhed by the CPMG pulse sequence only
measure liquid protons because the signal fsohd-proton relaxation has decayed when
the acquisition of data begins (Ruan and Chen, 199&8sh muscle, this means that the
measured relaxation is due to the preseneeatér and lipid. In fatty fish like salmon and
trout, the majority of protons come from wateut a minor part will most likely be related
to the storage lipid present in the muscle. The low-field NMR is performedd@tarfi
some of the lipids will be ithe solid state. The main paftthe signal is therefore

assumed to be water-proton relaxation.

The low-field NMR relaxation of a heterogensaample like fish muscle is composed of
a sum of mono-exponentials, indicating tharéhare several groups of water molecules
with different mobility (Jenseat al. 2002; Jenseat al.2005; Andersen and Jgrgensen,
2004). The number of exponential componeats be characterized by their relaxation
time constantT, values), and the components corresponthe water pools existing in the

muscle tissue.

In this work, low-field*H NMR was applied on both intaahd minced muscle from both
raw and smoked salmon and rainbow trougpeetively. The piece in front of the dorsal

34



fin was used for both measurements. First two muscle cubes (named intact samples), each
of approximately 2 g were cut and weighed into small cylindrical glass tubes that fitted

into 18 millimetre NMR sample tubes. The first muscle cube (called sample A) was cut
about two millimetres from the skin, avoidititge dark muscle. The second muscle cube
(called sample B) was cut out next to sampleoser to the midd! of the fish (Figure

2.8). The rest of the piece was minced for 2 x 5 sedfairba Knifetec, 1095 Sample Mill

(Foss Tecator, Sweden). Portions of 2 g miveee weighed into a small cylindrical glass

tube that matched the inner diameter of the 18 millimetre NMR sample tube.

Figure 2.8.Sampling of intact and minced samples for NMR measurements. Adapted from Paper I.

Water distribution in the samples was cédted from the NMR signals by the use of
multi-way data analysis. Using the slicing method (Pedessah2001), the two-
dimensional NMR relaxation curves were starred to three-dimensional data. Applying
Parallel Factor Analysis (PARAFAC) tbree-dimensional data, the sliced NMR
relaxation data were decomposed uniquelynderlying mono-exponential curves, where
each curve represents a water popaiatirhe slicing method and PARAFAC are
described in section 2.2.9.5cHn be rather difficult toatide which samples should be
included in the PARAFAC model becaithe samples should have comnigwmalues. If

the samples included do not have commgwalues, it will be difficult to determine the
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number of components ancetieby the water distribution.

2.2.8 Microscopy (experiment 2)
Microscopy is an excellent tool for studgi food microstructure. In this work two
microscopy techniques were applied light microscopy (LM) and confocal laser

scanning microscopy (CLSM).

2.2.8.1Light microscopy
Light microscopy (LM) is a wiédeveloped and widely esl technique for studying the

microstructure and composition of food systemeelation to theiphysical properties and
processing behaviour. Severdifeiient types of LM exist.g. bright field, polarizing and
fluorescence microscopy. In this work onlydit field microscopy was used and LM will
refer to bright field microscopy in the follomg. The principle is thdight is sequentially
transmitted through the condenser, the spatjme objective lens, a second magnifying
lens, the ocular or eyepiece prior to reachdiie. The resolution in LM is suitable for
studying changes at thellcgar level and it is pasble to differentiate between e.g. muscle
proteins, collagen and lipithrough specific staining. Ligimicroscopes are limited to
500x and 1000x magnification due to the physictheflight and a resolution of 0.2 um. In
addition, high-solution, good-quality imagestbé microstructure can only be obtained
from thin sections of the sample (Brooker, 1985)t should be sufficiently thin for light

to pass through. The specimen needsetgtained to provide contrast.

2.2.8.2Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM)resents a suitable alternative method to
LM to evaluate food microstructure as iugres a minimum of saple preparation. In
addition, CLSM does not depend on the transiorsof light through the specimen and is
thereby not dependent on the surface. Thicketises may thus be used. In fatty fish, the
lipid is easily spread ovehe surface during sample peggtion making it difficult to
analyze for lipid distribution. CEM is therefore a suitablestrtument for the analysis of

lipid distribution in fatty fish.

CLSM uses a focused, scanning laser to ilhate a well-defined depth in the specimen

and information from this focal point is projectedto a pinhole in frondf a detector. It is
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only the light from a defined focal planetime specimen that reaches the detector and
produces an image. The specimen is movednapbdown relative to the focused laser light,
and thereby large numbers of optical secticens be obtained. Bgollecting a number of
images at different planes of the speciraad then superimposing them electronically,
three-dimensional information can be oh&d (Blonk and van Aalst, 1993; Brooker,
1995).

The term confocal microscopy is oftaasumed to be synonymous with confocal
fluorescence microscopy because it is thatnsommonly used (Brooker, 1995). However,
a wide range of alternativaonfocal techniques exist suah reflected bright field,
differential phase contrast and differentiakifierence contrast microscopy (Cogswell and
Sheppard, 1990). In confocal fluorescenceroscopy, images are produced by using the
laser light to excite a selecéiluorescents dye that haseady been introduced or allowed
to diffuse into the system. As alternativeesific localization ofchemical components can
be achieved using antibodies, enzymes ayahlis labelled withppropriate fluorescent
dyes. If the lasers in the CLSM instrumenbdduce light of two omore wavelengths, it is
possible to obtain multiple images of the same field showing the distribution of different

chemical components such gsdi and protein (Brooker, 1995).

2.2.8.3Preparation technique

The same preparation technique, cryo-tégihe, was used for the preparation of
specimens for both microscopes. For all sampliesks of muscles were excised from the
muscle part below the dorsal fin (one cemdtre above the lateral line). They were
embedded in tissue tex O. C. T. Compound &ozen in liquid nitrogen. The frozen
specimens were stored at -@Ountil sectioning. The samples igesectioned frozen at -26
to -28¢ in a freezing microtome for transvexads. For LM, the sections were Hh

thick. CLSM does not acquire thgections as the light microgpy does, so sections were

20 Hn thick. The sections were mounted on glass slides.
The advantage of using the cryo-techniquersdaiced risk of tissue shrinkage, which can

occur using chemical fixation methods. Haee the disadvantage of using the cryo-

technique is that the microstructure maydaenaged due to the growth of ice crystals
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during freezing.

2.2.8.4Staining

The slides were stained using two differstatining methods. The thin sections (B0)
were stained with Orange G and Metbide according to Sigurgisladotét al. (2001)
with the use of glycerol as mounting media.tBis method muscle cells were stained blue

and protein yellow.

The thicker sections (28n) were stained with Nile be (0.1 %) (Nile blue A: 72480,
Fluka Chemika) for three minuteafter rinsing with water, gicerol was used as mounting
medium. Another mounting medium CITIFLUB(glycerol/PBS solution, AF1) was also
tried. There is a small amount of Nile red ideNblue, and it is Né red which gives the
colour to lipids (Brooker, 1991Yhe lipids will get an intersyellow fluorescence due to
Nile red. Nile blue and Nile red have beerdign conjunction witlCLSM to localise lipid
in various food products including fat sjds, cheeses and chtate (Brooker, 1991,
Blonk and van Aalst, 1993; Ausst al. 2001).

2.2.8.5Microscopes

The thin sections, stained for collagen anotgin, were examined in a light microscope
(Olympus BX51). The thicker sections stairfedlipid was examined in a Leica confocal
laser scanning microscope (CLSM) (TCSHleica Laser Technik GmbH, Heidelberg,
Germany). The microscope was equipped waithArgon/Krypton Laser. For Nile blue, an
excitation wave length of 488 nm and [@B8/568 (double dichroic, reflects at 488 and

568 nm) filter was used.

2.2.8.6Samples

In this work, only the salmon samples were analysis by the microscopy analysis. For the
LM, one series (raw, smoked day 1, smokeg thand smoked day 20) from each of the
four groups of salmon was cut on the freezingrotome. Several cubes were cut for each
sample. For each sample, two to four specimens were stained and examined by the light
microscope. About 5 to 10 images were obtdifoe each specimen. From two of the four
groups of salmon, one series (raw, smottag 1, smoked day 11 and smoked day 20) was
stained and investigated by CLSM. For eaahsa one or two specimens were examined
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and one to two images were obtained by CLSM.

2.2.9 Data analysis (two-way and three-way)
Modern advanced technical instruments creamous amounts odw data (Martens
and Martens, 2001) and as a result multivaraig multi-way data analysis has found an

increasing applicability in food research.

Several multivariate methods exist e.g. Bipal Component Analysis (PCA), Multiple
Linear Regression, Principal Component Rsgion and Partial LeaSquares Regression
(PLSR), which can be applied to two-waytaléEsbensen, 2000). In this work, PCA and
PLSR have been used for thealysis of two-dimensional tta PCA is used to obtain an
overview of data and to identify outliers. PL&Rused to relate design variables to

measured variables or to predict liquiddinb capacity from NMR relaxation curves.

Having data structures of three or higbdenensions, the two-way multivariate methods
cannot be applied. In this work, the multayvanalysis, Parallel Factor Analysis
(PARAFAC), was applied on three-way dataeTrhain principles bend PCA, PLSR and
PARAFAC are explained briefly.

2.2.9.1Principal Component Analysis (PCA)

PCA is used to divide ax matrix into a structure parhd a noise part. The purpose of the
analysis is to find “hidden phenomena,” i.ee tmderlying systematic kiation in the data
(Wold et al. 1987; Esbensen, 2000). The data mafrhas n objects amlvariables. The
objects can be observations, samples, exparis etc., while the p variables are for

instance measurements within each expenit, attributes etc. (Esbensen, 2000).

Multivariate data can be thought of as a swaf data points in a multivariate space. The
essential principle in PCA is the extractiminprincipal components (PCs) from the data
matrix. The first PC (PC 1) is placed througk multivariate data savm in the direction
describing the largest systematic variatiodata. The second PC (PC 2) is orthogonal to
the first PC and is placed in the directioscl#éing the second largesriation in data.

PC 3 will lie along the direction dhe third largest variation in data and so on for PC 4, PC

5 etc. (Esbensen, 2000). This continues urtgyadtematic information has been described.
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The largest information in the data is desatibg the first component PC 1, but this is not
necessarily the most important informatidihe principal components are axes in a new

system of coordinates.

Several plots can be used to illustrate aterpret the result from a PCA. The most

important plots are the score-plot and the ileggblot (typically thefirst component versus

the second component). The scptet shows how the samplesatistributed in relation to

one another and can show groupings amongadhgles including outliers. The loading

plots show the relation between variables o much each variable contributes to each
component. The score and loading plots caodmepared and give information on how the
variables are related to the sample pattern. Samples which have the same variable pattern
are placed close to each other, whereas kesmyhich are different are placed far from

each other. A similar interpretation can bedmaf the loading plot. Variables situated

close to each other describe some ofsdn@e underlying variation in data, whereas

variables situated far from eacthet describe different phenomena.

PCA is a useful tool for oulr detection. Outliers are samples or measurements that
deviate from the normal observations and will have an “incorrect” effect on the calculated

model.

2.2.9.2Partial Least Squares Regression (PLSR)

Partial least squares regression (PLSRisexd for modelling two data matrices, caled
andY. Y can consist of one variable or severaiafales (Esbensen, 2000). PLSR is used to
extract the systematic variationXthat is related to the variation ¥h This makes it
possible to interpret the structures within and betwéandY and the model obtained may
be used for predictinyg from X in future samples (Martens and Neaes, 1989; Martens and
Martens, 2001).

Prior knowledge about the samples, e.g. stotiage, season or different farms etc. may be
used as indicator variables (design varighénd be included in the modelling. Each
design parameter is converted to a binaryalde given the vales, 0 or 1 indicating
whether the design parameter applies to the Eaarmot (Martens and Martens, 2001). In

this way, a discriminate anylis can be applied, wheYeconsists of classes of samples
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with different indicator vadbles and these are predicted from observed variab¥egnn
addition PLSR can be used to establishlid@ion model from which a reference value

can be predicted in future samples.

The score and loading plots fraive PLSR models are to bearpreted in the same way as

the ones from PCA.

2.2.9.3Validation

The overall purpose of validatias to test the applicability of the model on new, similar
sets of data which have not been used irdéhelopment of the model. To ensure that the
optimal number of components is used inrtiedel, several validation methods exist. In
the present work cross validation was us&ass validation is the most commonly used
validation method. Cross validation is perfod®y repeatedly takingut different subsets
of samples from the model and using them instesatémporary local sets of test samples
(Martens and Martens, 2001).

An essential aspect of valitlan is to determine the optimal number of components. This
can be done by inspecting a plot of explainedavae or a plot of residual variation versus
the number of components because the optimal number of components to be included in
the model is the number that gives the cledre=stk point in the plotf there are too few
components (an underfitted model), some systeraatiation is lost irthe residual. Using

too many components (an overfittemdel) there is a risk afrawing noise into the model
(Esbensen, 2000).

2.2.9.4Three-way data analysis

In the present study, none of the data wesetldimensional in orig. However, the two-
way low-field NMR data can be convertedtbe slicing method to become three-way in
structure and thereby be analyzed by RarRactor Analysis (PARAFAC) (Pedersenhal.
2001; Pederseet al. 2002; Engelsen and Bro, 2003). One of the advantages of using
PARAFAC to decompose the NMR data is that a set of comim@pin-spin relaxation

time) values is determined.

Slicing is based on the principal of DiteExponential Curve Resolution (Windig and
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Antalak, 1997) and can be used to anafjesa consisting of aum of exponentially

decaying curves.

The three-way data structure can be @e@dly copying the two-way data. The copy is
placed behind the frontal slab, thereby creat new third dimension. The back slab is
shifted a specific number of variables to tight. The procedure is repeated. The two slabs
contain the same number of variables. The sule-matrices/slabs will be of the same size
and contain the same information, but tlaeg shifted horizontally. The number of

variables to shift between tvaabs is referred to as lag.

Slicing can be performed with more than telabs and with differerag sizes. In Figure
2.9, only two slabs are shown for simplicityti&xee-way structure care obtained, when

the splitting is performed in the same way for all samples in a data set.

Lag Slab?2 SIE‘E 2

Y

|
. v J{_Y_} \ N J

variables Lag Slab 1

Figure 2.9.lllustration of the principl®f slicing two-way NMR relaxatio decays into three dimensional
data. Lag represents the number of variables shifteddh layer and slabs represent the number of layers in
the final three-way array.

Slicing in this direction gemates curves of varying signakensity but with the same
underlying relaxation characteitt due to the uniqgue mathematical properties of the
exponential function (Windig and Antalak, 199This generates a tri-linear three-
dimensional data array that candecomposed by PARAFAC (Pedersgral. 2002).

Using slicing to generate three-way dfitan NMR relaxation decays requires several

samples and the assumption that all the $esrghare the same underlying time constants
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(Pedersen, 2001).

2.2.9.5PARAFAC

Parallel Factor Analysi@ARAFAC) is a trilinear degoposition method for multi-way
data, which can be seen as an extemsf the two-way PCA (Harshman and Lundy,
1994). The method was proposed independdmtidarshman (1970) and Carol and Chang
(1970). The decomposition of three-way dasing PARAFAC is illustrated in Figure

2.10.

cl c2
bl b2

X — -+ -+ E

al a2

Figure 2.1Q An illustration of a two-component PARAFAC model of the datter decomposing the
original data matrix into systematic variation and residug).(a, b and ¢ represent the model vectors for
each component in the PARAFAC model. E contaiesvtiriation which was not captured by the model.
Adapted from Bro (1997).

PARAFAC of a three-way arra¥ results in three matrices A, B and C with three vectors
a, b and g respectively. A is related to the samples (i), B and C are related to the
variables in the second (j) atidrd (k) dimension, respectiwelA can be regarded as the
scores, whereas B and C can be considerdtedeadings generated for the two variable
dimensions. In practice, it is not possitdedistinguish between scores and loadings

because these are treatgdaly numerically (Bro, 1997).

PARAFAC was developed to osame the problem of “rotation freedom” in bilinear
modelling (e.g. PCA). A PARAF& model cannot be rotatedthout a loss of fit as

opposed to a two-way analysis where theesand loadings may be rotated without
changing the fit of the moderhe uniqueness means that thierenly one solution that

gives a certain fit.

A unique PARAFAC model revealing thumderlying phenomenon requires that the
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loadings are linearly independent, meaning tivatloadings do not have the same shape.
Additional requirements are thiie right number of componeritsused, that the signal-to-

nose ratio is appropriate atitht data is trilinear (Harshman and Lundy, 1994; Bro, 1997).

A determination of the optimal number of cooments is essential in PARAFAC as it is in
PCA and PLSR. There are three main wafydetermining the correct number of
components to be used; 1) split-half expentse2) by inspecting the residuals and 3) by
comparing with external knowledge thie data being modelled (Bro, 1997).

The idea behind split-half is to divide theaato different subsets and then make a
PARAFAC model on subsets. Due to thequ@ness of the PARARZmodel, the same
result (same loadings) is obtained in the madi¢he subset of data if the correct number
of components is chosen. An inspection & tesiduals can also give an idea of the
number of components. Prior knowledge @& tlata should be taken into account (Bro,
1997). In the case of NMR data, non-negasiweres and mono-exponential loadings are
expected in a PARAFAC model with tleptimal number of components. From the
logarithm of these loadings, the transverse spin-spin relaxationTineaf be determined
and the size of each water pool is calculaBgdapplying PARAFAC, a set of commadn
values is determined for all samples, whereas the relative amounts of the various water

pools differ.
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Chapter 3

3. Results and discussion

The results reported in Papers | to IV presented and discussed in this chapter.
Additional unpublished results are also includedhe first section, # quality of the raw
material measured by QIM is describedtha second section, changes in the liquid
holding capacity are described ahé effects of salt content, lipid content and chill storage
on the liquid holding capacity aedso described. In the nesection, the suitability of
different methods to determine the liquid dialy capacity is discussed. In the following
sections, variations in salontent, lipid content, fattscid composition and collagen
content are described. In thext subsequent section, thater distribution in raw and
smoked salmon muscle is described amsl shown how the distribution among the
identified water pools is related to differgg@rameters during chill storage. In the last
section, changes in micitosgcture are described.

3.1Quality Index Method (QIM)

In experiments 1 and 2, the quality of thevraaterial was evaluated by the Quality Index
Method (QIM). The total quality index (QI) waalculated as thetsd sum of demerit
points given to each fish and an average made of all assessments for each day of
analysis. The total QI was compared to &Q@hlibration curve in order to establish the
relative freshness in terms 0bsdge days on ice (Martinsdétét al 2001). This gave an

indication of how long the fish have been stbin ice before reaching the smoke house.

In experiment 1, the fish were analysed upagivalr (analysis day A) and after two or three
days of chilled storage in ice at a commarsimoke house (analysis day B). On analysis
day A, one box was analysed and on analysisBjanother box from the same batch as A
was analysed. The analysis day (A) wa& days after slaughtering according to the
information given by the supplier, but the Qiofh the analysis day A) indicated that the
fish had been stored 9-14 days in ice. Thiicates that the fishad not been cooled

quickly after slaughtering or had not beeorstl at low temperatarduring transportation

to the smoke house. In table 3.1, the QI for each day of analysis and the corresponding

storage days in ice are shown for experiment 1.
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Table 3.1 Quality Index (QI) averaged for each ais# day and the corresponding calculated
days in ice (experiment 1). In week 4, the QI was only determined on day A.

Week Day of analysis Quality Index Days on ice
(average)
1 A 7 9
B 10 13
2 A 11 14
B 10 13
3 A 10 13
B 12 16
4 A 11 14

A is the first analysis day and B is seeond analysis day (2-3 dagfter A) in the same week.

In experiment 2, the fish were evaluatgzbn arrival at the labatory at DIFRES. The
QIM results showed that tHish had QI between 4 andwhich corresponded to 5to 7
days in ice before arrival. According to tildormation from the supplier, the fish were 5
and 6 days old upon arrival, i.e. little diffae was observed, indicagithat the fish had

been stored at the wect temperature.

When the QI is above 20, the fish isloager fit for human consumption. Thus, the
maximum storage time of raw salmorfasind to be 21 days under the best storage
conditions (Sveinsdottiet al 2002; Sveinsdottiet al. 2003).

QIM is a promising tool for a rapid and ile assessment of the quality of the raw
salmon and could be used at the smoke hawvsassess the raw teaial upon arrival as

the method measures the freshness of the fish.

3.2 Liquid holding capacity

The liquid holding capacity is an important gtygparameter for cold smoked salmon as a
reduced liquid holding capacity makes tHefs more prone tbquid leakage during
smoking or afterwards during slicing and vam storage. Accumulated liquid leakage in
vacuum-packaged smoked salmon hasgaitiee effect on thproduct appearance
(Birkeland, 2004).
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Thus, it is important to have a high liquidlthog capacity. In this work, three different
methods were used to determine the liquattling capacity of raw and smoked fish. As
described in section 2.2.2, thiker press method was onlyesin experiment 1 as the
method was found not to be a representatie¢hod to measure the liquid holding capacity
in salmon due to high variations found in tieeults. In addition the filter press method is
time-consuming and thereby not suitableewimany samples are to be analysed.
Therefore, it was decided to use otherhods in the subsequent experiments. In
experiments 2 and 3, both a centrifugation metudia liquid leakage test were used to
determine the liquid holding capacity. Thes® wethods measure difent properties e.g.
liquid loss from intact muscle without antesnal force applied and liquid loss from
minced muscle with an external force appliedhe full sample. It was decided to use both
methods on the same fish to get a detgiietlre as possible of the liquid holding
property. Regarding the ceifilgation method, the liquid hding capacity was calculated

in two ways: as the amount of liquid lefttime mince after centrifugation relative to the

original amount of liquid (LHQ), and relative to the dry matter content (LHC

Liquid holding capacity in raw and smoked samples

In experiment 1, the raw salmon samples &&alver liquid holding capacity (mean liquid
loss of 2.4 % * 0.5) than the smoked samheean liquid loss of 0.9 % + 0.3). For the
raw samples, the liquid loss was in the raafjg.1 to 4.0 % and for the smoked samples in
the range of 0.5 to 1.7 %. For both the rand the smoked samples, a large variation in
liquid loss was observed witheach analysis day and for samples from the same batch.
The raw material was very inhomogeneous wattards to lipid entent and salt content

and this may have influenced the liquid Id3eth salt and lipid coent affect the liquid
holding capacity as desbad in sections 1.5.

The liquid holding capacity measured by teatrifugation method showed that the raw
samples in experiments 2 and 3 (both salmon and rainbow trout) had a higher liquid
holding capacity (LH@) than the smoked samplgs<(0.001) had (Table 3.2) (Paper IV).
A higher liquid holding capacity has also bedrserved for the raw samples compared to
the smoked samples as reported by Birkektral. (2004a). The higher liquid holding
capacity in the raw samples may due toader loss during the processing. However, a
higher liquid holding capacity in smoked sdegpcompared to raw samples has been
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reported by Rarét al. (2003) and this was also obsenie@xperiment 1. The difference

observed in the results between experimesmid experiment 2 seems notable but might be

due to the use of different methods and déifé sample conditions (intact muscle and

mince) in the two experiments.

Regarding the liquid holding capacity rela&tito the original amount of liquid (LHY the

raw salmon samples could be differentiated from the smoked salmon saorple8L()

stored for 20 days. The raw rainbow troatlel also be differentiated from the smoked

rainbow trout stored for a long time (19 daysy 0.05). Both the rainbow trout and
salmon (except from farm 1, large) hadtniiquid holding capaty (close to 100 %)

(Table 3.2). Ofstaét al (1993) also found that salmbiad higher liquid holding capacity

compared to cod. Thus, the ability to holé tiguid is high in salmon and rainbow trout.

Table 3.2.Liquid holding capacity in raw and smoked salmon and rainbow trout.

Storage time after smoking

Group Raw Day 1 Day 11 Day 19/20

Ex. 2 Farm 1 small (N=7) LHC, 95.6+2.1 94+26 946126 92.7+37
(salmon) LHC, 34+0.2 24+0.2 25+0.2 22+0.2
Farm 2 small (N =6) LHC, 97.6+06 959+27 96.8+3.0 93.7+4.8

LHC, 3.7+20.1 25+0.2 26+0.1 23+04

Farm 1 large (N=2) LHC, 87.3+10 856+19 827+04 80.8%0.1

LHC, 3.3+04 25+ 0.5 24+04 2.0+0.2

Farm 2 large (N =3) LHC, 93.6+55 89.0+3.8 91.9+22 899+43

LHC, 3.4+0.3 2.1+0.2 24+0.1 23+0.1

Ex. 3 Mature, fed LHC, 97+09 976+19 973121 953 +£25
(trout) restrictively (N=8) LHC, 3.6 £ 0.6 2.3+0.3 23+£0.3 2005
Immature, fed LHC, 96.2+1.4 958+22 931+4.0 91.1+5.2

restrictively (N=8) LHC, 3.0+0.2 22+0.1 20x+0.3 1.9+£0.3
Mature/immature, fed LHC; 955+2.8 959+28 957+31 929+55

normally (N = 8) LHC, 3.1+03 22+0.2 21+0.2 19+0.3

Mature, fed normally LHC; 97.3+1.0 987+06 985+15 96.8+1.6

(N=18) LHC, 3.4 + 0.3 2.3+0.1 22+03 23+0.2

Values are means = standard deviation and N is number of samples
LHC ; = the amount of liquid left in the mince after centrifugation relative to the original amount of liquid
LHC , = the amount of liquid left in the mince after centrifugation relative to the dry matter content

In experiment 3, there were four groupgahbow trout which differed according to
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maturity state, feeding method (restrictivenormal) and strain (T 2.1). Regarding the
liquid holding capacity, none of the differgrdrameters were observed to have a
significantly effect on the liquid holding capacifihe reason for this could be due to the
high variation within each group. A high varat in the salt content (between 2.6 and 5.1
%) and the lipid content (4.1 and 11.2 %) whserved for the four groups of rainbow

trout. Both parameters are knownatifect the liquid holding capacity.

In experiments 2 and 3, the liquid holding capasias also determined by a liquid leakage
test (liquid loss). The raw rainbow troutngales had a higher liquid holding capacity
(measured by a lower liquid loss) compared to the raw salpso0.0001) (Table 3.3).
Changes were made in the method from expent 2 to experiment 3 as high variations
were found in the raw data for salmon. tiddion, the salmon wedarger than the

rainbow trout, which maybe also have infiged the results. Fohe salmon, it was found
that the size of the fish inflaeed the liquid loss as large sked fish lost significantlyp<
0.001) more liquid than the smaller smoked fislhaw and smoked fish (day 1). After 11

days of storage this difference had gone.

The smoked fish (day 1) had a higher ligh@ding capacity (measured by a lower liquid
loss) than the raw salmon. Higher liquid halglicapacity (and thelog lower liquid losses)
in smoked samples compared to ffish were also observed by Ratdal. (2003) using

the same method and this was also seethéosmoked salmon in experiment 1 using the

filter press method.
For the rainbow trout in experiment 3, differences were found among the four groups

with respect to liquid loss as determir®dthe liquid leakage test, which was also

observed using the centrifugation method.
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Table 3.3.Liquid loss (%) determined by the liquid leakage test in raw and smoked salmon and rainbow trout.
Storage time after smoking

Group Raw Day 1 Day 11 Day 19 /20
Ex. 2 Farm 1 small 2.8+0.5 1.0+0.3 16+04 3.0+£09
(salmon) (N=7)

Farm 2 small 2.8+0.5 1.0+0.2 1.5+04 1.7+0.6

(N =6)

Farm 1 large 3.7+0.2 1.9+0.3 1.5+0.1 2.7+0.4

(N=2)

Farm 2 large 43+0.2 1.7+0.1 1.9+05 36+1.1

(N=3)
Ex. 3 Mature, fed restrictively 2.0+ 0.2 0.6+0.2 0.6+0.2 0.6+0.3
(trout) (N=28)

Immature,fed 1.9+0.2 0.7+0.1 0.6+0.1 0.7+0.2

restrictively

(N=8)

Mature/Immature, fed 2.1+0.2 0.8+0.2 0.7+0.2 0.7+0.3

normally (N = 8)

Mature, fed normally 2.3+0.9 0.7+0.2 0.7+0.3 0.7+0.3

(N=8)

Values are means * standard deviation
N is number of samples

The lipid fraction and the water fraction irethquid loss (determined by the liquid leakage
test), were calculated. During chill stoeagf the smoked salmon (experiment 2), an
increase in the lipid fraction wabserved from day 11 to day 20<0.01), while no
significantly difference in water fraction wabserved during chill storage. This is in
accordance with Rt al. (2003), where the lipid fractioof the liquid loss was increased
after 15 days of chill storage, while the wdtaction did not increase. During chill storage
of the smoked rainbow trout no differencesWaund for the lipid fraction or the water

fraction.

Effect of salt on liquid holding capacity
In experiment 1, it was found that the liqlogs correlated to thgalt content (r = 0.4 <
0.01) for the smoked samples. Hence, a high# content gave a lower liquid holding

capacity which is opposite to what has been reported by Gistdd1995).

For the smoked salmon in experim@nthe salt content influences LHE = 0.62,p<
0.001) and LHG (r = 0.38,p< 0.01). For the smoked rainbow trout samples in experiment
3, the salt content influences LHQ = 0.51,p< 0.0001), but not LHE Thus, a higher salt

content led to an increased liquid holdoapacity, which was also seen by Ofsthdl.
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(1995), but the results from expreent 2 are opposite to thmesults found in experiment 1.
Different methods i.e. a filter press etl and a centrifugation method were used to
determine the liquid holding capacity. Botle ttamples from experiments 1 and 2 were
dry salted but different dry salg methods were used. In exppeent 1, the fillets were dry
salted according to the recipe at the commésmmoke house, where the fillets were salted
one, two or four days. In experiment 2, arhouse dry salting methddt the laboratory at
DIFRES) was used and the fillets weréeshfor up to 8 hours (large fish).

Regarding the liquid leakage test, the satitent did not affedhe liquid loss for the

smoked salmon. However, for the smoked rainbow trout samples, the salt content had a
negative effect on #hliquid loss (r = -0.35 < 0.0001). Thus, a higher salt content gave a
higher liquid holding capacity for raw rdow trout which was also found by the

centrifugation method.

Effect of lipid content on the liquid holding capacity

A high lipid content has been reporteddad to a decreasedliid holding capacity
(Mgrkgreet al. 2001; Birkelancet al. 2004a). Mgrkgret al (2001) found that a high lipid
content (between 14.5 and 21.8 %) gave a ldvyeid holding capacity (determined by the
centrifugation method of Gomez-Guilléhal 2000) in smoked salmon fillets. Birkeland
et al. (2004a) also found a lower liquid holdingpe&ity (determined by the centrifugation
method of Gomez-Guilléat al. 2000) for smoked salmon withhigh lipid content (20.2 +

1.1 %) as opposed to smoked salmon \&itbw lipid content (16 + 1.0 %).

In experiment 1, no correlation between Igjloss and lipid conteénvas found for the raw

or for the smoked samples. In expemn2, a low liquid holding capacity (LHEwas
correlated to a high lipidantent in raw salmon (r = -0.7f,< 0.0001) and in smoked
salmon (r = -0.7,1p < 0.0001) LHC; is calculated by dividingvith the liquid (water and
lipid) content. An in-directly relation to éhlipid content is expected. No correlation
between the lipid content and LH®@as found for the raw or the smoked salmon samples.

For the rainbow trout samples, a negativelgr@ation between thigpid content and LHE

was found for the raw (r = -0.4¢< 0.05) and for the smoked (r = -0,4% 0.0001)
samples (unpublished results). As seertliersalmon, no correlation between the lipid
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content and LHgwas found for the raw or the smoked rainbow trout samples.

With respect to the liquid loss as determitgdhe liquid leakage test, the lipid content
was correlated to the liquid loss for thevrealmon samples in experiment 2 (r = 054,
0.05). No correlation was found between thedlippntent and the liquid loss in the smoked
salmon samples. For the rainbow trout samiplexperiment 3, no correlation between the

lipid content and the liquid loss was found foe raw samples or for the smoked samples.

An effect of the lipid content on the liquloss determined by the liquid leakage method
was seen for the raw salmon samples. |Ati@n between the lipid content and LiH®as

found, but this relation is estimated to be affected by the way, iHlculated.

Effect of chill storage othe liquid holding capacity

The shelf life of commercial smoked salmdepends on which country (market) the
products are available. Shelf lives betwddndays and 6 weeks have been reported
(Cardinalet al.2004). In experiments 2 and 3, the cedoked products were chill stored
at 2°C for up to 19 and 20 days after smgkiA decrease in the liquid holding capacity
(measured by the centrifugation method) was observed between day 11 andpay 20 (
0.01) (Paper Ill). This was also seen for sheoked rainbow trout samples (experiment 3),
as a decrease in the liquid holding capawias observed between day 11 and day 19
(LHC1: p< 0.05; LHG: p <0.001) (Paper IV).

Rgraet al (2003) found that storage time (5 orddys) and storage temperature (4 to
14°C) strongly affected the liquid holding eagy of smoked salmon as the liquid holding
capacity decreased when the storage temperatareased and also when the storage time
increased. The decrease was more pronowvbed the two conditions were combined,
where a liquid loss of 4.4 % was found afterdbys of storage at 1@. In experiment 2,

two sizes of salmon from two farms were analy3dak small (size 3-4 kg) smoked salmon
from both farms had a liquid loss (determirgcthe centrifugation nteod) of 5 % after

one day of storage after smoking and 7 %r&f@edays of storage after smoking. The large
smoked salmon could be separated accordingetonth farms as the large fish from farm
one had a liquid loss of 14 % after one dagtofage after smoking and a liquid loss of 19
% after 20 days of storage after smoking, wthie large smoked salmon from farm two
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had a liquid loss of 9 % aftene day of storage after smogiand 9 % after 20 days of
storage after smoking (Paper Ill). The liglodses found in the present study were higher
than those found by Reeéd al. (2003). In the present study fish of size 3-4 kg and 6-7 kg
were used, whereas Ratial. (2003) used fish of size 1.5 kg. Large fish lost more

liquid and this might explain the differendestween the studies. As the size of the fish
influences the liquid loss, it is difficult to corage the results in ordéw see an effect of

the different storage temperatures.

The effect of chill storage on the liquid loss measured by the liquid leakage test showed the
same as seen for the centrifugation metiading chill storage at 2°C of the smoked
salmon samples (experiment 2), a decreasieeifiquid holding capacity (measured as an
increase in the liquid loss) was obseheetween day 11 and day 20 after smokpsy (

0.001) (Paper IV). Rarét al. (2003) also used the liquidakage test on smoked salmon

and found that after 15 days of storage efgmoked samples, the liquid loss was at the
same level as that observed for the fis. For smoked salmon (experiment 2), an
increase in the liquid loss from 1.2 % day 1 after smoking to 2.6 % on day 20 after
smoking was observed during chill stoeagf the smoked product. Regéal. (2003) found
liquid losses of 2.8 % (storage temperaturddd) and 6.3 % (storage temperature of

14°C) after 15 days of storage. Retal. (2003) used smaller fish (size of 1-1.5 kg) than
that used in experiment 2, but slighttigher liquid losses were found for a storage
temperature of 4°C compared with the Isslind in experiment 2, where a storage
temperature of 2°C and a storage time of upOtolays after smoking was used. Thus, there
seems to be an effect of the storage temperature on the liquid loss when the results from
Raréaet al. (2003) are compared withose obtained in experiment 2. But in experiment 2,
the liquid leakage test by Markaeeal. (2001) was slightly moéled and this may have
influenced the results. For the rainbow tr@tperiment 3), no changes in liquid losses

were observed during chill storage of the smoked product (Paper V).

From the results obtained in experimenend 3, a reduced ligdiholding capacity was
observed in the smoked products after chillagerfor nearly three weeks, whereas none
or only very little visible lquid was observed in the vacuyrackages containing smoked
products showing that the decrease in liquattling capacity did natesulting in severe
liquid loss. A lower storage temperature (282 used in the experiments 2 and 3 than
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what is used in retail shops (5°@ich might have had an influence.

To conclude, the results frothese experiments show tha¢ tiquid holding capacity is a
complex property influenced by many factdrsgher liquid holding capacity was found in
raw samples compared to smoked samples using a centrifugation method. However
regarding the results from thiquid leakage test and the &t press method, a high liquid
holding capacity was observed for the smogachples 1 day after smoking compared to
the raw samples. For raw salmon, it was fourad kigh lipid content gave a high liquid
loss. The liquid holding capacity was affectsdthe salt content and the size of the fish.
Regarding the effect of the salt content amltquid holding capacity fferent results were
obtained from the different tieods. Some of the reported differences may be due to the
methods used to determine the liquid holdiagacity. During chill storage of the smoked
products, a decrease in the ligdnolding capacity was observed.

3.3 Relationship between methods tdetermine liquid holding capacity

Different studies of liquid holding capacity salmon and rainbow trout have used
different methods and different experimergahditions, and this makes it difficult to
compare the results. The results from s#c8.2 regarding liquid hding capacity showed
that different results were abhed when different methods were applied to the same fish
to measure the liquid holding capacity. Thisrao standard method for measuring the
liquid holding capacity. However centrifugati methods have commonly been used to
measure the liquid holding capgciA suitable measurementibiis property is therefore
advantageous as a part of a productionrobritherefore there is a need for better

understanding of how the results from the dédfe methods are related to each other.

In Paper 1V, a centrifugation method (Eielieal 1982) and a liquid leakage test (Markare
et al.2002) were examined with regard to thaiitability for determining liquid holding
capacity and liquid loss in salmon (experim2nand rainbow trout (experiment 3). Low-
field '"H NMR relaxation curves were correlatedvalues obtained by the centrifugation
method and by the liquid leakage test to sé&fdrmation in the NMR signals could be
related to the phenomena measured by ttvesenethods. The study included raw as well
as smoked rainbow trout and salmon. All thre¢hods were applied to the same fish. In
experiment 1, a filter press method was usedetermine the liquid holding capacity.
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However this method was not includedlie comparison of methods as it was not

practically possible to include adrth analysis on the same fish.

The liquid leakage test andetisentrifugation method measutiéferent properties (liquid
loss from intact muscle without an exterfaice applied and liquid loss from minced
muscle with an external force applied te fall sample). Accordingly, the liquid leakage
test and the centrifugation thed were poorly correlated for smoked salmon (r = -(o32,
< 0.05) and for smoked rainbow trout ((LKCr = - 0.25,p < 0.05). No correlation was
found between liquid loss and LHGor raw rainbow trout samples (experiment 3), the
liquid loss was negatively correlated to LHE= - 0.40,p < 0.05). For raw salmon
samples (experiment 2), the correlation kewliquid loss and liquid holding capacity

was insignificant.

A Principal Component Analysis (PCA) was aecof a data set ataining LHC (both

LHC,; and LHG), liquid loss, salt and water contents of smoked salmon samples. The
relationships between the variables are showFigure 3.1 as the so-called correlation
loadings. Principal component 1 (Factomiginly described the variation in LHC (LHC
and LHG) and water content, while Principal cpament 2 (Factor 2) mainly described the
variation in liquid loss. The @mnges in liquid loss were alstindependent of changes in
the liquid holding capacity and the water @it Similar PCA results were obtained for

smoked rainbow trout samples (results not shown).
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Figure 3.1 Loading plot from a Principal Component Analysis (PCA) showing the relations between liquid
loss (LL), LHC (LHG and LHG), salt and water contents (%) for smoked salmon samples. The inner and
outer circles represent 50 % and 100 % explained variance, respectively. PC1 (factor 1) explained 46 % of X
and PC 2 (factor 2) explained 15 % (validated). Adapted from Paper IV.

The low-field NMR relaxation curves wereagsto predict liquidholding capacity (both
LHC; and LHG) and liquid loss for minced and inteaamples, respectively (Table 3.4),
by Partial Least Squares Regression (PLIR¢. PLSR models we evaluated by the
correlation between the measured and theigiestivalues and by the Root Mean Squared
Error of Prediction (RMSEP).

Prediction of the liquidolding capacity (both LHCand LHG) from the NMR relaxation
curves worked well for the minced salmon samples and for the minced rainbow trout
samples (Table 3.4). However, a tendencyai-linearity was observed for the prediction
of LHC;. The correlation coefficients (corréilan between measured and predicted LHC
values) were close to thagported by Andersen and Jargen (2004) for cod (intact and

minced) for the prediction of water holding capacity (LLfftom NMR relaxation curves.
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Table 3.4 Results from PLSR models for predicting e.g. liquid loss (LL) and liquid holding capacity
(LHC) from NMR relaxation curves obtained for minced samples.

Exp. 2 Exp. 3

LHC; LHGC, LL LHC;, LHC, LL
No. of samples 70 70 70 128 128 127
No. of componenfs 2 2 3 4 4 4
Explained Y- 71 78 33 64 86 82
variancé
RMSEP 2.7 0.3 0.9 2.1 0,2 0.3
Correlatiorf 0.83 0.88 0.57 0.79 0.93 0.90

a: Optimal number of PLS-components and % variation regarding liquid loss or LHC explained by
the validated model estimated by cross validation

b: Prediction error. Root mean square error of prediction

c: Model fit. Correlation between measuget predicted liquid loss or LHC values

LHC ; = the amount of liquid left in the mince after centrifugation relative to the original amount of
liquid

LHC , = the amount of liquid left in the mince after centrifugation relative to the dry matter content

For the intact samples, a good relation betwékIR relaxation curves and LHC was also
found (Table 3.5) with a correlatiai 0.75 to 0.85 and RMSEP of 2.7 (Lij@Gnd 0.3 to
0.4 (LHG).

Table 3.5 Results from PLSR models for predicting e.g. liquid loss (LL) and liquid holding capacity (LHC)
from NMR relaxation curves obtained for intact samples.

Exp. 2 Exp. 3

LHC, LHC, LL LHC, LHC, LL
No. of samples 71 70 70 rf 63 63
No. of componenfs 2 3 3 4 4
Explained Y- 70 53 22 74 76
variancé
RMSEP 2.7 0.4 0.9 0.3 0.3
Correlatiors 0.83 0.75 0.46 0.85 0.87

a: Optimal number of PLS-components and % variation regarding liquid loss or LHC explained by the
validated model estimated by cross validation

b: Prediction error. Root mean square error of prediction

¢: Model fit. Correlation between measurt predicted liquid loss or LHC values

d: No model calculated

LHC ; = the amount of liquid left in the mince after centrifugation relative to the original amount of liquid
LHC , = the amount of liquid left in the mince after centrifugation relative to the dry matter content

Prediction of liquid loss from NMR relaxatiaurves for minced salmon and rainbow trout
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samples is shown in Table 3.4 and for intact salmon and rainbow trout samples in Table
3.5. The prediction of liquid loss from NMR rgktion curves was betten prediction for
rainbow trout (correlation of 0.90 and RMBE 0.3 for minced and a correlation of 0.87
and RMSEP = 0.3 for intact samples) tii@nsalmon (correlation of 0.57 and RMSEP =

0.9 for minced and a correlation a6 and RMSEP = 0.9 for intact samples).

The salmon had the highest lipid content andetlagpears to be a relation between higher
lipid content and more lipid in the liquidds: the lipid loss withime from salmon was
higher relative to the water loss than was the ¢asstrout (described in section 3.2). This
may be one of the reasons why the prediatibliquid loss was bettr for rainbow trout

than for salmon. In addition, changes in dstaflthe liquid leakage test had been made
from experiment 2 to experiment 3 to optimize the method, and this may also have

influenced the results.

Models for prediction of liquid loss froméhiNMR data were made for raw and smoked
samples separately (data not shown). Thesdets were inferior tthose including both

raw and smoked samples indicating that kilgaiss, unlike liquid haling capacity, is not
closely related to the water distribution in fieéh muscle but governed by other properties
of the fillet. The information in the NMR siglsaused by the calibration with the full data
set is rather about water content, which, ligaid loss, differs between the groups of raw
and smoked fish.

It is important to be aware that the adagation method and the liquid leakage test
measure different parameters and can thezefot substitute each other. Low-field NMR
seems to be a promising tool for measgrihe liquid holding capacity of salmon and
rainbow trout samples. However further aneys needed to recommended a suitable
method for measuring liquid holding capacitysaimonid fish. Both the liquid leakage test
and the centrifugation method depend on experiateonditions and require standardized
conditions during analysis. The liquid leakags teas only been used in a few studies, and
the disadvantage of the liquid leakage te#itas numerous parameters such as the smoke
hue, the size of the sample, etc (see Paper V) can influence the results. The liquid leakage
test has a potential as it does not requik@aded equipment during analysis, while the
centrifugation method is only fea#hin a laboratory. In addadn the liquid leakage test is
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similar to the drip loss method used in théustry. Further invagations are needed

before the method can be generally recommended.

To conclude, the various methods usadaigsessing liquid holding capacity focus on
different aspects, making comparison fulés difficult. Two of the most popular
approaches, measuring the liquid holding capdoy centrifugation of minced muscle and
measuring the liquid loss by the liquid leakagst, provide supplementary rather than
redundant information. Thus,ig recommended to use hdypes of methods where
applicable in order to get a detailed picturg@assible of this importd quality parameter.
Low-field NMR relaxation curves were ustaget some insight into the differences
between the properties assesbyg the centrifugation methoada the liquid leakage test.
A good prediction of liquid holding capacityofin NMR relaxation curves measured on
salmon and rainbow trout samples with |djliolding capacity uaes between 84-99%
(LHC,) was obtained. The applicability of NMRlagation curves to samples with lower

liquid holding capacity valueisas not yet been tested.

3.4 Salt content
In all three experiments, dsalting was applied as thdtsag method. The salt content
was calculated in two ways as % salt (NaClalation to the sampleight or as % salt

(NaCl) in the water phase.

The salt content in smoked salmon is usuiallthe range of 2 td % salt (Cardinadt al.
2004;Espeet al.2004). In experiment 1, the salt cent varied from 2.6 to 3.9 % salt (3.9
to 5.8 % salt in water phase) for salnfitlets salted for one day, 1.4 to 4.2 % salt
(corresponding to 2.1 to 6.2 % salt in water phase) for salmon fillets salted for two days
and between 1.8 to 5.5 % salt (correspondirigyZao 8.1 % salt ithe water phase) for
salmon fillets salted for four days. The filletere salted at the commercial smoke house
according to their recipe. All the samples wead#ied in the same wdamount of salt and
temperature (2°C) duringplting), but the salting time wanot fixed as the salting time
varied from one to four days. This wike practice at the smoke house. However, no
significant differences in the salt content wlyend between one day, two days or four
days of salting. The fish were of the sasiee (3-4 kg) and the same amount of salt was
used for each fillet side. Despite that, lavgeiations in salt content were seen.
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In experiments 2 and 3, the salting was perfariatethe laboratory at DIFRES according
to an in-house salting recipe. The amourgalf used for salting was adjusted according to
the size of the fillet and longealting time was applied for the large fish. In experiment 2,
the salt content was in range of 2.0 to 3.2 %(84l to 5.2 % salt in the water phase) for
fish 3-4 kg in size. For the large fish (siz& &g), the salt contentas in the range of 2.4

to 3.2 % salt (3.8 to 5.1 % salt in water phaBeexperiment 3, the salt content was in
range of 2.4 to 5.1 % salt (4.1 to 7.7 % salvater phase) for the smoked rainbow trout.
Despite that the same salting method was usédth experiment 2 and 3, higher variation

in salt content was found in experiment 3.

The diffusion of salt is an important issueidgrsalting and the lipid content may be a
limiting factor for the diffusion (Wangt al. 2000;Gallart-Jornetet al. 2007)either by
replacing the aqueous phase that serves astarver transfer duringhe salting step or by
acting as a physical barrierhds, the lipid content can affebie salt uptake. In experiment
1, the lipid content varied from 6 to 14 %, Imat correlation betweesalt content and lipid
content was found for the smoked salmon sampiesxperiment 2, a correlation between
the salt content and the lipid contémsmoked salmon samples (r = -0.46,0.0001) was
found. In experiment 3, a correlation betwéas salt content and the lipid content in

smoked rainbow trout samples (r = -0.48,0.0001) was found.

To conclude, the salt content varied betweém 2 % (3 to 8 % salt in water phase) which
is higher than the recommended value of%8.5alt in water phase. The lipid content may
be a limiting factor for the diffusion of salt artdvas found that a higlpid content gave a

lower salt content.

3.5Variation in pH

In experiment 2, the pH of raw and smolsadinon was measured. The pH varied between
6.2 and 6.3 for the raw salmon and between 5.8 and 6.1 for the smoked salmoretOfstad
al. (1995) found that pH greatly influenced figiid holding propertiesn raw salmon as

an increase in pH from 6.0 to 7.0 (in a miaglestem) increased the liquid holding capacity.
In experiment 2, the liquid holding capacttgcreased for the smoked salmon during the

chill storage period while the pH practicallyddiot change in contrast to the result of
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Ofstadet al (1995). It should however be noted thia pH changes in the present study
were on a much smaller scaltan in the study by Ofstaat al. (1995). For the raw salmon
samples, a correlation between aitl the liquid holding capacity (LBE(r = 0.47 p<
0.05) was found. Thus a higher pH value ghigher liquid holding capacity for raw

salmon. No correlation was found for the smoked salmon samples.

To conclude, the pH was influenced by the process, but did not change during chill storage.

For raw salmon, high pH gave high liquid holding capacity.

3.6 Variation in lipid content

The lipid content is one of thguality characteristics of sabm that varies most, and high
individual variation has ab been observed (Belt al 1998). One of the major recent
changes in cold smoking production has biberreplacement of wild salmon by farmed
salmon. Farmed salmon differs from the wsllmon by having on average a higher lipid
content. The lipid content of salmon is usuatithe range of 15 t&6 %, but it can vary
from 6 to 22 % (Rarat al. 1998).

For salmon 3-4 kg in size, the averagé&lipontent in the raw samples was 11 %
(experiment 1, unpublished results) and 13 %péement 2, Paper IIl). In experiment 1,
the lipid content in raw salmon varied beem 6 and 14 %, whereas the variation in
experiment 2 was much lower i.e. 11 % to%5For the raw rainbow trout in experiment
3, lower lipid contents were observed congabio the raw salmon, as the lipid content
varied between 4 and 11 % with an averafyé % (unpublished resslt (Table 3.6). For

the smoked salmon samples, the lipid contémas shown) were lower than for the raw
samples, probably due to lipid loss during @ssing. The lipid content could be related to
the body weight of the fish as the raw lasggmon (size 6-7 kg) in experiment 2 had a

higher lipid content than the smaller fish.
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Table 3.6 Lipid content (%) in raw fish from all three experiments.

Lipid content (%)

No. of Size Min Max Mean SB
fish kg
Experiment 1 49 3-4 6 14 11 2
Experiment 2 13 3-4 11 15 13 1
Experiment 2 5 6-7 14 20 16 2
Experiment 3 32 2-3 4 11 7 2

a: standard deviation

In Figure 3.2, the variation in lipid contentraw salmon from experiment 1 is shown.

In experiment 1, the lipid content within obhex of raw salmon varied from 6 to 14 %,
which illustrates a very heterogeneous raviemal. Two boxes of salmon were analysed
each week. The fish were analysed upon dr(asalysis day A coloured black in Figure
3.2) and after three days ofiliéd storage in ice at a conartial smoke house (analysis

day B coloured white in Figure 3.2).

% Week 1 Week 2 Week 3 Week 4

123 4567891011213 1415161 181920 21222324252627 2829 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

Figure 3.2.Lipid content (%) in raw salmon (black columns represent analysis day A and white columns
represent analysis day B). On each day, one box of salmon was analysed.

Softness and gaping have been associaiiidhigh lipid content in farmed salmon
(Sheeharet al. 1996), which can result in difficuits when slicing the smoked fish
(Eckhoffet al. 1998). Birkelanckt al. (2004a) found that fillets with a high lipid content

were less firm and elastic than fillets with a low lipid content.
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To conclude, in one experiment high variatiotipid content was observed for fish from

the same batch of salmon, which indicate that the salmon have not been sorted with respect
to lipid content at the supplier. In anotheperment the fish had more equal content of

lipid. Large salmon had a higher lipgdntent compared to small fish.

3.7 Variation in fatty acid composition

Fish is a health-promoting food due to thgthcontents of n-3 polyunsaturated fatty acids
(PUFA) (Kris-Ethertoret al. 2002). The long chain n{®lyunsaturated fatty acid
docosahexaenoic acid (DHA, C22:6n-3) antbsapentaenoic acid (EPA, C20:5n-3) in
fish are recognized to contribute to the positffect of fish, particular fatty fish such as

salmon have a high natural content of these fatty acids.

Fish meal and fish oil have traditionally baesed as the major raw material ingredients in
salmon feeds, and a high amount of the totalajléibh oil is used for fish feed production.
However, the increase in theogluction of farmed fish has léd a reduced availability of
fish oil and to an increased peiof fish oil. Alternative oils are thus partially replacing fish
oil in the diet of farmed salmonids (Sargenal.2001; Bellet al 2001; Bellet al. 2002).

Alternative oil sources are soyleaapeseed and sunflower oil.

In all three experiments, the fatty acichguosition of the lipids in the Bligh and Dyer
extract were determined. Differences in fatyd composition werebserved between the
samples mainly with respect to the contaitE PA and DHA. The differences observed in
fatty acid composition might be explained bifeliences in the composition of the feed
given to the fish because the fatty acid contposin the feed will be reflected in the fatty
acid composition in the fish muscle (Harelyal. 1987; Bellet al. 2001; Rar&t al. 2003;
Torstenseret al. 2005). The fatty acid profile of theuscle does not change during the
smoking (Rera&t al.2003; Regostt al. 2004). Thus, the fatty acid profile of the raw
material seems to be reflected in the smoked fillets.

In experiment 1, the fish fromeek 1 had higher contents of ER#(0.0001) and DHA

(p< 0.0001) than fish from week 2-4. The latt@d higher contents efg. oleic acid and
linoleic acid than the fish from the first weel'he fish from week 1 were from one farm
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and the fish in weeks 2-4 were from anottaem. Thus, the differences observed in fatty

acid composition may be related to differences in the fatty acid composition of the feed.

In experiment 2, fish from the two farms couallso be separated according to their fatty
acid composition e.g. contents of EPA @&tdA (unpublished results). In experiment 3,
the rainbow trout could be separated witbpet to the fatty acid composition. Three of
the groups were from the same farm and reshlgiven the same feed, and they could be
separated from fish from the other farm (grdgpHowever, for fish from the same farm
(groups 1 to 3) variation was also observedhagyroup (group 2) consisting of immature
fish separated from the two other grougsch were a group of mature and a group
consisting of a mixture of mature and imnratish (Figure 3.3). Thus, the maturity may

influence the fatty acid composition. Howeverther investigation should be done.
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Figure 3.3.PC 2 versus PC 1 scores from a PCA model with segmented cross validation (10 samples per
segment) and auto scaled data. The samples are marked according to groups; group 1 (blue), group 2 (red),
group 3 (green) and group 4 (purple). PC1 (factor 1) explained 28 % of X and PC 2 (factor 2) explained 9 %.

The effect of fatty acid composition on thguid holding capacity has been studied, and
contradictory results have been found aceaydo the effect of fatty acids on liquid
holding capacity. Rarét al. (2005b) found a significant eftt of dietary treatment on
smoked fillets as the fish fed a diet wabybean oil had a lower liquid holding capacity
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than fish fed a diet with fish oil. However another study, ReE. (2003), found no effect
of dietary oil sources on tHiguid holding capacity in fresh and smoked salmon. In the
present study, no effect of difference in faityd profile on the liquid holding capacity

was observed.

The effect of using alternative oils in threefl for farmed salmon has been investigated in
several studies. Alternative lipid sources cgiaee part of the fish oil in the diet without
having a negative effect on growth (Betlal.2001;et al. 2002; Grisdale-Hellandt al.
2002; Rorét al. 2003). The effects of vegetabli @n pigmentation, texture, storage
stability and sensory characteristics depend on the level of substitutions. In recently
published studies (Bjerkereg al. 1997;Rgraet al. 2003; Torstenseet al 2005), it was
shown that vegetable oil (either pure soybeiior a mixture of rapeseed, linseed and
palm oil) can be used in the grow-out phasgiout changing thquality in terms of

texture and liquid holding capagitHowever, a total substitat of the fish oil by soybean

oil in diets for salmon affected the muscle colour (Raradl. 2005a).

To conclude, the fatty acid composition varietieen fish from different farms, and this
indicates that different feed combinatiomsre used. No effect of the fatty acid

composition on the liquid holding capacity was found.

3.8 Variation in total collagen content

The total collagen content (g per 100g wet fish muscle weight) was determined for raw and
smoked fish in experiment 2 (Paper llIjdafor raw fish in experiment 3 (unpublished
results). The total collagen content varmtween 0.38 to 0.52 g/100g with an average of
0.45 g/100g for raw salmon in experiment 2. Tdgsees with other studies of total

collagen contents in Atlantic salmon migsavhere contents between 0.24 and 0.66 g/100g
(Eckhoffet al 1998; Aidoset al. 1999; Espet al.2004) have been found. For the smoked
salmon (experiment 2), the total collagen content varied between 0.40 and 0.61 g/100g
with an average of 0.50 g/100g. In experim2nihe raw salmon samples had lower total
collagen than the smoked salm@s 0.001). During chill storage of the smoked salmon,
an increase in the total collagen conteas observed from day 1 to day P& ©.05).

During the process the fish loss water #meteby the dry matter content increases.
Therefore, the increase in total collagen conieexpected due to loss of water/moisture
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during processing and chill storage.

For the raw rainbow trout in experimenttBBe total collagen coant varied between 0.18
and 0.50 g/100g with an average of 0.32 g/1@0rger variation in the total collagen
contents was observed for the rainbow timarhpared to the salmon. The rainbow trout
samples were grouped into four groups. Gra2ipsd 3 consisted of immature rainbow
trout and a mix of mature/imature rainbow trout, and theswvo groups had significantly
lower (p< 0.0001) total collagen content comparethis groups of mature rainbow trout
(unpublished results). The results are in accordance with the results obtained bgtAknes
al. (1986), who found that the content of hydroxylpre and thereby the total collagen
content was lower in immatutkan in mature salmon. Aknesal. (1986) related the
increase in hydroxyproline in mature salmon to the metabolization of protein from the
muscle during maturation at the expeasaon-collagenous and lagar protein (Love,
1970).

A high collagen content has been associatéal firmer texture and less incidence of
gaping (Satet al. 1986; Hataet al. 1986). Birkelanckt al. (2004a) found that fillets with
high lipid content were less firm and less gtathan fillets with a low lipid content.
Therefore it was investigated if theresnarelation between lipid content and total
collagen content. In experiment 2, the lipahtent was correlated to the total collagen
content (r = -0.35p< 0.01) for smoked salmon. Thus, highd content was related to low
total collagen for smoked salmon. No sigrant correlation was found between lipid
content and total collagen content for the smlmon samples (experiment 2) or for the
raw rainbow trout samples (experiment 3).ifeestigate if the relation between lipid
content and collagen content were a resultaoiation in the dry matter content, the
collagen content were calculated by fat freerdatter (referred to as collagen g per 100 g
fat free dry matter). No correlation was foumetween the total coligen content g per 100
g fat free dry matter and lipid content in expeent 2 or 3. The correlation found between
the total collagen (ger 100 g fish) and the lipid camit in smoked salmon was probably

due to differences in the dry matter contents.

To conclude, salmon and rainbow trout havetural variation in t@l collagen. It was
found that the state of maturity thfe fish affected the total k@gen content as mature fish
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had higher total collagen contehtin immature fish. In thistudy, the results indicate no

relation between the lipid content on the collagen content.

3.9Water distribution
This section presents the results frome&way decomposition of the low-field NMR
relaxation measurements. The term water dhistion refers to the relative sizes of the

identified water pools.

In experiments 2 and 3, low-field NMR measments were performed on minced and
intact samples of salmon and rainbow trdute NMR relaxation curves for both rainbow
trout and salmon were used in Paper I\pttedict the liquid holdig capacity of rainbow
trout and salmon. The results are discusseeédation 3.3 and will not be discussed in this

section.

The first task in modelling NMR data is to determine whether all samples share the same
underlying structure and then to determine tlkmber of componentsg. the number of
common water pools in the samples. Ferthinbow trout sampe(experiment 3), it

turned out that not all sarigs had a common underlying stture and it was not possible

to model the data to determine the commis@lthough several attempts was made to

arrange different groupings of the samples.

For minced and intact salmon samplegp@iment 2), the water pool sizes were
determined from low-field NMR relaxation sigaaand these results Wbe discussed in

this section.

Low-field NMR measurements were perforinan both minced and intact salmon samples
(both raw and smoked). The samples werenged into four groups of salmon, small and
large fish from two different farms. Thesamples are referred to as in-house smoked
samples. Three samples from the group consisting of small salmon from farm two were dry
salted and smoked at a commercial smoke h@mkthey are referred to as commercial
samples. After smoking, the commercial samplese sent to the teratory at DIFRES

and they were cut into the same piecethasn-house smoked samples. Analysis of the
commercial samples was performed on @and day 15 after smoking. Commercial
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samples were included in both data sets (mince and intact).

Before calculating the water pools, the NVd#Raxation curves were inspected by PCA

models. For the minced samples, an effe¢chefsmoking process was observed as the first

principal component differentiated betwaamw and smoked salmon (Figure 3.4). In

addition, a third group of commercially smokeamples lying between the raw and the

smoked samples could be identified. Thesemercially smoked salmon were from the

same batch as the small fish from farnotiowever, the cold smoking process (salting

and smoking) was different and had apptyesifected the water distribution.
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Figure 3.4.Component 2 versus component 1 scores from a PCA model on NMR relaxation profiles of raw
(fresh) and smoked minced salmon samples. Raw replicatea®d D (|); commercially smoked replicate
C (x) and D ('); in-house smoked replicate @(@and D (). Adapted from Paper I.

For the intact samples (Figure 3.5), anothpeaswas observed, as the samples tended to

separate according to sample A and samplehis is probably due to the heterogeneity of

the salmon fillets. The samples were alweysside by side, but sample A was cut

approximatelytwo millimetres from the skin (avaidg dark muscle in the sample),

whereas sample B was always cut nearetsteaniddle of the fillet. This sampling may

have led to different chemical compositimighe two samples as the lipid content is
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usually higher (and the water cent lower) near the skin (Mannahal.1961). Thus, an
explanation of the sample pattern, i.e. deéfg water distribution between samples A and
B, seen in Figure 3.5, could be a difference in the chemical composition with sample A
having a higher lipid contetthan sample B. Refsgaaetial. (1998) showed that the
distribution of lipid varied throughout trsalmon fillet, which illustrated a lack of
uniformity of the fillet. The present resulteally show the effectsf sampling, and that

even small distances between two close samggoints can result in marked differences.
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Figure 3.5.Component 2 versus component 1 scores from a PCA model on NMR relaxation profiles of raw
and smoked intact muscle samples from salmon. Raw replicatgahd B (|); commercially smoked

replicate A (x) and B (‘'); in-house smoked replicate A)(and B ('). The points are also systematically
distributed according to storage time after smoking as indicated by the arrows. Adapted from Paper I.

In addition (Figure 3.5), the pattern was somevdii&rent for the intact samples than for
the minced samples as the raw and the commercially smoked samples did not form
separate groups. A group consisting of ramslas, smoked samples 1 day of storage and
commercially smoked samples separated from the smoked salmon stored for longer time
(11 or 20 days).
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Three water pools were characterisedh®jr transverse relaxation timég) of 33 ms

(pool 1), 50 ms (pool II) and 183 nfpool Ill) for minced samples. For the intact samples,
the transverse relaxation timés)(were 38 ms (pool 1), 50 ms (pool Il) and 182 ms (pool

[ll) (Table 3.7). Water pool lltepresented the most mobilater, while water pool | was

the most tightly bounded water. In a study by Jepseh (1999)T, values of 39, 84 and

353 ms were obtained for fresh, minced sal@fer exponential fitng. In the present
study, T, values of 33, 50 and 183 ms were found for minced (raw and smoked) salmon by
using PARAFAC modelling. The flerences between the resutfsthe two studies may be

due to variations in the sample preparatlgnig content and the ntieod of data analysis.

In addition the present stu@dyso included smoked salmon.

The low-field NMR relaxation signals abhed by the CPMG pulse sequence only
measure liquid protons because the signal fsohd-proton relaxation has decayed when
the acquisition of data begins (Ruan andiGH®©98). In fish muscle, this means that the
measured relaxation is due to the preseneeatér and lipid. In fatty fish such as salmon
and rainbow trout, the majority of protonswe from water, but a minor part will most
likely be related to the lipid present iretmuscle. The low-field NMR was performed at
+8 @ and some of the lipids will be in the sbétate. The main part of the signal is
therefore assumed to be teaproton relaxation. Howevéhere might also be a

contribution from lipid protons.

Table 3.7. Relaxation times of water pools in minced &mact samples from raw and smoked salmon.

Pool | Pool Il Pool Il
Sample set

T2(ms) T2 (ms) T2 (ms)
Intact muscle 38 50 182
Minced 33 50 183

The size of each water pool was calculated. rékaive water pool sizes in minced salmon
samples are shown in Table 3.8. The relatrager distribution in the minced salmon
samples revealed that the size of water ploebs significantly hjher and water pool |

was significantly lower in the raw samplesmpared with the in-house smoked samples
(p 0.0001). The commercial samples also hadyaificantly higher caotent of water in

pool Il and a significantly lower content of tea pool | compared to the in-house smoked
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sample p 0.0001), but they were also significandijferent from the raw samples. The
results indicate that the water distributiorafected by the cold smoking process. For the
in-house smoked samples, a decrease in tleeo$iwater pool Il and parallel increase in
the size of water pool | weseen during the chill storag@m day 1 to day 20 after
smoking with the greatest change happebigigveen 1 day and 11ydaof storage after
smoking. A similar change in water distritartiwas also observed aug chill storage of
thawed cod packed in a modified atmosphetegre an increase in the size of water pool Il
at the expense of pool | was found to corresiponthe denaturation of muscle protein and

a simultaneous change in pH (Jensen and Jgrgensen, 2003).

Table 3.8Relative water pool sizes in minced salmon samples (Adapted from Paper I).

Number Pool | Pool II Pool Il

of

samples Mean SD Mean SD Mean SD
Raw 32 0.12 0.07 0.82 0.07 0.06 0.01
Day 1 36 0.51 0.09 0.44 0.09 0.05 0.01
Day 11° 36 0.60 0.08 0.36 0.08 0.05 0.01
Day 20° 35 0.64 0.09 0.31 0.09 0.06 0.01
Commercial 12 0.33 0.05 0.62 0.05 0.05 0.01

a: in-house smoked samples

The sizes of water pools | atidn the commercial samplegere between the values for

raw samples and in-house smoked samples (day 1), even though the commercial samples
had been stored for up to 15 days. The commercial samples had been through a different
salting and smoking process, which includaagler salting at lower temperature and a

longer smoking time. The smoking was carred in a traditbonal oven, where the

temperature was slowly increased. This smgkrocedure may be more gentle resulting

in less denaturation of proteins compareth®in-house smoked salmon. The differences

between the products are reflettin the water distribution.
For the intact samples, tileree water pools identified weidentical for the A and B

samples, while the water digtution was different betweehe A and B samples. The

intact A samples had a higher content of watgrool II, while the intact B samples had a
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higher content of water in poolp ( 0.0001).

A PLSR model was made for intact smoked B salmon samples wikarttedrix

consisting of response variables (chesthand functional properties) and tfienatrix
consisting of indicator variablg¢salues either O or 1) for ¢éhfour groups and three storage
times after smoking. The correlation loadingstfee first two components from the model

of intact smoked B samples are shown in Figure 3.6

1.0 —
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S 0 — Farm 2 large X .
% Farm 1 large Farm 1 small
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Figure 3.6.Correlation loadings with factor 2 versus fact from a PLSR model relating the response

variableX (") and desigrY variable (x ) for intact smoked B salmon samples. Segmented cross validation

was used and five components explained 21.2 % of the y validated variation. Days 1, 11 and 20 are days of
storage after smoking/,, M, andM,, are the relative sizes of water pooldl &nd Ill, respectively. Collagen

is g kg*. LHC, is the amount of liquid left in the mince related to the original liquid content after

centrifugation. LHG is the amount of liquid related to the dry matter content. The inner and outer circles
represent 50 % and 100 % explained variance, respectively. PC 1 (component 1) explains 32 % of X and 6 %
of Y, while PC 2 (component 2) explains 20 % of X and 7 % of Y (validated results). Adapted from paper Ill.

The first component (factor 1) mainly expiad the difference between the four groups. In
particular, a difference between small and largle fian be seen and this may be related to
differences in e.g. lipid contents. The @ed component (factor 2) was related to a

development during chill storage of the smokathples and the greatest change was seen
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between day 11 and day 20. This changenetaged to a change the liquid holding

capacity as a decrease in the liquid hajdtapacity was observed between day 11 and day
20 after smokingp< 0.01) (Figure 3.6). This suggesisit the difference observed in water
distribution during cold storagof smoked salmon is related to important quality changes
(Paper ).

A significant difference between the group ofadinfish and large fish regarding water
pool Il was found for both intact and mincedrgades (Paper I). This result indicates that
water pool lll is affected by #hsize of the fish, though thetaal effect of changes in
water pool Ill in relation to quality aspeds unknown. A relatiomsp between water pool
11, lipid content and large fish from farmvias observed in Figure 3.6. The size of water

pool Il did not change during chill storage.

To conclude, three water pools were identifiedminced and intact salmon with almost
equal sets of relaxation times. The sizewafer pools | and Il were affected by processing
and chill storage of the smoked product. @es in the water disibution during chill

storage were concurrent with changes mliuid holding capacityThe water distribution
also reflected the use of different saltimglamoking parameters as differences between
in-house smoked and commercially smoked prtslaere seen. Thus, the measurement of
water distribution is a promising tool for topising the product quality of smoked salmon,
although the marked differences between treitiact samples clearly illustrates the

heterogeneity of the filletral the importance of an accuraied well-considered sampling.

3.10 Changes in microstructure
Changes in microstructure due to raw malesgmoking process arthill storage of the
smoked product were studied by light nescopy (LM) and confocal laser scanning

microscopy (CLSM). Only the salmon samples from experiment 2 were examined.

Several methods were tested in orderrd f suitable microscopy technique to study
structural changes and to investigatelipiel distribution in raw and smoked salmon.
Before the actual analysis, the main feeuas to find a suitable staining method for
staining lipids when using a light miciape. An oil red staining method was tried.
However problems regarding spreading of lifddoplets) on the surface of the specimen
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were observed. The spreading of lipids on the surface could take place during the cutting of
the small cubes or during the cuttingla freezing microtome.herefore, other

microscopy techniques e.g. fluorescemieroscopy and confocal laser scanning

microscopy (CLSM) were trietb investigate the lipid digbution. The CLSM appear to

be the most promising method. The CL8bES not depend on the transmitting of light

through the specimen, but uses a focused scatasagto illuminate a sub-surface layer of

the specimen. Therefore, problems regardlimgspreading of lipid on the surface are not

the same. In addition, CLSM does not requiréhassections as theM. Different staining
methods were tested and a Nilee staining method was fiod to be a suitable method to

stain lipid. Only preliminary CEM studies using visual comparisons of the images were

carried out.

Images from LM of cross-sections of whole muscle from a small salmon (lipid content
11.5 %) and from a large salmon (lipid cemt 17.1 %), raw, day 1, day 11 and day 20
after smoking are shown in Figure 3.7 &igure 3.8, respectively. Muscle cells are
stained yellow and collagen and gelatine stained blue. To get an indication of
differences between the raw and smoked $asnp a simple and easy way, the number of
cells along a diagonal line, drawn across thege) was counted. The counting of the cells
showed that the raw samples had fewer cellsh@ range of 5-6) compared to the smoked
samples (in the range of 8-10). Thus, the rausells seem to be more tightly bound after
the smoking process. Both the salting steg e subsequent smoking step that includes
heating at 2@ to 30 can affect the properties of muspl®teins and thereby the muscle
structure. Sigurgisladoéttat al. (2000a), Sigurgisladoéttat al. (2000b) and Sigurgisladottir
et al. (2001) found that muscle fies shrank during the saltiagd smoking process. This
was measured by calculating the number ofctaicells as a percentage of the total

number of cells in a defed cross-sectional area.

Changes in microstructure during the chitirsige period were seen as the extracellular
space between the cells became wider after 26 afachill storage of the smoked product
(Figure 3.7 and 3.8). However the shape efdélls was still intact and there was no
shrinkage of cells even after 20 days of storage.
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Figure 3.7. Images obtained by LM of cross-sectioned whole muscle from a small salmon: raw, day 1, day
11 and day 20 after smoking. Sections are stained for collagen (blue) and muscle protein (yellow). Adapted
from Paper Il
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Figure 3.8.Images obtained by LM of cross-sectioned whole muscle from a large salmon: raw, day 1, day 11
and day 20 after smoking. Sections are stained for collagen (blue) and muscle protein (yellow). Adapted from
Paper IlI.

Images from confocal laser scanning micaysy (CLSM) (Figure 3.9)f the large salmon
samples (stained for lipids with Nile blugdicated the same pattamthe changes during
chill storage of the smoked salmon asesleed with the LM images (Figure 3.8he

CLSM images were made in the Meat ScieDepartment at the Faculty of Life Science,

University of Copenhagen (unpublished results).
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Figure 3.9 Images obtained by confocal laser scanning microscope of cross-sectioned whole muscle from a
large salmon: raw, day 1, day 11 and day 20 after smoking. Sections are stained for lipids with Nile blue.
Sigurgisladottiret al. (2001) found that lipids in soked salmon muscle were released

from the fat cells and floated freely as dabplets between the muscells. Looking at the

LM images (Figure 3.7 and 3.8), there appedredarger spots in the extracellular space
after 20 days of chill storage, which could baratication of more released lipid from the
cells into the extracellular ape. For the CLSM images (Figure 3.9), it appears that more

fat droplets between the muscle cells were visible after 11 days of chill storage.

The denaturation and shrinkage tempaeg of collagen are near 20 andé@0
respectively (Sikorslket al. 1984). Liquid loss between 20 and@=could be due to the
denaturation of collagen. This alters the physicaperties of the pericellular layer, which
represents a physical barriertte release of fluid (Ofstia 1995). In the present study, a

decreased liquid holding capacity was obseémhering chill storage of smoked salmon. It
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might be possible that changes in colladaring the cold smokig process affect the
liquid holding capacity in the muscle due toateration of the physical properties of the
pericellular layer (Ofstadt al. 1995; Elvevollet al. 1996).

In conclusion, the microstructure was aféztby the whole process. The muscle cells

became smaller and the extelular space between the cddiscame wider during chill

storage. Indications of mhsed lipid droplets in thextracellular space were found.
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Chapter 4

4. Conclusion and perspectives

The importance of the lipid content, raw madeend storage time on quality parameters like the

liquid holding capacity in raw and smoked product waestigated. Also the suitability of different

methods to determine the liquid holding capaesifs examined. The liquid holding capacity is a

complex property which is influenced by severaldesiand more specificaliyis concluded that
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The size of the fish affected the liquid holdirepacity in smoked fish as large fish lost

more liquid than smaller fish. It was also fouhdt the lipid contenhcreased with the size

of the fish. The salt content influenced thguld holding capacity as a high salt content gave
a higher liquid holding capacity. The salt uptaikehe fillets was affected by the lipid
content as a high lipid content lead to lowalt content. The lipid content affected the

liquid holding capacity in raw salmon, agigh lipid content gavéower liquid holding
capacity. Thus, the lipid conteis an important parametergarding the liquid holding
capacity as it can influence the liquid holdcapacity directly or irdirectly by affecting

other factors e.g. the salt content whikcfuences the liquid holding capacity.

During chill storage of the smoked product ligeiid holding capacity decreased and this
was mainly seen between 11 and 20 days of stuliage. At the same time the lipid fraction
of the liquid loss increased while the water fraction of the liquid loss remained constant.
During chill storage, changestine water pool sizes were obged, which indicates that the
water pool size was related to a decreaskaniquid holding capacity. During chill storage
indications of released lipidroplets in the exacellular space we found, which could
indicate denaturation of the liagen structure. Thus, thegher liquid loss during storage

could be due to weakening of theusture/denaturation of the collagen.

This study showed that the centrifugation methnd the liquid leakage test had different
applicability as the te methods provide supplementaryhex than redundant information.
Thus, it is recommended that bayipes of methods are usedarder to get as detailed a
picture as is possible ofithimportant quality parameter. The liquid holding capacity
determined by the centrifugation methodsvpmedicted successfully from the NMR

relaxation curves for both salmon and rainbow trout.
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Perspectives

The production of farmed salmon has grown substiiyntiuring the recent yars and the lipid level
in farmed fish has increased. At the same tipneblems regarding liquildss, discolouration and
soft texture have been reportéalthis study, it has been shownat it is possible to produce
smoked salmon products without severe liquid loss pilot scale production using a controlled
raw material. During the experimis carried out in this projemo excessive liquid loss was
observed even after 20 days of chill storage efsttmoked product. This could indicate that the
production of smoked salmon usiagontrolled raw material cajive a cold smoked salmon of
high quality regarding liquid los#.is therefore of outmost imptance that the smoke houses use

standards regarding variationraw material especially for the lipid content.

Many other parameters than the ones included irthk®ss might be impaant for the liquid loss of
cold smoked salmon. Future work should alsufoon storage time and temperature of the raw
material before production and on freezing aneéfitsct on the cold smoked product. Freezing can
be included in several ways as the smoke howsgschoose to freeze their fish either before or
after processing. In some production methods, thakethfillet is also sbrt-term frozen to

facilitate the slicing of the smoked fillet.
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Abstract: Low-beld

1H nuclear magnetic resonance (NMR) tranvers

e relaxations were measured on intact and

minced muscle from raw and smoked salmon differing in size (small or large) and storage days after smoking (1,

11 and 20days). Water distribution in the samples was ¢
data analysis. For intact and minced salm
of 33, 50 and 183 ms, respectively, were identibed. For b
and Il were affected by storage time after smoking, wher

alculated from the NMR signals by the use of multi-way

on samples, three water Opools® with T , values of 38, 50 and 182 ms and
oth intact and minced samples, the size of water pool |
eas the size of pool Ill was affected by the size of the psh.

Intact Pllet samples taken near the skin and near the middle of the Pllet differed with respect to shape of the NMR

relaxation signal reRecting a non-uniform distributi
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on of the size of the three water pools in intact Pllet.

and is therefore a direct technique for investigating

Keywords: sh; NMR relaxation; PARAFAC; storage time; raw material
INTRODUCTION
Traditionally, cold smoked salmon is a highly

estimated product. The cold smoking process includes
salting and heating and has not changed fundamentally
over a decade. There has, however, been an increasing
tendency towards a lower water holding capacity in
recent years! A lower water holding capacity results in

a higher liquid loss. A high liquid loss is economically
disadvantageous to the producer and can lead to
a decreased consumer acceptance of cold smoked
salmon. It is therefore important to know how the
main constituents in the sh can vary due to the
properties of the raw material and the processing steps
in order to obtain the required product quality.

Water is the main constituent of muscle and many
important quality parameters such as water holding
capacity, storage stability and texture are related to the
interaction of water with protein and the distribution of
water in the muscle tissue?~° The muscle water can be
considered as distributed in several domains or ‘pools’
according to its interaction with and/or entrapment
by structural elements of the cells? The distribution
of water between these pools depends on changes
in chemical composition and physical structure*® as
well as on storage and processing parameters, such
as storage time, freezing and mincing. Knowledge of
water distribution in raw and cold smoked salmon
muscle, therefore, provides important information
about how changes in the raw material properties
are related to quality differences.

Low- eld H nuclear magnetic resonance (NMR) is
an excellent tool for measuring the water distribution
in food systems as it is a rapid and non-destructive
technique. *H NMR measures properties of protons

the total quantity of water and the state of water and
its interactions in the sh muscle tissue. NMR has
been used in several studies to determine functional
properties of food systems. In sh, low- eld NMR
has been used to study the effect of different process
parameters on cod muscle—° and to determine the
oil and water contents in herring*® and salmon!%?
NMR has also been used for the determination of
water holding capacity in cod*?>'3 and for mapping
the raw material properties of herring in relation to
location and time of catch.4

The NMR transverse relaxation signal in hetero-
geneous material is composed of a sum of mono-
exponentials, indicating that several populations of
water molecules with different magnetic relaxation
properties exist. The successful application of multi-
way chemometrics to low-eld NMR relaxation of
food samples has shown the unique decomposi-
tion of the signal into underlying mono-exponential
relaxation curves, each of which represents a water
pool.6:13-16

In the present study, the multi-way technique was
used to determine the number and the size of water
pools from NMR relaxation pro les in raw and cold
smoked salmon. Changes in water distribution were
related to raw material properties, such as sh size, and
processing parameters, i.e. chill storage and smoking.

MATERIALS AND METHODS

Experimental design

In the experiment both raw (unprocessed) and smoked
salmon were analysed. The smoked samples were
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stored chilled for up to 20 days after smoking. Samples
were taken for analysis three times during the storage
period.

The sh used were Atlantic salmon (Salmo salay
reared in Norway and harvested in May 2004. After
slaughtering the sh were transported in ice to the
Danish Institute for Fisheries Research (DIFRES) in
Denmark. The sh arrived at DIFRES on day 6 after
slaughter, the day processing was started.

The sh came from two farms. From each farm,
there were two sizes of sh. One group consisted of
small salmon with a size of 3—4 kg and the other group
of large salmon with a size of 6—-7kg. Thus, there was
a total of four groups (Table 1).

Preparation of samples

The sh were lleted by hand and trimmed. The left
llet was kept as raw (unprocessed) and cut into four
pieces (Fig. 1). Piece one (in front of the dorsal n)
was used for NMR measurements (intact and minced
samples).

The right llet was dry-salted (609 of salt per kg
llet) for 5 h for small sh (size 3—4 kg) and 8 h for the
large sh (size 6—7 kg) at room temperature. The llets
were rinsed and afterwards chilled at 2 C until the next
day. The llets were dried for 2h and smoked in an

Table 1. Overview of salmon samples

Number Analysis

Code Description of bsh day

1 Farm 1, small 7 Rav#, 1, 11 and 20 days
after smoking

2 Farm 2, small 6 Rav#, 1, 11 and 20 days
after smoking

3 Farm 1, large 2 Raw#, 1, 11 and 20 days
after smoking

4 Farm 2, large 3 Ravf#, 1, 11 and 20 days

after smoking

2The raw sh were analysed 7 days after slaughtering.

Figure 1. Sampling of unprocessed and smoked salmon.
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oven supplied with smoke generated from beechwood,
for 5% hat 26 C. After smoking the llets were chilled
at 2 C until the next day.

The smoked llet side was cut into the same
four pieces as its raw counterpart (Fig. 1). For the
smoked sh, piece one (in front of the dorsal n)
was further divided into three smaller pieces. Each
of the three smaller pieces was vacuum-packed and
randomly assigned to one of three storage periods (1,
11 or 20days) at 2 C after smoking. On each day
of analysis, NMR measurements were performed on
intact and minced samples. These samples are referred
to as in-house smoked samples.

Commercial samples

Three llets from salmon of size 3—4 kg from farm two
were dry-salted and smoked in a traditional oven at a
commercial smokehouse in Denmark. Both the salting
and smoking process were longer than for the in-house
smoked samples. Afterwards the llets were sent to
DIFRES. The samples were cut into the same pieces
as the in-house smoked salmon (Fig. 1). Analysis was
performed on day 6 and day 15 after smoking. The
samples are referred to as commercial samples.

Nuclear magnetic resonance measurements

The NMR measurements were performed on samples
from the part in front of the dorsal n. Only the loin
part was used. The origin of the NMR samples is
shown in Fig. 2. First two muscle cubes (hamed intact
samples), each of approximately 2g were cut and
weighed into small cylindrical glass tubes that tted
into 18 mm NMR sample tubes. The rst muscle cube
(called sample A) was cut about 2 mm from the skin,
avoiding the dark muscle (Fig. 2). The second muscle
cube (called sample B) was cut nearer to the skin than
sample A. The rest of the piece was minced for 2x 5 s
at5 CinaKnifetec, 1095 Sample Mill (Foss Tecator,
Sweden). Portions of 2g mince were weighed into a
small cylindrical glass tube that matched the inner
diameter of the 18 mm NMR sample tube.

Low-eld NMR relaxation measurements were
performed on a Maran Benchtop Pulsed NMR
analyser (Resonance Instruments, Witney, UK),
operating at 23.2MHz and equipped with an
18 mm variable temperature probe head. Transverse

Figure 2. Sampling of intact samples and minced samples for NMR
measurements.
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relaxation was measured using the CPMG pulse
sequence!”'8 The relaxation data were acquired as
eight scan repetitions using a 6s relaxation delay.
The inter-pulse spacing in the CPMG sequence
was 200us and the number of data points acquired
was 512, spaced by 4 (even echoes). The sample
probe temperature was kept constant at 8C by a
continuous ow of dry air and the samples were
thermo equilibrated for at least 30 min at 8 C before
measurements.

Data analysis

The NMR relaxation curves were normalised to equal
sample weight and the number of points reduced by
a factor of 4 (taking means of neighbour points),
resulting in 128 data points per sample. A preliminary
principal component analysis (PCA) revealed one
outlying measurement on the intact salmon samples
and three on the minced salmon samples. These
measurements were removed before further analysis.
The data analysis also revealed that the rst ve
sample points in the reduced NMR relaxation pro le
were excessively noisy (resulting in disturbed loadings,
probably due to an instrumental artefact).® These
ve data points were therefore removed leaving 123
data points. The PCA and partial least squares
(PLS) regressions were calculated by column mean-
centred data and full cross validation using The
Unscrambler version 9.1 (CAMO, Oslo, Norway).
Statistical tests ¢-test) were made using GraphPad
Prism version 4 (GraphPad Software, San Diego, CA,
USA).

The data matrix containing NMR replicates was
converted to a three-directional array made up of 7
‘slabs’. The rst slab containing columns 1-91; slab 2,
columns 2-92; slab 3, columns 3-93; slab 4, columns
5-95; slab 5, columns 9-99; slab 6, columns 17-107;
and slab 7, columns 33-123. More information
on tri-linearization NMR relaxation data can be
found in Pedersen et al.*® and Engelsen and Bro?°
Parallel factor analysis (PARAFAC) was calculated
on the resulting array as described in Jenseret al.®
using Matlab version 7.04 (Math Works, Natick,
MA, USA) and freeware Matlab code available at
http://www.models.kvl.dk.

The number of PARAFAC components was
determined by splitting the data set into two between
replicates (for the minced samples) and by random
selection into two data sets (for the intact samples).
The loadings were inspected as these should be mono-
exponential and equal in the two sets. The number of
components was determined as the maximum number
giving equal mono-exponential loadings in the two
subsets.

RESULTS AND DISCUSSION

Sampling

In order to explore the overall variation in the
NMR relaxation proles of salmon, PCA models
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were calculated on minced and intact samples. In
Fig. 3, scores plots from the minced and intact salmon
samples are shown. For the minced samples, the
rst principal component differentiated between raw
and smoked salmon (Fig. 3A) indicating that the
salting and smoking process, not surprisingly, affected
the water distribution. Furthermore, a third group
of commercial smoked samples placed between the
raw and the smoked could be identied (Fig. 3A).
These commercial smoked salmon are from the same
batch as the small sh from farm two, but the cold-
smoking process (salting and smoking) was different,
which apparently has affected the water distribution.
Another interesting point is that two of the in-house
smoked samples have scores lying within the group
of commercial samples. When inspecting the third
PCA component (not shown), a grouping of the
smoked salmon samples according to initial storage
time (1 day) and longer storage time (11 and 20 days)
was revealed. In order to reveal whether the difference
in NMR signal between raw and smoked salmon was
purely due to variation in water content, the relaxation
pro les were normalised to maximum amplitude. This
did not change the overall patterns for minced and
intact samples, however, indicating that the main
variations represented in the scores plot (Fig. 3) were
not related to differences in water content but due to
differences in water distribution.

For the intact samples (Fig. 3B), the pattern was
somewhat different than for the minced samples as
the unprocessed and the commercial samples did not
form separated groups. Instead, a group consisting of
unprocessed samples, initially smoked samples (1 day
of storage) and commercial samples separated from the
smoked salmon stored for longer time (11 or 20 days).
Another aspect was observed, as the samples tended
to separate according to sample A and sample B. The
reason for this is probably due to the heterogeneity
of the salmon llets. The samples were always cut
side by side, but sample A was cut approximately
2mm from the skin (avoiding dark muscle in the
sample), whereas sample B was always cut nearest to
the middle of the llet (Fig. 2). This sampling may
lead to different chemical compositions of the two
samples as the lipid content is usually higher (and
the water content lower) near the skin?! Thus, an
explanation to the sample pattern, i.e. different water
distribution between sample A and B, seen in Fig. 3B,
could be a difference in chemical composition with
sample A having a higher lipid content than sample
B. Refsgaard et al.?> showed that the distribution
of lipid varied throughout the salmon llet, which
illustrated a lack of uniformity of the llet. In cod, the
sampling position within the llet was also shown to
affect the water distribution,® even though the lipid
content in cod is very low and not expected to differ
signi cantly throughout the llet. The present results
clearly show the effects of sampling, and that even
small distances between two close sampling points can
result in marked differences.
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Figure 3. Component 2 versus component 1 scores from a PCA on NMR relaxat ion pro les of salmon. (A) Raw and smoked minced samples from
salmon. Raw replicate C (Z) and D (O); commercially smoked replicate C () and D ( ); in-house smoked replicate C ( ) and D ( ). (B) Raw and
smoked intact muscle samples from salmon. Same symbols used as in (A) with lled symbols representing sample A and empty symbols
representing sample B. The points are also systematically distributed according to storage time as indicated by the arrows.

Water distribution

The rst and most important step when decomposing
the NMR relaxation proles with PARAFAC is
to determine the number of components, which,
in this case, corresponds to the number of water
pools. The samples were divided into two data sets
consisting of minced and intact samples respectively.
The commercial samples were included in both sets.

Calculating PARAFAC models on the two data sets
revealed that both minced samples and intact samples
contained three water pools. The estimatedT, values
are given in Table 2. These results were supported
by split-half analysis, i.e. splitting each data set in
two and recalculating PARAFAC models for each
subset.

In the study by Jepsenet al.,'?> T, values of 39, 84
and 353 ms were obtained for fresh, minced salmon
after exponential tting. In the present study, T, values
of 33, 50 and 183 ms were found for minced (raw
and smoked) salmon by using PARAFAC modelling.

J Sci Food Agri@7:212—217 (2007)
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Table 2. Relaxation times of water pools in minced and intact
samples from raw and smoked salmon

Pool | Pool Il Pool 11l
Sample set T, (ms) T, (ms) T, (ms)
Intact muscle 38 50 182
Minced 33 50 183

The differences between the results of the two studies
may be due to variations in the sample preparation,
lipid content and the method of data analysis. In
addition the present study also included smoked
salmon.

Other studies of T, values in sh muscles have
been published recently. Nott et al.>® used magnetic
resonance imaging (MRI) to determine T, in fresh
(45 and 121ms) and frozen/thawed trout (44 and
129 ms). Jensenet al®* used low-eld NMR and
identi ed four water pools (37, 56, 126 and 361 ms) in
samples from frozen/thawed minced cod and two water
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pools (37 and 75ms) in samples from frozen/thawed
summer herring and three water pools (41, 58 and
102 ms) in samples from frozen/thawed winter herring.
Steen and Lambelef reported three water pools (1, 39
and 135ms) in minced cod. Jepsenet al'? reported
T> values of 37, 79 and 448ms in frozen/thawed
cod. Comparing the relaxation times reported in the
literature for sh muscle samples show a fair agreement
except for the very fast relaxing component reported
by Steen and Lambelet®

After having determined the number of water pools
and their T, values, the size of each water pool
was calculated. As the absolute relaxation amplitudes
are proportional to the amount of sample (or water)
present, the relative amplitudes within samples were
used. The relative water distribution in the minced
salmon samples shown in Table 3 revealed that the
size of water pool Il was signi cantly higher and water
pool | was signi cantly lower in raw samples compared
with in-house smoked samples P < 0.0001). The
commercial samples had also signicantly higher
content of water in pool Il and signi cantly lower
content of water pool | compared to the in-house
smoked sample @ < 0.0001), but they were also
signi cantly different from the raw samples. These
results indicate that water distribution is affected by
the cold smoking process. For the in-house smoked
samples, a decrease in the size of water pool Il and
a parallel increase in the size of water pool | was
seen during the chill storage from day 1 to day 20
after smoking with the greatest change happening
between 1day and 11 days of storage after smoking. A
similar change in water distribution was also observed
during chill storage of thawed cod packed in modi ed
atmosphere, where increase in size of water pool | at
the expense of pool Il was found to correspond to the
denaturation of muscle protein and a simultaneously
change in pH.?* In this study, the change in size of

Table 3. Relative water pool sizes in minced salmon samples

water pool | and Il corresponded to an increase in
liquid loss from 1 day of storage to 20 days of storage
(unpublished results). This suggests that the observed
difference in water distribution during cold storage of
smoked salmon is related to important quality changes.

In commercial samples, the sizes of water pool |
and Il were between the values for raw samples and
initially in-house smoked samples (1 day) even though
the commercial samples had been stored for up to
15days. The commercial samples had been through
a different salting and smoking process, which had
included longer salting at lower temperature and
longer smoking time. The smoking was carried out
in a traditional oven, where the temperature was
slowly raised. This procedure may be more gentle
resulting in less denaturation of proteins compared to
the in-house smoked salmon, where the differences
between the products are being re ected in the water
distribution.

Inthe intact samples, the three water pools identi ed
were identical for A and B samples, while the water
distribution were different between A and B samples.
The relative water distribution for small and large sh
for intact A and B samples are shown in Table 4.
The intact A samples had higher content of water
in pool I, while the intact B samples had higher
content of water in pool | (P < 0.0001). A signi cant
difference between the group of small sh and large
sh according to water pool Il were found for both
intact and minced samples.This result indicate that
water pool lll is affected by the size of the sh, though
the actual effect of changes in water pool Il in relation
to quality aspects is unknown.

CONCLUSION

The results have shown that salting and smoking
in uenced the water distribution in salmon. Three
water pools were determined for minced and intact
salmon with almost equal sets of relaxation times.
The sizes of water pools | and Il were affected by

N“g‘fber Pool | Pool i Pool il processing and chill storage of the smoked product,
samples Mean SD Mean SD Mean SD and may be related to important quality changes like
liquid loss. The water distribution also re ected the
Raw 32 012 0.07 082 007 0.06 001 use of different salting and smoking parameters as
Bay L gg 8'2(1) 8'82 8';12 8'82 8'8: 8'81 differences between in-house smoked and commercial
ay . . . . . .
mok r ts wer n. Thus, the m rement
oey20 3 o4 009 oat 009 006 oo1 e EtE e S ieing
Commercial 12 033 005 062 005 005 0.01 \ P g P 9
product quality of smoked salmon, although the
Table 4. Relative water pool sizes in intact salmon samples
Pool | Pool Il Pool I
Sample? Size Number of samples Mean SD Mean SD Mean SD
Intact A Small 54 0.40 0.21 0.55 0.21 0.05 0.01
Large 20 0.41 0.23 0.52 0.23 0.07 0.01
Intact B Small 45 0.60 0.21 0.36 0.20 0.04 0.01
Large 19 0.59 0.20 0.36 0.20 0.06 0.01

aLabels A and B refer to Fig. 2.
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marked differences between the two intact samples
clearly illustrated the heterogeneity of the sh llet
and the importance of an accurate and well-considered
sampling.
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Abstract

The salmon smoking industry has receiden facing new problems such as high

frequency of gaping, soft texture, low amakeven colour distrildion and liquid leakage

in the smoked product. As a result, thege of cold smoked salmon is declining,

leading to considerable financial loss the producers. The biggest change in
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production has been the replacement of wild salmon by farmed salmon. Farmed salmon
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differ from wild salmon by having a higher igocontent due to the feeding regime.
High variations in lipid content have bersported and, since the lipid content can
affect several parameters such as yiegiture, colour antiquid holding capacity,
information on the lipid content is importaiotr the industry in order to ensure a
consistent quality. The smoking processtil based on traditional principles and
methods, but several parameters can initeethe product before processing (rearing
and slaughtering), during processing tiggland smoking) andfterwards during
storage. The quality parameters textlicgiid holding capacity and colour of cold
smoked salmon are affected by the procesasgell as by the characteristics of the
raw material. It is therefore importatat apply a careful control during the
manufacturing of cold smoked salmon, both wehpect to the raw material and to the

process.

Keywords: smoked salmon, liquid losgitl content, fatty acid composition,

processing, texture, colour
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Introduction

Cold smoked salmon is a product highly valued by the consumer and a commodity of
economic importance on the world markebdRrction in Europe alone is more than
70.000 metric tonnes (FAO, 2003). Howe\arring recent years, the salmon smoking
industry has faced new problems such as highiuency of gaping (fig. 1), soft texture,
low and uneven colour distribution and ligueakage in the smoked product (fig. 2)
(Espe et al., 2002; Rara aRihen, 2003). As a result tiage of cold smoked salmon
is decline, resulting in considerable firtgal loss for the pragters. The quality
problem is underlined by several marketvays that have been published concerning
retail samples of vacuum packed slioetd salmon (Schubring, 2006; Séménou et al.,
2007). Some products even show signgoilage both according to sensory analysis

and chemical measurements (TVB-N) (EuroSalmon, 2003).

Several factors can influence the qualitytied cold smoked product in the chain from
live fish to final product, for example gdres and rearing conditions (density, feed,
temperature, stress etc.) (Rasmussen, 28@d slaughtering methods (Erikson et al.,
1997; Olsen et al., 2006), as these paramdét@ve an effect on the composition and
texture of the raw material (Rara et al., 199)rthermore, changes in the salting and
smoking process and storing conditions combiwgl the requirement of a longer shelf

life have an influence otihe product quality.

Many studies have investigated those fagtarhich are important for rearing and the
growth of salmon, but the quality of the firmoduct is discussed only in very few of

these studies (Rasmussen, 2001; Rasetet al., 2001; Johnston et al., 2007).
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However, recent years four comprehengitglies concerning ¢hproduct quality of

cold smoked salmon have been published: A EU project “Improved quality of smoked
salmon for the European consumer” (Eurosalmon, 2003) and three Ph.D. theses from
Norway (Mgrkare, 2002; Rera, 2003; Birkela@f04) have investigated several factors
which affect quality. Based on the resulsnfrthese studies, the literature and own
studies, this paper reviewsasse factors which influence the quality of cold smoked
salmon combined with methods usedtfor quality assessment in the industry. The

focus is on the raw material, the process and the product parameters.

Raw material

Sigurgisladottir et al., (199 have reviewed methods to determine salmon quality,
based on literature studies and intervievith companies throughout Europe. Those
parameters of particular importance for thality of salmon as a raw material were
lipid content, composition and distributionlgdid, colour intensityand distribution of

lipid in the fillets and texture.

Influence of lipid content in theraw material on quality parameters

Nowadays, farmed salmon is mainly usedhi@ European smokirigdustry instead of
traditional wild salmon. Farmed Atlangalmon of market size has a lipid content
between 6 % and 22 %, with 1% % as an average measured in the Norwegian quality
cut (Rara et al1998). High individual variations areesg even for fish from the same
batch there can be considerable ation (Bell et al., 1998; Rara et al998). In a study
carried out at a commercial smoke housBe@mmark it was found #t the lipid content

could vary between 8 % and 14 % in salrponchased from the same batch. In Figure
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3, the variation in lipid contémn raw salmon is shown. Eagleek represents fish from
the same batch and for each batch two bmfesalmon were investigated. Each box

contained 5 to 7 salmon with 3-4 kg in size.

The lipids are not equally drdtuted in the fillet (Hardyand King 1989; Aursand et al.,
1994; Refsgaard et al., 1998; Katikou et2001). The highest lipid content is found in
the dorsal lipid depot, the belly flap area &mel red muscle, all of which contain three

times as much lipid as the white muscle (Aursand et al., 1994).

The lipid content in farmed Atlantic salmonasrrelated to several parameters such as
the lipid content and the lipid compositiontbé feed (Lie et al1993; Bell et al., 1998;
Hemre and Sandnes, 1999), annual variatidikses et al., 1986; Magrkgre and Rarvik,
2001) and the body weight of the fish (Stzakken et al., 1991; Shearer et al., 1994;
Torrissen et al 2001). Other parameters, e.g. genstiain, environment and sexual
maturation, may also affectehipid content (Gjedrem, 1997)hus, through the rearing

regime it is possible to design a salmwith a particular lipid content.

An increased lipid content lead to a deseem the smoked fillet yield (Rara et, al
1998; Mgrkgare et gl2001; Birkeland et al., 2004a). Wever, the effect of high lipid
content on the sensory parameters showskencontradictory milts. Rgra et al.,
(1998) found that none of the sensory-easéd parameters of smoked salmon were
significantly correlated with the lipidonitent (range of 14 t®1 %) in raw salmon
muscle. However, the total intensity of &asind the intensities smoked, rancid and

off-tastes increased with increasing fatn&sbb et al. (2002) found that an increased
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lipid content (range of 2.9 0.7 %) led to a decreased firmness and increased oily
taste in smoked salmon. Sheehan et al., (1f@@)d a significant effect of lipid content
(range of 21 to 30 %) on the degrading of sensory attributes (oiliness, texture, colour
and gaping) after 24 days after smokidgrkare et al., (2001) found a positive
correlation between sensory evaluated fattyute and lipid content (range of 12 to 18
%) in the raw material, but mg sensory attributes such as colour, flavour and texture
were not affected by the lipid content as sieeRgra et al., (1998). Thus, a lipid content
seems to affect the sensory properties. Tmglicting results can be due to the fact that
the different smoked products have beemest for different times before sensory
evaluation (5 to 24 days). In addition, semples in one study (Robb et al., 2002) were

frozen before the sensory evaluation

A high lipid content affects the colour of dry salted smoked fillets (Sheehan et al.,
1996; Einen et al., 1999; Birkeld et al., 2003) as filletsitkh a high lipid content are
more light and yellow than fillets with a low lipid content (Birkeland et2003). In the
study by Birkeland et al., (2003) the redaavas not affected by the lipid content
although that has been seen by Sheehan €1296) and Einen etl., (1999). Different
salting methods were used in the threeisti(iry salting, brie salting and injection
salting), and application of different safj methods affects the colour (Birkeland,
2004), which might explain the differentsiéts regarding the redness of the smoked
fish. High lipid content hasden reported to lead tadacreased liquid holding capacity

in smoked salmon (Mgrkare et &001; Birkeland et al., 2004a).

Information about the lipid coent is of importance for thiadustry in order to control
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the production quality. The lipidontent is traditionallgletermined by time-consuming
chemical extraction methods. However withéent years more rapid methods have
been investigated. Computerised X-ray egmaphy (CT) is based on X-rays and is a
non-destructive method for the determinatiofiti contents and lipid distribution in
rainbow trout and salmon (Mgrkare et 2D01; 2002; Nanton et al., 2007). However,
high investment costs, size and complexitjkenthe instrument less suitable for use in
the fish industry. Another new method fopihmeasurement of lipidontent in live or
slaughtered Atlantic salmon @amobile low-field nuclear magnetic resonance (NMR),
which has been used to determine lipgshtents in live fish (Veliyulin et 312005). The
mobile NMR spectrometer has potential implementation in connection with on- or

at-line grading in the processing plant.

To conclude, knowledge or measurement eflibid content is of importance for the
industry so as to be able to grade the raw nadi@ order to assura consistent quality.
The lipid content in fillets affects yie] colour, liquid holding capacity and often
sensory attributes. High vati@an in lipid contents can be found for farmed salmon from
the same production batch (even from the sha@ and the lipid content is not equally
distributed in the fillet. Howeer, the lipid content is inflenced by several controllable
parameters during rearing, so in the futiimay be possible to design salmon with a

desired range of lipid.

Influence of the fatty acid composiion in the raw material on quality
Fish is a health-promoting food due to thgh contents of n-3 polyunsaturated fatty

acids (PUFA) (Kris-Etherton et al., 2002).€eltong chain n-3 polyunsaturated fatty acid
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docosahexaenoic acid (DHA, C22:6n-3) ancbsapentaenoic acid (EPA, C20:5n-3) in
fish are recognized to contribute to the pwsieffect of particular fatty fish. It is
therefore essential that farmed safmhave the level of n-3 expectedthg consumer.
Fish meal and fish oil have traditionally begsed as the major raw material ingredients
in salmon feeds, and a high amount of the gitzbal fish oil is used for fish feed
production. However the increasethe production of farmefish has led to a reduced
availability of fish oil and to an increasgdce of fish oil. Vegetable oils are thus
partially replacing fish oil irthe diet of farmed salmoni¢Sargent et al., 2001; Bell et

al., 2001; 2002). Alternative oil sources aoybean, rapeseed and sunflower oil. The

content of fatty acid in the lipid of the diets will be reflected in the fish muscle (Hardy et

al., 1987; Bell et al., 2001; 2002). The fatty aaidfile of the muscle does not change
significantly during smoking (Rgra et al., 2068gost et al., 2004). Thus, the fatty acid

profile of the raw material seems to be reflected in the smoked fillets.

Alternative lipid sources canpkace part of the fish oil ithe diet without sacrificing
growth or reproduction (Bell et al.0@1, 2002; Grisdale-Helland et al., 2002). The
effects of vegetable oil on pigmentatioexture, storage stability and sensory
characteristics are dependent on the leveLbftitutions. In recently published studies
(Bjerkeng et al., 1997; Rara et al., 2003rstensen et al., 2005), it was shown that
vegetable oil (either pure soy oil or a mixtaferapeseed, linseed and palm oil) can be
used in the grow-out phase without changimg quality in terms of texture and liquid
holding capacity. However, a total substitutiorttee fish oil by soybean oil in diets for
salmon affected the muscle colour andftitey acid profile (Rai et al., 2005a). When

the vegetable oil is substituted with pdish oil in the finishing growth phase (5
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months), sensory evaluation by a trainedgdahows only minor differences between
dietary groups. But prior to the finishingrjel, the fish oil group was preferred to the

fish fed on 100% vegetable oil or a mixtwf oils (Torstensen et al., 2005).

The majority of studies find no significant et of dietary lipid surce on flesh texture
(Rora et al., 2003; Bell et al., 2001). THieet of fatty acid composition on the liquid
holding capacity has been studied and conttadj results have been found. Rgra et al.
(2005b) found a significant effeof dietary treatment on smoked fillet as the fish fed on
a diet with soybean oil had a lower liquidlding capacity than fish fed on a diet
consisting of fish oil. Howeer another study, Rara et 2003), found no effect of
dietary oil sources on the liquid holding capam fresh and smoked salmon. The fatty
acid profile of the muscle does not affedestve leakage of specific fatty acids (Regra

et al., 2003).

To conclude, the fatty acid composition of the feed is reflected in the fatty acid
composition of the muscle and the fatty guidfile of the raw mgerial seems to be
reflected in the smoked fillets. Alternative limdurces can replace part of the fish oil in
the diet without affecting growth orpeoduction. The effects of vegetable oil on
pigmentation, texture, storage stability ahsory characteristics are dependent on the
level of substitutions. Contradictory resutisve been found according to the effect of
fatty acids on liquid holding and colour. Howeyvi is important to be aware of that the
qualities, the health of the fish and in hbglimage of salmon due the content of n-3
fatty acids are not degraded by the inclusiomegfetable in the dieBy using pure fish

oil in the finishing growth phase, it possible to obtain to the optimal fatty acid
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composition.

The cold smoking process

Cold smoked salmon is considered a ligipitgserved fish product with a salt content
ranging from 3.5 to 6.0 % in the water ph@dansen et al.,996), a water content
between 63 and 70 % (Espe ef 2004; Cardinal et al., 2004) and a pH between 5.8

and 6.3 (Hansen et.all995).

Cold smoked salmon is produced by a large number of smoke houses using traditional
or more modern automated productimoathods. The cold smoking process has
developed from a simple process to @adern industrial process. However the
fundamental principles in the smoking teajue are still used biyhe commercial smoke
houses. Salting, drying and smoking are usamimbination to preserve the fish. Due
to the development of more modern pagikg technologies and refrigeration the
preservation part of the smoking processhieme less important. Thus, the extent of
salting, drying and smoking of the products baen reduced. Traditionally dry salting
has been used as the salting method, buhtigaaejection salting has been adapted by
the producers of cold smoked salmon. For smgpknodern forced convection ovens are
used, and the temperature, air velocityscanvection direction and smoke-generator
temperature can be controlled during smpkecessing (Birkeland, 2004). In Figure 4, a
flow chart for the cold smoking process &aimon is shown from the slaughtering to

the final product.

In addition to the steps mentioned in Figdr, freezing can bedtuded in different
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steps. The smoke houses buy both fresh ambir raw fish. Smoke houses may choose
to freeze their fish either before or aftergassing due to logistics, prices, etc. Very
often the smoked fillet is frozen short-term to make it easier to slice the smoked fillet
(Rera, 2003). The smoked product might alsstbeed frozen before being transported
to the retail store inrder to ease logistics. The smoked product may also be frozen by

the consumer before consumption.

The effects of freezing have been investiggl in a few studies. The freezing may
influence the salt uptake before smokingrdi@al et al., (2001jound that the salt
content in smoked products was slightly l@giwhen the raw matel (as whole) had
been frozen compared to fresh salmon thmlwas explained by slight modification

of the cell structure by freezing which incsea the diffusion of salt. Rgra and Einen
(2003) found that the astaxanthin level weduced both by freezing before and after
smoking. Cardinal et al., (2001) found thfz¢ salmon was more yellow (higher b*
value) when the salmon had been frozen. kingealso affects the muscle structure and
thus the texture. Freezing before snmgkcauses softer texture of smoked fish
(Dunajski, 1979; Rera and Einen, 2003), amefing of fillets before smoking increase
the incidence of gaping in the smoked fileRgra and Einen (2003) concluded that
freezing after smoking led to fewer changeguality parameters of cold smoked
salmon than freezing before smoking. More rede& needed to explore the effect of

freezing on the quality of cold smoked salmon.

The techniques used for salting, drying, smgkand storing carffect both the yield

and the general quality. Saltipgovides the desired firmxteure and the salty taste of
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the flesh (Doe et al., 1998). Salting alsegarves and increases the shelf life of the
product as salting results liower water activity, thet®y lowering microbial activity.
The recommended critical limit for salt contémchilled vacuum-packed cold smoked
salmon is 3.5 % salt in the water phaserevent growth iad toxin production by
Clostridium botulinunduring chill storageDifferent salting mdtods are applied in the

industry e.qg. dry, brine or injection salting.

By adapting the injection salting nmeid, production time is saved and a higher
processing yield is obtained (Birkeland et 2D03, 2004ab) compared to the dry salting
and brine salting methods. The injectiortisagl method leads to products that differ in
characteristics compared to dry saléaabked products (Birkeland et al., 2004ab).
Higher gaping score and softer texture for salt injected salmon fillets compared to dry
salted salmon fillets have been reported (Birkeland et al., 2004a). The observed
differences in the textural characteristicsilcl be due to different water contents in
smoked fillets caused by the differenttse) methods applied (Jittinandana et al.,

2002). During dry salting there @sloss of water while durinigjection salting water is

injected into the musclessue (Birkeland et al., 2003).

Birkeland et al., (2004b) found that the dritisg technique affeer the variation in
colour characteristic more than the injeatsalting technique, which indicated that the
injection salting technique give a mdremogenous smoked product with respect to
colour characteristics thahat obtained after dry kmg. Birkeland and Bjerkeng
(2005) found that the salting temperatuné galting time of brine or dry salting had

substantial effects on theloar of cold-smoked Atlantic salmon. The samples which
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were brine salted or dry sett at low temperature (4°@)ere significantly more light

and yellow compared to fillets salted1&°C. Upon increasing the salting time from 6
hour to 12 hours the fillets became less Il red. Further increase of the brining
time from 12 hours to 24 hours did not sawany significantly effects on surface
colouration of the smoked fillets. The colour parameters of smoked fillets were more
affected by the brine concentration tharboyning time and temperature. The fillets
salted in a brine concentration of 50 % saied salt solution were significantly less red
than fillets salted in a brine concentaattiof 100 %. The brine concentration did not

affect the lightness and yellowness of the smoked fillets.

Birkeland and Bjerkeng (200%)und that increasing saity temperature (4 to 12°C)
significantly increased the vght loss by 1.5 % units andcreased salting time (6
hours vs. 24 hours) significantiycreased the weight loss By2 % units. Other studies
(Cardinal et al., 2004; Mgrkeget al., 2001) have found simileveight losses following

dry salting.

The yield after smoking is an importaactor for financial success in the smoking
industry. The smoking temperature affectsytteéd of smoked Atlatic salmon fillets,

but the results are contradicy. Sigurgisladottir et al.2000a, 2000b) and Cardinal et
al., (2001) found higher smoking yieldsAtlantic salmon fillets smoked at a
temperature of 30°C compared to 20Bkeland et al., (2003, 2004a) found that
smoking at a high temperature (30°C) compdoea low temperature (20°C) decreased
the smoking yield. Increasing yield of smoké&ttantic salmon fillets with increasing

fillet lipid content has beereported (Cardinal et al., 2001; Torrissen et al., 20001g.
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differences in yield after smoking betwefdlets with high lipid contents may be
explained by reduced dehydration during phecessing of fillex with a high lipid
content (Sigurgiskadéttir et al., 2000aTorrissen et al., 2001The smoking temperature
affects the texture as higher firmness and elasticity have been reported for fillets
smoked at 29.9°C compared to fillets snibke21.5°C (Rera et al., 2005b). However,
the temperature explained less than 35% ot#nmtion in the textwl properties of the

smoked fillets.

To conclude, the recommended salt content of chilled vacuum-packed cold smoked
salmon is 3.5 % salt in the water phd3#ferent salting methods are applied in the
industry e.qg. dry, brine or injection salg. Several factors can affect the uptake and
distribution of salt in salmon fillets. The higtgyield is obtained after injection salting,
while injection salting gives a softer textusnd gaping in the smoked fillets compared
with dry salting and brine dalg. Dry salting affects the calo parameter more than the
injection salting. Brine or dry salting liw temperature gives fillets which are
significant lighter and more yellow in coloaompared to fillets salted at 10°C. Upon
increasing the salting time from 6 to A@urs the smoked fillets became darker and
redder. The colour parameters of smoked fillets were affected more by the brine
concentration than by brining time and tengtere. Fillets processed according to dry
salting were firmer and more elastic tHalets which were processed according to

injection-salting.

The conditions applied during smoking affea ttolour parameter and texture. A high

smoking temperature gives a firmer and malestic texture and a reduced redness in
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smoked salmon compared with smokindoat temperature. A long smoking time

decreases the yield after smoking.

Quality parameters of cold smoked salmon

Texture in cold smoked salmon

The texture of fish is an important qualdigaracteristic. Fillets with a soft texture

and/or gaping can cause considerable firrdhosses due to downgrading of the product
(Lavéty et al., 1988; Michie, 2001). The ternpoey is used to describe the gaps, tears

or slits that are found in ppsortem fish flesh (Bremner, 1999), and muscle gaping
occurs when the connective tissue fails to hbé&lblocks of muscleagether (Lavéty et

al., 1988; Love, 1988). Gaping in salmon matkesflesh unsuitable for the production

of sliced products. Products with gaping will be less presentable, and since the flesh is

soft, the texture will be less acceptable (Bremner, 1999).

The texture of fish muscle is influeed by season (Mgrkare and Rgrvik, 2001), the
collagen content (Sato et al., 1986; Bremaé82), post mortem factors, pH (Einen et

al., 1999) and the lipid content and the rilisttion of muscle li (Regost et al2004).

The texture of fish muscle and the dsgof gaping are influenced by the collagen
content. High collagen content is associatetth firmer texture and less incidence of
gaping (Sato et al., 1986; Hatakal., 1986). Raw fish flésfrom most fish species
softens after a few days of chilled storagat¢Set al., 1991). Histological studies have
shown that the rapid softening of fiskgh is caused by a weakng of connective

tissue resulting from a disintesgion of thin collagen fibrd (Hallett and Bremner, 1988;
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Ando et al., 1991; Ando et al., 1992).

During the cold smoking process, the tertof the fish fillet will change. The
processing parameters that affect thewbeal characteristics are the processing
temperature, salt/ionic strength and pH¢sithese have an influence on the structure
and conformation of the myftillar and connective tissue proteins (Dunajski 1979).
Cold smoked salmon products are firrmaed more elastic compared to raw,

unprocessed fillets (Sigurgisladottir et al., 1999; 2000a).

The higher lipid content has been claimedffect the texture (Einen et al., 1999;
Sheehan et al., 1996). Softness and gaping Ieee associated withigh lipid content
in farmed salmon (Sheehan et al., 1996), which can result in difficulties when slicing
the smoked fish (Eckhoff et al., 1998). Howewvendersen et al., (1997) found that the
fillet lipid content did not affect muscle gagi in raw fillets of ranbow trout. Birkeland
et al., (2004a) found no evidence of lipid conterfillets affecting the gaping scores in
smoked Atlantic salmon following dry- orjecttion salting, whereas Sheehan et al.,
(1996) found that gaping was most sevaresmoked fillets which had been fed on a
high lipid diet. In the study by Sheehan ef €1996), the fillets were chilled stored
(4°C) for 24 days, while thefect of chill storage was natvestigated in the study by
Birkeland et al., (2004a). Gaping is inflesad by the salting method as more muscle
gaping was found in injection-salted than dajted fillets (Birkéand et al., 2004a). The
texture properties of smoked fillets are aféetby fillet lipid content. Birkeland et al.,
(2004a) found that the filletsith low lipid contents (16.6 %ere significantly more

elastic than the fillets with high lipid conte(20.0 %) and fillets with low lipid content
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were firmer than fillets with high lipidontent. Sheehan et al., (1996) found that
smoked fillets fed with a low lipid diet (21 %) were significantly softer than fillets of

fish fed with a medium (25 %) or a high lipid diet (30 %).

To conclude, the texture of fish changlesing the cold smoking process and becomes
more firm and elastic. The texture is infwee by the lipid content and collagen content
as well as post mortem factors and preges Contradictory re#ts have been found

regarding the effect dipid content on gaping.

Liquid holding capacity in smoked salmon

The liquid holding capacity of fish muscleaé major importance with respect to both
commercial value and consumer acceptance (Elvevoll et al., 1996). A reduced liquid
holding capacity makes the fillets morepe to liquid leakag during smoking or
afterwards during slicing and vacuum st@agccumulated liquid leakage in vacuum-
packaged smoked salmon has a negative affette product appearance (Birkeland,
2004). In addition, the smoked products may be difficult to slice due to excessive

oiliness (Bell et al., 1998).

The liquid holding capacity is defined as thdigbof a given struatire to prevent water
and/or lipids from being released from the stowe, and it refers therefore to both water

and lipid holding capacity (Hermansson, 1986).

The liquid holding capacity of fish musatan be influenced by salt concentration

(Ofstad et al., 1996), pH (Regensteirakt 1984; Ofstad et al., 1995, 1996), storage
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conditions(Mackie, 1993; Nilsson and Ekstrand, 1994) hedt (Ofstad et al., 1993,
1995, 1996), all of which influence the struiet and conformatioaf myofibrillar and

connective tissue proteins.

Birkeland et al., (2004a) foundahthe mean percentagedipfd and water in the liquid
loss in smoked fillets were significantly affected by processing. A gentle smoking
method, including dry salting, showed more lipidhe liquid loss than fillets from a
tougher smoking method, including injection st This may be due to the extraction
of water during dry-salting, whereas fingection method ineldes injection of
significant amounts of water intbe muscle. The liquid loss walso higher for the dry

salted samples than for the injected salted samples.

The liquid holding capacity is higher for rasamples than for smoked samples (Lgje et
al. submitted; Birkeland et al., 2004a).Wwiever higher liquid holding capacity in
smoked fish compared to raw salmon aEs® been reported (Rara et al., 2003) The
liquid holding capacity is affected by the biptontent in the fillet, and reduced liquid
holding capacity has been found in smoked salmuith high lipid contents (Mgrkare et

al., 2001, Birkeland et al., (2004a).

Storage time and storage temperature atetiie liquid holdig capacity of smoked
salmon as the liquid holding capacity decrélasben the storage temperature increased
as well as when the storage time incred&aata et al., 2003). Ehdecrease was more
pronounced when the two conditions weoenbined, whereby a liquid loss of 4.4 %

was found after 15 days of storage at 14°Qirguchill storage at 2°C for 20 days of
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the smoked salmon samples, a decreasgquidliholding capacity was observed (Lgje et

al., submitted).

Different studies of liquid holding capacity salmon and rainbow trout have used
different methods and different experimergahditions, and this makes it difficult to
compare the results. Centrifugation methodseHazeen used in several studies. However
this method is only feasible for use in bBdaatory. Thus, there is a need for a reliable

method to determine liquid holding capacityigfhcan be used in a production plan.

To conclude, the liquid holding capacity isiamportant parameter as a high liquid loss
and thereby a low liquid holding capacity daad to a downgrading of the product. The
liquid holding capacity of smoked salmoraiected by salting method and conditions
used for salting as well as storage tiamel storage temperature after smoking. Other
parameters affecting the liquid holding capaeitg pH, storage, heand salt. The lipid
content also influence the liquid holding capaes lower liquid holding capacity has

been found in fillets with a high lipid content.

Colour of cold smoked salmon

The colour of a product gives the first irepsion, and if the consumer dislikes the
colour, then the other qualiparameters such as textureflavour are not likely to be
judged at all (Francis, 1995). Thus, the colotithe flesh is among the most important
quality characteristics of salmon (Sigurgislaut@t al., 1997). The red colour of salmon
flesh is due to carotenoids, and farmeldhem derive the colour from the carotenoid

astaxanthin, which is added to the fé8#rede and Storebakken, 1986a; Bjerkeng,
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2004). Another carotenoid, canthaxanthin, alo be used either alone or in
combination with astaxanthin. However, restrictions on the use of canthaxanthin have

been introduced by the EU (Bjerkeng, 2004).

Problems related to discolouration are occasionally observed in salmon and salmonid
fish species. Several kinds @dlour deficiencies existnd include poor pigmentation,
discolouration, partly or complete depigntation and zebra stripes (Torrissen, 1995).
Several factors can influence the colour ghg.concentration and type of the pigment

in the feed (Skrede and Storebakk&®86b; Bjerkeng, 2000), dietary lipid level

(Regost et al., 2001), the size of the fisle, skage of sexual maturity (Aknes et al.,

1986; Bjerkeng et al., 1992), the lipid cortamthe fish (Rera et al., 1998) and
processing (Birkeland and Bjerkeng, 2005)e Bmoking process causes changes in the
colour. A general trend is that cold smoKk#léts are less red and less light, but more
yellowish compared to the raw materiRlara et al., 1998; Cardinal et. &001;

Birkelandet al. 2004).

The colour can be estimated or measluny using non-destructive instrumental
methods. One of the most common methatiesL *a*b* system. The colour of salmon
is then characterised by the parametersat&nd b* values. The L* variable represent
lightness (L* = O for black, L* = 100 for whitedhe a* scale represents the intensity in
red and the b* scale represents the intgnsiyellow. The Minolta Chroma Meter is
one of the most commonly used instruments. The colour of the fillet can also be
measured by a Roche colour score card. The ditleutlet is compared with the colour

card and the colour estimated according &dtale on the card. The Roche colour card
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is commonly used by fish farms, slaughterlesuand processing plants in Europe and
U. S. (Sigurgisladottir edl., 1997). The card is inexpensigompared to instrumental
measurements and simple in use. Régencomputer vision method was used to
evaluate the colour of Atlaistsalmon and thereby to sahie fillet in a fast and non-

destructive manner (Miwi et al., 2007).

To conclude, the colour of cold smokedhsan is an important parameter as it is the
impression that the consumer has ofgheduct. The colour is affected by the
processing and cold smoked productsiageneral less red and light, and more

yellowish than raw samples.

Conclusion

In recent years, severabsies of cold smoked salmon have been published showing a
small but significant influence of breieg and processing parameters (Birkeland,
2004). These studies carried ommder experimental coittbns show that salmon

constitutes a fairly robust raw material for cold smoking.

The lipid content shows congidhble variation. High variation between individual fish
in the same batch has been reportedddiition the lipid content is not equally
distributed in the fillet. The lipl content can be influencéxy several parameters due to
rearing, genetics etc. The lipid contenfillet affects yield,colour, liquid holding
capacity, and have some effect on sensdripates. Thus, knowledge of the lipid
content is of importance for the industry todide to assure an even quality. The fatty

acid composition of the feed is reflected in the fatty acid composition of the muscle and
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the fatty acid profile of the muscle dorot change significantly during smoking.
Alternative lipid sources canpkace part of the fish oil ithe diet without affecting
growth or reproduction. The effects of végae oil on pigmentation, texture, storage
stability and sensory characteristics dependent on the level of substitutions.
Contradictory results have been found regaydhe effect of fatty acids on liquid
holding and colour. Fish icognized as a health-promoting food due to the high
content of n-3 polyunsaturated fatty acids smeep this health image it is important
that the have a high level of these fatty acidss can be obtained by using pure fish oil

in the growth out phase.

The smoking process is still based aditional principles and methods. However
modern full automatical ovens are now avalda where the process parameters can be
controlled. It is also possible to use efestatic smoking or smoke-curing with liquid
smoke condensates. For salting differenthrods are available. However the main steps
in the cold smoking processe still salting, dryingrad smoking. The recommended salt
content of chilled vacuum-packed cold smoked salmon is 3.5 % salt in the water phase
Different salting methods are applied in thdustry e.g. dry, brine danjection salting.
Several factors can affect the uptake and distribution of salt in salmon fillets. The
applied conditions during smoking affect théotw parameter and texture. It seems like
a high smoking temperature gives a firraad more elastic texture and a reduced
redness in smoked salmon compared with sngpét low temperaire. A long smoking

time decreases the yield after smoking.

The quality parameters e.g. texture, lighading capacity and colour of cold smoked
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salmon as influenced by several factorse Téxture of fish changes during the cold
smoking process and becomes firmer and reta@stic. The texture is influence by the
lipid content and collagen content aslivees post mortem factors and processing.
The liquid holding capacity is an important@aeter as a high liquid loss due to low
liquid holding capacity can lead to dograding of the product. The liquid holding
capacity of smoked salmon is affected by #lalting method and conditions used for
salting and smoking as well as storageetemd storage temperature after smoking.
Other parameters affectingethiquid holding capacity are pilstorage, heat and salt.
The lipid content also influences the liguiolding capacity as lower liquid holding
capacity has been found in fillets with a hlghd content. The colour of cold smoked
salmon is affected by the processing and smoked products are in general less red

and light, and more yellowish than raw samples.
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ABSTRACT

BACKGROUND

During recent years, an increase in lajloss (LL) and soft texture in cold

smoked salmon has been reported, and these changes may be due to increased
lipid content and change in muscleusture. These problems can lead to
downgrading of the products. This study atm$vestigate the influence of raw
material composition and chill storage quality parameters of cold smoked

salmon.

RESULTS

Initial smoked fish had a higher lighholding capacity (LHC) compared to
samples stored for 20 days. The large st more liquid than did the small fish.
The difference in LHC was consistent wélchange in wateistribution that

could indicate denaturatiaf muscle protein. Studied the microstructure

showed influence of both the processamgl the chill storag Indication of

released lipid from the cells was seen after 20 days of chill storage, which could

be related to a decreased LHC at the same time.

CONCLUSION

Both the raw material and chill storagéeated the quality parameters of smoked
salmon. This study has improved the knalge about the relationships between
muscle structure, liquittolding properties and watdistribution in smoked

salmon.

Laje et al. 2
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INTRODUCTION

During recent years, an increase in liglasls, soft texture, and gaping in cold
smoked salmon products has been repotteSuch problems with respect to the
product quality can lead todecrease in retailer and comnser acceptance of cold
smoked products and thus be of economidésddvantage to the producers. It is
therefore important to gain a betterderstanding of what initiates these

deteriorations in order to maitiaa high quality of the products.

The quality of cold smoked salmon canibiuenced by several parameters with
relation to raw material compositioh’ processing conditiors™’ and “post-
processing” parameters (shelf lifedastorage temperature of the produtt).
Additional parameters such as slaughtering metiddsgenetics and rearing
conditions (density, feed, temperatureess etc.) can also have an influence on

the product quality”

Water and lipid together make up aboutt8®f the fish muscle. The content of
water and its distribution with the flesh has a significant influence on parameters
such as appearance, liquid holding cagatéxture and storagstability. Muscle
tissue water can be regarded as beingibiged into several domains or “pools”
according to its interaction with and/orteapment by structural elements of the
cells’? Changes in the chemical compositard physical structure influence the

distribution of the water between these pd6f$In addition, storage and

Laje et al. 3
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processing parameters such as stotiage, salting, pH, heating, freezing and

mincing can have an influence.

Farmed salmon have a higher lipid contamnpared to the traditionally used wild
salmon** A high lipid content habeen reported to affetipid and water loss in
smoked salmon whether vacuum packbced or as whole filletS. It has also
been reported to affect texture and cofSdf.Variation in lipd content leads to
changes in the water fraction and that roayeflected in the water distribution as
shown for herring, where water distributiearied according to lipid content and

the number of water pools was relatedh® seasonal changeslipid content:®

Problems with gaping and soft texturessimon have been linked to the variation
in collagen content and collagen compositibas well as high lipid content.
These textural problems may result in difficulties in slicing the smoked fish.
Collagen in raw fish muscle is knowngoften after few days of chill storaf&®
and it is also affected by heating as dle@aturation and shrinkage temperature of

fish collagens are close to 20 °C and 40 °C, respecfively.

Little information is available on the effect of the cold smoking process on the
microstructure of the fish muscle. Teoking process consists of two steps,
salting and smoking, at temperatubetween 20 °C and 30 °C and many
variations in time and temperature foe forocess exist among the different smoke
houses. Ofstast al ?* ** **have reported on the effeaif salt and heating on raw

salmon, while Sigurgisladottet al?>?®?’have investigated éheffect of different

Laje et al. 4
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biological characteristics, differeptocess parameters and effects of
freezing/thawing on the microstructusécold smoked salmon. Ofstatial. %

found that the extracellular space becawdened with increasing temperature,
even though no shrinkage of the musm# could be seen (upon heating to 20
°C). In addition a relationship betwethe water-holding capacity of the fish
muscle and tissue-specific structurahnpes were observed during heating. Upon
salting, the fish muscle lost its structural ofdeBigurgisladottiet al?’ found

shrinkage of the muscle fibres and dispersion of fat globules among the muscle

fibres after the salting and smoking process.

Improved knowledge aboutelrelationships between muscle structure, liquid
holding properties and watdistribution is importainto understand how the

different processing parameters influetioe quality of the end product. In the
present study, changes in liquid halgl capacity, water distribution and
microstructure were related to chilbsage of smoked salmon for up to 20 days
after smoking. The changes were alsotegldo pH and contents of lipid and
collagen in the muscle.. The structural changes in the samples were investigated

by light microscopy.

MATERIAL AND METHODS

Experimental design

Four groups of Atlantic salmois&almo salarwere analysed. Two groups of

salmon, small and large, were taken from two different farms in Norway.

Laje et al. 5
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Information about the samples is givarTable 1. The smoked samples were
chill-stored for up to 20 days after eking. Each group was analysed three times

during the storage period.

Preparation of samples

The fish were filleted and trimmed Imand. The left fillet was kept as raw
(unprocessed). The piece under thesdbfin (piece two) was used for

microscopy. The piece corresponding to the Norwegian quality cut (piece three)
was used for determination of lipid andlagen contents and for determination of

pH (Figure 1).

The right fillets were dry-salted (60sglt per kg fillet) for five hours for small

fish (size 3-4 kg) and eight hours foettarge fish (size 6-7 kg) at room
temperature. Fine salt with a graize 0.6-0.13 mm (Brgste, Denmark) was used
and spread over the fillet side and the fdle/ere left on racks. The brine was able
to run off. Afterwards the fillets were rinsed and chilled af2intil the next day.

An automatic oven was used for smoking. The fillets were dried for 2 hours at 26
& and smoked in an oven supplietihasmoke generated from beechwood for

5% hours at 26 with a relative humidity of 7%6. After smoking the fillets

were chilled at 2¢ until next day.

The smoked fillets were cut into four pie¢€sgure 1). Pieces one to three were

each further divided into three smalfgeces. Each piece was vacuum-packed and

randomly assigned to one of the thremage periods (1, 11 or 20 days) atf2

Laje et al. 6
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after smoking. The temperature of@ was chosen due to practically reason due

to the large number of samples.

From the smoked fillets, pie@e (in front of the dorsal fin and above the lateral
line) was used for determinationla@fuid holding capacity (centrifugation
method) and determination of dry matteiece two under the dorsal fin was used
for microscopy. Piece three correspondinghi® Norwegian quality cut was used

for determination of lipid and collag@wontents and for determination of pH.

The skin was removed from all the samples before analysis. On each day of
analysis, determination of liquid holding eagity and dry matter content, together
with collection of samples for microscopy were performed. The pieces for
determination of chemical compositiguiece three) were frozen to -49 and the

analyses were performed within one month.

Preparation of samples for microscopy

Blocks were excised from the muscle part below the dorsal fin and one centimetre

above the lateral line, the dry surfadee(smoke hue) was removed. The muscle
blocks were cut into small cubes (1 x 0.5 centimetre) with a razor blade. The
samples were embedded in tissue@eXC. T. Compound (embedding medium,
Tissue Tex, USA) and frozen in liquidtnogen. The frozen specimen was stored

at -80 ¢ until sectioning.

Laje et al. 7
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The specimens were sectioned (B0) frozen at — 26 to — 2& in a freezing
microtome (2800 Frigocut N) for transgercuts. The cryosections were mounted
on poly-L Lysine slides. The sectionswestained with Orange G and Methyl

|-27

blue according to Sigurgisladotgt al.=" with glycerol as mounting media.

Collagen was stained blue and protein yellow.

Methods

Liquid holding capacity

The liquid holding capacity (LHC) was determined on minced fillet from piece
one using the centrifugation method by Eédel.?®, The mince was prepared by
mincing for 2 x 5 sec at 5 °C inkanifetec, 1095 Sample Mill (Foss Tecator,
Sweden).The samples (2 g) were weighed, placed in plastic tubes with a special
filter bottom (pore size 0.1 mm), centrifuged (1%0A0 ¢, 5 min) and weighed
again. LHC was calculated in two ways:tls amount of liquid left in the mince
after centrifugation relativio either the original amount of liquid (LHXor the

dry matter content (LHE. The measurement of LHC was performed in

quadruplicate. Fatty free dry matter contelas used in the calculations of LHC.

Analysis of microstructure

The thin sections, stained for collagen and protein, were examined in a light
microscope (LM) (Olympus BX51) with a camera (Olympus, Denmark). From
each of the four groups of salmon, one series (raw, smoked day 1, smoked day 11

and smoked day 20) were stained andstigated for structural changes using

Laje et al. 8
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light microscopy. For each sample two to four specimens were examined and

about 5 to 10 images were obtained for each specimen.

Analysis of pH, lipicand collagen content

Analysis of pH, lipid and collagen contsrwas performed on the area behind the
dorsal fin (Norwegian quality cut). Bpiece was minced for 2 x 5 sec aff5in a
Knifetec, 1095 Sample Mill (Foss TeoatSweden). The lipid content was
determined by a modified version thie Bligh & Dyer extraction methdd.The
collagen content was determined according to*f$®ing sulphuric acid instead
of perchloric acid to dissolve theloar reagent. Measurement of pH was
performed with an Autocal pH meter @##ohm, Denmark). All analyses were

performed in replicate.

Data analysis

The relationships between chemical &mactional properties (response variables)
were explored by Partial Least Sgaid&kegression (PLSR) using the
Unscramblef version 9.1 (CAMO, Oslo, NorwayPLSR model was calculated
for intact smoked salmon samples, andréiationship between response variable
(X) and design variables (Y) was explorétie water pool data used in in PLSR

13! The Y-matrix consisted of indicator

model where those reported by Lejea
variables (values either zeor one) for storage day s (1, 11 or 20 days) and group
of fish (farm 1 small, farm 2 small, farinlarge or farm 2 large). All the models
were calculated with segmented cressidation with 10 % of the samples,

randomly selected, in each segment $ngle response variables were mean-

Laje et al. 9
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centred and weighted with 1/SD (SDirgpthe standard deviation for each
variable across samples), while 0/1 dats not weighted. An optimal number of
components were determined as the nemab components ceesponding to the
highest explained and validat¥evariation. Statisticalests included one-way
analysis of variance (ANOVAJ,test and calculation ¢fearson correlation. In
cases, where sample groups werenaotnally distributed, a non-parametric
correlation, Spearman was chosen. Statistestlwere performed with GraphPad

Prism version 4 (GraphPadf8eare, San Diego, CA, USA).

RESULTS AND DISCUSSIONS

Variation in chemical and functional parameters due to chill storage

PLSR model was calculated for intact samples (called*8 smoked salmon
with the X-matrix consisting of responsenables (chemical and functional
properties) and thg&matrix consisting of indicatorariables (values either zero
or one) for the four groups and ttieee storage times after smoking. The
correlation loadings for the first two c@onents from the model of intact smoked
samples are shown in Figure 2. Thstfitomponent mainly explains the
difference between the four groups. Intaular, a difference between small and
large fish can be seen and this may l&tee to differences in e.qg. lipid contents.
The lipid contents are shown for rawnrgale in Table 2 and for smoked samples
in Table 3 The large fish (size®kg) had higher lijg contentsiP < 0.001) than
the smaller fish (size 3-4 kg). A high lipantent has been reported to lead to
decreased liquid holding capacity (LHC). Mgrketel found a negative

correlation between lipid conte(between 14.5 and 21.8 %) and LHC

Laje et al. 10
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(determined by the centrifugation method by Gomez-Gudtéa.*? in fillets of
smoked salmon. Birkelaret al.® found a decreased LHC (measured by a higher
lipid loss) for smoked salmon with hidjpid contents (20.2 £ 1.1%) than for
smoked salmon with low lipid contentsg(+ 1.0 %). In th present study, a
significant @ < 0.0001) correlation of -0.71 between lipid content and LHC
according to original liquid content (LHTfor smoked salmon was found. LHC

is calculated by dividing witkthe liquid (water and lipid) content. An in-directly
relation to the lipid content is expected. No correlation between lipid content and
liquid holding capacity according to dry matter (Lpi@as found for smoked

samples.

In Figure 2, the second component wdatesl to a development during chill

storage of the smoked samples and tleatgst change wagen between day 11

and day 20. This change was related to a change in LHC as a decrease was
observed between day 11 and dayR& (.01) after smoking. Rerét al® found

that storage time (5 or 15 days) at tenapare (4 °C to 14 °C) strongly affected

LHC in smoked salmon as LHC decreagseken by increase in liquid losses)

when the temperature increased and wherstorage time increased. The liquid
losses were more pronounced when the two conditions were combined, where a
liquid loss of 4.4 % was found after 15 daysstorage at 14 °C. In the present
study, the small smoked samples from both farms had a liquid loss of 5 % after

one day of storage after smoking and a tidoss of 7 % after 20 days of storage

after smoking. The large smoked samples could be separated according to the two

Laje et al. 11
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farms as the large fish from farm onaltaliquid loss of 14 % after one day of
storage after smoking and a liquid lossL6f% after 20 days of storage after
smoking, while large smoked samples frtarm two had a liquid loss of 9 %
after one day of storage after smokimgl a liquid loss of 9 % after 20 days of
storage after smoking. One of the reasonshe difference ihiquid loss for large
fish could be that the fish were fradifferent farms. Howeer other factors may
also have an influence. The liquid lesfound in the present study were higher
than those found by Reed al®. In the present study fish of 3-4 kg and 6-7 kg
were used, while Rgi al.® used fish of 1-1.5 kg. Large fish lose more liquid
and this may explain the differences be@n the studies. As the size of the fish
has an influence on the liquid loss, it iffidult to compare the results to see an

effect of the different storage temperatures.

The observed changes for LHC mayrbkated to changes seen in water
distribution. The water pool data usednriPLSR model where those reported by

13! Lgje et al®! found that the water diskriition in the smoked salmon

Lojeet a
was affected by the chill storage as a dase in the size of water pool Il and a

concurrent increase in the size of waieol | was seen during the chill storage

from day 1 to day 20 after smoking, with the greatest change happening between

day 1 and day 11. In a study of thawed packed in a modified atmosphere, a
similar change in water stribution was also observedring chill storage, where
an increase in the size of water poat the expense of pool Il was found to
correspond to the denaturation of mugwietein and a simultaneous change in

pH*

Laje et al. 12
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Ofstadet al?* found that pH greatly influencetie liquid holding properties in
raw salmon as an increase in pH frém to 7.0 (model system) increased the
LHC. In the present study, the pH \&tibetween 6.2 and 6.3 for the raw salmon
and between 5.9 and 6.0 for the smofigldl. In the present study the LHC

decreased while the pH dudactically not change icontrast to the result of

Ofstadet al®. Though it should be noted that the pH changes in the present study

was on a much smaller scalathin the study by Ofstaet al?*.

The total collagen content varied between 3.8 to 5.2 gdgraw salmon and 3.8
to 6.1 g k' for smoked salmon. This is in agreement of what Ecleiodf>* (6.6

g kg?) and Espet al? (2.4 to 4.1 g kg) found in raw farmed Atlantic salmon. In
Tables 2 and 3 the total collagen content (§)laye shown for raw and smoked
samples. The lipid content was correlatedhe total collgen content (r = -0.35,
p< 0.01) for smoked salmon. Thus, high ligiohtent was related to low total
collagen for smoked salmon. To investigdtiae relation between lipid content
and collagen content were a result afiaton in the drymatter content, the
collagen content were calculated byffae dry matter. No correlation was found
between the total collagen content péififiee dry matter and lipid content for the
smoked salmon. The correlation found between the total collaget (gakgl the
lipid content in smoked salmon was prolyathlie to differences in dry matter
contents. High collagen content has bessoaiated with firmer texture and less

gaping incidence®**while high lipid content in farmed salmon has been

Laje et al. 13
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associated with softness and gapirigyhich can result in difficulties when
slicing the smoked fisff as more lipid/liquid leaks out when collagen is
degraded. This may indicate a relatimtiween low total collagen content and
high lipid content. However no relah between collagen content and lipid

content was found in the present study.

Variation in microstructure due to chill storage

From each of the four groups of salmon, one series (raw, smoked day 1, smoked
day 11 and smoked day 20) were stainadliavestigated for structural changes
using a light microscope (LM). Images@bss-sections of whole muscle from a
small salmon (lipid content 11.5 %) aadarge salmon (lipid content 17.1 %):

raw, day 1, day 11 and day 20 aftero&ing are shown in Figures 3 and 4,

respectively. Muscle cells are staingglow and collagen is stained blue.

For the smoked samples, the cellsrastmoking were more tightly bound than in
the raw samples. This was establishgaounting the number of cells along a
diagonal line, drawn across the imagel & showed that the raw samples had
fewer cells compared to the smoked sampMitgr 20 days of chill storage of the
smoked product, the extracellular space between the cells becameBaitighe
salting step followed by a smoking stifyat includes heating at 20-26 can
affect the properties of muscle praoteiand thereby the muscle structure.
Sigurgisladottiret al*>?®*’found that muscle fibreshrank during the salting and
smoking process. This was measured bgutating the number ahuscle fibres

as a percentage of the total number lofes in a defined cross-sectional area.

Laje et al. 14
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For the raw samples (Figure 3a and 4a)assmall gaps were seen within the
muscle. This may be caused by damagetdgrowth of i@-crystals during
freezing in the preparation step. For #moked samples, this was not observed
and it may be due the fact that cells are more tightly bound after the smoking

process.

Sigurgisladottiret al?” found that lipids in smoked salmon muscle were released
from the fat cells and floated freely fa$ droplets between the muscle fibres. In
the present study, there appears to besfasgots in the exacellular space after

20 days of chill storage, which could be an indication of more released lipid from

the cells into the extracellular space.

The denaturation and shrinkage tempeed of collagen are near 20 and g0
respectively? Liquid loss between 20 and 3§ could be due to the denaturation

of collagen which alters the physigabperties of pericellular layer which

represents a physical barrte the release of fluitf. In the present study a

decreased LHC was observed during the chill storage of smoked salmon. It might
be possible that changes in collagenrmythe cold smoking process affect the

LHC in the muscle due to an alteration of the physical properties of the

pericellular layer?-®

Images from Confocal laser scanningrascopy (CLSM) of the same samples

(specimen with a thickness of Z8n and stained with nilblue) indicated the

Laje et al. 15
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same pattern in the changes during chill storage of the smoked salmon as
observed with the LM images (results sbbwn). Fat globules were dispersed
among the muscle fibres after the sejtand smoking process. This was also

observed by Sigurgisladotet al*’.

CONCLUSION

This study has shown that knowledge altbetrelationships between muscle
structure, liquid holding capacity and watkstribution can be used to understand
what happens during processing andraychill storage and with this the

knowledge, the quality of the end protlcan be enhanced. The results have

shown that the smoked salmon productsenadfected by the chill storage after
smoking. LHC decreased during chill storage and the large fish lost more liquid
during storage than small fish. Salting and smoking as well as chill storage
affected the microstructu the smoked products. Idition of released lipid

from the cells was seen after 20 days of chill storage, which could be related to an

increased liquid loss at the same time.
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Figure 1. Sampling of raw fillet and siked fillet. Piece one (only for smoked
samples) in front of the dorsal fin wased for determination of (NMR) LHC and
dry matter (DM). The piece under dorsal fin (piece two) was used for microscopy
(one centimetre above the lateral linepdei three was used for determination of
lipid and collagen contents and for detenation of pH. For the smoked fillet,

piece one to three were each furtherdfd into three smaller pieces. Each piece
was vacuum-packed and randomly assignezh®of three storage periods (1, 11

or 20) days at 2 after smoking.

Figure 2. Correlation loadings with fact®wersus factor 1 from a PLSR model
relating the response variab{g ¢) and desigrY ( z) for intact smoked salmon
samples. Day 1, 11 and 20 are days of storage after smbking, andM,, are
the relative size of water pool I, Il and ltespectively. Collagen is total collagen
(g kg* ) LHC: the amount of liquid left in thenince after centrifugation relative
to either the originahmount of liquid. LHG is the amount of liquid left in the

mince after centrifugation relatite the dry matter content.

Figure 3. Images obtained by light microgemf cross-sectioned whole muscle
from a small salmon: raw (a), day 1 (b}, (c) and 20 (d) after smoking. Sections

are stained for collagen (blue) and protein (yellow).

Figure 4. Images obtained by light microgemf cross-sectioned whole muscle

from a large salmon: raw (a), day 1 (b}, (c) and 20 (d) after smoking. Sections

are stained for collagen (blue) and protein (yellow).

Laje et al. 24
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Figure 3.

Figure 3a. Image obtained by lighicroscope of cross-sectioned muscle from a small salmon;
raw sample



Figure 3b. Image obtained by light microscoperalss-sectioned muscle from a small salmon;
smoked sample after 1 day of chill storage after smoking



Figure 3c. Image obtained by ligmicroscope of cross-sectioned muscle from a small salmon;
smoked sample after 11 daysatill storage after smoking



Figure 3d. Image obtained by light microscoperafss-sectioned muscle from a small salmon;
smoked salmon after 20 daysabiill storage after smoking.



Figure 4.

Figure 4a. Image obtained by lighicroscope of cross-sectioned muscle from a large salmon;
raw sample



Figure 4b. Image obtained by light microscoperaiss-sectioned muscle from a large salmon;
smoked sample after 1 day of chill storage after smoking



Figure 4c. Image obtained by lighicroscope of cross-sectioned muscle from a large salmon;
smoked sample after 11 dayadffill storage after smoking



Figure 4d. Image obtained by light microscoperoiss-sectioned muscle from a large salmon,;
smoked sample after 20 dayaffill storage after smoking
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ABSTRACT

The ability to hold liquid is an important propedf cold smoked fish as an increased liquid
leakage results in a poorer gtyabf the product. A suitable easurement of this property,
therefore, is advantageous as part efghoduction controln the present study, a
centrifugation method and a liguieakage test and low-field NMR were used to determine
liquid holding abilitiesof raw and smoked salmon andhi@ow trout. The property ‘liquid
holding capacity’ (LHC), measured by the ttdngation method, was higher for raw fish

than for smoked fish. During chill storage at 2°C, a decrease in LHC was observed for both
smoked salmon and smoked trout. The propéayid loss’ (LL), measured by the liquid
leakage test, increased during chill storagg®@tof smoked salmon. For trout, no change in
LL was observed during chill storage of $raoked product. The centrifugation method and
the liquid leakage test measure differertgarties. Accordingly, LHC and LL were poorly
correlated for smoked salmon as well as for smoked trout. LHC could be determined from
low-field NMR relaxation measurements on ged salmon and trout samples. With intact
samples, a good relation between NMRwxation data and LHC was also found.
Determination of LL from NMR relaxation measunents was much better for trout than for

salmon samples.

KEYWORDS:

Smoked fish, water holding capagitiquid loss, low-field NMR
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INTRODUCTION

Cold smoked salmon is a very popular pradaraong consumers. However, during recent
years the salmon smoking industry has faced problems such as liquid leakage from the
smoked product and as a result, cold smaathon has lost favour with the consumer
(Schubring, 2006). In order to counteract thiss important to apply analytical methods
which can efficiently assess the quality frorwnaaterial to end product and form the basis

of recommendations on the most optimal method to produce cold smoked salmon.

Lipid and water make up about 80% of th&hfimuscle. Depending dhe properties of the

flesh and the way it is treated, it may gairase liquid during pocessing. This is of

economic importance to producers and retaileth@sish is sold by weight. The ability of

the flesh to hold liquid and the distribution ofteraand fat within the flesh are also important

to the consumer because they influence both texture and juiciness and thereby contribute to
the overall product quality. The ability of theh muscle to retain its own liquid has

traditionally been described by the term water holding capacity (WHC), as most research has
been conducted into lean fish species. Howayigen the increasing production of salmon

and trout products, more focus has been diretctéigle total liquid loss from fatty fish. The

liquid loss in these species comprises gaitgn amounts of lipid, imddition to water.

Therefore, the term liquid holding capacity een introduced, referignto the ability of a

given structure to prevent both water amidifrom being released from the structure
(Hermansson, 1986). Liquid holding capacity carekeressed in relation to the dry matter

content or to the original amountlajuid (Eide, Bgrresen & Strgm, 1982).

LHC paper Page 3
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Nowadays, farmed salmon is mainly usethi@ smoking industry instdaof the traditional

wild salmon. Along with the increased production of salmon and smoked salmon products,
higher losses of liquid during and after smokafigarmed salmon has been observed, and it
has been attributed to theghilipid content and the lipid composition in the raw material
(Sheenan, O’Connor, Sheehy, Buckley andGaald, 1996). When there is accumulated
liquid in vacuum-packaged smoked salmon, it will affect the product appearance negatively
(Birkeland, 2004). Farm-rearediisen can have higher lipidontent than wild salmon.

Farmed Atlantic salmon of market size hasdicontent between 6 % and 22 %, with 15-16

% as average in the Norwegian quality @Rwrd, Kvale, Markare, Rarvik, Steien &

Thomassen, 1998).

Several different methods to determine lignadding capacity (LHC) iad liquid loss (LL) on
either intact or minced salmon fish muscledaeen used and they can be categorised as

either direct oindirect methods.

Direct methods:

Determination of the ability thold liquid under influence of an external force by measuring
the amount of liquid squeezed out from mince@dhopped muscle after exposure to an
external force like centrifugain (Jauregui, Regenstein & Bak&981; Eide et al. 1982;
Hermansson 1986: Gémez-Guillén, Montero, Hiot& Borderias, 2000)n studies of LHC

in salmon or trout, the centrifutian methods by Gomez-Guillén et €2000), or that by
Hermansson (1986) have been used the (atisbugh with some modification). The two
methods are very similarly and use the sparameters for centrifugation (a force of )@
temperature of 10°C, 10 minutesntrifugation and a samplesiof 10 or 15 g). In both
methods, the released liquid is collected ardaiimount of lipid and water in the liquid loss is

determined.
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Another direct method is the filter press hat where a filter papés pressed against the
fillet or mince by an external force whiclan be applied in different ways, e.g. by
compression using a Texture Analyser vatflat end probe (Jonsson, Sigurgisladottir,
Hafsteinsson & Kristbergsson, 2001; Carditalnnlaugsdottir, Bjgrnevik, Ouisse, Vallet &
Leroi, 2004) or simply by the use of a 500 g weight (Lgje and Nielsen, submitted). Liquid
leakage can also be measuredfiaee” drip, which refers téhe amount of liquid lost without

application of an external force @vkare, Hansen, Unander & Einen, 2002).

Indirect methods:

Water content and water holding capacity cao &le measured indirectly by low-fielld

nuclear magnetic resonan@®VR) spectroscopy. Low-fieldH NMR is an excellent tool for
measurement of distribution wfater pools in food systems assitrapid and in principle non-
destructive. NMR measures the mobility of protons and is therefore a technique for
investigating the total quantity of water aneé gtate of water within the fish muscle. NMR
technique has been used for determinationaiér holding capacity in cod (Jepsen, Pedersen
and Engelsen, 1999; Andersen and Jgrgensen, 2004) and salmon (Lakshmanan, Parkinson &
Piggott, 2007), and the oil and water contemtserring (Nielsen, Hylig), Nielsen & Nielsen,
2005) and salmon (Bechmann, Pedersen, Ngrga&mpelsen, 1999; Jepsen et al. 1999)
The possibility for using NMR in studying liptablding capacity exists but has not as yet

been explored.

Common for the direct and inéict methods is that they arghly dependent on experimental
conditions and must be standardised befse The methods are among other factors
dependent on sample preparatiige using pieces of whole musoor coarse- or fine-minced

muscle. And sampling is of outmost importangielogical factors like chemical composition,
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biological state and post-mortgarocesses influence the fiske$h quality and liquid holding
(Ofstad, 1995). These factors vary from individuahtividual, and alséo some extent from
head to tail in an individual. In a study by Mgre et al. (2002), samples were taken from
several places in the filet: Heaorsal, Norwegian quality cugil and belly flap, and the
results showed that liquid leakage increased fnead to tail of the fresh and frozen fillets,
although no significant variain was observed after ice-storage for 11 days at§.2lhe
choice of part of the fillet is also importanhen preparing samples for NMR-measurements

(cf. Andersen & Rinnan, 2002).

Different studies of liquid holding in salm@md trout have usatdlfferent methods and
different experimental conditions making it vetificult to compare the results. The present
study examines some current methods with retatdeir suitdility for determining liquid
holding capacity and liquid loss in fatty fiske salmon and trout. Results obtained by a
centrifugation method are comparedesults obtained by a liquidakage test applied to the
same fish. Low fieldH NMR relaxation curves are correlated to values obtained by the
centrifugation method and by the ligueakage test to see ifformation in the NMR signals
can be related to the phenomena measurd¢lddse two methods. The study includes raw as

well as smoked trout and salmon.

M ATERIALS AND METHODS

Experimental design

Two experiments, one with salmon and onthwainbow trout, were carried out. In

experiment one, four groups of Atlantic salm&alfno salar)vere analyzed. The salmon
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came from two farms in Norway with two sizes4¥g and 6-7 kg) of fish from each farm. In
experiment two, 32 rainbow troutrfcorhynchus mykigdrom different fish farms in

Denmark were used. The trout were diddeto two subgroups with 16 fish in each.

Subgroup one was ice-stored afZor 5-6 days (short) andisgroup two was ice-stored at

2 @ for 12-13 days (long) after slaughtering. Information on the samples is given in Table 1.
In both experiments, raw (unprocessed) andk&d fish were analyzed. The smoked samples
were chill-stored at 2°C for up to 20 dayeatmoking. Each code was analysed three times

during the storage period.

Preparation of samples (both experiments)

The fish were filleted by hand and trimmed. The $edes were keps raw (unprocessed)

fillets whereas the right sides were processed into smoked fillets: The fillets were dry-salted
(60 g of salt per kg fillet) for five hours for sithfish (size 3-4 kg) and eight hours for the

large fish (size 6-7 kg) at room temperaturdeAfinsing, the fillets were chilled and stored
overnight at 2. The fillets were dried for two hours and smoked for 5%z hours @t ib6an

oven supplied with smoke generated from beaad, After smoking, the fillets were chilled

again and stored overnight a2

The sampling scheme was similar to thagaloed in Laje, Green-Petersen, Nielsen,
Jargensen and Jensen (2007). Two pieces werrittrom the left fillet side; piece one was
in front of the dorsal fin and above the latdiree and piece two was under the dorsal fin and
above the lateral line. From piece one, two rfeisabes, each of approximately two grams
were cut and used for NMR measurements on intact muscle (hnamed intact samples). The rest
of piece one was minced for 2 x 5 s & 5n a Knifetec, 1095 Sample Mill (Foss Tecator,

Sweden). The mince was used for NMR measurements on minced samples and for
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determination of dry matter content andiqtiid holding capacityy the centrifugation
method. Piece two was used for determinatioligofd loss (liquid leakage test). For the
smoked fillets, two pieces were cut similar te theatment of the raw fillets but each further
divided into three smaller pies. Each of the three smaller pieces was vacuum-packed and
randomly assigned to one of thigerage periods (1, 11 or 19ofit) or 20 (salmon)) days at

2 @ after smoking. After each storage period, analss performed in the same way as for

raw fish.

Methods

Centrifugation method

The liquid holding capacity (LHC) was determthon minced fillet from piece one using a
modification of the centrifgation method by Eide et &1982). The samples (2 g) were
weighed, placed in plastic tubes with a spkfiiter bottom (poresize 0.1 mm), centrifuged
(15009, 10¢, 5 min) and weighed again. The lidguiolding capacity wacalculated in two
ways: as the amount of liquid left in the ménafter centrifugation k&ive to either the
original amount of liquid (LH®) or the dry matter content (LHYC The measurement of the

liquid holding capacity was performed in quadruplicate.

Liquid leakage test

The liquid leakage test by Markare et(2002) was used with some modification to
determine the liquid loss (LL). A slice of umtnmed muscle (about 15 g) from piece two was
placed on a pad (7.5 x 12.5 cm) from Cryovéd.bbc 800, wrapped in aluminium foil and
kept at room temperature for 20 h. A piecegbn cloth was placed between the muscle and
the pad to avoid the muscle from sticking te gad. After removal dhe muscle piece, the
pad was dried at 10§ for 60 min in order to evaporatk thhe water. The weight of the pad
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was recorded initially (@, after 20 hours (yy and again after drying @v The liquid loss in

% was calculated as 1004wws)/m, where m is the weight of the muscle sample. In
experiment two, the sample size was reduceabtiut 10 g due to the fish size, a Whatman
filter paper GF/A 125 mm was used instead péd, and the filter paper was put in a closed
Petri dish instead of wrapped in aluminiuni.f@therwise, the same procedure was followed

as in experiment one. Four deterations were made for each sample.

Nuclear Magnetic Resonance (NMR) measurements

Low-field NMR relaxation measurements w@erformed by a Maran 23 MHz Pulsed NMR
analyser (Resonance Instruments, UK) axdeed by Jensen, Guldager and Jgrgensen
(2002). Transverse relatxan was measured at using the CPMG pulse sequence (Carr and
Purcell, 1954, Meiboom and Gill, 1958) with an inter-pulse spadaf,200 pus and sampled

each Mfeven echoes) to atad of 512 data points.

Salt content
The salt content was determined accordmmg§OAC methods (AOAC method 976.18 in

combination with AOAC métod 937.07 and AOAC method 971.27 2000).

Water content

The water content was calculatedrfr 2 g mince dried overnight at 165

Lipid content
The lipid content was determined by a mastifversion of the Bligh & Dyer extraction

method (Bligh and Dyer, 1959).

Data analysis
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Statistical tests (t-testprrelation and one-way ANOVA) were made using Pfiswersion 4
(GraphPad Software, San Qg CA, USA). The NMR relaxain curves were divided by
sample weight (approx 2 g) and the number ¢ g@ints reduced by adtor of four (taking

the means of four neighbouring points). A pipal component analysis (PCA) of the NMR
relaxation curves revealed one outlying measunt on the intact salmon samples and three
on the minced salmon samples. These measurements were excluded from further analysis.
Partial least squares regression (PL®R$ used to calcuiaregression modeketween the
reference methods (centrifugation or liquid lagé& test) and the NMR relaxation curves. The
NMR relaxation curves (average ovee tiwo determinations) were usedxagriables and
LHC or LL as y-variable in the PLSR modelour calibration models were made (intact
salmon, intact trout, minced salmon, minced trout). The raw and smoked samples were
included in the same data set. Cross-valwfatvith 10 % of the samples, randomly selected,
in each segment was used. Variables were rneatred but not weighted. The PLSR models
were evaluated by the correlation between thasmed and the predicted values and by the

root mean squared error of prediction (RMSEP).

PCA was performed on a data matrix with LL, LHC (both LH@d LHG), salt content and
water contents as variables. The single végmtvere mean-centred and weighted with 1/SD,
where SD referred to the standaleviation for each variablecross samples. PCA models
were calculated for smoked samples. Crodislation was performed as described for the
PLSR models above. All multiviate data analysis was performed with The Unscrambler

version 9.1 (CAMO, Oslo, Norway).

RESULTS AND DISCUSSIONS
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Liquid holding capacity (LHC)

The principle in all centrifugatiomethods is that a centrifugalrée is used as an external
force. Other parameters may differ from anethod to another and these parameters can be
sample preparation (chopped or minsadhple), time and speed of centrifugation,
temperature during centrifugationzsiof centrifuge tubes, etc. &location for taking muscle
samples has to be standardized as the propeftibe fillet vary somewhat from the head to
the tail region (Love, 1988). Albugh the whole sample/fish elsopped fillets or mince may
be used to avoid this. Results obtainedlifferent laboratoriegentrifugation methods

usually cannot be compared as at least orteeodbove-mentioned parameters often differ.

The liquid holding capacity (LHC) was heretelenined using the centrifugation method by
Eide et al (1982). In other studies of LHC in salmontrout, mainly two other centrifugation
methods have been used (with some moditicx either the one by Gémez-Guillén et al
(2000), or that by Hermansson (1986). The time¢hods differ according to how the results

are calculated and according to centrifugation settings.

In the present study, the raw samples (both @aland trout) had highéHC relative to dry
matter content (LHg) than had the smoked samplps 0.001). For smoked salmon samples,
a decrease in LHC (both LH@nd LHG) was observed between day 1 and day 20 (p< 0.05)
and between day 11 and day 20 (p < 0.01)€L&¢nsen, Hyldig, Misen and Nielsen,
submitted). This was also seen for smoked tsamples, as a decrease in LHC (both LHC
and LHG) was observed between day 1 and day 19 (p< 0.001) and between day 11 and day
19 (LHG;. p < 0.001; LHG p <0.05). (Table 2). In other studies, lower LHC values (indicated

by higher liquid loss) have been observedsimoked salmon compared to raw (Birkeland,
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Rera, Skara & Bjerkeng, 2004). Howeveraimother study, Rara, Regost & Lampe (2003)
reported a higher LHC (indicated by lower liquads) in smoked salmon than in raw. The
levels of liquid loss deterimed in Birkeland et a2004) by the centrifugation method were in
range of 2.5 to 4.7 % for raw salmon and between 3.3 and 5.9 % for smoked salmon. In the
present study, the liquid logsiring centrifugation was beegn 2.0 and 13.4 % (average 5 %)
for raw salmon and between 0.7 and 19.3% (average 7.4 %) for smoked salmon. LHC
(according to original liquid amount) was higher for small salmon samples than for smoked
samples (seen for each day of storage) . Gtalage of the raw trout before processing had

no effect on the LHC (both LHGnd LHG).

Liquid loss (LL)

The liquid leakage test by Markare et(@002) gives an indicain of the ability of the

material to withhold water argbid without severely changintpe microstructure of the

sample. LL thus is more closely relevant te #ppearance of the product than is LHC. LL
from salmon was higher than from trout. Fortbspecies, LL was higher for the raw fish than
for the newly smoked fish (Table 3). Durinfill storage at 2°C of the smoked salmon
samples, a increase in liquid loss was olsgbetween day 1 and day 20 (p< 0.001) and
between day 11 and day 20 after smoking (p< 0.001). High LL of raw compared to smoked
fish was also found by Rgra et al. (2003),rd& fish loosing about 3.5 % and the smoked

fish about 2 % of the liquid. After 15 dayssibrage however, LL of the smoked fillet was at
the same level as seen for the raw fillet. For smoked salmon, an increased in the LL was
observed during chill storage of the smoked product (Table 3). This was also reported by Rgra
et al. (2003), who found an LLtaf 15 days of storage of 28 (storage temperature 4 °C)
and 6.3 % (storage temperature 14 °C). A sintikvelopment in LL during chill storage was

not observed for the smoked trout samples.
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The size of the fish had some influence on theakllarge smoked fish lost significantly (p <
0.001) more liquid than did the smaller smokistl in raw and newly smoked fish. After 11

days of storage this difference had gone.

In the present study, the method by Mgarkare.gal02) was used with some modifications
and changes were made from experimenttorexperiment two. A high standard deviation
(four determinations) for each sample was seen in experiment loewefore, filter paper was
used in experiment two, and the samples wenedtin a Petri dish instead of being wrapped
in aluminium foil. By using a Petri dish, thétdéir paper with the fish sample was kept under
more stable conditions, and thek of liquid escaping, e.g. lBvaporation, minimised. These
changes seemed to give more reliable resglthe measurements in experiment 2 had lower

standard deviations thahose in experiment 1.

Correlation between the centrifugatiomethod and the liquid leakage test

The liquid leakage test andetleentrifugation method measuréelient properties (liquid loss
from intact muscle with external force appli® the sample surface and from minced muscle
with external force applied to the full sample). Accordingly, the liquid leakage test and the
centrifugation method were poor(glthough significatly) correlated for smoked salmon (r=
-0.28, p < 0.05) and for smoked trout (LH€= - 0.25, p < 0.05). For raw trout samples, LL
was negatively correlated to LHQ = - 0.41, p < 0.05). For raw salmon samples, the

correlation coefficients between LL and LHC were insignificant.

Reora et al. (2003) compared the centrifugatinethod by Gémez-Guillén et al. (2000) with
the liquid leakage method by Markare et al. (2002) on smoked salmon. They found a high

correlation for liquid and lipid holding capacityut no correlation fowater holding capacity.

LHC paper Page 13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Page 14 of 28

Mgarkgre (2001) found a high cetation between liquid losseasured by the liquid leakage
method and by the centrifugation method for salmon. Both Markgre (2001) and Rara et
al. (2003) used slices of muscle samteghe centrifugation method, whereas mince was
used for the centrifugation ninetd in the present study. Rerdakt(2003) reported a lower
liquid loss when using the centrifugation methaahtlthe liquid leakage test. In the present
study, the opposite was observed as higherditpss was obtained by the centrifugation
method compared with the liquid leakagetinegl. Especially for the large salmon, a big
difference was seen between the two methods.dlference in liquid loss determined by the
two methods seems to be reasonaklan external force may press out more liquid than a
‘passive’ method without any external foréairthermore, liquid may escape mince more

easily than intact tissue as mincipartly destroys the muscle cells.

A PCA was made of a das&t containing LHC (both LHCand LHG), LL, and salt and

water contents of smoked salmon samples.rélagionships betweenehvariables are shown
in Figure 1 as the so-calledreoelation loadings. Principle ogponent 1 described mainly the
variation in LHC (LHG and LHG) and water content, while Principal component 2
described mainly the variation in LL. The dggs in LL were almost independent of changes

in LHC and water contents. Similar PCA resulsre obtained for smoked trout samples.

Relating NMR curves to liquidolding capacity and liquid loss

The NMR relaxation curves were used to predildC and LL for minced and intact samples,
respectively (Table 4 and 5), by partial lesgtiares regression. Prediction of LHC (both
LHC; and LHG) from the NMR relaxation curves worked well for minced salmon and
minced trout (Table 4). A tendency of nlmearity was observed when predicting LHC

though. The correlation coefficientgere close to that repoddy Andersen and Jgrgensen
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(2004) for cod. With intact samples, gootht®n was found between the NMR relaxation

curves and LHEor LHG, for salmon and LH&; but not LHG, for trout (Table 5).

The prediction of LL from NMRelaxation curves was much better for trout than for salmon.
The salmon had the highest lipid content andetlagpears to be a relation between higher
lipid content and more lipid in the liquid logke lipid loss with tire from salmon was higher
relative to the water loss than was the case firout (data not shown). NMR measures the
quantity and mobility of protons and is themef a technique for investigating the total
amount of water and the statevediter within the fish muscle. Thmay be one of the reasons
why the prediction of LL was better for trout thimm salmon. In addition, changes in details
of the LL method had been made from experntrieto experiment 2 to optimize the method,

which also may have influenced the results.

Models for prediction of LL from the NMR ¢t were made for raw and smoked samples
separately. These models were inferiothiose including bothaw and smoked samples
indicating that LL unlike LHC isot closely related to the water distribution in the fish
muscle but governed by othemoperties of the fillet. The formation in the NMR signals
used by the calibration with ttiell data set is rather abowiater content which like LL

differs between the groups of raw and smoked fish.

Comparing advantages and disativages of the methods

The liquid leakage test was alitedetect differences inquid loss between raw and smoked
sample. Changes in liquid loss due to chill ag@r of the smoked fish were seen for salmon,
the largest change occurring between 11 and 6. da similar change with storage time was
not observed for smoked trout. The lipid conteat considerably higher in the salmon than

in the trout which might at least to somees explain this difference between the two
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species. The centrifugation method was able teal€hanges due to sample type (raw and
smoked) and also due to dhstorage of the smoked proddmm both fish species. The
method to determine LHC does, however, malkeaidaboratory faciligs and therefore is
less suitable in a production environment. Theitl leakage test may be conducted without
any advanced equipment and furthermomaiimicking the drip loss method used in the
industry. The liquid leakage tesihd the centrifugation nfetd both require standardized
conditions, as they are depentlen numerous experimentanditions during measurement.
One is temperature, but a lot of others infice the results, and further investigations is

needed before the liquid leakagsttean be general recommended.

Mgarkgre (2001) found that an untrimmedsule slice weighing about 15 g was an
appropriate sample size as larger sampteagionally lost so much liquid that the pad
became overloaded and the liquid escaped. Howeigevéry important to be able to make
reproducibly cutting of these 15 g from the fill€he effect of variations in sample size needs
to be explored. If the piecefiick, its surface areaill be smaller and the pressure therefore
larger compared to a thin piece. And evenéf ttting area is well defined, there will be a
difference between small fish and large fish. The optimal method is to use a template to cut
reproducible samples for each determination. Leaving the pad and muscle wrapped in
aluminium foil for 20 hours at room temperawas suitable for detecting differences in LL
between treatments (Mgrkare, 2001). Howevas,statement needs to be tested for other
fatty fish and for large fish. The liquldakage test was used by Mgrkagre e(2002) on

salmon with a weight of 4 kg. In the presenidst, some of the fish weighted 6-7 kg, and the
results show that these fish lost more liquid tbahthe smaller fish. It is of importance to be
confident that the pad or filter paper absorbthe released liquid. Another important aspect
which has to be considered when using theitl leakage test on smoked fish is the smoke

hue. The smoke hue will partly hinder liquid Idssm the sample. If the smoke hue in some
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way is damaged in one fish compared to anabhigerwise similar one, there is a risk of an
artificially high LL. The smoke hue also makedifficult to compare results from raw fish
with those from smoked fish. Both in the prassmdy and in the study by Rara et al. (2003)
higher liquid losses were obtained for raw coregan newly smoked samples. The effect of

the smoked hue on the results should be further studied.

The liquid leakage method has only been usexdfew studies, and in these studies the
method has been used either to detect the effatifferent oil source in the feed (Rgra et al.,
2003) or to see effects of freezing (Markgre gt26102) on small salmofweight 1- 4 kg).

The liquid leakage method has ittgotial, but the above meatied parameters need to be
tested. One should also have in mind thatcdmrifugation method arttie liquid leakage test

measure different properties, so substitutionreé with the other is not always an option

Low field NMR relaxation curves were usedget some insight into the differences between
the properties assessedthg centrifugation method and the liquid leakage method. In
addition, NMR itself can be used as a ragid non-destructive metd determination of
water-holding capacity in nsgle tissue (Jepsen et,d1999; Andersen andlargensen, 2004;
Lakshmanan et al2007). In the presestudy it was possible to aiih good predication of
LHC from NMR relaxation curves measured minced salmon samples with LHC values
between 84-99% (LH{}. The applicability of NMR relaxation curves to samples with lower

LHC values has not yet been tested.

CONCLUSION

The ability of the fish muscle to hold liquidascomplex property inflenced by many factors.

The various methods used for assessingptttiperty focus on different aspects making
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comparison of results difficult. The present pagemonstrates that two of the most popular
approaches, measuring the liquid holding capdoy centrifugation of minced muscle and
measuring the liquid loss by the liquid leakagst, provide supplementary rather than
redundant information. Thus,i# recommended to use hdypes of methods where

applicable in order to get astdiéed picture as possible ofisimportant quality parameter.
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Table 1. Information about the samples

Experiment 1 Experiment 2

Sample type Atlantic salmosalmo salay Rainbow trout

(oncorhynchus mykigs

Harvest May 2004 November 2004
Farmed in Norway Denmark
Size 3-4 kg and 6-7 kg 2 to 3 kg
Groups Four Two
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Table 2. Liquid holding capacity

Storage time after smoking

Code Raw Day 1 Day 11 Day 19/20
Exp. 1 (salmon) Farm 1 small LHC; 95.6+2.1 94+ 2.6 946+ 2.6 92.7 £ 3.7
(N=7) LHC, 34+£0.2 24+0.2 25%+0.2 22+0.2
Farm 2 small LHC, 97.6+0.6 959+ 2.7 96.8+ 3 93.7+438
(N=#6) LHC, 3.7x0.1 25+0.2 26x0.1 23+04
Farm 1 large LHC, 87.3x1 85.6+1.9 82.7+0.4 80.8+0.1
(N=2) LHC, 3.3x04 25205 24+04 20x0.2
Farm 2 large LHC, 93.6+5.5 89.0+ 3.8 91.9+2.2 89.9+43
(N=3) LHC, 34+03 21+0.2 24+0.1 23+0.1
Exp. 2 (trout) Short LHC, 96.2+1.5 96.3+ 2.7 96.3+3.8 93 +5.38
(N =16) LHC, 34 + 0.2 23x0.1 23x0.2 21+04
Long LHC, 96.7 £ 0.2 97.7+1.6 96 +2.8 946+ 2.7
(N =16) LHC, 32 + 0.1 22+0.2 21+0.3 19+£0.3

content

LHC paper

Values are means + standard deviation

N is number of samples

LHC ; = the amount of liquid left in the mince after centrifugation relative to the original
amount of liquid

LHC , = the amount of liquid left in the mince after centrifugation relative to the dry matter
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Table 3. Liquid loss (%)
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Storage time after smoking

Code Raw Day 1 Day 11 Day 19 /20
Experiment 1 Farm lsmall 2.8+0.5 1.0+0.3 16+0.4 3.0+£0.9
(N=7)
Farm 2 small 2805 1.0+£0.2 15+£04 1.7+ 0.6
(N=6)
Farm 1 large 3.7x0.2 19+£0.3 15+01 27+04
(N=2)
Farm 2 large 43+0.2 1.7+0.1 1.9+05 36+1.1
(N=3)
Experiment 2 Short 20+03 0.6+0.2 0.7+£0.2 0.8+£0.2
(N = 16)
Long 22+0.6 0.7+0.2 0.6+0.2 0.6+0.2
(N =16)

Values are means * standard deviation

N is number of samples

LHC paper
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Table 4. Results from PLSR models for prédg e.g. liquid lossl(L) and liquid holding

capacity (LHC) (Y) from NMR relaxation cueg (X) obtained for minced samples.

Exp. 1 Exp. 2

LHC, LHC, LL LHC, LHC, LL
No. samples 70 70 70 128 128 127
no. componentfs 2 2 3 4 4 4
Explained Y- 71 78 33 64 86 82
variancé
RMSEP 2.7 0.3 0.9 2.1 0,2 0.3
Correlatior 0.83 0.88 0.57 0.79 0.93 0.90

a: Optimal number of PLS-components in the regression model and % variation according to liquid loss or LHC
explained by the validated calibration model estimated by cross validation
b: Prediction error. Root mean square error of prediction

c: Model fit. Correlation between measuget predicted liquid loss or LHC values
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Table 5. Results from PLSR models for préidg e.g. liquid lossl(L) and liquid holding

capacity (LHC) (Y) from NMR relaxation cueg (X) obtained for intact samples.

Exp. 1 Exp. 2

LHC, LHC,  LL (%) LHC, LHC,  LL (%)

No. samples 71 70 70 f 63 63
no. components 2 3 3 4 4
Explained y- 70 53 22 74 76
variancé

RMSEP 2.7 0.4 0.9 0.3 0.3
Correlatiori 0.83 0.75 0.46 0.85 0.87

a: Optimal number of PLS-components in the regression model and % variation according to liquid loss or LHC
explained by the validated calibration model estimated by cross validation

b: Prediction error. Root mean square error of prediction

c¢: Model fit. Correlation between measuret predicted liquid loss or LHC values

d: no model calculated
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Figure 1. Loading plot from a Principal Cponent Analysis (PCA) showing the relations
between liquid loss (LL), LHC (LHCand LHG), salt and water contents (%) for smoked

salmon samples.
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