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Juvenile red king crab (Paralithodes camtschaticus) mass rearing was conducted in Seward, Alaska, USA in a
king crab stock enhancement feasibility study. Hatchery-raised juveniles were cultured from larvae of 12
ovigerous females collected from Bristol Bay, Alaska, USA. Juvenile instars were cultured in nursery grow-out
containers in two phases: (1) C1–C3 juveniles and (2) C3–C6 juveniles. Experiments lasted for 42 and
44 days, respectively, and tested the suitability of various diets, stocking densities and substrates in terms of
survival rate and growth. The first experiment (C1–C3) compared fully-factorial treatments of three diets
(Cyclop-eeze®, enriched Artemia nauplii, or Zeigler™ shrimp feed), three stocking densities (500 m−2,
1000 m−2, or 2000 m−2), and two substrates (none or a combination of artificial seaweed, gillnet, and
mechanical biofilter medium). The second experiment (C3–C6) used a mixed diet and compared fully-
factorial treatments of two stocking densities of 800 m−2 and 1600 m−2 and two substrates (as above). No
one food produced the highest survival and growth to C3. Cyclop-eeze® yielded highest survival (62.7%)
with low growth (wet weight 8.63 mg and CW 2.04 mm). Crabs on shrimp nursery feed had the highest wet
weight (10.0 mg) and CW (2.14 mm) but with low survival (44.5%). The highest stocking density resulted in a
decrease in survival in both experiments. Lower stocking densities of 500 m−2 and 800 m−2 had relatively
high survival of 58.7% and 48.7%, respectively, while the 1600 m−2 and 2000 m−2 densities had survival of
30.5% and 44.7%, respectively. Growth appeared to be inhibited at the highest density (2000 m−2) in the C1
to C3 stages, as crabs at this density were smaller and weighed less than at the 500 m−2 or 1000 m−2

density. Complex artificial substrate increased survival and reduced growth in both experiments, likely due to
reduced cannibalism and increased time spent foraging. Among substrate treatments, highest abundances of
crabs were observed on artificial seaweed, which may more closely resemble preferred natural substrate.
These results suggest that culturing red king crab juveniles at low to intermediate stocking densities with a
mixed diet in the presence of artificial substrate provides good survival. Intermediate densities may provide
for greater production without great loss in survival.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
King crabs are some of the most commercially valuable crusta-
ceans in the world. Historically, red king crab (Paralithodes camtscha-
ticus) was one of the most important fisheries in Alaska USA. Alaskan
red king crab populations have fluctuated over the past 30 years
(Stevens et al., 2001). Despite fishery closures in the 1980s prompted
by population crashes, stocks have not recovered. The cause of this
population fluctuation and diminished stock size is unclear; however,
recruitment limitation (Blau, 1986), egg predation (Kuris et al., 1991),
disease, overfishing (Orensanz et al., 1998), and climate change
(Zheng and Kruze, 2000; Stevens, 2006a) have been proposed to
explain the lack of recovery. Stock enhancement has the potential to
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be an effective tool for rehabilitation of depleted stocks and for fishery
management and is currently in progress for crab and lobster species
worldwide (Secor et al., 2002; Davis et al., 2005; Stevens, 2006b).
Progress has been made in king crab rearing technology (Nakanishi
and Naryu, 1981; Nakanishi, 1987, 1988; Epelbaum et al., 2006;
Kovatcheva et al., 2006; Stevens, 2006a,b), which makes it possible to
explore the feasibility for stock enhancement.

Many studies have investigated red (P. camtschaticus) and blue king
crab (Paralithodes platypus) culture ona small scale (Paul andPaul,1980;
Nakanishi and Naryu, 1981; Nakanishi, 1987; Shirley and Shirley, 1989;
Epelbaum et al., 2006; Kovatcheva et al., 2006; Persselin, 2006a,b;
Stevens et al., 2008); however, many principles that apply to small scale
culture do not carry over when dealing with larger systems (Hamasaki
et al., 2007). Small scale rearing is often conducted in a controlled
environment where physical and biological variables such as tempera-
ture, water quality and food availability can be easy to manipulate. In
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large rearing tanks that contain more biomass, these variables are more
difficult to control. Although technologies for mass production were
developed for other crustaceans (Bannister and Addison, 1998; Nicosia
and Lavalli,1999; Tlustyet al., 2005; Zmora et al., 2005), only fewcasesof
successful hatchery scale production for red king crab exist (Nakanishi,
1987; Epelbaum et al., 2006; Kovatcheva et al., 2006), mainly due to
issues associated with the complex early life history of this cold water
species, such as a long larval period, slow growth, and cannibalism.

Juvenile red king crab grow-out nursery technology is necessary for
large-scale culture at high densities. Grow-out technology has been
developed for several lobster species (Sastry, 1976; Yoshimura, 2000;
Beal et al., 2002; Tlusty, 2004; VanWyk and Davis, 2006); however, it is
relatively new for red king crab. Many of the logistical challenges of
rearing juvenile lobsters such as cannibalism and understanding
optimal diets and stocking densities are analogous to juvenile red king
crab rearing. Improving hatchery technology is essential to provide
cultured animals to researchers studying early life history of red king
crabs. Grow-out technology is also necessary for the development of an
effective stock enhancement effort and release program. Studies
investigating competency issues such as behavioral or morphological
modifications induced by artificial feeding regimes and sensory
deprivation during rearing are also essential for such a program (Mills
et al., 2008). Release programs may require hatchery-raised crabs to
reach a minimum size to be physically tagged to distinguish them from
wild animals or to increase survival of deployed animals which may be
due to ontogenetic shifts in anti-predator mechanisms.

Red king crabs go through four zoeal stages (Marukawa, 1933)
before molting to the non-feeding, semi-benthic glaucothoe stage.
Glaucothoe then molt into the first juvenile instar (C1) where they
take an adult-like form. Juvenile red king crabs are thigmotactic and
are typically found in habitats with complex biogenic structure such
as hydroids, polychaete tube reefs, and bryozoans (Sundberg and
Clausen, 1977; Dew et al., 1991; Loher and Armstrong, 2000; Stevens,
2003; Stevens and Swiney, 2005). Preference for structurally complex
habitats may be a behavioral mechanism to avoid predation. In order
to grow, juvenilesmust pass through ecdysis leaving the newlymolted
crab soft and vulnerable to predators for 2 to 4 days until the new
exoskeleton hardens (Kovatcheva et al., 2006).

Historically, complex larval rearing protocols and cannibalism at
the juvenile stages have prevented the development of large-scale
hatchery technology for rearing juvenile red king crab. The objective
of this study was to test the feasibility of mass culturing juvenile red
king crab in nursery grow-out conditions through the use of various
diets, stocking densities, and substrates using indoor rearing tanks.

2. Materials and methods

2.1. Broodstock and larval rearing

Twelve ovigerous females were captured with pots in Bristol Bay,
Alaska USA during November 2007. Crabs were brought to the Alutiiq
Pride Shellfish Hatchery in Seward, Alaska, USA and placed in 2000 L
tanks containing flow-through ambient seawater ranging from 3.4 to
8 °C with a mean±SE of 5.15±0.1 °C and fed 20 g chopped herring
and squid per crab twice per week. Once hatching began, females
were placed in separate bins to isolate larvae. Larvae from each female
were mixed and raised in 1200 L cylindrical tanks until the first
juvenile instar (C1) stage. Larvae were fed enriched San Francisco Bay
strain Artemia nauplii daily. Artemia nauplii were enriched with DC
DHA Selco® (INVE Aquaculture, UT, USA) enrichment media in 100 L
cylindrical tanks for 24 h.

2.2. Experiment 1: C1–C3

A total of 15,750 juvenile (C1) red king crabswere used in this first
experiment over a 42 day period starting on May 28, 2008. Water
temperature ranged from 6.7 °C to 9.9 °C (mean±SE 8.15±0.1 °C).
Salinity was stable at 31–32‰. Recently-settled juvenile (C1) crabs
were collected from larval rearing tanks, mixed randomly and placed
in containers, hereafter called silos. Each silo is a flat bottomed 58 cm
tall by 58 cm diameter cylindrical container with a 100 µm mesh
screen on the bottom with a surface area of approximately 0.25 m2

and a volume of approximately 65 L. Ten silos were placed in each of
six larger 3200 L rectangular tanks. Three factors (diet, density and
substrate) were varied resulting in 18 treatments that were each
replicated three times. Diets included Cyclop-eeze® (Argent Chemi-
cal Laboratories, WA, USA), frozen enriched Artemia nauplii (here-
after Artemia), and Zeigler™ (Zeigler Bros, Inc., PA, USA) shrimp
nursery feed. Stocking densities testedwere 500m−2,1000m−2, and
2000 m−2 with substrate either present or absent. Since the mesh-
bottomed silos allowed water exchange within the larger tanks, each
silo within the same large tank received the same diet treatment.
Density and substrate treatments were randomly assignedwithin the
larger rectangular tanks. All silos were flow-through with water
entering from the top with a flow rate of approximately 1.5 L min−1.
Incoming seawater was sourced from a deep-water intake at ambient
temperature and was UV sterilized and filtered to 5 µm. Survival was
assessed by counting all crabs at the start and end of each experiment.
Growth was assessed by weighing (wet weight) and measuring
(carapacewidth) six haphazardly selected crabs from each treatment
at the start and end of the experiment. Wet weight was determined
by blotting crabs to remove excess water and then individually
weighing each crab. Carapace width was determined with an ocular
micrometer under 40×magnification. Carapace width was measured
because the orientation of the small, motile crabs allowed more
consistent measurements than carapace length. Exuvia were exam-
ined to determine when molting to the next instar stage occurred.

We used commercially-available diets that are commonly used in
aquaculture. Cyclop-eeze® is a frozen whole adult copepod approxi-
mately 800 µm in length reared in arctic lakes. This feed is high in
carotenoids and other essential components of a juvenile king crab
diet such as omega-3 Highly Unsaturated Fatty Acids (HUFAs) and is
used in many aquaculture applications including crustacean larval
rearing (Lieberman, 2001).We prepared enriched Artemia by hatching
San Francisco Bay strain Artemia, enriching themwith DC DHA Selco®
enrichment media for 24 h and freezing. Newly hatched instar 1 Ar-
temia nauplii are crustaceans approximately 400 µm in length that
have high levels of lipids and unsaturated fatty acids. The San
Francisco Bay (SFB) strain has particularly high levels of HUFAs (Tizol-
Correa et al., 2006). Enriching the Artemia nauplii enhances their
nutritional quality and yields high survival during the larval stages of
red king crab development at Alutiiq Pride Shellfish Hatchery
(unpublished data) and juvenile American lobsters (Homarus amer-
icanus) (Tlusty et al., 2005). Freezing the enriched Artemia causes
them to sink and evenly disperse allowing them to be readily available
to the juvenile crabs. Zeigler™ PL Redi-Reserve commercial shrimp
nursery feed consists of 400–600 µm particles and is commonly used
in crustacean aquaculture due to its high levels of HUFAs (Meade and
Watts, 1995). For the Cyclop-eeze® and frozen enriched Artemia
treatments, 0.5 g wet weight was added to each silo daily. Shrimp
nursery feed is a dry feed and was added at 0.1 g dry weight silo−1

daily. Crabswere fed to satiation. Excess feed andwastewere removed
weekly from silos lacking substrate, whereas silos containing
substrate were unable to be cleaned without disturbing the entire
system and were left alone to avoid disrupting the attachment of
juveniles on the various substrates.

Half of the silos contained no substrate and half contained equal
volumes of three substrates: Fukui artificial seaweed (Walter and
Liebezeit, 2003), EHEIM mechanical biofilter medium (Kovatcheva
et al., 2006), and commercial gillnet (Menteforte and Bervera, 1994).
Crabs could move freely among different substrates within a silo.
Artificial seaweed consists of 12-cm polypropylene fronds attached to



Table 1
Factorial ANOVA for survival, wetweight, and CWof C1–C3 red king crab (P. camtschaticus)
juveniles.

Effect SS df MS F p

Survival Diet 0.303 2 0.151 10.16 0.0003
Density 0.191 2 0.095 6.41 0.0041
Substrate 0.122 1 0.122 8.19 0.0070
Diet⁎density 0.157 4 0.039 2.64 0.0494
Diet⁎substrate 0.031 2 0.016 1.05 0.3601
Density⁎substrate 0.092 2 0.046 3.08 0.0583
Diet⁎density⁎substrate 0.047 4 0.012 0.78 0.5431
Error 0.536 36 0.015

Carapace width Diet 0.360 2 0.180 7.70 0.0008
Density 0.264 2 0.132 5.65 0.0049
Substrate 0.192 1 0.192 8.21 0.0052
Diet⁎density 0.207 4 0.052 2.21 0.0741
Diet⁎substrate 0.093 2 0.046 1.98 0. 1439
Density⁎substrate 0.110 2 0.055 2.36 0.1004
Diet⁎density⁎substrate 0.115 4 0.029 1.23 0.3058
Error 2.106 90 0.023

Wet weight Diet 47.433 2 23.717 5.84 0.0041
Density 52.710 2 26.355 6.49 0.0023
Substrate 25.086 1 25.086 6.18 0.0148
Diet⁎density 52.531 4 13.133 3.23 0.0158
Diet⁎substrate 22.635 2 11.318 2.79 0.0670
Density⁎substrate 22.029 2 11.015 2.71 0.0719
Diet⁎density⁎substrate 28.931 4 7.233 1.78 0.1396
Error 365.565 90 4.062

Bold indicates statistical significance (α≤0.05).
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a center cord with a surface area of 130 cm2 g−1. Each frond resembles
microscopic netting making attachment easy for juvenile red king
crab. The clumped gillnet is commonly used in commercial fishing
with a mesh size of 7.6 cm. The gillnet twine consisted of nine woven
nylon monofilaments for a total diameter of approximately 1.0 mm
and surface area of 88 cm2 g−1. EHEIM mechanical biofilter medium
consists of interwoven plastic ribbon-shaped monofilaments approxi-
mately 1×0.01 mmwith surface area 80 cm2 g−1. Each substrate type
provided additional surface area and interstitial spaces for individual
crabs to hold on to and reduce contact with each other. The same
volume of the different substrates had different weight and surface
area. Approximately 80 g (1.04 m2) artificial seaweed had equal
volume to 50 g (0.44 m2) gillnet and 60 g (0.48 m2) biofilter medium.
At the end of the experiment, crabs on the bottom of the silo and
attached to each substrate type were counted to quantify substrate
preference.

2.3. Experiment 2: C3–C6

In the second experiment, we reduced the number of treatments
and only used factors that had good survival or growth in the first
experiment. A total of 5200 juvenile (C3) red king crabs were used in
this second experiment over a 44 day period starting on July 15, 2008.
Water temperature ranged from 8.6 °C to 12.1 °C with a mean
temperature of 10.83±0.1 °C. Salinity was stable at 31–32‰. Juvenile
(C3) crabs were mixed randomly and placed in silos at two densities:
800 m−2 and 1600 m−2. Half of the silos contained artificial substrate
and half contained no substrate. Each substrate-containing silo had
equal amounts of Fukui artificial seaweed (Walter and Liebezeit,
2003) and commercial gillnet (Menteforte and Bervera, 1994) with
surface area as described above. Each of four treatments consisted of
four replicates with flow-through water and filtration as described
above. The diet was a mixture of feed types including Cyclop-eeze®,
frozen enriched Artemia nauplii, and Zeigler™ PL Redi-Reserve shrimp
feed. Crabs were fed to satiation. Cyclop-eeze® and enriched Artemia
were each added at 0.5 g silo−1 daily. Shrimp feed was added at 0.1 g
dry weight silo−1 daily. Survival, growth, and substrate preference
were assessed as described above.

2.4. Statistical analysis

Factorial analysis of variance (ANOVA) and post-hoc comparisons
(Tukey's HSD) were used to determine significance in survival, wet
weight, and CW among diet, stocking density, and substrate
treatments. Standard t tests were used to determine substrate use
(STATISTICA v.6, Statsoft, Tulsa, OK). Significance was determined
with an alpha level of 0.05.

3. Results

3.1. Experiment 1: C1–C3

3.1.1. Survival
Average (±SE) survival from C1 to C3 in all treatments was 52.9±

2.3%. The highest survival of 91.2% was observed in an individual
replicate fed Cyclop-eeze®, stocked at 1000 m−2 with substrate.
Significant interactions in survival existed among diet and density
treatments, resulting from low survival at the higher densities of
Zeigler™ shrimp feed and Artemia (Table 1, Fig. 1A). p values are listed
for Tukey's HSD post-hoc comparisons. Crabs fed Zeigler™ shrimp
feed at densities of 1000 m−2 and 2000 m−2 had lower survival than
crabs fed Cyclop-eeze®at 500m−2 (p=0.021,p=0.023) and 1000m−2

(pb0.001 for both). Crabs fed Artemia at 2000 m−2 had lower survival
than crabs fed Cyclop-eeze® at 1000 m−2 (p=0.007). Survival was
higher using Cyclop-eeze® as a diet (62.7±4.6%) than the two other
foods, for which survival was not different (Zeigler™ shrimp feed 44.5±
3.5%, pb0.001; Artemia 51.3±2.3%, p=0.022) (Table 1, Fig. 1A). Crabs
had the highest survival when reared at a stocking density of 500 m−2

(58.7±3.6%) or 1000 m−2 (55.2%±4.9%), and both had significantly
higher survival than crabs at a density of 2000 m−2 (44.7±2.4%,
p=0.004 for both) (Table 1, Fig. 1). Silos with substrate had higher
survival (57.6±3.2%) than thosewithout substrate (48.1±3.0%) (Table1,
Fig. 1A).
3.1.2. Growth
At the start of the experiment, C1 crabs weighed 4.5±0.13 mg and

were 1.74±0.013 mm in CW. By day 42, crabs were a mixture of C2s
and C3s and had an average wet weight of 9.0±0.23 mg and a CW of
2.05±0.02 mm. Significant interactions in wet weight existed among
diet and density treatments (Table 1). Crabs fed Cyclop-eeze® showed
an inverse relationship in wet weight with density, while crabs fed
Zeigler™ shrimp feed showed maximum wet weight at intermediate
density. Crabs fed Cyclop-eeze® at 2000 m−2 had lower wet weight
than those fed the same diet at 500 m−2 (p=0.015), those fed
Zeigler™ shrimp feed at 1000 m−2 (pb0.001) and 2000 m−2

(p=0.049), and those fed Artemia at 1000 m−2 (p=0.027). Crabs
fed Zeigler™ shrimp feed at 1000 m−2 had higher wet weight than
those fed Artemia at 500 m−2 (p=0.013) and 2000 m−2 (p=0.004).
The main effects of diet, density and substrate effects were similar for
both measures of growth (wet weight and CW) (Table 1). Crabs fed
shrimp nursery feed were heavier (10.0±0.34 mg) and larger (2.13±
0.02 mm) than those fed Cyclop-eeze® (8.6±0.41 mg, p=0.017,
2.04±0.03 mm, p=0.025) and Artemia (8.4±0.41 mg, p=0.004,
1.99±0.03 mm, pb0.001) (Table 1, Fig. 1B, C). The Cyclop-eeze® and
Artemia diets were not significantly different from each other in
resultant wet weight or CW. Crabs reared at 1000 m−2 were heavier
(9.9±0.35 mg) and larger (2.11±0.02 mm) than those reared at
2000 m−2 (8.1±0.46 mg, p=0.001, 1.98±0.03 mm, p=0.002), but
were not different in weight or CW from those reared at 500 m−2

(Table 1, Fig. 1B, C). Crabs were also heavier (9.5±0.35mg) and larger
(2.10±0.02 mm) when reared in the absence of substrate compared
to when reared in the presence of substrate (8.5±0.30 mg, 2.01±
0.02 mm) (Table 1, Fig. 1B, C).



Fig. 1. Mean±SE of A) survival, B) carapace width, and C) wet weight of red king crab juveniles reared using Cyclop-eeze®, Zeigler™ shrimp nursery feed, and frozen enriched
Artemia as diets at stocking densities of 500 m−2, 1000 m−2, and 2000 m−2 with and without artificial substrate.
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3.1.3. Substrate use
In silos containing substrate, more crabs were found in the sub-

strate (59.0±1.8%) than on the bottom (41.0±1.8%, df=26, t=5.00,
pb0.001). Within the substrate, higher abundances of crabs were
observed on artificial seaweed (47.6±2.1%) than gillnet (24.7±2.1%,
Tukey, pb0.001) and mechanical biofilter (20.9±1.8%, Tukey,
pb0.001). For each substrate type, therewere nodifferences in substrate
use among diet or stocking density treatments (ANOVA p=0.757).

3.2. Experiment 2: C3–C6

3.2.1. Survival
Average (±SE) survival from C3 to C6 in all treatments was 38±

5.6%. The highest survival of 75.5% was observed in an individual
replicate stocked at 800 m−2 with substrate. Crabs had a higher
survival when reared at a stocking density of 800 m−2 (48.7±8%),
compared to 1600 m−2 (28.5±6.6%) (Table 2, Fig. 2A). Overall, silos
with substrate had higher survival (58.7±4.8%) than those without
substrate (19.6±3.2%) (Table 2, Fig. 2A).

3.2.2. Growth
By day 44, crabs were a mixture of C4s, C5s, and C6s and weighed

69.4±9.3 mg and were 4.0±0.21 mm in CW. Crabs reared at 800 m−2

were not different inwet weight or CW from those reared at 1600 m−2

(Table 2, Fig. 2B, C). However, crabs were heavier (95.9±13.5 mg,
p=0.003) and larger (4.6±0.29 mm) when reared in the absence of
substrate compared towhen reared in the presence of substrate (42.9±
8.0 mg, 3.4±0.17 mm) (Table 2, Fig. 2B, C).

3.2.3. Substrate use
In silos containing substrate, more crabs were found in the sub-

strate (63.4±2.6%) than on the bottom (36.6±2.7%, df=14, t=6.87,
pb0.001). Within the substrate, higher abundances of crabs were
observed on artificial seaweed (63.2±5.4%) than gillnet (34.1±5.3%,
df=14, t=3.84, p=0.002). No differences in substrate use were seen
among stocking density treatments (ANOVA p=0.735).

4. Discussion

Our results demonstrate that diet, stocking density and substrate
significantly impact survival and growth of juvenile red king crab.
Improved hatchery rearing technology and superior husbandry techni-
ques can lead to successful red king crab rearing. Optimal rearing con-
ditions for juvenile red king crab likely consist of a mixed diet with
artificial substrate at intermediate stocking densities.

The specific nutritional requirements of juvenile red king crab are
unknown, and as a result commercial crustacean feeds are not spe-
cifically formulated for red king crab. Therefore, our experiments had
the goal of determining which commercially-available and hatchery-
scalable foods provided the best survival and growth. Juvenile red king
crab are opportunistic benthic scavengers and have well developed
feeding appendages adapted for processing both soft and hard food



Fig. 2. Mean±SE of A) survival, B) carapace width and C) wet weight of red king crab
juveniles when reared at stocking densities of 800 m−2 and 1600 m−2 with and
without artificial substrate.

Table 2
Factorial ANOVA for survival, wet weight, and CWof C3–C6 red king crab (P. camtschaticus)
juveniles.

Effect SS df MS F p

Survival Density 0.139 1 0.139 28.07 0.0001
Substrate 0.614 1 0.614 123.77 b0.0001
Density⁎substrate 0.003 1 0.003 0.61 0.4477
Error 0.064 13 0.005

Carapace with Density 0.427 1 0.427 0.56 0.4636
Substrate 9.772 1 9.772 12.73 0.0017
Density⁎substrate 0.083 1 0.083 0.11 0.7459
Error 16.890 22 0.768

Wet weight Density 1489.600 1 1489.600 0.89 0.3565
Substrate 18,275.400 1 18,275.400 10.88 0.0033
Density⁎substrate 22.300 1 22.300 0.01 0.9093
Error 36,947.600 22 1679.400

Bold indicates statistical significance (α≤0.05).
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types (Epelbaumet al., 2006).Wild red king crab are known to feed on a
wide variety of food items including various species of annelids,
mollusks, arthropods, echinoderms, and macroalgae (Jewett and
Feder, 1982). We used commercial crustacean nursery feeds that are
specially formulated in an attempt to provide higher survival and
optimal growth with high levels of HUFAs. We observed an interesting
tradeoff between survival and growth with regard to diets in the early
(C1 to C3) juvenile stages. Cyclop-eeze® yielded the best overall
survival; however crabs grew larger when fed Zeigler™ shrimp nursery
feed. Artemia resulted in relatively low survival and low growth. A feed
with a better nutritional profile may increasemolting frequency leaving
individuals more vulnerable to cannibalism than those molting less
often. Ideally, an optimal hatchery diet would promote faster develop-
ment and a larger growth increment without sacrificing survival.
Becausewe did not find an ideal diet in the first experiment, we decided
to try a mixture of diets in the second experiment.

We observed that survival was greater in the presence of substrate,
likely as a result of reduced cannibalism. Artificial substrates result in
increased survival in other cultured crustacean juveniles, presumably
from the increase in shelter that allows newly molted individuals to
avoid cannibalism (Zmora et al., 2005; Arnold et al., 2006). Cannibalism
is oneof themain obstacles inmass culturing juvenile red king crabs and
results in high rates of mortality when reared together (Kovatcheva
et al., 2006; Borisov et al., 2007). Generally, individuals are cannibalized
shortly after molting as their soft exoskeleton leaves them vulnerable.
Only few dead crabs were observed during this experiment suggesting
thatmortality (missing crabs)was likely due to cannibalism despite the
availability of quality alternative food. To prevent cannibalism, juvenile
crabs could be isolated to eliminate contact with one another
(Kovatcheva et al., 2006); however, individual isolation is extremely
inefficient in a hatchery setting, where the goal is to maximize the
production of crabs. Alternatively, complex substrate may be added to
maximize surface area and interstitial spaces, reduce encounter rates
and decrease cannibalism (Zmora et al., 2005; Borisov et al., 2007;
Epelbaum and Borisov, 2007). Interestingly, crabs reared without
substrates were larger and heavier despite lower overall survival.
Increased foraging behavior and nutrition of conspecifics may account
for this discrepancy in survival and growth. Asynchronous molting
caused size variability which may increase predation pressure on
smaller individuals resulting in a higher proportion of larger crabs. An
improved feeding regime may help increase food availability in tanks
with complex structure and a different diet may decrease cannibalism
(Broderson et al., 1989; Borisov et al., 2007).

Of the three artificial substrates thatwe tested, artificial seaweedwas
preferred. The increased surface area and structural architecture of the
artificial seaweed fronds may provide more structure and promote
better attachment than the biofilter and gillnet. Effects of substrate on
survival were more pronounced in the second experiment suggesting
that crabsmay bemore antagonistic at the C3 to C6 stages than in the C1
to C3 stages. As such, the addition of artificial substrates plays an im-
portant role, one that increases with time, in providing refuge from
conspecific predators.

We found that high stocking densities resulted in lower survival and
growth than intermediate or lower stocking densities in both C1 to C3
crabs and inC3 toC6 crabs. Lower survival andgrowth athigher stocking
densities may be a result of appetite suppression, feeding inhibition,
sub-lethal injuries such as limb loss, or cannibalism, as seen with other
juvenile crab and shrimp species (Triño et al., 1999; Arnold et al., 2006;
Penha-Lopes et al., 2006). In a hatchery setting a lower survival ratemay
achieve the goal of maximizing production per unit effort (Zmora et al.,
2005; Ut et al., 2007), especially when considering rearing effort and
utilization of hatchery space. To find the optimal stocking density, a
tradeoff between survival rates and end production exists. Despite
having a lower percentage survival, end production of C3 crabs reared at
2000 m−2 was 4026 individuals, compared to crabs reared at 500 m−2

and 1000 m−2 that yielded total end production of 1321 and 2482
individuals, respectively. However, crabs reared at densities of 500m−2

and 1000 m−2 had higher wet weight and CW than those reared at a
density of 2000 m−2 to the C3 stage. Stocking density can affect crab
intermolt duration and increment (Wilber and Wilber, 1989; Sainte-
Marie and Lafrance, 2002). Although food was never limiting,
antagonistic behavior may have caused feeding inhibition or appetite
suppression in high densities yielding lower survival and growth.
The increase in conspecific predators may have acted as an environ-
mental stressor delaying molting hormonal activity (Sainte-Marie and
Lafrance, 2002).
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These culturing experiments provided insight to aspects of red king
crab early life history, which may be further extrapolated to field
conditions. For example, effects of stocking density and substrate on
survival and growth of juvenile crabs may help asses the importance of
habitat structure, antagonistic interactions, or saturation of substrata for
newly settled recruits in natural ecosystems. The development of
efficient culture methodologies will also allow hatchery-raised king
crabs to be used by other researchers to further investigate early life
historyof redking craband is a critical step in evaluating the feasibilityof
a stock enhancement program.

Acknowledgments

This work was funded by a NOAA Aquaculture award to Alaska
Sea Grant College Program, University of Alaska Fairbanks and Alutiiq
Pride Shellfish Hatchery. The authors would like to thank B. Allee,
S. Persselin, and B. Stevens for advice on larval and juvenile crab culture,
H. McCarty, R. Painter, J. Stephan, and L. Docherman for helping with
broodstock acquisition, C. Leroux, W. Hetrick and B. Barber for project
assistance, J. Hetrick for hatchery logistical support and A. Stoner for
reviewing this manuscript.

References

Arnold, S.J., Sellars, M.J., Crocos, P.J., Coman, G.J., 2006. Intensive production of juvenile
tiger shrimp Penaeus monodon: an evaluation of stocking density and artificial
substrates. Aquaculture 261, 890–896.

Bannister, R.C.A., Addison, J.T., 1998. Enhancing lobster stocks: a review of recent
European methods, results, and future prospects. Bull. Mar. Sci. 62, 368–387.

Beal, B.F., Mercer, J.P., O'Conghaile, A., 2002. Survival and growth of hatchery-reared
individuals of the European lobster, Homarus gammarus (L.), in field-based nursery
cages on the Irish west coat. Aquaculture 210, 137–157.

Blau, S.F.,1986. Recent declines of the redking crab (Paralithodes camtschatica) populations
and reproductive conditions around the Kodiak Archipelago, Alaska. In: Jamieson, G.S.,
Bourne, N. (Eds.), North Pacific Workshop on Stock Assessment and Management of
Invertebrates. Can. Spec. Publ. Fish. Aquat. Sci., vol. 92, pp. 360–369.

Borisov, R.R., Epelbaum, A.B., Kryakhova, N.V., Tertitskaya, A.G., Kovatcheva, N.P., 2007.
Cannibalistic behavior in red king crabs reared under artificial conditions. Russ.
J. Mar. Biol. 33, 227–231.

Broderson, C.C., Rounds, P.M., Babcock, M.M., 1989. Diet influences cannibalism in
laboratory-held juvenile red king crabs (Paralithodes camtschatica). Proc. Int. Symp.
on King and Tanner Crabs, Anchorage, Alaska, 1989, University of Alaska Sea Grant
Program, Rept. No. 90-04, pp. 377–382.

Davis, J., Young-Williams, A.C., Hines, A.H., Yonathan, Z., 2005. Assessing the potential
for stock enhancement in the case of the Chesapeake Bay blue crab (Callinectes
sapidus). Can. J. Fish. Aquat. Sci. 62, 109–122.

Dew, C.B., Cummiskey, P.A., Munk, J.E., 1991. Characterization of preferred habitat for
juvenile red king crab in three Kodiak bays. Final Report toThe Kodiak Island Borough.
National Marine Fisheries Service, Kodiak Laboratory, PO Box 1638, Kodiak, AK 99615.

Epelbaum, A., Borisov, R., 2007. Russian study examines behavior of red king crab
postlarvae. Global Aquaculture Advocate March/April:82–83.

Epelbaum, A.B., Borisov, R.R., Kovatcheva, N.P., 2006. Early development of the red king
crab Paralithodes camtschaticus from the Barents Sea reared under laboratory
conditions: morphology and behavior. J. Mar. Biol. Assoc. U.K. 86, 317–333.

Hamasaki, K., Kogane, T., Murakami, K., Jinbo, T., Dan, S., 2007. Mass mortality and its
control in the larval rearing of brachyuran crabs: implications for mass culture
techniques of phyllosoma larvae. Bull. Fish. Res. Agen. 20, 39–43.

Jewett, S.C., Feder, H.M., 1982. Food and feeding habits of the king crab Paralithodes
camtschaticus near Kodiak Island, Alaska. Mar. Biol. 66, 243–250.

Kovatcheva, N., Epelbaum, A., Kalinin, A., Borisov, R., Lebedev, R., 2006. Early Life History
Stages of the Red King Crab Paralithodes camtschaticus (Tilesius, 1815) Biology and
Culture. VINRO Publishing.

Kuris, A.M., Blau, S.F., Paul, A.J., Shields, J.D., 1991. Infestation by brood symbionts and
their impact on egg mortality of the red king crab, Paralithodes camtschaticus, in
Alaska: geographic and temporal variation. Can. J. Fish. Aquat. Sci. 48, 551–568.

Lieberman, E., 2001. Cyclop-eeze: a tiny crustacean with big aquaculture applications.
Aquac. Asia 6, 33–36.

Loher, T., Armstrong, D.A., 2000. Effects of habitat complexity and relative larval supply on
the establishment of early benthic phase red king crab (Paralithodes camtschatica
Tilesius, 1815) populations in Auke Bay, Alaska. J. Exp. Mar. Biol. Ecol. 245, 83–109.

Marukawa, H., 1933. Biological and fishery research on Japanese king crab, Paralithodes
camtschatica (Tilesius). J. Imp. Fish. Exp. St. (Tokyo) 37, 1–152.

Meade, M.E., Watts, S.E., 1995. Weight gain and survival of juvenile Australian crayfish
Cherax quadricarinatus fed formulated feeds. J. World Aquac. Soc. 26, 469–474.

Menteforte, M., Bervera, H., 1994. Spat collection trials for pearl oyster Pinctada
mazatlanica at Dahia de La Paz, South Baja California, Mexico. J. Shellfish Res. 13,
341–342.

Mills, D.J., Johnson, C.R., Gardner, C., 2008. Bias in tethering experiments conducted for
selecting low-predation release sites. Mar. Ecol. Prog. Ser. 364, 1–13.
Nakanishi, T., 1987. Rearing conditions of eggs, larvae and post-larvae of king crab. Bull.
Jpn. Sea. Reg. Fish. Res. Lab. 37.

Nakanishi, T., 1988. Effects of environment on seedlings of the king crab, Paralithodes
camtschaticus. In: Sinderman, C. (Ed.), Environmental Quality and Aquaculture
Systems, vol. 69, pp. 25–35.

Nakanishi, T., Naryu, M., 1981. Some aspects of large-scale rearing of larvae and post-
larvae of the king crab (Paralithodes camtschaticus). Bull. Jpn. Sea. Reg. Fish. Res Lab.
32, 39–47.

Nicosia, F., Lavalli, K., 1999. Homarid lobster hatcheries: their history and role in
research, management, and aquaculture. Mar. Fish. Rev. 61, 1–57.

Orensanz, J.M.L., Armstrong, J., Armstrong, D., Hilborn, R., 1998. Crustacean resources
are vulnerable to serial depletion: the multifaceted decline of crab and shrimp
fisheries in the greater Gulf of Alaska. Rev. Fish Biol. Fish. 8, 117–176.

Paul, A.J., Paul, J.M., 1980. The effect of early starvation on later feeding success of king
crab zoea. J. Exp. Mar. Biol. Ecol. 44, 247–251.

Penha-Lopes, G., Rhyne, A.L., Lin, J., Narciso, L., 2006. Effects of temperature, stocking
density and diet in the growth and survival of juvenileMithraculus forceps (A. Milne
Edwards, 1875) (Decapoda: Brachyura: Majidae). Aquac. Res. 37, 398–408.

Persselin, S., 2006a. Cultivation of king crab larvae at the Kodiak Fisheries Research
Center, Kodiak, Alaska. In: Stevens, B.G. (Ed.), Alaskan Crab Stock Enhancement and
Rehabilitation Workshop, Kodiak, AK, University of Alaska Sea Grant, pp. 9–14.

Persselin, S., 2006b. Enriched Artemia nauplii as diet for red (Paralithodes camtschaticus)
and blue (P. platypus) king crab larvae in the laboratory. J. Shellfish Res. 25, 762.

Sainte-Marie, B., Lafrance, M., 2002. Growth and survival of recently settled snow crab
Chionoecetes opilio in relation to intra- and intercohort competition and cannibalism:
a laboratory study. Mar. Ecol. Prog. Ser. 244, 191–203.

Sastry, A.N., 1976. An experimental culture-research facility for the American lobster,
Homarus americanus. Proceedings of the 10th European Symposium on Marine
Biology. Mariculture, vol. 1, pp. 419–435.

Secor, D.H., Hines, A.H., Place, A.R., 2002. Japanese hatchery-based stock enhancement:
lessons for the Chesapeake Bay Blue Crab. UM-SG-TS-2002-02, Maryland Sea Grant,
College Park, MD.

Shirley, T.C., Shirley, S.M., 1989. Temperature and salinity tolerances of red king crab
larvae. Mar. Behav. Physiol. 16, 19–30.

Stevens, B.G., 2003. Settlement, substratum preference, and survival of red king crab
Paralithodes camtschaticus (Tilesius, 1815) glaucothoe on natural substrata in the
laboratory. J. Exp. Mar. Biol. Ecol. 283, 63–78.

Stevens, B.G., 2006a. Alaska crab stock enhancement and rehabilitation: an introduc-
tion. In: Stevens, B.G. (Ed.), Alaska Crab Stock Enhancement and Rehabilitation:
Workshop Proceedings. Alaska Sea Grant College Program AK-SG-06-04, pp. 5–8.

Stevens, B.G., 2006b. King crab cultivation and stock enhancement in Japan and the
United States: a brief history. In: Stevens, B.G. (Ed.), Alaska Crab Stock Enhancement
and Rehabilitation: Workshop Proceedings. Alaska Sea Grant College Program AK-
SG-06-04, pp. 23–31.

Stevens, B.G., Swiney, K.M., 2005. Post-settlement effects of habitat type and predator
size on cannibalism of glaucothoe and juveniles of red king crab Paralithodes
camtschaticus. J. Exp. Mar. Biol. Ecol. 321, 1–11.

Stevens, B.G., Haaga, J.A., MacIntosh, R.A., Otto, R.S. and Rugolo, L. 2001. Report to industry
on the 2001 Eastern Berring Sea Crab Survey. NOAA NMFS AFSC Processed Reports
2001–07. Alaska Fisheries Science Center, 7600 SandPointWay, NE, Seattle,WA98115.

Stevens, B.G., Persselin, S., Matweyou, J., 2008. Survival of blue king crab Paralithodes
platypus Brandt, 1850, larvae in cultivation: effects of diet, temperature and rearing
density. Aquac. Res. 39, 390–397.

Sundberg, K.A., Clausen, D.,1977. Post-larval king crab (Paralithodes camtschatica) distribution
and abundance in Kachemak Bay Lower Cook Inlet, Alaska. In: Trasky, L.L., Flagg, L.B.,
Burbank,D.C. (Eds.), EnvironmentalStudiesofKachemakBayandLowerCook Inlet, vol. 5.
Alaska Department of Fish and Game, Anchorage, pp. 1–36.

Tizol-Correa, R., Carreón-Palau, L., Arredondo-Vega, B.O., Murugan, G., Torrentera, L.,
Maldonado-Montiel, T.D.N.J., Maeda-Martínez, A.M., 2006. Fatty acid composition
of Artemia (Branchiopoda: Anostraca) cysts from tropical salterns of southern
México and Cuba. J. Cust. Biol. 26, 503–509.

Tlusty, M.F., 2004. Refocusing the American lobster (Homarus americanus) stock
enhancement program. J. Shellfish Res. 23, 313–314.

Tlusty,M.F.,Goldstein, J.S., Fiore,D.R., 2005.Hatchery performanceof early benthic juvenile
American lobsters (Homarus americanus) fed enriched frozen adult Artemia diets.
Aquac. Nutr. 11, 191–198.

Triño, A.T., Millamena, O.M., Keenan, C., 1999. Commercial evaluation of monosex pond
culture of mud crab Scyla species at three stocking densities in the Philippines.
Aquaculture 174, 109–118.

Ut, V.N., LeVay, L., Nghia, T.T., Hanh, T.T.H., 2007. Development of nursery culture
techniques for the mud crab Scylla paramamosain (Estampador). Aquac. Res. 38,
1563–1568.

Van Wyk, P., Davis, M., 2006. Integrating aquaculture into Caribbean development:
selection of marine species. Proc. Gulf Caribb. Fish. Inst. 57, 917–928.

Walter, U., Liebezeit, G., 2003. Efficiency of bluemussel (Mytilus edulis) spat collectors in
highly dynamic tidal environments of the Lower Saxonian coast (southern North
Sea). Biomol. Eng. 20, 407–411.

Wilber, D.H., Wilber Jr., T.P., 1989. Effects of holding space and diet on the growth of the
West Indian spider crab Mithax spinosissimus (Lamarck). J. Exp. Mar. Biol. Ecol. 131,
215–222.

Yoshimura, T., 2000. Development status of aqua-culture lobster fisheries in Japan. Proc.
1999 Fish. Res. Dev. Corporation Rock Lobster Propagation Workshop, p. 35.

Zheng, J., Kruze, G.H., 2000. Recruitment patterns of Alaskan crabs in relation to decadal
shifts in climate and physical oceanography. ICES J. Mar. Sci. 57, 438–451.

Zmora, O., Findiesen, A., Stubblefield, J., Frenkel, V., Zohar, Y., 2005. Large-scale juvenile
production of the blue crab Callinectes sapidus. Aquaculture 244, 129–139.


	Effects of diet, stocking density, and substrate on survival and growth of hatchery-cultured re.....
	Introduction
	Materials and methods
	Broodstock and larval rearing
	Experiment 1: C1–C3
	Experiment 2: C3–C6
	Statistical analysis

	Results
	Experiment 1: C1–C3
	Survival
	Growth
	Substrate use

	Experiment 2: C3–C6
	Survival
	Growth
	Substrate use


	Discussion
	Acknowledgments
	References




