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Predation and adaptations to avoid predation during early life stages have great potential to structure popu-
lation dynamics and resultant community structure. Crypsis is the primary predator-avoidance mechanism
for recently-settled red king crabs (Paralithodes camtschaticus); however, it is unknown if this behavioral
adaptation is innate or gainedwith experience. Hatchery-cultured individuals may be at a disadvantage once re-
leased into the wild if they have no experience with predators. We conducted experiments with Pacific halibut
(Hippoglossus stenolepis) and Pacific cod (Gadus macrocephalus) predators to determine if red king crab predator
responses could be enhancedwith experience.We exposed crabs to predators for 48 h either with limited expo-
sure (chemical and visual cues only) or complete exposure (chemical, visual, and physical cues) and used video
recordings to compare (1) crab crypsis, (2) crab survival, and (3) predator behavior (attack rates, capture
success) among naïve and experienced crabs. Halibut and cod exposure enhanced crab crypsis and survival,
but only halibut exposure resulted in a significant effect. Crabs with limited and complete halibut exposure
had higher initial crypsis, and both naïve and conditioned crabs increased crypsis by the end of the experiment.
Complete exposure initiated a stronger response compared to limited exposure. Physical interactions with
predators are likely important to initiate enhanced avoidance responses. Halibut and cod attack rates and capture
success did not vary when crabs had prior experience, but halibut were generally more successful at capturing
prey than cod. Our results show that juvenile red king crabs respond to some predators by increasing their
cryptic behavior and that this response may be enhanced with experience. For stock enhancement programs,
exposing juveniles to predators in the hatchery prior to release may enhance predator avoidance and allow
quick adaptation to the natural environment.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Predation is important for structuring communities in shallow ma-
rine environments. Many invertebrate species use predator-avoidance
mechanisms (e.g., burial, camouflage, associating with structural com-
plexity, immobility, temporal avoidance) to reduce detection or use
predator-defensemechanisms (e.g., flight response, spination, chemical
defenses, forming aggregations) to improve probability of survival once
detected (Barshaw et al., 2003; Brodie et al., 1991; Sih, 1987). Most
crustaceans use a combination of strategies to increase survival. For
example, blue crabs (Callinectes sapidus) bury in soft sediment to
avoid detection and deter predators with sharp lateral spines (Davis
et al., 2004, 2005; Young et al., 2008), while American lobsters
(Homarus americanus) associate with specific substrates with intersti-
tial spaces to avoid predators and have a flight response (tail flip), a
thick calcified cuticle, and initiate aggressive claw displays (Hudon,
1987; Lang et al., 1977; Wahle and Steneck, 1991, 1992).
+1 907 224 3392.
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Crypsis is the primary predator-avoidance mechanism for recently-
settled red king crabs (Paralithodes camtschaticus) (Pirtle and Stoner,
2010; Stevens, 2003; Stevens and Swiney, 2005; Stoner, 2009). General-
ly, early benthic phase (approximately age 0–2 years) juvenile red king
crabs have a strong affinity for habitatswith complex physical structures
such as hydroids, polychaete tubes, bryozoans, shell hash, and cobble
(Dew, 1991; Loher and Armstrong, 2000; Sundberg and Clausen,
1977) to avoid predation (Stevens, 2003; Stevens and Swiney, 2005;
Stoner, 2009) or provide important foraging opportunities (Pirtle and
Stoner, 2010). Crypsis diminishes with age (Pirtle and Stoner, 2010)
and later stage juveniles (approximately 2 years old) begin to form
aggregations or “pods” as a behavioral adaptation to minimize vulnera-
bility to predators (Dew, 1990; Powell andNickerson, 1965). Thoughwe
have a general understanding of habitat function for early red king crabs,
we know relatively little about predator–prey interactions. For example,
mechanisms for predator detection, predator-mediated habitat use, and
whether or not behavioral adaptations are innate or gainedwith experi-
ence are unknown for red king crabs.

Stock enhancement has been used as a management tool for fish
and invertebrate species worldwide and is being considered for red
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king crabs in Alaska, USA. Red king crab was one of the most impor-
tant fisheries in Alaska; however, many populations remain de-
pressed despite fishery closures (Stevens et al., 2001; Woodby et al.,
2005). Though advancements in hatchery culturing technology have
allowed for mass production of juvenile red king crabs, cannibalism
is the primary obstacle limiting production (Daly et al., in review;
Stoner et al., 2010). Hatchery-cultured animals have no experience
with seasonal cycles, predator avoidance, or foraging for natural
food items and rearing in isolation may exacerbate any abnormal
behavioral development. Post-release survival will depend on an
individual's ability to compete for resources, find shelter, and avoid
predation. Higher predation of hatchery-cultured compared to wild
individuals occurs for fish (Kellison et al., 2000; Stunz and Minello,
2001) and invertebrate species (Davis et al., 2004; Schiel and
Welden, 1987; Stoner and Davis, 1994) and is generally attributed
to reduced ecological competence.

The literature is rich with examples of behavioral and morpholog-
ical differences between hatchery and wild fish (see Brown and Day,
2002; Huntingford, 2004; Ruzzante, 1994 for a review) and crusta-
ceans (Davis et al., 2005; van der Meeren, 2005; Young et al., 2008).
For example, hatchery-cultured blue crabs are lighter in color and
have shorter spines than wild crabs (Davis et al., 2005); while artifi-
cially reared European lobsters (Homarus gammarus) have abnormal
claw development (Tveite and Grimsen, 1995; van der Meeren,
2005; Wickens, 1986). Reduced predator responses are noted with
hatchery lobster (Castro and Cobb, 2005), crabs (Davis et al., 2004),
fish (Kellison et al., 2000; Olla and Davis, 1989), abalone (Schiel and
Welden, 1987), and conch (Delgado et al., 2002). Abnormal develop-
ment acquired during hatchery culture may affect an individual's
ability to avoid predators in the natural environment.

Behavioral or morphological deficiencies can be mitigated through
conditioning or improved rearing conditions (Davis et al., 2005; Le
Vay et al., 2007; van derMeeren, 2005). For example, European lobsters
are more efficient at seeking cover with prior shelter experience (van
der Meeren, 2001) and exposure to shell spat or coarse sand allows
the development of natural claw proportions (van der Meeren and
Uksnøy, 2000; Wickens, 1986). Conditioning with natural sediments
also enhances color and burial behavior of blue crabs (Davis et al.,
2004; Young et al., 2008), and predator exposure improves burial
behavior of queen conch (Strombus gigas) (Delgado et al., 2002) and
increases survivorship of hatchery-cultured fish (Berejikian, 1995;
Brown and Smith, 1998; Hossain et al., 2002; Kellison et al., 2000; Olla
and Davis, 1989). These results suggest that hatchery-reared animals
have behavioral and phenotypic plasticity that can be initiated through
exposure to specific environmental parameters. Conditioning red king
crabs with predators may enhance adaptive behaviors such as crypsis
and affinity for structural complexity or improve ability to detect and
recognize threats.

Increases in groundfish abundances coincided with declines in crab
populations in Alaskan waters (Bechtol and Kruse, 2009, 2010; Zheng
and Kruse, 2006), suggesting predation of juveniles could create a pop-
ulation bottleneck for red king crabs. Pacific halibut (Hippoglossus
stenolepis) and Pacific cod (Gadusmacrocephalus) are abundant in near-
shore settlement habitats (Dean et al., 2000; Laurel et al., 2009) and are
among the probable predators of juvenile red king crabs in the wild
(Bechtol and Kruse, 2009, 2010; Livingston, 1989). Gut content analysis
confirms Pacific cod consume red king crabs in the wild (Livingston,
1989), yet recent evidence shows that Pacific cod are uninterested in
tethered early benthic phase red king crabs in the field (B. Daly, pers.
obs.; Pirtle et al., in review) and laboratory studies show Pacific cod
are not enthusiastic predators of early benthic phase red king crabs
compared to halibut (Pirtle and Stoner, 2010; Stoner, 2009).
Understanding feeding efficiency of these two likely predators will
provide insight to their potential threat in the wild.

We aimed to estimate conditioning potential of red king crabs by
determining if predator responses could be enhanced with experience
and compared feeding efficiency of two fish predators. We conducted
laboratory predation trials and used video recordings to compare
naïve crabs (no predator exposure) with crabs that had prior predator
exposure (chemical and visual cues only or complete physical contact)
in terms of (1) crypsis, (2) survival, and (3) predator feeding efficiency.
We hypothesized that (1) crypsis and survival of red king crabs could be
improved with predator experience and (2) predator feeding efficiency
is reduced when crabs have predator experience.

2. Methods

2.1. Experimental animals

We cultured juvenile red king crabs as part of the Alaska King Crab
Research Rehabilitation and Biology (AKCRRAB) program using
established rearing techniques (Daly et al., 2009). Twenty ovigerous
females were captured with pots in Bristol Bay, Alaska USA during
November 2009. Crabs were transported to the Alutiiq Pride Shellfish
Hatchery in Seward, Alaska and placed in 2000 L tanks containing
flow‐through ambient seawater and fed 20 g chopped herring and
squid per crab twice per week. Once hatching began (spring 2010),
larvae from each female were mixed and raised in 1200 L cylindrical
tanks until the first juvenile instar stage. Larvae were fed enriched
San Francisco Bay strain Artemia nauplii daily. Artemia nauplii were
enriched with DC DHA Selco® (INVE Aquaculture, UT, USA) enrich-
ment media in 100 L cylindrical tanks for 24 h. Juvenile crabs were
held en masse in large-scale rearing tanks at the Alutiiq Pride Shellfish
Hatchery until shipment to the Hatfield Marine Science Center
(Newport, Oregon) in September 2010. In Newport, crabs were held
en masse in 90 L tanks with flow-through seawater (8 °C) and fed
Cyclop-eeze® (Argent Chemical Laboratories, WA, USA) and Otohime
B1 and B2 (Reed Mariculture, CA, USA) daily. Initial densities were
~500 crabs m−2, with clumps of PVC ribbon (4 mm wide) (Bio-Fill
filter medium) added for vertical structure.

Pacific halibut and Pacific cod are effective predators of juvenile red
king crabs in the laboratory (Pirtle and Stoner, 2010; Pirtle et al., in
review; Stoner, 2009) and were used as predators in two separate sets
of experiments. Age-1 Pacific halibut (185 mm total length) and age-1
Pacific cod (205 mm total length) were collected as age-0 fish from
Chiniak Bay, Kodiak Island, Alaska and grown to this size at the Hatfield
Marine Science Center in Newport, Oregon. Fish were fed primarily gel
food prepared from squid and herring, and maintained in flow-through
seawater in large circular tanks for ~12 months before being used in
crab predation experiments.

2.2. Crab conditioning

Crabs were either “conditioned with limited exposure,” “condi-
tioned with complete exposure,” or “naïve.” We conditioned crabs by
holding batches of approximately 40 individuals in three separate circu-
lar (103 cm diameter), flat-bottomed tanks containing three fish pred-
ators (either Pacific halibut or Pacific cod) per tank for 48 h prior to
each experimental trial. Crabs conditioned with limited exposure
were enclosed in a clear, acrylic column (28 cm diameter) with abun-
dant (~0.5/cm2) 3 mm holes in the sides, allowing both visual and
chemical cues but no physical contact with fish predators. The column
had substrate (natural sand and hydroid mimics) for protection. Crabs
conditioned with complete exposure were held in the same tanks as
described above (with substrate) but without the acrylic column al-
lowingphysical interactionswithfish predators, including opportunities
to witness predation events on conspecifics. Naïve crabs were held in
tanks similar to those above (with substrate) except the tanks lacked
fish predators. Crabs were fed Cyclop-eeze® (Argent Chemical Labora-
tories, WA, USA) and Otohime C1 (Reed Mariculture, CA, USA) to satia-
tion every other day.
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2.3. Experimental apparatus

Nine predation trials were conducted in three identical circular, flat-
bottomed tanks and supplied with continuous flows (150 ml s−1)
of sand-filtered seawater at 8 °C (±0.5 °C). The bottom of each tank
was covered with 1 cm of coarse-grained quartz sand (1.5 mm mean
diameter). The tanks were in a light-controlled room with a daily light
cycle of 12 h light and 12 h dark (0700 to 1900 h). The daytime light
level was 3 μmol photons m−2 s−1 provided by a bank of fluorescent
lamps around the upper periphery of the room that was controlled
by a rheostat. This allowed light levels to be lowered to darkness
(b1×10−8μmol photons m−2 s−1) then raised slowly during experi-
mental trials to prevent startling the predators. Each tankwas equipped
with an overhead video camera monitored from an adjacent room to
assure that the tankswere undisturbed during trials. A clumpof hydroid
mimics was placed in the center of each sand-covered tank bottom to
provide structural complexity and refuge for the crabs. The hydroid
mimic clump was made of 50 strands (20 cm length) of brown polyes-
ter and was allowed to foul in flowing seawater for at least 2 weeks
prior to experimentation. Fouled hydroid mimics are preferred sub-
strates for age-0 juvenile red king crabs (Pirtle and Stoner, 2010), and
their consistent dimensions allow for standardized volume of substrate.
Trials using halibut as predators were conducted in tanks 103 cm
diameter×25 cmdepth,while trials using codwere conducted in larger
tanks (140 cm diameter×75 cm depth). Cod were slightly larger than
halibut (see above) and swim throughout the water column and
required deeper tanks for consistent foraging behavior compared to
halibut, which were generally located directly on the tank bottom.
2.4. Experimental protocol

Ninefish pairs (either Pacific halibut or Pacific cod)were transferred
to experimental tanks (separate from conditioning tanks) one week
prior to the first trials to acclimate to new surroundings. Hunger levels
of fishwere standardized by deprivingfish of food for 48 h prior to trials
to insure that fish were uniformly motivated to feed. At the end of
the week, fish pairs were presented with 10 age-0 red king crabs
(5.0–7.5 mm carapace length) as prey to ensure that the fish were
motivated to forage on red king crabs as prey in the experimental
system. Pairs of fishwere used because they performmore consistently
as predators with social facilitation (Stoner and Ottmar, 2004). Fish
were fed frozen krill (Euphausia pacifica) to satiation after trials.

On the morning (0800 h) of a predation trial, the lighting in the
room was slowly reduced to total darkness. Twenty randomly selected
juvenile red king crabs (5.0–7.5 mm carapace length) from each condi-
tioning tank (naïve, conditioned with limited exposure, conditioned
with complete exposure)were dispersed over the hydroidmimic island
in each of three separate experimental tanks. Crabs were confined to
the hydroid mimics with an acrylic column to ensure that the crabs
settled into preferred microhabitats. The column was removed after
15 min and the crabswere able to access the entire tank for an addition-
al 45 min (still in total darkness). At 0900 h, video recordingwas started
and room lightswere returned to standard illumination (approximately
3 μmol photons m−2 s−1) over a period of about 60 s. The room was
fully illuminated and the trial was recorded. Halibut trials lasted
60 min,while cod trials lasted 240 min because cod are less enthusiastic
predators. Halibut and cod trials were replicated nine times. At the end
of each trial, the sediment was thoroughly searched for crabs to deter-
mine survival rates. Crabs were not reused in subsequent trials. Each
of nine fish pairs received each of the three treatments (naïve, condi-
tioned with limited exposure, conditioned with complete exposure)
once in a randomized block design. We reused fish pairs to increase
replication as numbers of experimental fish were limited. Three addi-
tional trials were conducted without fish predators to control for
cannibalism.
2.5. Analysis

2.5.1. Halibut experiment
Survival was calculated as the proportion of the twenty crabs alive

at the end of each trial. Video recordings were reviewed for fish and
crab behavior by dividing the entire 60-min trial into 5-min blocks
of time. A crab crypsis index was calculated by counting the numbers
of crabs visible on the sand and the top of the hydroid mimics at the
start of each 5-min block. The proportion of live crabs not visible was
then used as a crypsis index. We adjusted the crab crypsis index for
predation by subtracting crabs eaten from the total number of crabs
at the start of each 5-min block. The assumption that crabs not visible
were located within the hydroid mimics and were displaying a cryp-
tic behavior was confirmed at the end of each trial. We quantified fish
behavior using methodology similar to Stoner (2009). A fish activity
index was calculated by summing the number of fish that actively
moved during each 5-min block (possible range=0–24), divided by
the total possible ((60-min trial /5-min blocks)×2 fish=24) for the
percent of maximum. Three of the nine halibut pairs had an activity
index of less than 0.25 and were excluded from analyses because
they did not actively move around the tank and were assumed to be
uninterested in foraging. Halibut typically made multiple strikes on
individual crabs targeted for consumption and individual targets
(crabs) were not always successfully consumed. Individual crabs
targeted by fish and total number of strikes on crabs were counted
for each 5-min block. From this, total targets, targets per min, fish
strikes per crab, crabs eaten per number of crabs targeted, and crabs
eaten per fish strike were calculated for each trial. Differences in
fish behavior (activity, attack rates, capture success) and crab behav-
ior (survival, crypsis) among treatments (naïve, conditioned with
limited exposure, and conditioned with complete exposure) were
determined with randomized block ANOVA where conditioning
treatment (n=3) was a fixed factor and fish pair (n=6) was a ran-
dom blocking factor. Tukey's post-hoc comparisons were applied to
test for differences among treatments. Non-linear (quadratic) regres-
sion analysis was used to determine changes in crypsis over time
using themodel (crab crypsis index=A+B*time+C*time2). The sec-
ond order (quadratic)model significantly improved R2 compared to the
linear model for all treatments; however, the third order model did not
improve fit. As such, we used the second order (quadratic) model
because it was the simplest model that adequately described the data.

2.5.2. Cod experiment
Video recordings were sub-sampled and reviewed for fish and

crab behavior by dividing the first 15 min of each hour into 5-min
blocks of time. From this, targets per min and strikes per individual
crab targeted were calculated for each trial. Fish activity was quanti-
fied by summing the instances when an individual fish crossed from
one quadrant of the circular tank (in the video analysis) to another
for the first 5 min of each hour. The number of strikes and crabs
targeted from sub-samples were extrapolated to the total trial time
(240 min) to determine crabs eaten per target and crabs eaten per
fish strike. Differences in fish behavior (activity, attack rates, capture
success) and crab survival among naïve, conditioned with limited
exposure, and conditioned with complete exposure treatments were
determined with randomized block ANOVA and Tukey's post-hoc
comparisons, as with halibut trials. The larger tanks used for cod trials
prevented individual crabs from being visible in the video recordings
and did not allow crab crypsis to be calculated for this predator.

2.5.3. Halibut-cod behavioral comparison
The halibut-cod behavioral comparison was conducted by pooling

non-significant fish behavioral parameters (crabs targeted per min,
strikes per target, crabs eaten per target, crabs eaten per strike) across
conditioning treatments and using t-tests. Data were square root
transformed to meet assumptions of normality and equal variance.



Fig. 2. Non-linear regression between crab crypsis index and time (60 min halibut trials)
for naïve and conditioned crabs with limited (visual and chemical cues) or complete
(visual, chemical, and physical cues) halibut exposure for 48 h. Crypsis index is the
proportion of crabs not visible (n=6). Not all points are visible because of overlap.
Naïve: Crab crypsis index=39.482+(1.654*time)−(0.0145*time2), R2=0.491. Condi-
tioned (limited exp.): Crab crypsis index=64.397+(1.409*time)−(0.0155*time2),
R2=0.542. Conditioned (complete exp.): Crab crypsis index=84.999+(0.868*time)−
(0.0110*time2), R2=0.583.

50 B. Daly et al. / Journal of Experimental Marine Biology and Ecology 429 (2012) 47–54
All analyses were conducted using Sigma Stat v.4 (Aspire Software
International, Ashburn, VA, USA) statistical software. Significance for
all tests was determined with α=0.05.

3. Results

3.1. Halibut experiment

Red king crab survival increased with conditioning (ANOVA,
F=4.618, p=0.038) (Fig. 1A). Crabs conditioned with complete
exposure had higher survival (average±SE) (79.5±8.5%) than naïve
(61.2±5.3%) crabs (Tukey's HSD, p=0.031) but not crabs conditioned
with limited exposure (71.5±6.4%) (Tukey's HSD, p=0.415). Crypsis
index increased over time for all treatments following the non-linear
equation of best fit: crab crypsis index=A+(B*time)+(C*time2)
(Fig. 2, Table 1). At t=0 min, naïve crabs had a lower crypsis
index (40.5±5.20) than crabs conditioned with limited exposure
(60.8±4.95, Tukey's HSD, p=0.004) and crabs conditioned with com-
plete exposure (76.5±2.70, Tukey's HSD, pb0.001) (Fig. 3A). Crabs
conditioned with limited exposure had a lower crypsis index than
crabs conditioned with complete exposure (Tukey's HSD, p=0.020)
(Fig. 3A). By t=60 min, crypsis of naïve crabs started to converge
with that of conditioned crabs. At t=60 min, crypsiswas not statistical-
ly different among naïve crabs (87.1±5.50) and crabs conditionedwith
limited (95.3±2.53) and complete (100.0±0.00) exposure (ANOVA,
F=3.420, p=0.074) (Fig. 3B). Control trials (no predators) had 100%
survival indicating that cannibalism was not occurring.

Fish activity index, the number of crabs targeted, targets min−1,
crabs eaten target−1, crabs eaten strike−1, and strikes target−1

were not impacted by crab conditioning level (Table 2). The number
Fig. 1. Crab survival using (A) Pacific halibut (60 min trials) and (B) Pacific cod (240 min
trials) predators for naïve crabs, conditioned crabs with limited exposure (visual and
chemical cues), and conditioned crabs with complete exposure (visual, chemical, and
physical cues) to predators for 48 h. Values are mean survival±SE (halibut: n=6, cod:
n=9). Different letters indicate statistical significance (Tukey's HSD, p≤0.05).
of crabs targeted was positively related with fish activity for naïve
(regression, R2=0.943, pb0.001), conditioned with limited exposure
(regression, R2=0.644, p=0.009) and conditioned with complete
exposure (regression, R2=0.897, p=0.002) treatments.
3.2. Cod experiment

Average crab survival was not statistically different among naïve
crabs (67.7±8.0%) and crabs conditioned with limited (80.1±6.4%)
and complete (79.3±7.8%) exposure (ANOVA, F=1.904, p=0.181)
(Fig. 1B). Fish activity (line crossings min−1), the number of crabs
targeted (extrapolated from sub-samples), targets min−1, crabs eaten
strike−1, and strikes target−1 were similar among conditioning treat-
ments (Table 2). However, crabs eaten target−1 differed among treat-
ments with fewer crabs eaten per target when crabs were conditioned
with limited exposure (0.10±0.03) compared to naïve (0.19±0.06)
(Tukey's HSD, p=0.045) but not when conditioned with complete
exposure (0.16±0.05) (Tukey's HSD, p=0.165). Control trials (no
predators) had 100% survival.
3.3. Halibut-cod behavioral comparison

Fish behavior (crabs targeted per min, strikes per target, crabs eaten
per target, crabs eaten per strike) did not vary with respect to crab con-
ditioning (Table 2), thus conditioning treatments were pooled for each
of the above mentioned behavioral parameters. Crabs targeted min−1

and strikes target−1 were similar between halibut and cod (targets
min−1: t test, t=−0.582, p=0.565; strikes target−1: t test, t=
−0.553, p=0.588) (Fig. 4A, B). Halibut consumed more crabs per tar-
get (0.70±0.07) than cod (0.15±0.03 crabs target−1) (t test,
t=6.144 pb0.001) and 4more crabs per strike (0.53±0.07) than cod
(0.14±0.03 crabs strike−1) (t test, t=5.012, pb0.001) (Fig. 4C, D).
Table 1
Parameter estimates for non-linear regressions relating crab crypsis index to time (min) in
the halibut predation experiment. Crab crypsis index=A+(B*time)+(C*time2), where
and A, B, and C are parameters.

Parameters

A B C R2 p

Naïve 39.482 1.654 −0.0145 0.491 b0.001
Conditioned (limited exposure) 64.397 1.409 −0.0155 0.542 b0.001
Conditioned (complete exposure) 84.999 0.868 −0.0110 0.583 b0.001

image of Fig.�2


Fig. 3. Crab crypsis index at (A) time=0 min and (B) time=60 min for naïve crabs,
conditioned crabs with limited exposure to halibut (visual and chemical cues), and
conditioned crabs with complete exposure to halibut (visual, chemical, and physical
cues) for 48 h. Crypsis index is the proportion of crabs not visible. Values are mean
crypsis index±SE (n=6). Different letters indicate statistical significance (Tukey's
HSD, p≤0.05).
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4. Discussion

4.1. Predator detection and avoidance

We initiated a behavioral response in juvenile red king crabs by
exposing individuals to visual, chemical, and physical cues from fish
predators. Crabs with prior halibut exposure had higher crypsis and
survival than naïve crabs. Predator exposure likely increased affinity
for physical structure, as crabs were located deeper within the
hydroidmass, while naïve crabsweremostly located near the periphery
or on the open sand. Halibut are visual ambush predators, thus the
hydroid mimic structure likely reduced detection, while crabs near
the periphery or on the open sandweremore vulnerable. Other findings
support our result that red king crabs respond to predators through
mediated habitat use. For example, Stevens and Swiney (2005) found
that recently-settled red king crabs in experimental tanks moved to
complex structures when larger conspecifics were added as predators.
Additionally, early benthic phase red king crabs had a higher affinity
for structure when fish predators (Pacific halibut) were present than
when predators were absent (Stoner, 2009), and this response
improved with crab age (Stoner et al., 2010). Further, tethered early
benthic phase red king crabs maintain crypsis when attacked by preda-
tors in the field by remainingmotionless in structural complexity (Pirtle
et al., in review).

An energetic trade-off may exist if predator avoidance causes re-
duced foraging (Abrahams and Dill, 1989; Wahle, 1992). Red king
crab foraging activity may increase risk of predation, while crypsis
may impede nutritional intake if foraging opportunities are limited
Table 2
Average±SE values for fish behavior in halibut and cod predation trials including randomi

Naïve Conditioned limite

Halibut Activity index 71.5±6.9 63.9±8
Total crabs targeted 13.0±2.0 9.2±1
Targets min−1 0.222±0.03 0.153±0
Crabs eaten target−1 0.682±0.10 0.761±0
Crabs eaten strike−1 0.492±0.11 0.594±0
Strikes target−1 1.505±0.19 1.449±0

Cod Line crossings min−1 13.2±0.79 13.9±1
Total crabs targeteda 49.3±13.0 51.3±1
Targets min−1 0.206±0.05 0.214±0
Crabs eaten target−1 0.193±0.06 0.099±0
Crabs eaten strike−1 0.177±0.06 0.086±0
Strikes target−1 1.182±0.08 1.223±0

a Extrapolated from sub-samples.
either by reduced activity or by the choice of substrateswith suboptimal
nutritional quality. Because complex habitats provide foraging opportu-
nities for juvenile red king crabs (Pirtle and Stoner, 2010), some habitat
associations may allow crabs to remain cryptic without compromising
nutritional intake.

Juvenile red king crabs likely detect predators via a combination of
chemical, visual, and physical cues. Crabs exposed to visual and
chemical cues alone had higher initial crypsis than naïve crabs but
complete physical contact initiated an even stronger response. Fish
predators could actively attack and consume crabs in conditioning
tanks lacking physical barriers. Injured or damaged conspecifics likely
created chemical signals exacerbating cues from predators them-
selves. Alternatively, some crabs that lacked predator responses may
have been consumed during the exposure period, thereby pre-
selecting superior crabs for experimental trials. Because we detected a
behavioral response with predator visual and chemical cues alone, we
suggest that responses from complete exposure were not completely
the result of a pre-selection bias, but rather that the exposure of crabs
to fish predators increased their behavioral response to predators.
Threatening stimuli are known to induce behavioral responses in
other crustacean species. For example, American lobsters increase
their habitat use (Wahle, 1992), and hermit crabs move away (flight
response) when presented with chemical and visual cues from fish
predators (Chiussi et al., 2001). Blue crab post-larvae reduce settlement
rates (Forward et al., 2003; Welch et al., 1997), and juveniles initiate
escape and alarm responses in the presence of chemical cues from
crustacean and fish predators (Diaz et al., 2001). Caridean shrimp
(Tozeuma carolinense) adjust their microhabitat use when threatened
by predators by moving behind seagrass blades to achieve a visual
barrier (Main, 1987).

Pacific halibut and Pacific cod are known predators of red king
crabs in the field and laboratory (Livingston, 1989; Stoner, 2009);
however, halibut exposure impacted crab survival more than cod ex-
posure. Because halibut were located directly on the tank bottom, the
direct physical interactions may have been more threatening than
those with cod causing more pronounced behavioral responses. Inter-
estingly, behavioral responses scaled with predation risk, as more
crabs were eaten by the predator to which they responded more
strongly. The experimental tanks used in the cod trials were larger
preventing us from quantifying crab crypsis, thus we cannot make
inferences about the effects of cod presence on crab behavior.

Halibut and cod behavior did not vary with crab conditioning. We
expected some differences in fish feeding efficiency among condition-
ing treatments. For example, conditioned crabs had higher crypsis and
were presumablymore difficult for fish to detect, thuswewould expect
fewer crabs to be targeted. Juvenile red king crabs increase their dimen-
sions by flaring their limbs and are covered in spines to deter predators.
If conditioned crabs had enhanced limb flaring responses, one might
expect differences in fish feeding efficiency (i.e., more strikes target‐1,
fewer crabs eaten target−1, fewer crabs eaten strike−1). Either the
zed block ANOVA results. For each behavioral parameter, df=2.

d exposure Conditioned complete exposure F p

.2 62.5±10.8 0.284 0.756

.9 7.4±3.1 1.304 0.318

.03 0.133±0.06 1.736 0.225

.10 0.810±0.09 0.373 0.699

.12 0.651±0.11 0.349 0.715

.19 1.351±0.15 0.058 0.944

.16 12.1±0.76 1.621 0.246
3.2 37.3±10.4 0.892 0.440
.11 0.156±0.04 0.892 0.440
.03 0.166±0.06 4.172 0.048
.03 0.143±0.05 2.539 0.128
.06 1.187±0.11 0.062 0.941
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Fig. 4. Behavioral comparisons between halibut and cod for (A) crabs targeted min−1, (B) strikes target−1, (C) crabs eaten target−1, and (D) crabs eaten per strike−1. Values are
mean±SE (halibut: n=6, cod: n=9). Different letters indicate statistical significance (t test, Mann–Whitney, p≤0.05).
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conditioned crabs did not improve their limb flaring postures or fish
predators were uninhibited by this defense. Halibut and cod had similar
attack rates, but halibutweremore efficient predators and are known to
consume red king crabs at higher rates compared to Pacific cod in labo-
ratory studies (Stoner, 2009; Stoner et al., 2010). Structural complexity
mediates predation of juvenile red king crabs by halibut (Stoner, 2009),
thus we expected that crabs deeper within the hydroid mass would
experience reduced mortality.

4.2. Conditioning potential and implications for stock enhancement

Predation will likely be the first challenge hatchery-cultured red
king crabs face once released into the wild. Early benthic phase
American and European lobsters are often attacked by fish predators
within minutes after release (Ball et al., 2001; Wahle and Steneck,
1992). The loss of juvenile red king crabs to predation must be mini-
mized for releases to be successful. Our study suggests that simple
additions of predator exposure to hatchery-rearing protocols prior to
release may improve predator‐avoidance mechanisms and may ease
the transition to the natural environment. Behavioral improve-
ments have been noted in other marine species that rely on predator‐
avoidance mechanisms. For example, coho salmon (Oncorhynchus
kisutch) and summer flounder (Paralichthys dentatus) anti-predator
behavior can be improved with exposure to predator chemical cues
prior to release (Kellison et al., 2000; Olla and Davis, 1989). Queen
conch have reduced movement and increased burial behavior with
prior predator exposure (Delgado et al., 2002) and faster responses to
predators have been noted with abalone (Haliotis rufescens) (Schiel
and Welden, 1987). European lobsters have faster shelter-seeking
behavior with prior experience compared to naïve lobsters (van der
Meeren, 2001), and hatchery-cultured blue crabs increase burial
rates over time when exposed to natural sediment (Davis et al.,
2004). Additional rearing modifications can enhance the quality of
juvenile red king crabs. For example, shell coloration can be im-
proved through dietary supplementation (Daly et al., 2012), which
may enhance visual crypsis.

Before implementing large-scale conditioning programs, it is impor-
tant to understand the mechanisms of predator exposure. Our results
suggest that red king crabs can see and smell halibut held within the
same tank but separated by a physical barrier and that direct physical
interactions also contribute to predator detection. However, complete
predator exposure allows consumption and compromises hatchery
production. Because visual and/or chemical cues alone are adequate, a
physical barrier or effluent from separate predator holding tanks may
be enough to initiate a behavioral response.

Exposure duration may impact the magnitude of the behavioral
response. It is encouraging that crypsis improved for naïve and condi-
tioned crabs during the course of the 60 min trials; however, maladapt-
ed crabs may have been consumed before behaviorally superior crabs
causing the appearance of improved crypsis of individual crabs. While
maladapted crabs may have been preferentially consumed, the naïve
treatment likely had a higher proportion of maladapted crabs. Because
we detected higher initial crypsis (t=0 min) and greater survival for
conditioned crabs, we suggest that predator exposure improves red
king crab behavioral responses. Whether degree of response depends
on conditioning duration is a subject for future study.

We demonstrated that hatchery-cultured red king crabs have
some degree of behavioral plasticity, which is an important step in
refining culturing protocols and developing release strategies for
stock enhancement programs. Hatcheries are constantly looking for
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ways to maximize production; however, behavioral quality is often
overlooked. This study shows that red king crab predator‐avoidance
behavior can be improved with conditioning and suggests that
hatchery-cultured crabs may adapt quickly to the natural environ-
ment. Future studies should investigate alternative conditioning
strategies such as exposure to small or benign predators, compare
cultured and wild red king crabs to identify potential behavioral or
morphological deficiencies that hatchery crabs may acquire through
rearing, evaluate economic cost of conditioning, and investigate
benefits of conditioning for in situ survival. Short-term exposure to
predators could be a cost-effective way to simultaneously maximize
hatchery production and chances of post-release survival for juvenile
red king crabs and other crustacean species.
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