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Accepted 5 August 2016 equalize differences in the conditions for the sh feed pellets inside the light box, the sam-

ples were systematically circled during the experimental storage period of 183 days. The
Keywords: degradation of astaxanthin was monitored using multi-spectral images, captured 28 times

EIXSE fe;edn in the course of the storage period. Additionally, samples were collected at storage day 8,
Coatl:sgo 15, 22,92 and 183 for chemical determination of the astaxanthin concentration. The degra-

Astaxanthin dation of astaxanthin was shown to primarily be affected by light and limited to occur at the
Photo-oxidation surface of the sh feed pellets, whereas the astaxanthin embedded in the core of the pellets
Color degradation was comparatively protected against degradation. Furthermore, the initial concentrations
of astaxanthin in uenced the degradation per se, signifying self-protective properties of

astaxanthin.
= 2016 Published by Elsevier B.V.

1. Introduction

Flesh pigmentation, along with freshness, is well-known to be the major quality parameter when evaluating the properties
of salmonids for human consumption (Torrissen and Naevdal, 1988; Torrissen and Christiansen, 1995). Astaxanthin is the
primary pigment accounting for the natural red colour of wild salmon, lobster, crab and shrimp. Commercially produced
astaxanthin is the carotenoid pigment used in sh feed for the salmonid aquaculture industry (Sigurgisladottir et al., 1994).
When farmed, the sh are supplied with pigment through the diet in concentrations ensuring a desired colour pro le of
the esh at slaughtering. The right degree of esh pigmentation is of great economic importance for the individual farmer
(Torrissen, 1985), wherefore the requirements for the feed producers regarding pigmentation ef ciency and predictability
are strict. Astaxanthin is exposed to a range of harsh conditions during processing and storage of feed, including heat, light
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Table 1
Astaxanthin concentration in coating oil and grouping of 35 samples.

Dilution Fraction of K7 Group name Sample ID
Oppm 0 K1 15

5th dilution 1/32 K2 6 10

4th dilution 1/16 K3 11 15
3rd dilution 1/8 K4 16 20
2nd dilution 1/4 K5 21 25
1st dilution 1/2 K6 26 30
100 ppm 1 K7 31 35

and oxygen, which all have in uence on the nal concentration of astaxanthin in the sh feed (Marleen, 2007; Armenta and
Guerrero-Legarreta, 2009; Franco-Zavaleta et al., 2010; Anarjan and Tan, 2013). The deposition rate of astaxanthin in the

esh is known to be less effective as the astaxanthin concentration in the feed is increased; yet, the overall deposition is found
to be larger for feed with high concentrations of astaxanthin (Choubert and Storebakken, 1989; Hencken and Estermann,
1991). Previously, astaxanthin was added directly to the meal mix prior to extrusion of the sh feed. As a result of the high
extrusion temperature, nearly 50% of the astaxanthin was lost in this step of the process alone (Hencken and Estermann,
1991). Nevertheless, absence of antioxidants during extrusion can result in formation of free radicals (Schaich, 2002). Even
though the harm of the radicals is limited in the extruder, they can initialize the oxidation of lipids and valuable nutrients,
which are added in the subsequent coating, and thereby reducing the oxidative stability of the feed. Reduced oxidative
stability of sh feed is known to affect the growth and health of the sh as well as their nutritional quality (Hernkndez et al.,
2014).

Historically, astaxanthin is a very expensive feed additive, and considering the negligible mass fraction posed in the
recipes for salmonid feed, it nevertheless made up for 10 15% of the total feed costs in the early 1990s (Johnson and An,
1991). Even though price of astaxanthin has decreased considerable within the recent years, determination of astaxanthin
losses during processing, handling and storage of the feed are of outmost interest for prediction of the ability of sh feed to
colour the eshof sh.

Today, the general practice of astaxanthin inclusion is to dispense astaxanthin with sh oil and subsequent coat the

sh feed pellets with the mixture. This process reduces heat-related losses during extrusion. The method of coating for the
incorporation of pigment into the feed places speci ¢ demands to the pellets ability to protect and preserve astaxanthin.
The aim of this study is to investigate the stability of extruded and astaxanthin-coated sh feed pellets during storage,
and to evaluate the self-protective properties of the pellets. Inspired by Boon et al. (2010), the pellet structure can, from
the perspective of the components in the coating fraction and the sh as the recipient, be seen as a delivery system for
the valuable and fragile feed ingredients, including astaxanthin. Recently, Anarjan and Tan (2013) examined the effects
of temperature, atmosphere and light on the stability of astaxanthin nano-dispersions during storage. They prepared the
samples as emulsions and stored them in glass vials. Regardless of the easy reproducibility, this setup is less representative
to actual conditions present during storage of astaxanthin-containing food and feed products. Thus, the surrounding matrix
and its possible interference or properties as a delivery system are not considered. Therefore, evaluation of astaxanthin
stability in feed pellets should be investigated in the relevant matrix in contrast to the proposed glass vial approached by
Anarjan and Tan (2013).

2. Material and methods
2.1. Materials, apparatus and observations

2.1.1. Materials

Seven groups of sh feed pellets, each containing ve samples, were coated with different concentrations of astaxanthin.
The in total 35 samples were systematically arranged in a storage box with controlled continues light for 183 days. Each
sample contained 40 g of extruded pellets, originating from the same batch of sh feed. The sh feed pellets were produced
using a commercial twin-screw extruder (Clextral BC45, Clextral, France) under normal commercial conditions set to a pellet
size of 4.5 mm. Despite natural present antioxidants in the meal mix, 100 ppm of ethoxyquin (Impexquin 6S, Art.: 05210000,
Impextraco, Belgium) was added to the recipe. After extrusion, the group of pellets were vacuum coated (cf. section 2.1.2.
Coating Procedure) with sh oil containing different concentrations of synthetic cold water dispersible astaxanthin (Lucantinfi
Pink CWD, Art.: 51027961, BASF, Germany). The highest concentration of astaxanthin was 100 ppm and was used for the
group named K7. The coatings used for group K2-K6 were produced by dilution of K7 with sh oil, so the concentration of
astaxanthin each time was diluted to the half of the previous concentration. Group K1 was coated with pure sh oil and is
de ned to contain O ppm of astaxanthin (Table 1). Astaxanthin is commonly measured in ppm, and relates to mass, so ppm
corresponds to milligram per kilogram. After production, the pellets were stored for two months in vacuum-packed plastic
bags at 2 C in a dark environment to minimize the oxidation process prior to the illuminated 183 days in the storage box.
The two months of pre-storage were necessary to solve logistical and executional challenges across academia and industry.
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Fig. 1. Zoning of Petri dishes using red plastic rings to separate sh feed pellets for chemical analysis and multi-spectral imaging. (For interpretation of the
references to colour in this gure legend, the reader is referred to the web version of this article.)

2.1.2. Coating procedure

To produce the different coatings, the astaxanthin was dissolved in water and then diluted with sh oil until the con-
centration used for K7 was obtained. Performing the dilution of K7 to produce the coatings used for K2-K6 resulted in a
minor reduction of the water content in the coatings. The coating was conducted under vacuum in a specially designed
vacuum coater for experimental usage (100 mbar, 55 C, 90s vacuum-release) to introduce as much coating into the pellets
as possible. Pellets were placed in an airtight chamber equipped with a valve and a hose. First, the pellet lled chamber
was vacuumed and then, the valve was opened allowing the coating to be sucked in by the vacuum while the chamber was
continuously being rotated.

2.1.3. Apparatus

2.1.3.1. Design of sample unit. Zoned Petri dishes of plastic (Nunc™ Petri Dishes, NUNC, Denmark) with a diameter of 9cm
served as containers for each of the 35 samples. The Petri dishes were lled with sh feed pellets just above the lip to let
the lid rest on them. A red plastic ring was introduced to divide the dishes into two zones: An inner and an outer area, as
shown in Fig. 1. This separation of the pellets within the sample, and placement and property of the ring, served various
purposes: The pellets contained in the inner zone were reserved for chemical analysis whereas pellets in the outer zone
were used for the multi-spectral images. The design enabled sampling of subsamples for chemical analyses without affecting
appearance of surrounding pellets. Thus, the remaining pellets in the outer zone would continue unaffected through the
storage and continuously contribute to the multi-spectral images. The inner zone was never included in the processing of the
multi-spectral images. This zone contained approximately 10g of sh feed pellets, which were used only for the chemical
analysis.

2.1.3.2. Storage light box. During the storage period, the samples were arranged in a closed box to control the light and the
position of the dishes; inner dimensions (HxWxD): 47cm 65cm 65cm. The lid of the box was designed to shade for
the outside coming light, and had two uorescent lamps emitting natural daylight (Osram Bioluxf, L18 W/965) and a light
intensity/thermometer logging device mounted on the inside (HOBO Pendentfi, Temperature/Light Data Logger 64 K, UA-
002-64). At the bottom of the box, a stamped out tray with 36 holes was mounted to keep the 35 Petri dishes systematically
arranged. The last of the elds was used for a second HOBO-Logger identical to the one placed on the lid; both were logging
the lux and the temperature every 15 min. The installation is shown in Fig. 2.

2.1.3.3. VideometerLab. Multi-spectral images of the samples were captured using a VideometerLab (Videometer A/S, Scor-
pion SCOR-20SOM, Denmark). The camera has 19 spectral bands (395, 435, 450, 470, 505, 525, 570, 590, 630, 645, 660, 700,
850, 870, 890, 910, 940, 950 and 970 nm), and a resolution of 960 1280 pixels. All images were saved in the standard raw
VideometerLab format as .hips- les. The VideometerLab was calibrated weekly and was turned on one hour before sampling
to ensure colour temperature uniformity when pictures were captured.
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HOBO
logger

31 32 33 34 35 HOBO
K3 K4 K5 K6 K7 logger

Fig. 2. Vertical cross section of the storage light box showing the front row of samples, the logging devices and the uorescent tubes.

2.2. Analytical procedure

2.2.1. Start of sampling

During the storage experiment, the light box provided controlled conditions regarding temperature and light intensity,
28 C—0.46% and 620 Ix—34%, respectively (n=17,568). To ensure stability of the samples in relation to water evaporation,
the rst sampling occurred after six days of acclimation.

2.2.2. Sampling technique

All 35 samples were measured 28 times during the 183 days of the experiment. At storage day 8, 15, 22, 92, and 183, the
content of the inner zone was sampled from each group to determine the astaxanthin concentration by chemical analysis
(cf. section 2.2.4. Chemical Analysis for Astaxanthin). For astaxanthin determinations, pellets were removed from the inner
zone, vacuum-packed and stored in a dark environment at 2 C for further analysis.

At each sampling point, all Petri dishes were weight (Vibra Shinko Denshi, Max/d 5000/0.02 g, Japan) and degree of
stickiness of the pellets was quanti ed (cf. section 2.2.5.2 Stickiness of Pellets). To minimize procedure deviations, the same
person performed the 28 inspections and samplings. To minimize potential unequal light intensity inside the storage light
box, all samples were moved a slot once a week, including the bottom-placed HOBO-Logger. The initial positioning and the
weekly rotation pattern are shown in Fig. 3.

2.2.3. Data processing of multi-Spectral images

2.2.3.1. Data processing of whole pellet images. Data processing of multi-spectral images was carried out using Matlab 7.13
(The Mathworks Inc., Natick, MA, USA). A script masking out the region of interest (ROI) was established for automation of
the procedure. First, the script excludes the inner zone taking advantage of the fully re ection in the tenth band (645 nm)
of the red ring. Then, all the shadow areas with unequal re ection along with the edge and outer area of the Petri dish
were removed, leaving approximately 50% of the image for further extraction as shown in Fig. 4. The mean spectrum of the
remaining pixels was then exported for the 19 individual layers and saved along with wavelengths and sample date. For
representation, the result of each group is calculated as the average of ve measurements.

2.2.3.2. Data processing of ground pellet images. The multi-spectral images recorded of the whole pellets during the storage
period only contain information about the surface of the upper layer pellets. To evaluate the overall average colour including
the core of the pellets, approximately 100 g of the samples from each group was ground for 60 s at the end of the storage period
(Mini Chopper from OBH, type 6720, 230V, 150 W, 4500 5000 RPM) and multi-spectral images were captured according to
the previously described method.

2.2.4. Chemical analysis for astaxanthin

The HPLC analysis for astaxanthin determination was performed in duplicates at the National Food Institute, Division of
Industrial Food Research at the Technical University of Denmark (Lyngby, Denmark) according to the procedure described
by Ljungqgvist et al. (2014).
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K7 K1 K2 K3 K4 K5
13 14 15 16 17 18
K6 K7 K1 K2 K3 K4
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31 32 33 34 35 HOBO
K3 K4 K5 K6 K7 logger

Fig. 3. Initial arrangement of samples and HOBO-Logger in the storage light box and the rotation direction.

Fig. 4. Example of processed multi-spectral image marked with metadata and ROIs.

2.2.5. Physical observations

2.25.1. Differencesin pellet colour. Inaddition to the data from the multi-spectral images, visually conspicuous observations
were registered during sample handling, including: 1) Comparison of redness of sh feed pellets from the top and bottom
layer pellets in the Petri dishes. 2) Changes in redness of sh feed pellets during vacuum packaging as the coating from the
pellet core was partly sucked out. For both registrations, the evaluation is based on comparative ranking across the seven
groups of samples with ve levels of redness, going from not red, slightly red, red, very red, intense red.

2.2.5.2. Stickiness of pellets. The stickiness of the sh feed pellets was noted as a physical parameter. The degree of stickiness
is dif cult to quantify only relying on the sampler s subjective evaluation; therefore, the quanti cation is the result of
whether or not the top layer pellets were sticking to the lid of the Petri dishes. All Petri dishes were lled so the lid was
underpinned by pellets and not the lip of the Petri dish. Furthermore, to minimize differences between the samples, the
stickiness index was worked out as the total number of sticky pellets within each group rather on individual sample basis.

2.2.5.3. Statistical analysis. Data are presented as mean value—SD (standard deviation) or mean—SD relative to mean [%]
except where stated otherwise. The software used for statistical analysis and scienti c graph generating is Matlab 7.13 (The
Mathworks Inc., Natick, MA, USA) and GraphPad Prism 6.0 (GraphPad Software Inc. San Diego, USA). Student s t-test, ANOVA
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Percentage Difference of the Groups to K1 at 505 nm

K1

Percentage Difference to K1

40 60 80 100 120 140 160 180
Day

Fig. 5. The decolourization of whole pellets visualized as the colour difference to the reference group (K1) during the storage period. The time curves follow
the initial level of added astaxanthin until the set in of the stationary phase.

and Friedman s test (analysis of variance) test were used for the statistical analysis. Differences were considered signi cant
if P<0.05.

3. Results

Colour differences across groups of astaxanthin-coated sh feed pellets were calculated relative to K1 at 505 nm (Fig. 5).
The early colour development of group K2-K7 shows an exponential path, followed by a short steady period (lag phase) and
alinear decrease (decolourization phase). At the end of the storage period, the differences between the groups were levelled
out close to the baseline constituted by K1 (stationary phase). The colour differences seenin Fig. 5 at start and end correspond
to Fig. 6A and B, respectively. For the whole pellets, the colour differences for K2 and K4-K7 at start are signi cantly different
from each other, and K3 is signi cantly different from K5-K7. The same is not the case for the whole pellets at the end of
the storage period, where the appearance of the groups essentially is insigni cantly different from each other. However,
the initial colour differences seen on the surface of the pellets across the samples are afresh unveiled at the end when the
pellets are ground (Fig. 6C). The ground pellets at the end show the same exponential graduation as the whole pellets at
start. Again, K4-K7 is signi cantly different from each other and K2-K3. As the appearance and range in concentration of
astaxanthin changes over time (Fig. 6D F), the percentage differences to K1 should only be compared within each subplot
and not across Fig. 6A C.

The multi-spectral images only include the surface of the upper-layer pellets whereas the pellets in the bottom of the
Petri dishes are shadowed from the imaging and the light from the uorescent tubes. By manual comparison of the visual
appearance of the pellets from the upper-layer subjectively with the bottom-layer, it was clear that the decolourization of
the shadowed pellets was slowed down. At the end of the storage period, the sampler was unable to distinguish the groups
of pellets when studying them from above. However, they could easily be ranked after the initial astaxanthin concentration
by looking at the pellets in the bottom of the Petri dishes. Another colour related observation was made in connection with
the vacuum packaging of the inner zone pellets: Before the vacuum packaging, the colour of the pellets varied with their
former layer position in the Petri dishes, and after packaging, when the coating from the inside of the pellets was sucked
out during the vacuum, the upper layer pellets turned into the same appearance as the pellets from the bottom layer.

For each group of samples, the total number of sticky pellets is summarized in Table 2. The onset of stickiness is deferred
with increased concentration of astaxanthin. The same pattern of deferment regarding the minimum relative weight was
seen in Fig. 7, showing the changes in weight relative to K2 during the storage. The results show that the changes in weight
are displaced after the initial concentration of astaxanthin, and higher concentrations result in larger relative loss of weight.
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Fig. 6. A C.The colour difference to the reference group (K1) for whole pellets at start and end, and ground pellets at end, respectively. The stationarity and
level for whole pellets at end (B) indicate a uniform surface colour among the groups, and the exponential trend for whole pellets at start (A) and ground
pellets at end (C) indicates that the decolourization is prevented in the core of the pellets and primary takes place on the surface. Letter explanation:.
Subplot A: A: K2-K3 is signi cantly different from all other groups. B: K3 is signi cantly different from K5-K7, and K4 is additionally signi cantly different
from K2. C, D, E: K5-K7 is signi cantly different from all other groups.

SubplotB: a: K2 and K6 are signi cantly differentfrom K7. b: K3 issigni cantly differentfrom K7.c: K4 issigni cantly different from K2.d: K7 issigni cantly
different from K2, K3 and K6. K5 is not signi cantly different from any other groups.

Subplot C: : K2 and K3 are signi cantly different from all other groups. , , , :K4-K7issigni cantly different from all other groups.

Table 2
Number of sticky pellets in each group for different sampling days.

Day K1 K2 K3 K4 K5 K6 K7
50 5

57 27 1 5

64 6 9 3 1

71 10 4 7 11

78 3 3 7 1

85 3 2 1 2 4 3

92 2 2 1 1 2 1

99 3 7 3 5 3 2

106 4 1 1 1 3 2
113 1 2 2 7 2 4 3
120 5 7 4 5 9 1
127 4 3 12 4 3

141 2 3 9 17 9 3
148 2 4 1 6 10 9

155 2 5 4 1 8 13 6
169 4 9 14 7 12
183 2 4 3 13 10 5 5

The results presented in Fig. 8 originate from the HPLC analyses and show that lower initial concentrations of astaxanthin
signi cantly decreases the relative levels of astaxanthin left in the pellets at the end of the storage period in comparison to
higher initial concentrations.

4. Discussion

The acclimation period equalized the initial differences in water content across the groups of sh feed pellets coated with
astaxanthin-added sh oil. Introducing the acclimation period and delaying the start of monitoring the storage experiment
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Weight Relative to K2 during Storage
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Fig. 7. Changes in weight relative to K2 during storage. The extrema are displaced after initial astaxanthin concentration, and the displacement follows
the same pattern as the delay in stickiness seen in Table 2. K2 is chosen as reference as no water was added in the coating of K1.
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Fig. 8. The level of remaining astaxanthin relative to initial concentration was determined by chemical analysis at storage day 92 and 183. The levelling
indicates that astaxanthin has self-protective properties and that higher initial concentrations provide better protection against astaxanthin degradation. A,
B, D, E: K2, K3, K6 and K7 are signi cantly different from all other groups. C: K4 and K5 are signi cantly different from all other groups. a: K2 is signi cantly
different from K3 and K7. b: K3 is signi cantly different from K2 and K7. c: K7 is signi cantly different from K2 and K3. K4-K6 is not signi cantly different

from any other groups.
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until the sixth sampling day involve lower initial measured concentrations of astaxanthin as its degradation proceeds during
the acclimation as well. However, the delayed start affects no conclusions and ensures directly comparable groups at the
different times and under similar sampling conditions in the rest of the storage experiment.

Based on the mean spectra for the multi-spectral surface images, it was found that the absorbance peak of the added
astaxanthin was most pronounced for the fth band in the images, corresponding to 505 nm. This is well in accordance with
Ljungqgvist (2012). From previous studies, itis well-established that astaxanthin is unstable, gets decolourized and is sensitive
to oxidative processes, especially caused by light and oxygen (Armenta and Guerrero-Legarreta, 2009; Franco-Zavaletaetal.,
2010; Anarjan and Tan, 2013). This decolourization is found to be very pronounced and all groups follow the same pattern,
constituted by a lag phase, a decolourization phase, and a stationary phase, respectively. The lag phase indicates the presence
of antioxidants in the sh feed pellets, which partly protect the astaxanthin from degradation. After the depletion of the
antioxidants, the degradation of astaxanthin accelerates, and at the end of the storage period, the individual differences of
remaining astaxanthin on the surface of the pellet samples, are very small. The same pattern of oxidation, in the presence
of antioxidants, has been reported by Kitts and Tomiuk (2013).

The differences in the initial astaxanthin concentration across the groups (Fig. 6A) follow the expected pattern of a serial
dilution. The reason for the deviation from the relative concentrations presented in Table 1 can be explained by the standard
deviations and, more likely, as a result of already on-going degradation of astaxanthin as the initial measures in reality
correspond to the sixth sampling day. Even though the groups of whole and ground pellets, represented by Fig. 6B and C,
respectively, are obtained at the end of the storage period, the appearance of the pellets is very different: The whole pellets
show the uniformity from the stationary phase (Fig. 5), and the colour differences among the groups of ground pellets
demonstrate the same exponential trend as seen for the whole pellets at start. This suggests that astaxanthin is protected
in the core of the pellets because of the absence of light.

The resistance to degradation of astaxanthin in the absence of light is consistent with the two subjective colour related
observations noted during sampling. The relative differences in redness of the groups were easily visible when evaluating
the shadowed pellets in the bottom of the Petri dishes and the appearance of the ground pellets at the end of the storage
period. This indicates rst that the decolourization mainly is induced by the light, and secondly, it supports the extracted
data presented in Fig. 6C showing that the surface of the pellets protects the astaxanthin situated in the core. Ljungqvist
et al. (2014) assumed that the total amount of astaxanthin in the pellets right after coating is linearly related to the initial
surface re ection of the pellets. Now, knowing that a considerable part of the coating is situated and protected in the core
of the pellets emphasizes that the assumption applied in Ljungqvist et al. (2014) is only valid for initial determination of the
coating concentration.

As introductorily discussed, multi-spectral images can be used to evaluate the samples across the groups at the different
times and under similar sampling conditions. This implies that the scale of percentage differences to K1 in Fig. 6A C is
incomparable; partly because of the change in particle size (different sampling conditions for whole and ground pellets)
which in uences the algorithm evaluation of the surface ROI, partly because of the utilized wavelength that is mainly
representative when astaxanthin is present. This also explains the insigni cant correlation for the standard curve for the
whole pellets at the end of the storage period where the astaxanthin concentration is very low.

The outcome of the chemical analyses (HPLC) at the startand end of the storage period signi es once again thatastaxanthin
is present in the samples even though only very low levels are measured on the sample surfaces, and that the degradation
of the astaxanthin during storage mainly seems to be linked to the light. In the groups with initial low levels of added
astaxanthin, K2-K4, the degradation seems to level out when 20% of the initial concentration is left. In all, this implies that
astaxanthin has self-protective properties. Torrissen (1984) describes two mechanisms that are likely to be involved in
the self-protection observed in the present study: As a carotenoid, astaxanthin is able to protect against photosensitized
oxidation by either quenching singlet excited oxygen or acting as a pigmentation Iter.

During the storage period, the sh feed pellets started to stick to the lid of the Petri dishes, and the sticky behaviour
was deferred with increased astaxanthin concentration. The same deferral is seen for the minimum relative weight of the
samples, constituting a possible correlation between the processes causing the sticky pellets and the weight loss. This
re ection originates from the physical observations, and there has not been accounted for supplementary sample material
to perform elucidating analyses of the underlying reactions. However, BioMar reports that sh meal starts to stick and cake
at the end of its shelf life. Similar stickiness is reported by Schaich (2014) in a study evaluating peanut butter during storage,
and sticky behaviour is suggested to originate from oxidation of lipids and proteins.

5. Conclusions

Following seven groups of sh feed pellets with different initial concentrations of astaxanthin, it was shown that the
degradation of astaxanthin primarily takes place on the light-exposed parts of the surface of the sh feed pellets. The
controlled illumination during storage, equivalent to the daylight intensity present at extensive clouding (Jobling, 2010),
simulated mild and realistic conditions present at many sh farms during a time span within the date for nal use (personal
communication: Anders Falk Andreasen, BioFarm at BioMar, Denmark, 2015). As oxygen is known to degrade astaxanthin
as well, it is very likely that evaluation of oxygen in uence would lead to similar conclusions. Even though the concentra-
tion of astaxanthin on the surface is reduced to the same level among the different groups of pellets, 20 30% of the initial
concentration is kept and preserved inside the pellets at the end of the storage period. Independent of the initial astaxanthin
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concentration, there is a constant delay before the degradation of astaxanthin starts. As the degradation is most noticeable
at the surface, it is reasonable to assume that the delay of degradation can be extended be coating and protecting only the
surface of the pellets with another antioxidant, and in all circumstances aware unnecessary light exposure. Alternatively,
astaxanthin should preferably be introduced speci cally to the core structure of the pellet rather than on or close to the
surface. Consequently, larger pellets with higher core volume/surface area ratio have more optimal geometrical conditions
to protect astaxanthin compared to small pellets where its localization in the centre core is of even higher importance.
Furthermore, the results demonstrated a concentration dependent antioxidative effect of astaxanthin delaying the pigmen-
tation degradation attributing self-protective properties to astaxanthin when especially used in high concentrations. As a
result of these antioxidative and self-protective properties, astaxanthin should besides the well-known function for esh
pigmentation also be considered for the ability to prevent oxidation and extend the shelf life of sh feed pellets.
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