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ARTICLE INFO ABSTRACT

Keywords: This study investigated how diet composition (DC) (i.e., raw shrimp or dry feed alone and combinations thereof)

Juvenile red king crab affected the morphology, processing attributes, fatty acid (FA)- and amino acid (AA) composition in cooked leg

];)}l;y- feed meat and raw hepatopancreas of juvenile red king crabs (RKCs). After 12 months, the crab weight nearly
rimps

doubled, and the average mortality was 10%. The DC influenced the attributes of the cooked leg meat and the
raw hepatopancreas. In addition, crumbling the dry feed led to reduced nutritive conditions, especially in the 80
and 100% dry feeding groups. In the leg meat, the main FA components were PUFA, MUFA, and SFA in
descending order, while for the raw hepatopancreas, the corresponding order was MUFA, PUFA, and SFA. Minor
AA variations across the groups were observed in the cooked leg meat and raw hepatopancreas. A PCA revealed a
grouping of selected morphological-, processing attributes, and FAs according to the 20 and 100% dry feed
groups. This study did not explore the specific feed intake. Hence, whether the results reflect the DC, a lower feed
intake due to the crumbling, or a combination is unknown. Overall, the results show positive prospects for live

Molting, processing
Cooked leg meat quality

holding of juvenile RKCs.

1. Introduction

The red king crab (RKC) Paralithodes camtschaticus (Tilesius, 1815) is
an exclusive and highly valued decapod species that appeals to con-
sumers worldwide for the delicate properties of its meat. The Norwegian
RKC fishery is split into two; a regulated and a non-regulated fishery.
The regulated fishery is designated east of North Cape at 26°E and south
of 71°30°N, while the area west of 26°E is non-regulated. In the non-
regulated area (FFA), the aim is to fish as much of the RKCs as
possible to limit further species migration westward (Norwegian Min-
istry of Fisheries and Coastal Affairs, 2007; Sundet and Hoel, 2016).
Despite these measures, catches of RKCs, especially small RKCs, in the
FFA continue to increase (Rafisklaget, 2024). Fishing the small RKCs (i.
e., juveniles below commercial weight classes, < 800 g) often results in
low profitability for the fishermen. Hence, the motivation to perform
such a fishery is low.

In Norway, there is considerable interest in developing an industry
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for feeding juveniles or short-term live holding of adult RKCs to improve
their welfare and quality (Lorentzen et al., 2018; 2023). A key factor for
the success of this industry is the type of feed available, e.g., marine
by-products or manufactured dry feed. The feed provides energy for
growth and molting, and it should be nutritious, shelf-stable, and
manufactured commercially at a reasonable price (Simon, 2009). For
example, lipids are an important energy source in juvenile and larval
crustaceans (Kattner et al., 2003) that are crucial in promoting growth
and molting success (Wen et al., 2006). In 2006, the first successfully
manufactured dry feed for maintaining survival and growth in juvenile
RKC was developed (James et al., 2013; Siikavuopio et al., 2006) with
feed components equivalent to the nutrition requirements for lobster
(D’Abramo et al., 1997). In previous studies, shrimp, herring, blue
mussels, sea urchins, capelin, backbones of saith, and lumpfish,
including dry feed coated with lumpfish hydrolysate, have been used to
feed both juvenile and adult RKCs (Conradi-Larsen et al., 2024; Lian
et al., 2019; Lorentzen et al., 2023).
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In the digestive system of the RKC, the hepatopancreas is a key organ
that secretes enzymes with broad specificity and high activity. It is
responsible for digestion, absorption of nutrients, and storage of reserves
(Cervellione et al., 2017; Dvoretsky et al., 2020). The activity of this
organ is related to foraging, physiological processes associated with
molting, regeneration of limbs or wounds, and reproduction (Gibson and
Barker, 1979). In addition, the hepatopancreas and muscle tissue,
including the abdomen of the RKCs, hold significant energy reserves. To
determine the level of energy reserves, the hepatopancreas index (HSI)
and the abdomen index (AI) are calculated as the ratio of the hepato-
pancreas and abdomen weights to the total weight of the crab, respec-
tively (Lorentzen et al., 2023). In their natural habitat, these energy
reserves are mobilized when RKC undergoes extended periods with poor
availability of food items (Sacristan et al., 2017). This HSI and AI have
been calculated in a variety of live holding studies of RKCs, with and
without feeding (James et al., 2013; Lian et al., 2019: 2022; Lorentzen
et al.,, 2019: 2023; Siikavuopio and James, 2013; Siikavuopio et al.,
2014).

Despite concerns relating to potential allergenicity and possibly high
cholesterol content, several studies have promoted the consumption of
meat obtained from crustaceans, including crab species (Rosa and
Nunes, 2003; Risso and Carelli, 2012). This is because the presence of
essential amino acids (EAAs), high-quality proteins, and a high level of
polyunsaturated fatty acids (PUFAs) (Barrento et al., 2009; Vilasoa--
Martinez et al., 2007) are believed to give positive health effects, on
balance. Although the amino acid composition of a range of food items
has been reported (Huang et al., 2017), detailed information about the
amino acid composition of food products obtained from RKCs is lacking.

This study aimed to test the effect of different diets, combining raw
shrimp and dry feed, on the morphology, processing attributes, fatty
acid- and amino acid composition in cooked leg meat and raw hepato-
pancreas in juvenile RKCs after 12 months of feeding. The raw shrimp
component represents food from their natural habitat, while the dry feed
represents a manufactured product that is attractive from a nutritive
perspective. It is hypothesized that these two feed items, separate or in
combination, can support the growth of juvenile RKCs to commercial

Table 1
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size (>800 g). This investigation of diet compositions and their effects
on growth and quality represents a novel contribution to obtaining
knowledge in this field.

2. Material and method
2.1. Capture and live holding

On the 12th of May 2022, juvenile RKCs were captured in the FFA
near Tromsg (~70°N, Norway). The RKCs were transported to the
nearby Aquaculture Research Station (ARS) in Kérvik and placed in 6 m3
tanks with seawater, where they were kept for observation and accli-
matization until the start of the feeding experiment. The juveniles were
provided with shrimp and herring during the acclimatization period.

During 14-15 June 2022, 405 vital and immature juveniles were
selected for the study (Table 1). The crab weight and carapace width
(CW) were registered using an electronic scale (Sartorius, Data Weighing
Systems, Inc., IL, USA) and a caliper (Teco’s, AJ produkter, Klgfta,
Norway), respectively. Next, the juveniles were tagged in the abdomen
flap using a Biomark HDX12 pit-tag (Merck Animal Health, Boise, Idaho,
USA). The RKCs were then evenly distributed among 9 land-based
holding tanks filled with seawater at ambient temperature. The tem-
peratures were logged continuously (HOBO TidbiT v2 - UTBI-001,
Onset®, MA, USA), while dissolved oxygen was measured weekly
(YSL, ProSolo ODO/CT, Yellow Springs, OH, USA). The tanks were
supplied with filtered (60 um drum filter) and UV-treated seawater
(salinity of 34%o) at 15 L/min. The light regime was regularly adjusted to
match the natural photoperiod for Tromsg (70°N). The light had a color
temperature of 6500 K, which is similar to natural daylight.

The juveniles were fed with raw shrimp and dry feed. The raw shrimp
was purchased from Lyngen Reker AS near Tromsg. The dry feed was
produced at Nofima’s Feed Technology Center, part of the Aquafeed
Technology Centre, using a double differential preconditioner and a co-
rotating twin-screw extruder (TX-52, Wenger Manufacturing Inc.,
Sabetha, KS, USA). The feed was dried in a horizontal conveyor belt
dryer with two drying chambers (Mitchell Dryers, CAD Works

Morphology and processing attributes (mean + standard deviation) of reference red king crabs before starting the feeding (Wild 2022, n=20), reference red king crabs
for the 2023 sampling (Wild 2023, n=10), and red king crabs after 12 months feeding. The feeding groups include shrimps only (PO, n=20), 80% shrimps and 20% dry
feed (P20, n=40), 50% shrimps and 50% dry feed (P50, n=40), 20% shrimps and 80% dry feed (P80, n=40), and 100% dry feed (P100, n=40).

wild 2022 wild 2023 Feeding groups

PO

P20 P50 P80 P100

Morphology
Weight 2022 (g)
Weight 2023 (g)

385.01 +112.25

708.00 £ 202.15* -
- 812.20 + 185.59

673.20 £ 95.40

CW 2022 (cm) NA 8.72 + 0.95
CW 2023 (cm) 8.6 = 0.90 10.56 + 0.52 11.23 £1.10
HSI (%) 4.99 £ 0.61 6.00 + 0.52 4.73 + 0.84%>
MC (%) 80.16 £ 7.75 70.77 £+ 4.65 56.48 + 6.167*
Al (%) 4.46 + 0.27 3.18 +£0.32 2.39 + 0.54%4%
Shell thickness (mm) 0.46 + 0.03 0.48 + 0.04 0.46 + 0.07*
BI 16.04 + 2.78 22.06 + 3.82 12.19 + 3.96™
Processing attributes

CYraw (%) 53.66 + 1.42 55.90 + 0.55 54.40 + 1.91
CYcooked (%) 50.68 + 4.62 56.75 + 0.85 54.46 + 2.79°
ACluster peq (%) 1.60 + 1.61 -1.82 + 0.91 0.78 + 2.05°
ACluster cooked (%) -4.32 + 6.50 1.44 +1.20 -0.10 + 3.38%
Tmax (= 86°C) 88.48 + 0.60 88.19 + 0.58 87.79 +£ 0.12

356.00 + 95.80
761.10 + 149.83

352.00 + 107.34
725.80 + 228.09

355.86 + 102.41
790.90 + 215.57

371.21 £116.24
761.15 £+ 262.15

8.50 + 0.93 8.41 + 0.96 8.52 + 0.84 8.58 + 0.94
10.89 + 0.79 10.68 + 1.22 11.18 + 1.16 11.04 + 1.39
5.23 + 1.07% 4.93 + 0.91%> 4.80 + 0.52%% 452 + 0.64

51.35 + 5.57°4
1.51 + 0.2394%
0.41 + 0.06

22.00 + 7.98%

52.77 + 6.12°*
1.70 + 0.20°94%
0.43 + 0.05%

17.88 + 10.22"¢

56.88 + 8.86°"%
2.04 + 0.38P4%
0.43 + 0.08*
15.82 + 3.16°™

58.67 + 9.53**
2.36 + 0.36%*
0.45 + 0.07%
13.98 + 3.69°%

54.71 + 1.57 54.23 + 1.41 54.40 + 1.70 54.88 + 1.87
53.46 + 5.80° 52.09 + 3.15 49.65 + 3.87°%% 46.79 + 4.1204
-0.98 + 1.88%"4 -0.12 £ 2.07° -1.82 + 2.54%P4 -3.60 + 5.15"
-2.24 £ 9.27%° -3.97 + 4.79%° -8.53 =+ 5.49° -14.78 + 7.95%4
87.66 + 0.30% 87.12 + 0.60%* 87.54 + 0.22% 87.15 + 0.114

* Data obtained from 20 selected juveniles slaughtered and processed before feeding study. The weight in 2022 for the PO to P100 is obtained from 45 RKCs in each

group.
NA Not analyzed

Note. Results are expressed as mean values (+ standard deviation). Different superscript letters within the same row of the fed RKCs indicate significantly different
mean values (p < 0.05, full factorial ANOVA followed by Scheffe’s test). The symbol A and X indicates the mean values significantly different (p < 0.05. One-way
ANOVA followed by Dunnett’s test) from the mean value observed for wild crabs in 2022 and 2023, respectively.
Abbreviations. CW, carapace width; Al, abdomen index; MC, meat content; HSI, hepatosomatic index; BI, browning index of hepatopancreas; CY;,w, raw cluster yield;
CYcooked> cOOked cluster yield; ACluster ge.pied, cluster weight change relative to the effect of the de-bleeding; ACluster cooked, cluster weight change relative to the
combined effect of the de-bleeding and cooking, Tmax, the denaturation temperature during heating around 86°C.
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Engineering LTD, Carlisle, UK) before the addition of oil in a Pegasus®
vacuum coater (PG-60VC, Dinnissen BV, Sevenum, Netherlands). The
diameter of the final feed was 5 mm, with a high bulk density that
enabled it to sink in water. The disintegration properties, or feed loss in
water, was measured using a water stability test (Samuelsen et al.,
2022). In this test, 20 g feed was added to 500 mL distilled water and
shaken at 23 °C for 120 min. Water stability was calculated as the
remaining amount of feed (dry matter) not dissolved in the water. The
test was run in triplicate and the water stability of the feed was 80.9
+0.2%.

The RKCs were fed with shrimp and dry feed in five combinations:
PO, P20, P50, P80, and P100, where the group number reflects the
percentage of dry feed. For example, RKCs in the PO group received
100% shrimp, the P20 group was fed with 80% shrimps and 20% dry
feed and the P100 group received only dry feed. The study included two
replicas, i.e., additional tanks of the feeding groups P20, P50, P80, and
P100, while for group PO, a single replica tank was used. The dry feed
had a dry matter (DM) content of 89.7%. The DM was correspondingly
composed of 56.5% crude protein, 13.8% total ash, 19.0% crude lipid,
and a gross energy of 22.3 kJ/g. The DM content of the shrimp was
27.9%, which in turn was composed of 61.4% crude protein, 12.1% total
ash, 24.8% crude lipid, and a gross energy of 24.2 kJ/g. The dry feed
formulation and chemical composition are given in Supplementary Ta-
bles 1 and 2.

The RKCs were fed ad libitum, i.e., they were offered feed in excess
and fed every Monday, Wednesday, and Friday. In the P20 group, dry
feed was given two feeding days in a row followed by seven feeding days
with the shrimps and vice versa for the P80 group. In the P50 group, dry
feed was given four feeding days in a row and shrimps the following four
days. The feed volume ranged from 2.5 to 11.1 g/kg crab/day, adjusted
according to the molting cycle. Specifically, appetite was reduced before
molting and increased after molting and the feed volume was adjusted
accordingly.

During the study, the RKCs were provided with sea sand, which has
been shown to have positive effects on RKC morphology and corre-
sponding product quality (Lorentzen et al., 2023). Dark green plastic
trays with a height of 5 cm were filled with sea sand, to ~3 cm depth.
The trays covered 6.2% of the tank bottom area. The sand was collected
from the shoreline of Kvalsundet Strait (close to ARS). The RKCs were
provided with access to the sand one week each month with newly
collected sand each time.

Mortality in the tanks was assessed daily. The RKCs were defined as
dead when no movement of the appendages was observed within
2 minutes.

2.2. Sampling, preparation, and processing

From 20-22 June 2023, subgroups of 10, 20, 20, 20, and 20 in-
dividuals were selected from the PO, P20, P50, P80, and P100 feeding
groups, respectively. The crabs were selected randomly amongst the
individuals that were not visibly injured or missed limbs. In medio June
2022 and 2023, wild RKCs were captured in Eidkjosen, near Tromsg,
transported to ARS, and placed in 6 m® tanks with seawater. These RKCs
were used as references. The selected RKCs and 20 of the wild crabs were
placed in polystyrene boxes covered with a moist paper towel and gel ice
(Cold Inc., Oakland, CA, USA). Next, the boxes were transported to
Nofima (Tromsg) by car (30 min), stored at 1-2 °C overnight, and pro-
cessed the following day as described by Lian et al. (2021) with some
modifications.

Following transport, one leg on each side of the RKC was labeled
using T-bar tags (Floy Tag Inc., Seattle, WA, USA). Next, the RKC was
split into two clusters (i.e., three walking legs and one claw assembled in
a shoulder joint), which were then placed in water at 1-2 °C for
approximately 2 h to remove free body fluid (FBF). Afterwards, the
clusters were removed from the water and drained for at least 15 min
before weighing. The clusters were then placed in wire baskets and
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cooked by soaking them in water at 95 °C for 12 min, targeting a core
temperature of 92 °C in the second walking legs most proximal article
(merus). Next, the clusters were cooled in ice water with 3.5% NaCl (w/
v) for a minimum of 30 min to ensure a leg core temperature below 4 °C.
The clusters were then drained for at least 15 min before weighing. Next,
the clusters were air-packed into plastic bags (thickness 80 pm, di-
mensions 220 x 600 mm, Finnvacum, Helsinki, Finland), closed with
metallic clips, and stored at 4 °C in a climate chamber (BINDER, GmbH,
Tuttlingen, Germany) for two days.

2.3. Analytical determinations

2.3.1. Morphology and processing attributes
The hepatosomatic index (HSI) was calculated as follows:

HSI = (WH / WRKC) x 100 (1)

where Wy and Wggc are the hepatopancreas and crab weight,
respectively (Lorentzen et al., 2023).

The meat content (MC) was measured by digital image analysis
(ImageJ, National Institutes of Health, US) of cross-sections of the
middle of the merus as previously described (Lorentzen et al., 2019). The
MC was calculated as follows:

MC = (Area occupied by meat / Total inner area) x 100 2
The abdomen index (AI) was calculated as follows:
Al = (WA / WRKC) x 100 (3)

where W, and Wggc are the abdomen and crab weight, respectively
(Lorentzen et al., 2023).

The shell thickness was measured in proximity to the middle of the
merus of the second walking leg using a caliper (precision + 0.05 mm).
Residual meat and cartilage residue were removed using a scalpel and
paper tissue prior to the shell thickness measurement.

The color of the hepatopancreas, measured in terms of L* (lightness),
a* (green-red), and b* (blue-yellow), were determined using a portable
color-spectrophotometer (CM-600d, Minolta Ltd., Osaka, Japan). The
browning index (BI) was calculated (Sikora et al., 2021) from the
measured parameters as,

BI = (100 (w - 0.31)) / 0.17, ()]

were w = (a* + 1.75 L*) / (5.645 L* + a* — 0.3012b*).
From the weight of the raw RKCs and the raw clusters, raw cluster
yield (CY;aw) is given by,

CYraw = (WZCR / WRKC) x 100, 5)

where Wycg is the sum of the weight of the right and left raw clusters
from the same RKC after splitting, and Wgxc is the corresponding raw
crab weight. Similarly, the yield of cooked clusters (CYcooked) Was
calculated as follows:

CYcooked = (Wacc / Wrke) x 100 (6)

where Wycc is the weight of the two cooked, cooled, and drained
clusters from the same RKC, and Wggc is the corresponding raw crab
weight.

The cluster weight relative to the effect of the bleeding step, i.e,
drainage of hemolymph, was calculated as follows:

AClusterpleq (%) = ((Wcp - Wer) / Wer) x 100 @)

where W¢p is the weight of a single cluster after bleeding and
drainage, and Wcg is the weight of the corresponding single raw cluster
after splitting and drainage before bleeding.

The cluster weight change relative to the combined effect of the
bleeding and cooking was calculated as follows:
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AChlStercooked (%) = ((WCC - WCR) / WCR) x 100 8

where W¢c is the weight of a single cluster after cooking, cooling,
and drainage.

2.3.2. Analyses of raw leg meat, cooked leg meat, and raw hepatopancreas

Samples of raw leg meat from all feeding groups, including the ref-
erences from 2022 and 2023, were collected for differential scanning
calorimetry (DSC) analysis and stored at -80 °C. Prior to the analysis, the
tissue was thawed at 4 °C overnight. A subsample of 65 mg was
extracted from each sample (n=3), placed into a @ 7 mm medium
pressure 120 pl crucible and hermetically sealed. A similar crucible with
50 mg deionized water, corresponding to the approximate weight of
water in the samples, was used as a reference. The samples were
analyzed in a DSC with an intercooler (DSC 1, Mettler Toledo,
Switzerland) ranging from 10 °C to 120 °C at a heating rate of 10 °C/
min. The resulting enthalpy curves were analyzed (software Star ver. 14,
Mettler Toledo, Switzerland) for denaturation enthalpy (Ah) and peak
maximum temperature (Tpay) for each of the peaks observed using a
baseline defined by a spline function and with start and endpoints
determined as described by Skipnes et al. (2008). The peak with the
highest Trax was observed around ~86 °C and is the one that will be
focused on in this study.

Proximate chemical composition of the feed, cooked RKC leg meat
and raw hepatopancreas were analyzed by the Nofima BioLab accredited
laboratory. Crude protein was analyzed using the Kjeldahl method ((N x
6.25); ISO 5983-2, 2009), dry matter was determined gravimetrically
after drying at 103 & 1 °C (ISO 6496, 1999), total ash was determined by
combustion of organic matter at 550 °C and gravimetric measurement of
the residue (ISO 5984-2022), and crude lipid was measured according to
Bligh and Dyer (1959). Before the analyses, the RKC sample tubes
(50 mL) were stored at -40 °C. The tubes were thawed at 4 °C for 12 h
and the sample material was mashed using an Ultra-Turrax® (IKA T25,
Staufen, Germany).

The fatty and amino acids were analyzed as previously described
(Kousoulaki et al., 2016). Briefly, the preparation of fatty acid methyl
esters (FAMEs) for the determination of fatty acid composition was
performed according to the AOCS Official Method Ce 1b-89 by trans-
esterification of Bligh & Dyer extracted oils using a trace GC gas chro-
matograph (Thermo Fisher Scientific) with flame ionization detector
(GC-FID), equipped with a 60 m x 0.25 mm BPX-70 cyan propyl column
with 0.25 pm film thickness (SGE, Ringwood, Victoria, Australia). The
sample solution (3.0 pl) was injected split-less, and the split was opened
after 2 min. The FAMEs were identified by comparing the elution pattern
and relative retention time with the reference FAME mixture (GLC-793,
Nu-Chek Prep Inc., Elysian, MN, USA). Chromatographic peak areas
were corrected by empirical response factors calculated from the areas
of the GLC-793 mixture. Then, the fatty acid composition was estimated
using 23:0 FAMEs as the internal standard and reported on a sample
basis as g/100 g FAMEs. For the amino acid composition, the samples
were hydrolyzed in 6 M HCI for 22 h at 110 °C and analyzed by HPLC
using a fluorescence detection technique (Cohen and Michaud, 1993).
Dietary gross energy was determined using a Parr adiabatic bomb
calorimeter.

The proximate chemical composition, including amino acids, was
expressed as a percentage of wet sample weight and fatty acid compo-
sition as a percentage of crude lipid weight. The measurements were
averaged across samples obtained from up to six RKCs per feeding
group, including the references from 2022 and 2023.

2.4. Statistics

The statistical analyses were performed by considering each RKC as a
biological replicate. The values reported for each measured variable are
the mean and standard deviation from the analyses conducted on each
RKC.

The statistical significance of differences in the quality and
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processing parameters between feeding groups were analyzed by one-
way analysis of variance (ANOVA) followed by posthoc pairwise multi-
ple comparisons (Scheffé’s test) using the software SYSTAT™ (vers.
13.2, Systat Software Inc., Palo Alto, CA, USA). Similarly, a one-way
ANOVA followed by Dunnett’s test was carried out to test if differ-
ences between the results for RKCs of the wild group from 2022 and
2023, respectively, were statistically significant.

We ran a principal component analysis (PCA) using Unscrambler
(ver. 11, CAMO Software AS, Oslo, Norway), on the P20 and P100
groups, to simplify and visualize trends in the high dimensional multi-
variate measurements. These groups were selected to compare the effect
of a low and high share of dry feed in the diet. Response variables for the
PCAs included i) the morphology and processing attributes, ii) fatty acid
composition for the cooked leg meat, and iii) fatty acid composition for
the raw hepatopancreas.

The statistical analyses were performed at a 95% confidence level (o
= 0.95).

3. Results and discussion
3.1. Mortality and feeding

After the 12 months of feeding, the RKCs in the feeding groups PO,
P20, P50, P80, and P100 showed a mortality rate 24.4%, 11.1%, 8.8%,
3.3% and 3.3%, respectively (10% on average across all feeding groups).
Irrespective of the feeding group, mortality occurred in all months
except Oct-Dec and peaked during molting (Jan-Feb). A high proportion
of shrimp in the diet seemed to promote survival, since the first obser-
vations of mortality in the PO group did not occur until after seven
months when molting started. Although studies on mortality in feeding
juvenile RKCs are scarce, general experience suggests that a mortality
rate of 10% can be considered low. The ad libitum feeding (i.e., feeding in
excess every Monday, Wednesday, and Friday) is a likely contributor to
the low mortality rate, by promoting lower competition for food and
decreased aggressiveness among the individuals. The most probable
causes of elevated mortality during the molting period are unsuccessful
molting and mortality due to cannibalism of newly molted individuals.

The juvenile RKCs were typically inactive when observed during the
daytime. However, a sharp increase in activity, such as foraging and
competing for feed, was observed during the feeding sessions. Similar
activity observations were previously reported in a study with adult
RKCs kept for 30 days (Borisov et al., 2007).

Feed remnants of shrimp and dry feed in varying amounts were
observed the day after feeding. Shrimp leftovers were especially
noticeable in the PO and P20 groups, which could imply a reduced
appetite for shrimp amongst the RKCs in those groups. After introducing
sand into the tanks, the RKCs began digging and chewing on it. Com-
parable to a previous study, access to the sea sand showed positive ef-
fects on the juveniles’ HSI, AI, MC, and shell thickness metrics
(Lorentzen et al., 2023). Previous studies found evidence of sand or
sediments in the stomachs of king crabs (Cunningham, 1969; Jewett and
Feder, 1982; Jewett et al., 1990). It is suggested that the consumption of
sand is a method to search for small crustaceans when larger prey is
unavailable (Cunningham, 1969). It is hypothesized that the juveniles’
instinct for searching for feed is stimulated when they have access to sea
sand.

During the 12-month feeding period, the minimum and maximum
seawater temperatures ranged from 3.5 °C in April to 10.8 °C in
September. This temperature range is within their natural habitat
(Christiansen et al., 2015); hence, it is not considered critical. The use of
seawater at ambient temperature is also beneficial from an economic
perspective, as it avoids the additional energy cost of cooling the water.

3.2. Growth performance and morphology

Growth performance was measured as the crab weight, CW, HSI, MC,
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Al shell thickness, and BI, given for the fed and the reference crabs
(Table 1). Based on carapace length (CL) and CW from June 2022, a
relationship of CL= 0.9038 x CW was obtained (R? = 0.9996). The molt
increment (MI), which is the absolute carapace size increase at molting
for an individual (Hartnoll, 1982), was calculated using the CL equation.
The MI ranged from 20.32 to 24.19 mm across the feeding groups.
Corresponding numbers for the MI for RKCs captured near Kodiak Island
ranged from 16.4 to 18.4 mm (Powell, 1967). Although not directly
comparable, the large MI observed in this study indicates that controlled
feeding of RKC juveniles did promote their growth.

The hepatopancreas index (HSI) and the meat content (MC) differed
significantly (p < 0.05) among the feeding groups (Table 1). The HSI is
an indicator of the biological and nutritional status of the RKC (Albalat
et al., 2019). Increasing shares of dry feed in the diet led to decreasing
HSI and MC values (p < 0.05), indicating suboptimal nutritional con-
ditions for the crabs. This inference is further supported by observations
made during the feeding periods, as the juveniles showed greater in-
terest in the shrimps than in the dry feed in the P20, P50, and P80
groups. This could be due to the differences between these two feed
items, especially regarding their size and texture, which affected the
ability of the crabs to forage on them.

It was also observed that the RKC’s had trouble gripping the dry feed,
often requiring numerous attempts before they were able to grip the
pellets. Once gripped, there was also a tendency for the pellets to
crumble, limiting the ability of the juveniles to obtain a sufficient
nutrition uptake. By contrast, the raw shrimps were more resilient and
could be gripped several times without crumbling. A more effective and
controlled uptake of the raw shrimp was assumed to occur due to the
RKCs’ ability to grip the shrimp with one chela, tear it into small pieces,
and put it into the mouth using the other chela.

Previous studies have observed a decrease in the MC during live
holding of adult RKCs without access to feed for up to three months
(Lorentzen et al., 2019). In this study, the HSI decreased before the MC
decreased, i.e., the RKCs used the energy reserves from the hepatopan-
creas before the muscle. This reflects the RKC strategies for utilizing the
energetic reserves, lipids, and proteins.

Compared to the fed RKCs, the HSI for the wild RKCs for 2023 and
the MC for 2022 and 2023 were significantly higher (p < 0.05). Apart
from the challenges with the crumbling of the dry feed, this clearly
shows the potential to further improve the diet to obtain HSI and MC
values more comparable to the wild RKCs. Possible parameters to
optimise include the ratio of dry feed vs. the raw shrimp, nutritional and
textural profile of the dry feed, diet composition (exploring other marine
by-products as feed components), feeding frequency, and location (sin-
gle or multiple feeding locations within a single live holding tank).
Reducing the feeding frequency is relevant as the RKCs in their natural
habitats must cope with the scarcity or total absence of food for short or
extended periods.

The abdomen index, Al, decreased significantly (p < 0.05) with an
increasing share of dry feed in the diet. Like the HSI and MC, the Al
reflects the overall well-being and condition of the animal. For the fed
groups, the AI was significantly lower (p < 0.05) than for the reference
RKCs from 2022 and 2023, although it is unclear if this is related to the
diet composition, a lower feed intake due to the crumbling of the dry
feed, or a combination of these two factors.

Although no significant differences in the shell thickness of the RKCs
between the feeding groups, a thinner shell, on average, was observed,
according to an increasing share of dry feed. Crustaceans generally need
dietary sources of minerals primarily due to the molts (Saborowski,
2015). In a previous study, RKCs with access to sea sand obtained a
thicker shell than those without sea sand (Lorentzen et al., 2023). As all
groups had access to sea sand, the differences are assumed to reflect the
nutritional conditions of the RKCs in the P80 and the P100 groups, as
described earlier.

The browning index, BI, of the raw hepatopancreas increased with an
increasing share of dry feed in the diet. The P80 group obtained a
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significantly (p < 0.05) higher BI than the PO groups, and the P100 had
higher BI (p < 0.05) than the PO, P20, and P50 groups. The variation
could be explained by poorer nutritional conditions for the P80 and
P100 crabs. The P80 and P100 crabs also showed higher standard de-
viations in BI than the other groups (Table 1). A possible explanation is
that low access to nutrition could lead to the establishment of a hier-
archy among the individuals in these groups, thereby leading to varying
degrees of utilization of the lipid reserves. Conceivably, different utili-
zation rates could lead to heterogeneity of the colors of the hepato-
pancreas of different crabs. However, the reference crabs from 2022 and
2023 had low and high BI values, respectively, while also having higher
crude lipid content, on average, than the RKCs from the P100 group
(Table 2). Thus, the type of feed offered appears to have a stronger effect
on BI than different lipid utilization rates. To our knowledge, similar
analyses and calculations of the BI of raw hepatopancreas from fed
crustaceans have not been reported.

3.3. Processing attributes and proximate composition

Similarly to the decrease in HSI, MC, and Al, the cluster yield after
cooking and the relative weight change after cooking changed according
to an increased share of dry feed in the diet (Table 1). After the bleeding
step, the cluster yield (CYaw) did not differ significantly (p > 0.05). This
is most likely due to the retention of the FBF within the structure of the
muscle tissue (Mizuta et al., 2001). However, after the cooking, the
cluster yield (CYookeq) decreased due to a higher share of dry feed in the
diet. A drop in the cooked cluster yield and MC was also observed due to
the absence of feed for up to 3 months (Lorentzen et al., 2019).
Regarding the MC drop, it was hypothesized that changes in the
microstructure of the meat occurred, leading to an elevated liquid loss of
loosely bound water, which became apparent after the cooking step.

Liquid loss during cooking is a major concern because it leads to a
lower product weight and reduces the eating quality. In addition to
water, minerals (e.g., sodium) and soluble proteins may also be lost in
the process. Potential mechanisms for liquid loss include osmotic pres-
sure, mass diffusion due to internal pressure during heating, and protein
denaturation (Blikra et al., 2019; Skipnes, 2011). Protein denaturation
causes liquid loss due to both shrinkage of the muscle, causing expulsion
of extracellular moisture, and reduced water binding capacity of the
proteins (Bell et al., 2001; Skipnes, 2011).

The denaturation peak for the RKC muscle, around 86 °C, was
determined for all the groups applying DSC (Table 1). An endothermic
peak around this temperature, associated with denaturation of actin, has
been identified in several kinds of seafood previously, e.g., cod (Skipnes
2008) and Patagonian marine crabs (Dima et al. 2012). Although there
were no significant differences between the feeding groups, the average
denaturation peak temperature decreased due to an increasing share of
dry feed in the diet. This is probably due to the reduction in the muscle
volume as a response to lack of nutrition, observed as decreasing MC and
yield (cooked). The decrease in denaturation temperature also implied
elevated liquid loss (AClustercqoked)- A similar pattern of elevated liquid
loss after cooking RKC clusters after 60 and 90 days with no feeding has
been observed (Lorentzen et al., 2019).

A PCA was performed to visualize trends in the multivariate
morphological and processing attributes (Fig. 1). The first (PC-1) and the
second (PC-2) principal components accounted for 47% and 19% of the
variance, respectively. The P20 and P100 feed groups plot as distinct
and almost linearly separable groupings along PC-1 axis of the score plot
(Fig. 1A). Except for the raw cluster yield (CYraw), weight, carapace
width (CW), and shell thickness (SHELLTHKNS), the variance of the
remaining parameters was well explained along PC-1 (Fig. 1B). Since the
groups receiving different diets, P20 and P100, are almost separable
along PC-1 there must be a strong correlation between diet and the
morphological and processing attributes that are highly weighted in PC-
1. This would be T4max, delta cooked (DELTACOOKE), cluster yield
cooked (CYCOOKED), Al (ABDINDX), MC, and HSI (HSINDX). A
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Table 2
Proximate chemical composition (%) in cooked leg meat and raw hepatopancreas
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of reference juveniles before starting the feeding (Wild 2022, n=20), reference

juveniles for the 2023 sampling (Wild 2023, n=10), and after feeding for 12 months. The feeding groups include shrimps only (PO, n=>5), 80% shrimps and 20% dry
feed (P20, n=5), 50% shrimps and 50% dry feed (P50, n=5), 20% shrimps and 80% dry feed (P80, n=5), and 100% dry feed (P100, n=5).

Wild RKCs 2022 Wild RKCs 2023 Feeding groups
PO P20 P50 P80 P100

Cooked leg meat
Moisture 81.23 + 0.83 80.24 + 0.56 81.22 + 0.74 81.22 + 0.74 81.94 + 1.38% 81.98 + 0.74% 80.46 + 0.26
Total dry matter 18.77 £ 0.83 19.76 + 0.56 18.78 + 0.74 18.90 + 0.80 18.06 + 1.38% 18.02 + 0.74% 19.54 + 0.26
Total ash 1.48 £ 0.12 1.78 + 0.04 2.02 +0.13% 1.90 + 0.12% 2.08 + 0.13%X 1.98 + 0.04%% 2.06 + 0.094%
Crude protein 16.02 + 0.61 16.00 + 0.87 15.00 + 0.86 14.90 + 0.61 14.82 + 0.92 15.26 + 0.94 16.12 + 0.76
Crude lipid 1.41 £ 0.10 1.18 £ 0.23 1.28 +£0.13 1.26 + 0.11 1.16 + 0.09% 1.12 + 0.15% 1.20 + 0.07%
Raw hepatopancreas
Moisture 56.34 + 1.75 63.16 + 4.08 62.94 + 7.72 59.04 + 0.93 67.1 + 4.22° 64.62 + 1.80° 69.0 + 7.79°
Total dry matter 43.63 + 1.75 36.84 + 4.08 37.06 + 7.72 40.96 + 0.93 32.9 + 4.22% 35.38 + 1.80% 31.00 + 7.79%
Total ash 1.58 + 0.08 1.78 £ 0.13 1.74 £ 0.23 1.72 + 0.08 1.98 + 0.15% 1.9 +£0.12% 1.96 + 0.25%
Crude protein 11.85 + 0.65 14.0 + 0.57 12.48 + 1.16 12.78 + 0.58 13.64 + 0.87 14.0 + 0.81% 13.4 + 2.09
Crude lipid 29.23 + 2.90 19.16 + 5.15 22.14 +7.19%° 25.66 + 0.93% 16.78 + 4.49%4 18.38 + 2,984 14.34 + 5,50

Note. Results are expressed as mean values (+ standard deviation). Different superscript letters within the same row of the fed RKCs indicate significantly different
mean values (p < 0.05, full factorial ANOVA followed by Scheffe’s test). The symbol A and X indicates the mean values significantly different (p < 0.05. One-way
ANOVA followed by Dunnett’s test) from the mean value observed for wild crabs in 2022 and 2023, respectively.
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100% and 50% explained variance, respectively.

correlation between the AI and the MC along PC-1 was observed
(Fig. 1B). A similar relationship was described by the Siikavuopio et al.
(2011), and it was suggested that Al metrics could be used to indicate the
leg meat content.

On the other hand, the variability in crab weight and CW are mostly

explained by PC-2, which shows no correlation with the type of feed.
Although not measured, these parameters might be coherent to a variety
of feed consumed but might also be due to genetic differences as found in
Chinese mitten crab (Liu et al., 2018). Growth measured in terms of
increasing crab weight and CW are the two most important metrics for
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assessing the success of feeding juveniles in captivity.

The proximate composition of the cooked leg meat and raw hepa-
topancreas from the feeding groups (PO — P100) and the references are
presented in Table 2. No significant differences (p > 0.05) in any of the
analyzed parameters were detected in the leg meat among the feeding
groups. For some feeding groups, the moisture, total dry matter, total
ash, and crude proteins differed significantly (p < 0.05) from the cor-
responding values for the reference crabs but with no clear pattern. The
crude lipid content in the hepatopancreas of the P100 group was
significantly (p < 0.05) lower than in the P20 group. A low lipid content
in the P100 group supports the inference of suboptimal nutritive con-
ditions. When energy intake through foraging is insufficient, crustaceans
must rely on their energetic reserves, i.e., protein, glycogen, and lipid, to
ensure metabolic functionality (McLeod et al., 2004; Sacristan et al.,
2017). The low lipid content of the hepatopancreas in the P100 group
shows that the juveniles needed to utilize their body reserves to
compensate. Similar observations of reduced lipid content in the hepa-
topancreas of adult RKCs were observed by Lian et al. (2022) for RKCs
that were kept in a live holding regime without feeding for 3 months. In
addition to the reduced lipid content of the hepatopancreas, the protein
content in the cooked leg meat was also reduced (Lian et al. 2022), while
in the present study, the protein content of the leg meat did not differ
significantly (p < 0.05) among the feeding groups. This reflects the
sequence of the utilization of reserves, i.e., the crabs kept without
feeding for three months began to utilize the energy stored as protein,
while the crabs in the present study did not have to utilize this reserve.

3.4. Fatty acids

After feeding the crabs for 12 months, we observed significant
variation in fatty acid composition in the cooked leg meat and raw
hepatopancreas between feeding groups (Table 3). The identified fatty
acids ranged from 51% to 58% and 69-85% for the leg meat and raw
hepatopancreas, respectively. The fatty acid composition of the leg meat
and the raw hepatopancreas also differed irrespective of the feeding
groups and reference groups. Lower levels of MUFA (monounsaturated
fatty acids) were consistently measured in leg meat compared to the
hepatopancreas. By contrast, the levels of PUFAs (polyunsaturated fatty
acids) were consistently higher in the leg meat than in the hepatopan-
creas. This is in accordance with the observations published by Lian
et al. (2022). The MUFAs are assumed to function as long-term storage
lipids, while the PUFAs function as structural lipids (Sacristan et al.,
2017).

In the cooked leg meat, the most abundant fatty acids were palmitic
(C16:0), C18:1 (n9) + (n7) + (n5), arachidonic (ARA), eicosapentaenoic
(EPA), and docosahexaenoic (DHA) acid. The most abundant fatty acids
in the raw hepatopancreas were palmitic, palmitoleic (C16:1n7), C18:1
(n9) + (n7) + (n5), C20:1 (n9) + (n7), EPA, C22:1 (n11) + (n9) + (n7),
and DHA. Across all the feeding groups, the fatty acids in the leg meat
can be grouped as PUFA, MUFA, and SFA in descending order of
abundance. A PCA was performed to provide a visual overview of the
fatty acids in cooked leg meat (Fig. 2) and raw hepatopancreas (Fig. 3)
from the feeding groups P20 and P100. For the cooked leg meat, the first
(PC-1) and the second (PC-2) principal components accounted for 47
and 17% of the variance, respectively (Fig. 2). The P20 and P100 plot as
distinct clusters and are separable along the PC-1 axis (Fig. 2A). Of the
most abundant fatty acids for the leg meat, C18:1 (n9) + (n7) + (n5),
ARA, and EPA were more abundant for the P20 than for the P100 group
(Table 3 and Fig. 2B).

For the raw hepatopancreas, the first (PC-1) and second (PC-2)
principal components accounted for 64 and 15% of the variance,
respectively (Fig. 3). Similarly to the cooked leg meat, a clustering of the
P20 and P100 groups and separability along the PC-1 axis was observed
(Fig. 3A). The most abundant fatty acids were C16:1n7, C18:1 (n9) +
(n7) + (n5), EPA, and DHA and these were more abundant for the P20
group than for the P100 group. On the other hand, palmitic acid and
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C22:1 (n11) + (n9) + (n7) had higher abundance for the P100 group
than for the P20 group. The dominant type of fatty acids in the raw
hepatopancreas for the fed groups, including the reference from 2022,
were MUFA, the second most common fatty acid type were PUFA, and
the third most common were SFA. By contrast, MUFA and PUFA both
had similar abundances in the reference RKCs from 2023, suggesting
that the type of food items consumed affects fatty acid composition. A
previous study by Dvoretsky et al. (2020) on fatty acids in the hepato-
pancreas from RKCs from the Barents Sea found that the dominant type
was PUFA, followed by SFA and MUFA, supporting the interpretation of
diet controlled variation.

It is important to note that the differences in fatty acid composition
between the P20 and P100 groups could be explained by diet compo-
sition, reduced nutritional status due to the crumbling of the dry feed, or
a combination of these two factors. It is challenging to disentangle these
factors and unambiguously conclude how diet affects fatty acid
composition without knowing the exact amount and type of feed
consumed. For farmed Atlantic Salmon, the fatty acid composition is
affected by the fatty acid composition of the oils used in the dry feed
(Torstensen et al., 2000). To explore possible similar effects in RCKs, the
crabs must be fed with dry feeds with different fatty acid compositions in
conditions where feed intake is controlled and measured.

3.5. Amino acids

The amino acid composition of the cooked leg meat and raw hepa-
topancreas from the feeding groups (PO — P100) and the references are
presented in Table 4. Arginine, aspartic acid, glutamic acid, leucine, and
lysine were the major components in the cooked leg meat. Except for
glycine, the amino acid composition of the cooked leg meat within the
feeding groups did not differ significantly (p > 0.05). However, some
deviation in AAs was observed when comparing the feeding groups with
the reference crabs from 2023. Interestingly, the AA composition from
the feeding groups with a high share of dry feed, i.e., P80 and P100, was
most similar to the reference crabs from 2023. Except for the aspartic
acid, the AA composition of the raw hepatopancreas did not differ
significantly (p > 0.05) within the feeding groups. Irrespective of
feeding groups, the proline concentration was significantly (p < 0.05)
higher than for the reference crabs from 2022 and 2023.

The diets of crustacean species must contain ten essential amino
acids (EAAs) for survival and growth: Arginine, methionine, valine,
threonine, isoleucine, leucine, lysine, histidine, phenylalanine, and
tryptophan, all of which are not synthesized de novo by eukaryotic cells
(NRC, 2011). The raw shrimps and the dry feed contained these EAAs
(Supplementary Table 2).

The molts of crustaceans are strongly influenced by feed intakes,
indicating that AAs are required for tissue growth, especially in the
postmolt (Nguyen et al., 2014). It has been hypothesized that the AAs
are essential for the molting process through energy provision, osmo-
regulation, collagen synthesis, and the removal of the exoskeleton
(Dooley et al., 2002; Li et al., 2021).

Like the fatty acid composition, not knowing the exact amount of dry
feed consumed makes it challenging to unambiguously conclude the
effect of diet (diet composition vs amount) on the AA composition of the
cooked leg meat and the raw hepatopancreas. For farmed Atlantic
Salmon, as for the fatty acids, the AA composition has been shown to be
affected by the diet composition (Mente et al., 2003). An additional
controlled growth trial is required to isolate the effect of diet composi-
tion on AA in RCKs.

3.6. General considerations

Irrespective of the diet’s dry feed and raw shrimp ratio, our study has
documented low mortality and the potential to double the weight of
juvenile RKCs after 12 months of live holding. Despite clear indications
of insufficient feeding of the juveniles, especially in the P100 group, our
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Table 3
Fatty acid composition (g/100 g crude lipid) of cooked leg meat and raw hepatopancreas of reference juveniles before starting the feeding (Wild 2022, n=6), reference
juveniles in 2023 (Wild 2023, n=5), and after feeding the juveniles for 12 months. The feeding groups includes 100% shrimps (PO, n=5), 80% shrimps and 20% dry

feed (P20, n=5), 50% shrimps and 50% dry feed (P50, n=5), 20% shrimps and 80% dry feed (P80, n=5), and 100% dry feed (P100, n=5).

wild 2022 wild 2023 Feeding groups
PO P20 P50 P80 P100

Cooked leg meat
(n-6)/(n-3) 0.20 + 0.00 0.20 + 0.00 0.14 + 0.05%P4% 0.10 + 0.0074% 0.18 + 0.04" 0.20 + 0.00" 0.20 + 0.00°
C14:0 0.55 + 0.05 0.40 + 0.00 0.42 + 0.08%* 0.38 + 0.04** 0.40 + 0.07%4 0.48 + 0.04° 0.66 + 0.13
C16:0 8.85 + 0.48 8.00 + 0.50 9.74 + 0.40%4% 8.98 + 0.29% 8.68 + 0.22% 8.86 + 0.42%% 9.50 + 0.49%
C16:1n7 1.61 + 0.13 1.80 + 0.37 1.24 + 0.25%% 1.18 + 0.13%4% 1.12 4 0.1334% 0.94 + 0.15%P4% 0.84 + 0.05°%
C16:2n4 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
C16:3n4 <0.10 <0.10 <0.10 <0.10 0.28 +0.13 0.28 + 0.04 0.10 + 0.00
C18:0 1.78 +0.14 1.56 + 0.05 1.60 + 0.10** 1.38 + 0.044% 1.38 + 0.08"2% 1.34 + 0.09"2% 1.24 + 0.09"2%
C18:1 (n9) + (n7) + (n5) 11.13 + 0.98 9.08 + 0.23 14.80 + 0.7234% 13.06 + 0.21P4% 13.22 + 0.23%4% 12.72 + 0.77°4% 11.24 + 0.32°%
C18:2n6 0.93 + 0.28 0.64 + 0.05 0.96 + 0.13% 1.08 + 0.15% 1.40 + 0.162% 1.86 + 0.15°%% 2.20 + 0.2°4%
C18:3n3 0.25 + 0.12 0.20 + 0.00 0.38 + 0.08* 0.38 + 0.08* 0.38 + 0.08* 0.44 + 0.09°% 0.48 + 0.08*
C18:3n6 0.10 + 0.00 0.12 + 0.04 <0.10 <0.10 <0.10 <0.10 <0.10
C18:4n3 0.27 + 0.08 0.38 + 0.04 <0.10 0.10 + 0.00 0.10 + 0.00 0.16 + 0.05 0.18 + 0.04
€20:0 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
C20:1 (n9) + (n7) 1.63 + 0.10 1.36 + 0.23 1.66 + 0.31 1.54 + 0.26 1.52 + 0.33 1.82 +0.23 1.52 + 0.23%
€20:2n6 0.48 + 0.04 0.48 + 0.08 0.30 + 0.00*4* 0.22 + 0.04%%% 0.28 + 0.047P2% 0.30 + 0.00*4* 0.30 + 0.00%*
C20:3n3 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
C20:3n6 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
C20:4n3 0.20 + 0.00 0.24 + 0.05 0.16 + 0.05 0.18 + 0.05 0.15 + 0.06 0.16 + 0.05 0.16 + 0.05
C20:4n6 (ARA) 410 +0.21 3.16 + 0.23 2.50 + 0.19%4% 2.12 + 0.19°%% 2.22 + 0.267P2% 1.88 + 0.08"4% 1.76 + 0.09"4%
C20:5n3 (EPA) 14.7 + 0.40 12.18 + 0.57 14.68 + 0.49°4% 13.26 + 0.42°%% 13.44 + 0.43%¢4% 13.04 + 0.41deAx 12.28 + 0.28°
€21:5n3 0.35 + 0.05 0.34 + 0.05 0.18 + 0.04%% 0.17 + 0.06"* 0.23 +0.13% 0.16 + 0.05%* 0.17 + 0.06**
C22:0 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
€22:1 (n11) + (n9) + (n7) 0.30 + 0.09 0.15 + 0.10 0.38 + 0.13% 0.42 + 0.08* 0.50 + 0.14% 0.50 + 0.12% 0.42 + 0.13%
C22:4n6 0.20 + 0.00 0.12 + 0.04 <0.10 <0.10 <0.10 <0.10 <0.10
C22:5n3 0.67 +0.12 0.60 + 0.07 0.32 + 0.04%% 0.30 + 0.00%% 0.28 + 0.04%% 0.30 + 0.00%* 0.28 + 0.04%%
€22:6n3 (DHA) 10.28 + 0.59 10.28 + 0.58 10.58 + 0.64* 10.00 + 0.41% 10.20 + 0.50* 10.30 + 0.52% 9.48 + 0.80*
C24:1n9 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Sum (EPA + DHA) 24.98 + 0.96 22.46 + 0.92 25.24 + 0.96% 23.28 + 0.19"* 23.64 + 0.33" 23.34 + 0.79"* 21.74 + 0.89%
Sum (n3) fatty acids 26.73 £ 0.91 24.34 + 1.01 26.38 + 0.97%% 24.36 + 0.19" 24.78 + 0.39° 24.60 + 0.78° 23.04 + 0.94°
Sum (n6) fatty acids 5.87 + 0.33 4.60 + 0.25 3.82 + 0.15%P2% 3.52 4 0.13%4% 3.94 + 0.24%%% 4,12 + 0.11%4% 4.34 + 0.15%
Sum PUFA 32.65 + 1.14 29.00 + 1.12 30.28 + 0.86°* 27.92 +0.23" 4 28.94 + 0.57°"4 28.98 + 0.77%° 4 27.46 + 1.07°%%
Sum identified fatty acid 58.73 + 2.47 51.50 + 0.76 60.18 + 2.43% 54.98 + 0.56™ 55.88 + 0.80" 55.78 + 1.70 53.08 + 1.68"
Sum saturated fatty acids 11.33 + 0.55 10.12 + 0.50 11.88 + 0.49% 10.84 + 0.24% 10.62 + 0.26"* 10.76 + 0.36b 11.52 + 0.47%
Sum MUFA 14.72 +1.20 12.38 + 0.40 18.02 + 1.3074% 16.18 + 0.52%¢ 16.36 + 0.60°** 16.00 + 1.00% 14.08 + 0.43"
Sum unidentified fatty acid 6.03 + 0.48 4.44 +0.23 3.42 +0.41 2.98 + 0.45% 2.70 + 0.79% 1.98 + 0.20* 2.72 + 0.294
Raw hepatopancreas
(n-6)/(n-3) 0.20 + 0.00 0.20 + 0.00 0.16 + 0.05°% 0.20 + 0.00 0.20 + 0.00 0.20 + 0.00 0.20 + 0.00
C14:0 3.70 + 0.37 1.34 + 0.11 1.00 + 0.31%4 1.16 + 0.18*4 1.44 + 0.51** 2.34 + 0.307%% 2.92 + 0.49P4%
C16:0 9.57 + 0.20 8.54 + 0.85 7.10 + 1.25%4% 7.52 + 0.63%° 7.88 + 0.85%° 9.08 + 0.37° 9.06 + 0.56"
C16:1n7 4.75 + 0.19 4.38 +1.08 3.28 + 1.09* 3.64 + 0.42° 3.62 + 0.58* 3.34 + 0.34% 2.84 + 0.44%
C16:2n4 0.18 + 0.04 <0.10 0.10 + 0.00 0.10 + 0.00 0.10 + 0.00 0.10 + 0.00 0.13 + 0.05
C16:3n4 0.20 + 0.00 0.12 + 0.04 0.14 + 0.05 0.10 + 0.00* 0.16 + 0.05 0.16 + 0.05 0.18 + 0.04
C18:0 1.40 + 0.17 2.46 + 0.15 1.56 + 0.27% 1.48 + 0.13% 1.48 + 0.19% 1.38 + 0.08* 1.34 + 0.05*
C18:1 (n9) + (n7) + (n5) 15.67 + 0.58 13.72 4+ 0.83 29.34 + 1.4734% 28.46 + 1.05P4% 26.30 + 1.66"2% 23.06 + 0.55°4% 18.94 + 0.7792%
C18:2n6 1.03 + 0.05 0.88 + 0.08 1.04 + 0.13° 1.26 + 0.11% 1.58 + 0.36"%* 2.54 + 0.11°4% 2.90 + 0.17°4%
C18:3n3 0.58 + 0.04 0.52 +0.04 0.56 + 0.15 0.62 + 0.04 0.64 + 0.17 0.78 + 0.04%% 0.78 + 0.11%%
C18:3n6 0.12 + 0.04 0.26 + 0.05 0.20 + 0.00 0.20 + 0.00 0.14 + 0.05 0.10 + 0.00 <0.10
C18:4n3 1.42 + 0.19 1.90 + 0.14 0.42 + 0.13%4% 0.52 + 0.047P2% 0.54 + 0.172P4% 0.70 + 0.07°%% 0.76 + 0.15°%
€20:0 0.10 + 0.00 0.18 + 0.04 0.10 +£0.00 0.10 + 0.00 0.10 + 0.00 <0.10 <0.10
C20:1 (n9) + (n7) 11.78 + 0.77 8.12 + 0.46 12.72 + 2.46° 11.80 + 1.34F 10.80 + 1.18* 11.70 + 0.27* 12.22 + 1.19*
C20:2n6 0.65 + 0.05 1.52 +£0.25 0.60 + 0.12% 0.54 + 0.05% 0.54 + 0.05% 0.44 + 0.05"*% 0.38 + 0.04°4%
C20:3n3 0.10 + 0.00 0.20 + 0.00 0.28 + 0.042>4% 0.32 + 0.04%4% 0.26 + 0.052°4% 0.20 + 0.00"* 0.10 + 0.00%
C20:3n6 <0.10 0.10 + 0.00 <0.10 <0.10 <0.10 <0.10 <0.10
€20:4n3 0.50 + 0.00 0.68 + 0.15 0.36 + 0.09°% 0.40 + 0.00%% 0.34 + 0.05%% 0.38 + 0.04%% 0.36 + 0.05%%
C20:4n6 (ARA) 1.28 + 0.18 2.48 +0.18 1.10 + 0.10%4% 0.98 + 0.11% 1.18 + 0.24% 0.60 + 0.07°4% 0.46 + 0.13P4%
C20:5n3 (EPA) 6.67 + 0.29 7.46 + 0.62 5.72 + 1.772% 6.38 + 0.84" 6.54 + 1.01% 4,94 + 0.197P% 4.32 + 0.50°%
€21:5n3 0.33 £+ 0.05 0.50 + 0.07 0.18 + 0.05%% 0.20 + 0.00%% 0.20 + 0.00%% 0.20 + 0.00%% 0.20 + 0.00%%
€22:0 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
€22:1 (n11) + (n9) + (n7) 11.30 + 1.04 1.10 + 0.26 8.68 + 1.14%4% 8.82 + 1.09%4% 8.90 + 1.07%4% 10.88 + 0.722%% 12.78 +£1.47"
C22:4n6 0.23 + 0.05 0.46 + 0.05 0.10 + 0.00 0.10 + 0.00 <0.10 <0.10 <0.10
€22:5n3 0.82 + 0.08 1.00 + 0.14 0.62 + 0.04%% 0.58 + 0.04%% 0.60 + 0.00%% 0.60 + 0.00%* 0.60 + 0.00%%
C22:6n3 (DHA) 10.17 + 0.61 11.64 + 0.91 10.2 + 0.98% 10.24 + 0.42% 10.34 + 1.02 9.92 + 0.47% 9.24 + 0.30%
C24:1n9 0.40 + 0.00 0.10 + 0.00 0.30 + 0.07%4 X 0.38 + 0.04% 0.36 + 0.05% 0.44 +0.05 0.46 + 0.09
Sum (EPA + DHA) 16.83 + 0.57 19.08 + 1.25 15.94 + 2.63* 16.6 + 1.24 16.88 + 1.95 14.88 +0.50* 13.54 + 0.23%%
Sum (n3) fatty acids 20.60 + 0.49 23.88 + 1.48 18.34 + 3.01% 19.22 + 1.28* 19.46 + 2.11% 17.70 +£0.38%% 16.38 + 0.13%%
Sum (n6) fatty acids 3.45 + 0.26 5.70 + 0.50 3.08 + 0.1134% 3.10 + 0.17%4% 3.56 + 0.11% 3.76 + 0.05°°4% 3.86 + 0.054%
Sum PUFA 24.40 + 0.57 29.78 + 1.88 21.64 + 2.98%% 22.58 + 1.42% 23.30 + 2.20% 21.74 + 0.36* 20.54 + 0.15%%
Sum identified fatty acid 83.13 + 1.41 69.80 + 1.42 85.74 + 2.10% 85.94 + 0.62" 84.16 + 2.11* 84.08 + 1.03 81.30 + 5.12*
Sum saturated fatty acids 14.85 + 0.36 12.64 + 1.03 9.78 + 1.83%4% 10.26 + 0.9234% 10.92 + 1.37%° 4 12,92 + 0.61° 2 13.48 + 1.09°
Sum MUFA 43.87 +1.43 27.44 + 2.09 54.34 + 3.51%4% 53.06 + 2.64%2% 49.94 + 2,69°P4% 49.40 + 0.74%P2% 47.26 + 4.00™
Sum unidentified fatty acid 8.50 + 0.93 13.00 + 1.17 4.20 + 0.41%% 4.26 + 0.24%% 4.32 4+ 0.41%% 4.16 + 0.11%% 4,18 + 0.24%%
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Note. Results are expressed as mean values (+ standard deviation). Different superscript letters within the same row for leg meat and hepatopancreas indicate
significantly different mean values (p < 0.05. full factorial ANOVA followed by Scheffe’s test). Furthermore, A and X indicate significant differences between the fed

RKCs and the wild 2022 and wild 2023, respectively. (p < 0.05).

Abbreviations: ARA. EPA. PUFA. Polyunsaturated fatty acids; MUFA. Monoenoic fatty acids.
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data show encouraging overall growth performance.

The dry feed showed high water stability but was not optimized to
prevent crumbling during eating. A proper binder in dry feed production
might mitigate the problem of crumbling. Furthermore, the shape of the
dry feed could be optimized to improve the ability of the RCKs to grip
the pellets. In previous studies, larger pellets of dry feed have been
tested, and the ability to grip it improved (Siikavuopio et al., 2006).
These pellets were not used in this experiment due to their high cost.

In groups with a low share of dry feed, remnants were often observed
after the feeding period. Despite this, the RKCs from these groups ob-
tained the best results for morphology and processing attributes. Fewer
remnants but poorer morphology and processing attributes were
observed for the RKCs in the groups with a high share of dry feed.
Interestingly, while groups with a high share of shrimps in the diet gave
the best morphology and processing attributes, they also had the highest
mortality rates. The high share of raw shrimps in the diet was unfa-
vorable in the long run since the increased mortality rate outweighed the
favorable effects on morphology and processing attributes.

The results for the fed crabs are obtained from 110 to 170 days after
the molting, i.e., late postmolt. The morphology and processing attri-
butes may have been improved if the RKCs had been sampled, processed,
and analyzed in October or November, i.e., during the intermolt stage.
However, sampling during the intermolt stage could also suppress

variations among the feeding groups since the typical condition of
intermolt RKCs is good (Lian et al., 2021).

This study did not explore the specific feed intake for each individ-
ual. Hence, whether the results obtained reflect the diet composition, a
lower feed intake due to pellet crumbling, or a combination of these
factors is unknown. Apart from these uncertainties, the results of this
study are promising and provide a basis for the continued development
of dry feed to improve the quality of processed crab meat. Other feeding
parameters to be optimized are i) the combination of dry feed and raw
shrimp, ii) the feeding frequency, and iii) the feeding regimen, i.e.,
feeding at one or more locations in the live holding tank. Moreover, the
nutritional composition of the feed could be varied and optimized ac-
cording to the life stage of the crabs, including different stages in the
molting cycle. Notably, altering the nutritional composition and binder
strategy for improved crumbling properties can impact gastrointestinal
filling, passage rate, and how effectively nutrients are hydrolyzed and
adsorbed (Bogevik et al., 2021). Collection of uneaten feed and feces is
necessary to calculate feed intake, conversion ratio, growth rate, and
nutrient digestibility. This additional level of control is necessary to
unravel the effects of intake quantity and diet composition on the overall
growth performance of fed RKC juveniles.

While this study focused on dry feed and raw shrimps, alternative
marine by-products such as herring, blue mussels, sea urchins, and
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capelins (Lorentzen et al., 2023) and backbones of saith (pers.
communication F. Lian, Nofima) have been used as feed for RKCs. The
use of marine by-products promotes sustainable resource utilization and
could also be combined with dry feed. If the live holding of juvenile
RKCs is to become a successful industry, feeding with marine
by-products could help to fulfill sustainability goals. In aquaculture
programs, irrespective of species, the feed cost is a significant share of
the total costs. Hence, relatively abundant and available marine
by-products as feed components could be a means to minimize feed costs
and promote profitability of the future industry.

4. Conclusions

An analytical study of the morphology, processing attributes, fatty
acid, and amino acid composition in cooked leg meat and raw hepato-
pancreas of juvenile male red king crabs was carried out after 12 months
of live holding. Except for the increase in weight and carapace after
molting, the diet composition, i.e., the ratio of raw shrimps to dry feed,
influenced parameters analyzed, and it is clear that the diet composition
affects the attributes of both the cooked leg meat and the raw hepato-
pancreas. In addition, the crumbling of the dry feed led to reduced
nutritional conditions for the crabs, especially in groups with 80 and
100% dry feed. Despite this, similar overall growth performance was
achieved for all the feeding groups. The effects of the reduced nutritive
conditions became apparent after slaughtering and processing. In
particular, a significant water loss of the clusters harvested from the 80
and 100% dry feed groups was observed. In the case of industrial pro-
cessing, i.e., cooking and freezing of RKC clusters, controlling the diet

10

and the nutritional condition is crucial to avoid economic loss in terms of
reduced product yield.

We consider this study a prerequisite that provides a foundation to
support further optimization of diet, feeding regime, utilization of ma-
rine by-products as protein sources, nutrient uptake, and development
of technology for feeding and live holding of juvenile RKCs.
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Table 4
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Amino acid composition (g/100 g of wet weight) of cooked leg meat and raw hepatopancreas (average =+ standard deviation) of reference juveniles before starting the
feeding (Wild 2022, n=6), reference juveniles in 2023 (Wild 2023, n=5), and after 12 months of feeding. The feeding groups include 100% shrimps (PO, n=5), 80%
shrimps and 20% dry feed (P20, n=5), 50% shrimps and 50% dry feed (P50, n=5), 20% shrimps and 80% dry feed (P80, n=>5), and 100% dry feed (P100, n=5).

wild 2022 Wwild 2023 Feeding groups
PO P20 P50 P80 P100

Cooked leg meat
Hyp <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Ala 0.82 + 0.03 0.89 + 0.04 0.82 + 0.06 0.79 + 0.04 0.80 + 0.05 0.84 + 0.06 0.84 + 0.03
Arg 1.58 + 0.08 1.7 £ 0.07 1.48 £ 0.16 1.38 + 0.13% 1.42 + 0.15 1.56 + 0.13 1.64 + 0.09
Asp 1.57 + 0.05 1.7 +0.07 1.54 + 0.09% 1.50 + 0.10% 1.52 + 0.04% 1.62 +0.11 1.60 + 0.10
Phe 0.68 + 0.02 0.75 + 0.04 0.68 + 0.04% 0.68 + 0.03% 0.67 + 0.03% 0.71 + 0.04 0.68 + 0.03%
Glu 2.35 + 0.08 2.56 + 0.11 2.34 +0.15 2.26 + 0.13% 2.26 + 0.18% 2.46 + 0.18 2.48 + 0.08
Gly 1.33+£0.15 1.28 + 0.04 1.02 + 0.1334% 0.93 + 0.0734% 0.94 + 0.08%4% 1.14 + 0.15% 1.28 +0.13°
His 0.38 + 0.01 0.41 + 0.02 0.37 + 0.03 0.37 + 0.02 0.38 + 0.01 0.40 + 0.02 0.38 + 0.01
Tle 0.75 + 0.03 0.83 £ 0.03 0.74 + 0.05% 0.73 + 0.04% 0.72 + 0.06% 0.76 + 0.05 0.75 + 0.03
Leu 1.18 + 0.04 1.34 + 0.05 1.20 + 0.07% 1.18 + 0.08% 1.20 + 0.10% 1.26 + 0.09 1.24 + 0.05
Lys 1.27 + 0.05 1.42 + 0.08 1.26 + 0.09% 1.26 + 0.05% 1.24 + 0.11% 1.32 4+ 0.11 1.34 + 0.05
Met 0.50 + 0.01 0.55 =+ 0.02 0.53 + 0.04 0.54 + 0.04 0.51 + 0.05 0.54 + 0.04 0.53 + 0.03
Pro 0.84 + 0.06 0.91 + 0.06 1.03 +0.114 0.97 + 0.08 0.96 + 0.09 0.99 4+ 0.114 0.91 + 0.07
Ser 0.72 + 0.02 0.79 + 0.04 0.69 + 0.05% 0.67 + 0.03% 0.68 + 0.03% 0.76 + 0.05 0.71 + 0.04%
The 0.72 + 0.02 0.81 + 0.03 0.73 + 0.05% 0.71 + 0.03% 0.71 + 0.04% 0.75 + 0.05 0.74 + 0.04%
Tyr 0.60 + 0.02 0.66 =+ 0.03 0.59 + 0.05% 0.60 + 0.03 0.59 + 0.03% 0.62 + 0.03 0.61 + 0.03
Val 0.78 + 0.03 0.85 + 0.03 0.77 + 0.06 0.76 + 0.04% 0.76 + 0.05% 0.80 + 0.05 0.79 + 0.03
Raw hepatopancreas
Hyp <0.10 0.77 + 1.29 <0.10 <0.10 <0.10 <0.10 <0.10
Ala 0.56 + 0.03 0.66 + 0.05 0.60 + 0.04 0.59 + 0.05 0.65 + 0.03 0.67 + 0.05 0.66 + 0.12
Arg 0.75 + 0.05 0.83 + 0.10 0.78 + 0.06 0.73 + 0.06 0.81 + 0.05 0.71 + 0.06 0.70 + 0.10%
Asp 1.02 + 0.06 1.18 + 0.08 1.08 + 0.09% 1.10 £ 0.112 1.22 + 0.08% 1.42 +£0.11% 2 1.45 + 0.294 X
Phe 0.47 + 0.02 0.54 + 0.03 0.50 + 0.05 0.51 + 0.04 0.55 + 0.03 0.56 + 0.03* 0.54 + 0.09
Glu 1.22 + 0.08 1.36 + 0.11 1.30 + 0.07 1.28 + 0.04 1.36 + 0.05 1.44 + 0.05% 1.42 + 0.24%
Gly 0.68 + 0.03 0.69 + 0.07 0.78 £ 0.13 0.81 + 0.09 0.89 + 0.08*% 0.97 + 0.09%* 1.00 + 0.17%%
His 0.28 + 0.02 0.33 £ 0.01 0.29 + 0.03 0.30 £ 0.03 0.31 + 0.02 0.33 + 0.02 0.32 £ 0.06
Ile 0.45 + 0.02 0.53 + 0.04 0.49 + 0.05 0.50 + 0.04 0.64 + 0.03 0.55 + 0.04* 0.55 + 0.10*
Leu 0.78 + 0.03 0.89 + 0.06 0.83 + 0.07 0.82 + 0.05 0.87 + 0.05 0.89 + 0.05 0.85 + 0.13
Lys 0.72 + 0.04 0.84 + 0.06 0.77 + 0.05 0.74 + 0.05 0.80 + 0.05 0.82 + 0.05 0.82 + 0.13
Met 0.27 + 0.01 0.31 £ 0.03 0.30 + 0.03 0.30 + 0.02 0.32 + 0.02 0.32 + 0.02 0.31 + 0.05
Pro 0.60 + 0.04 0.59 + 0.05 1.06 + 0.15%% 0.87 + 0.09°% 0.90 + 0.09%% 1.06 + 0.12%% 1.03 + 0.22%%
Ser 0.50 + 0.04 0.57 + 0.04 0.53 + 0.05 0.53 + 0.04 0.57 + 0.03 0.61 + 0.05 0.59 + 0.11
The 0.53 + 0.02 0.63 + 0.04 0.57 + 0.06 0.58 + 0.04 0.62 + 0.04 0.64 + 0.05 0.62 + 0.11
Tyr 0.42 + 0.02 0.48 + 0.04 0.46 + 0.05 0.46 + 0.05 0.50 + 0.03 0.53 + 0.05% 0.51 + 0.10
Val 0.56 + 0.02 0.66 + 0.05 0.61 + 0.07 0.61 + 0.05 0.66 + 0.04 0.68 + 0.05* 0.68 + 0.12%

Note. Results are expressed as mean values (+ standard deviation). Different superscript letters within the same row of the fed RKCs indicate significantly different
mean values (p < 0.05, full factorial ANOVA followed by Scheffe’s test). Furthermore, A and X indicate significant differences between the fed RKCs and the wild RKCs
from 2022 and 2023, respectively. (p < 0.05).

Abbreviations: Hyp, hydroksyproline; Ala, alanine; Arg, arginine; Asp, aspartic acid; Phe, phenylalanine; Glu, glutamat acid; Gly, glycine; His, histidine; Ile, isoleucine;
Leu, leucine; Lys, lysine; Met, methionine; Pro, proline; Ser, serine; The, threonine; Tyr, tyrosine; Val, valine
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