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Abstract 

 Despite declining populations, southern Tanner crab (Chionoecetes bairdi), snow crab 

(Chionoecetes opilio) and red king crab (Paralithodes camtschaticus) support economically important 

fisheries in the Gulf of Alaska and the southeastern Bering Sea. In the southeastern Bering Sea these 

crab species have distinct although overlapping habitats. Juvenile snow crab, a stenothermic arctic 

species, are concentrated in waters below 2 °C, in contrast distributions of Tanner crab and red king crab 

which occupy much wider thermal ranges. Other aspects of the habitat associations of early benthic 

stages of Chionoecetes spp. have not been extensively studied. We describe habitat selection and 

predation avoidance strategies of early benthic stages (C1-C4) of Tanner crab, snow crab, and red king 

crab with experiments examining (1) sediment grain size distributions, (2) burial behavior and (3) use of 

emergent benthic habitat structure (artificial worm tubes) in response to a predator presence, and (4) 

effect of worm tube density on the survival of age-0 Tanner crabs in the presence of predatory juvenile 

Pacific cod (Gadus macrocephalus) and age-1 Tanner crab. Tanner crabs were the only species that 

exhibited a clear sediment association, selecting silty muds to fine sand rather than larger sands and 

pebbles. Tanner and snow crabs buried deeper in sandy mud than in fine sand and both species 

significantly increased burial behavior in response to introduction of a cod predator. Conversely, red 

king crabs did not exhibit burial behavior even in the presence of a predator. Early juvenile Tanner and 

red king crabs displayed strong affinity for emergent structure, while snow crabs were evenly distributed 

between emergent structure and bare sand habitats. Contrary to expectations, crab selection of 

emergent structure was not significantly influenced by a cod predator presence. In trials with actively 

foraging predators, survival of juvenile Tanner crabs was higher in worm tube habitat. Our results 

demonstrate that early juvenile Tanner and snow crabs use burial behavior as the first line of 

avoidance/defense, while red king crabs rely upon occupancy of structurally complex habitat. Tanner 

crab affinity for worm tube structure may facilitate foraging in addition to serving as a refuge. Snow 
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crabs settle on organically rich, fine sediments with little to no emergent structure in the eastern Bering 

Sea and may benefit from reduced predation pressure in cold waters, suggesting the importance of low 

temperature as a critical habitat feature for this species. 

 

Keywords: habitat selection, predation, eastern Bering Sea 

 

1. Introduction 

Since the 1970s, stocks of southern Tanner crab (Chionoecetes bairdi, hereafter “Tanner crab”), 

snow crab (Chionoecetes opilio), and red king crab (Paralithodes camtschaticus) have declined 

dramatically in the eastern Bering Sea. Overexploitation, environmental regime shifts, and predation 

affecting juvenile recruitment success appear to have contributed to decreasing population levels 

(Orensanz et al., 1998; Orensanz et al., 2004; Lang et al., 2018). Despite these declines, commercial crab 

catches have continued to support an important fishery in Alaska with annual revenues of over $200 

million (Garber-Yonts and Lee, 2021). While the geographic ranges of these species vary, adult 

populations support overlapping fisheries in the southeastern Bering Sea (SEBS). The SEBS represents 

the southernmost range of snow crab, a stenothermic, arctic species that primarily inhabits deep, cold 

waters (-1.5 to 5 °C). In contrast, the SEBS is the northernmost range of congeneric Tanner crab, a 

subarctic species, which also occurs in the Gulf of Alaska (GOA) and extends as far south as Puget Sound, 

WA with temperature tolerances of 2 to 12 °C (Ryer et al., 2016; Murphy, 2020). Red king crab, an 

anomuran crab, is found in the Bering Sea and the GOA south to British Columbia, Canada and are 

known to tolerate temperatures from -1.5 to 15.0 °C, depending on life history stages (Rodin, 1989; Long 

and Daly, 2017).  

From a fisheries perspective, it is important to understand the ecological drivers that influence 

cohort strength and the role of juvenile nursery habitats in population productivity (Ernst et al., 2012). 
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Warming of the SEBS is resulting in community level changes including northward shifts of arctic and 

subarctic species (Mueter and Litzow, 2008) including snow crab (Fedewa et al., 2020; Szuwalski et al., 

2021). Another such species, Pacific cod, is expanding northward with warmer bottom temperatures 

resulting in increasing spatial overlap with snow crab (Orensanz et al., 2004; Zheng and Kruse, 2006; 

Fedewa et al., 2020). Pacific cod are primary consumers of juvenile Tanner crab and prey heavily on 

juvenile snow crab in this region (Livingston, 1989). Pacific cod predation, in conjunction with increasing 

bottom seawater temperatures, is believed to be contributing to the northward shift of snow crab 

distribution and limiting their recovery (Orensanz et al., 2004). Understanding nursery habitat 

requirements of these crab species is critical to predicting species abundances and distributions in the 

face of shifting thermal and biological conditions. 

Despite their economic importance to the region, knowledge of juvenile habitats of 

Chionoecetes spp. is limited. In the Bering Sea, early benthic stages of Tanner crabs are found on the 

outer shelf at depths > 100 m where temperatures are generally > 2 °C and sediments are dominated by 

sand mixed with gravel (Smith and McConnaughey, 1999; McConnaughey and Smith, 2000; Ryer et al. 

2016). Annual melting of sea ice on the Bering Sea results in the formation of the “cold pool” (near 

bottom temperatures < 2 °C) over the shelf at depths of 50-100 m (Orensanz et al., 2004) where early 

juvenile snow crabs are most abundant (Zheng et al., 2001; Copeman et al., 2021). In addition, seasonal 

stratification and high productivity of the surface waters over the middle shelf result in organically rich 

sand and mud substrates (Smith and McConnaughey, 1999; McConnaughey and Smith, 2000). Juvenile 

red king crab use the shallowest habitats of the three species, commonly found at depths of 20-60 m in 

the GOA and SEBS. In coastal waters of the GOA, Tanner crabs have been associated with biogenic 

benthic structure (Ryer et al. 2016) and red king crabs are often associated with rocks, shell hash or a 

variety of biological covers (Loher and Armstrong, 2000). The availability and distribution of these 

emergent benthic features is not well characterized on the Bering Sea shelf and the affinity of juvenile 
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snow crab for such habitat features is not known. As such the potential importance of benthic habitat 

structures to juvenile crab nursery areas in the Bering Sea remains largely unknown. 

 Marine benthic organisms employ a variety of related anti-predation strategies for survival 

including behavioral (e.g., habitat selection and sheltering) and morphological defenses (e.g., claw, shell, 

and spines). Many benthic crustaceans avoid predation by associating with structurally complex habitats 

that serve as refuges. Juvenile spiny lobster (Panulirus argus; Herrnkind and Butler, 1986), Dungeness 

crab (Cancer magister; Fernández et al., 1993), and blue crab (Callinecties sapidus; van Montfrans et al., 

2003) actively select complex habitats, providing shelter from predators. Similarly, juvenile red king crab 

are known to prefer structurally complex habitats such as highly branched macroalgae, bryozoans, and 

hydroids as a refuge from predators, relying on immobility and crypsis to further reduce predation risk 

(Babcock et al., 1988; Stoner, 2009; Pirtle et al., 2012). In the GOA, where early juvenile Tanner crabs 

inhabit worm tube habitats, it is unknown whether the crabs select this habitat to mediate predator-

prey interactions or if the crabs and tube-forming Sabellides sibirica have shared preferences for other 

aspects of habitat (i.e., depth and substrate; Ryer et al., 2015).  

 In addition to inhabiting structurally complex habitats, benthic crustaceans can also use burial to 

mediate predator-prey interactions (Davis et al., 2004). Since both Tanner and snow crab lack dermal 

spines, they may have a tendency to bury as the first line of defense. Older Tanner crabs are known to 

bury in muddy and sandy substrates and both species may settle in nursery habitats consisting of 

organically rich fine sediments (Stevens et al., 1994; Rosenkranz et al., 1998; Moles and Stone, 2002). 

The literature for early juvenile snow crab habitat associations is mainly from the Gulf of Saint Lawrence 

and emphasizes the importance of temperature in mediating predation risk (Brethes et al., 1987; Conan 

et al., 1996; Dionne et al., 2003). 

 In the present study, we examined the behavior and habitat selection of early benthic stages (C1 

– C4) of Tanner crab, snow crab, and red king crab in a series of laboratory experiments. Specifically, we 
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examined sediment grain size associations, burial behavior (in two sediments), and selection of worm 

tube habitat (using an artificial worm tube mimic). In addition, we examined the effect of predator 

presence (juvenile cod) on burial behavior and use of worm tube habitat. Finally, we examined the 

effect of artificial worm tube presence and density on the survival of age-0 Tanner crabs in the presence 

of predatory juvenile Pacific cod and age-1 Tanner crab. Based on observed distributions in the field, we 

hypothesized that Tanner and snow crabs would select finer sediments (mud-sand) and that red king 

crab would select larger grain sizes. We also hypothesized that Tanner and snow crabs would exhibit 

burial as an anti-predator behavioral response and that red king crab would exhibit an association with 

artificial worm tube structures. Finally, we predicted that the presence and density of worm tubes would 

affect crab survival in the face of both piscine and crustacean predators. 

 

2. Methods 

2.1. Experimental Animals 

 All laboratory trials were conducted at the Alaska Fisheries Science Center (AFSC) laboratory at 

Hatfield Marine Science Center (HMSC) in Newport, OR. All behavioral experiments were conducted 

between 2010 and 2016 based on the availability of each species. Experiments for each species used 

identical procedures and were conducted in the same experimental apparatus. All crabs used in habitat 

and behavior trials were post-metamorphic juveniles, with stages referring to the number molts 

completed in the juvenile stage (including the transition from megalopa to juvenile); that is, C2 refers to 

a crab that completed one molt following the juvenile transition. Stage C2 Tanner crabs were collected 

from depths of 10-30 m near Kodiak Island, Alaska, using an epibenthic sled (Ryer et al., 2015). Tanner 

crabs were shipped in seawater in insulated containers (4-8 °C) to HMSC within 24 hours. Following 

shipment, crabs were reared in 0.75-m square polyethylene tanks with 0.5 cm of sand on the bottom 

and supplied with 8 °C filtered seawater. Tanner crabs were fed daily for the first 2 weeks, after which 
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feeding was reduced to 3×/week; crabs were fed a combination of finely chopped capelin, squid and 

krill. 

 Age-0 snow crabs were cultured from the egg stage at HMSC due to the inability to collect early 

juvenile crabs from the field. Ovigerous females were collected in the vicinity of the Pribilof Islands 

during AFSC’s annual groundfish assessment survey. They were transported to HMSC in coolers layered 

with burlap and frozen ice packs. Adult snow crabs (50.47-60.52 mm CW) were held in a 3-m diameter 

insulated fiberglass tank supplied with 5 °C filtered seawater and fed chopped capelin and clam 

2×/week. Embryonic development was examined once a month to determine initial larval release. As 

embryonic development neared the final stage, adult snow crabs were isolated in 11.7-L clear, 

rectangular enclosures. After hatching, zoea were siphoned from the enclosures, acclimated to 9 °C, and 

transferred to 1-L containers for larval culture. Larval culture was modeled after Yamamoto et al. (2014) 

with stocking densities of 20-40 zoea/L and daily water exchanges with filtered (< 1 µm) 9 °C seawater. 

Larvae were fed daily with Artemia nauplii enriched with Selco S.presso (INEV Aquaculture, Inc., Salt 

Lake City, UT). Dihydrostreptomycin sulfate at 20 mg/L was added to each beaker at the time of Artemia 

feeding to prevent bacterial growth. When crab larvae molted to C1 stage (2.50-3.25 mm carapace 

width, CW), they were transferred to 1-m diameter grow-out tanks at 5 °C and fed a diet of finely 

chopped clam, capelin, and krill 3×/week.  

 Red king crabs were supplied by the Alutiiq Pride Shellfish Hatchery in Seward, Alaska (see 

Stoner et al., 2010 for details on larval culture). C1 crabs (1.92-2.11 mm CW), ~4 days post-settlement, 

were shipped in seawater in insulated containers (4-5 °C) to HMSC. Upon arrival they were acclimated 

and transferred to 80-L rectangular polyethylene tanks supplied with 8 °C filtered seawater. Crabs were 

held in groups of ~200 and fed daily with frozen copepods (Cyclop-Eeze, Argent Chemical Laboratories, 

Redmond, WA) and high-protein dry pellets (Otohime, Marubeni Nisshin Feed Co., Tokyo, Japan).  
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 Known predators of these juvenile crab species include Pacific cod, Arctic cod (Boreogadus 

saida), and older crabs (Livingston, 1989; Lөnne and Gulliksen, 1989). Age-1 Pacific cod and Arctic cod 

were used as predators in experiments. Juvenile Pacific cod and Arctic cod were collected near Kodiak 

Island and Prudhoe Bay, respectively, and shipped and reared according to Laurel et al. (2016). In 

addition, some age-0 Tanner crabs were reared for 1 year for use as predators in the predator 

consumption experiments (at sizes of 21.5–32.4 mm CW).  

2.2. Sediment Association Experiment 

 Juvenile crabs were tested for sediment associations under static seawater conditions in a 

temperature-controlled room at 9 °C in circular 19-L (25 cm D) tanks with seven equal wedges of 

different sediment types 20 mm deep. Consistent with Stoner and Ottmar (2003), sediment 

classifications were pebbles (mean grain size of ~10 mm), granules (2-4 mm), coarse sand (1 mm), 

medium sand (0.5 mm), fine sand (0.2 mm), muddy sand (~0.1 mm), and sandy mud (~0.04 mm). 

Pebbles and granules were sorted river gravel; coarse, medium and fine sands were silica sand #16, #30, 

and #70, respectively. Fine sand was mixed with diatomaceous earth to create muddy sand (7:3) and 

sandy mud (3:7). All sediment materials were obtained from local suppliers, washed, and presumed to 

have little to no organic content. Sediment types were arranged haphazardly in the experimental tanks. 

Fluorescent lighting directly above experimental tanks provided light levels of 2-3 × 10-1 µmol m-2 s-1 from 

0600 to 2200 h.  

 Sediment association experimental protocols generally followed those of Stoner and Ottmar 

(2003). Crabs to be tested were fed in the holding tank ~ 5 h prior to transfer to an experimental tank at 

1300-1500 h. An individual crab was released at the center of the tank (where all sediments are in close 

proximity). The following day, observations of crab location were made at 0800, 1000, and 1200 h. After 

the observations, each crab was captured and photographed under a dissecting microscope to confirm 

molt stage. Carapace width was measured from the photograph with the Image-Pro Plus v. 7.0 software 
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program (Media Cybernetics, Inc., Rockville, Maryland, USA). See Table 1 for molt stages, sizes, and 

number of replicate trials conducted for each experiment and species. We used a log-likelihood test (G-

test) to determine the effects of molt stage on sediment occupancy within each species and to compare 

sediment associations between species. The observed frequency distribution of sediment occupancy 

was tested against the null hypothesis of an even distribution for each species with an extrinsic 

hypothesis G-test. 

2.3. Burial Behavior Experiment 

 A separate set of experiments examined the burial behavior of juvenile crabs and the influence 

of predator presence on burial (Table 1). Due to availability of appropriately sized fish in the laboratory 

at the time of experiments, age-1 Pacific cod (135-167 mm total length TL) were used as predators in 

Tanner crab and red king crab trials and age-1 Arctic cod (133-160 mm TL) were used in snow crab trials. 

Trials were conducted in 1-m diameter tanks supplied with 8 °C filtered seawater. Test tanks had a 20-

mm deep layer of fine sand or sandy mud (as defined above) and the two sediment types were 

interspersed among four replicate tanks used in the trials.  

 The day before each trial, crabs were fed in the morning in the holding tanks. At ~ 1500 h, 10 

individuals were captured and introduced to the center of each experimental tank and allowed to 

acclimate and redistribute throughout the tank overnight. The following day, predators were fed to 

satiation in their holding tanks at 0900 h to prevent predation of crabs during the trials (only 2 of 680 

crabs were not recovered). Crab burial in the absence of predators was scored at 1000, 1020, and 1040 

h. Predators were introduced at 1100 h and crab burial was scored again at 1120, 1140, and 1200 h. 

Burial was scored for each crab at each time interval. Body burial index was scored on a scale of 1 to 4 

with the rankings of 1: crab on top of the sediment, 2: carapace partly recessed in a depression or the 

posterior end nestled in the sediment, 3: top of the carapace flush with the sediment surface and 4: > 

1/3 of carapace covered with sediment. After the last observation, the predator was removed and crabs 
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were recovered. The smallest and largest crabs from each replicate trial were measured (CW) with 

digital calipers. Red king crabs were often observed clinging to the walls of the tank above the sediment 

surface; this was rarely observed in snow crabs and not observed with Tanner crabs. These were 

excluded from the statistical analyses of burial behavior. Replicate trials were conducted on each 

sediment type with each stage of Tanner crabs and snow crabs and pooled stages of red king crabs 

(Table 1). The mean burial index at each observation point in each trial was used as the observation in 

statistical analyses. The effects of sediment type, stage, and period (and their interactions) on Tanner 

crab burial behavior were tested using a repeated measures ANOVA and post-hoc Tukey’s multiple 

comparisons (Sokal and Rohlf, 1969). Snow crab burial data did not meet assumptions of normality and 

homoscedasticity. Therefore, Friedman’s test was applied in tests with all 1-6 burial observation periods. 

Log-transformed values were used in ANOVA tests with data from observation periods 4-6. Statistical 

analyses were not performed on red king crab data due to a lack of burial behavior throughout the 

experiment. 

2.4. Worm Tube Structure Association Experiment 

 A third set of experiments was conducted to examine the association of juvenile crabs with 

structured habitat and the influence of predation risk. These trials were performed in the same manner 

as the burial behavior experiment except for the inclusion of artificial worm tube habitat on one half of 

the tank area. The artificial worm tube structure was designed to closely mimic natural worm tubes 

found in Tanner crab habitats in the Gulf of Alaska (Stoner et al. 2007; Ryer et al. 2015). The artificial 

worm tubes were constructed from black, 2-mm diameter surgical tubing attached to a flat rubber mat 

at a density of 60 tubes/m2. The rubber mat was buried under the sand such that each tube extended 8 

cm above the sediment surface. The sand depth allowed for the crab to bury completely.  

 At each observation interval, crab location (”bare” sand vs. worm tube habitat) and burial index 

were recorded. The statistical analyses of the observed frequency distribution in sand versus worm tube 
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habitat included observations of crabs clinging to the tank wall, but these were excluded from the burial 

behavior analyses. For crabs in the worm tube habitat, we recorded the precise position of the crab 

relative to the worm tube structure (on sediment surface between worm tubes; on the sediment surface 

in contact with worm tube structure; on the worm tube structure). Tanner crab and red king crab molt 

stages were combined in each trial; snow crabs were tested separately at C2 and C3 molt stages (Table 

1). The observed frequency distribution in sand versus worm tube habitat within each species was 

tested with an extrinsic hypothesis G-test. As above, time period and stage effects on habitat occupancy 

were tested with a log-likelihood test (G-test); burial scores were tested for normality and 

homoscedasticity and main effects tested with ANOVA or a Friedman’s test. Again, statistical analyses 

were not performed on red king crab burial data due to a lack of burial behavior throughout the 

experiment. 

2.5. Predation Vulnerability Experiments 

 In a final set of experiments, we tested effects of habitat structure on the survival of juvenile 

Tanner crabs in the presence of age-1 Pacific cod and Tanner crab predators. Experiments were 

conducted with 4 different habitat treatments in 1-m diameter tanks. Habitat treatments were bare 

tank bottom, a 20-mm layer of fine sand, sparse worm tubes (60 tubes/m2), and dense worm tubes (870 

tubes/m2). The artificial worm tube structures were as described above. When present, worm tubes 

covered the entire area of the tank and were embedded in a 20-mm layer of fine sand.  

The day prior to predation trials with Pacific cod predators, a clear, acrylic ring (72-cm diameter 

with 5-mm holes in the sides for seawater circulation) was placed in the center of the tank. Twenty C3 

Tanner crabs were transferred inside the ring and two age-1 cod were placed outside (separating the 

predators from the prey) in total darkness at approximately 1600 h. To standardize predator hunger 

levels, the cod were deprived of food for 48 h prior to trials and pairs of cod were utilized to elicit social 

facilitation in foraging behavior (Ryer et al., 2004). On the day of the trial, the lights turned on at 0800 h. 
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After a 2-h acclimation period the acrylic ring was gently removed and the predators allowed to forage 

on the crabs. After 4 h the predators were removed from the tanks and all surviving crabs were captured 

and enumerated. Six replicate trials were conducted with each of the four habitat treatments (Table 1). 

Following the above described times for each trial, we ran two trials each day, with randomly selected 

substrates. Due to limited numbers of crabs, 8 of 24 trials included surviving individuals from earlier 

trials. Preliminary analysis showed no overall difference within each habitat treatment in predation of 

naïve crab prey vs surviving crab from an earlier trial. A total of 16 Pacific cod were used as predators 

across the trials. Because data did not meet parametric assumptions, effect of habitat on the survival of 

Tanner crabs was tested with a Kruskal-Wallis ANOVA and significant effects analyzed with a multiple 

range test (Conover, 1971).  

The day prior to predation trials with age-1 Tanner crab predators, twenty C2 to C4 Tanner crabs 

were transferred to the experimental tanks at approximately 16:00 h. The following morning at 10:00 h, 

two age-1 Tanner crabs were introduced to the center of tanks and immediately allowed to forage. 

Predators were removed and surviving prey enumerated at 8:00 h the next day for a 22 h foraging 

period. Illumination was on an 8-h light and 16-h dark cycle. Four replicate trials were conducted for 

each of the habitat treatments (Table 1). Four trials were performed per day with habitat types 

randomly selected. Due to limited availability of juvenile Tanner crabs for these experiments, the last 

two trials of each habitat treatment contained a combination of naïve crabs and surviving individuals 

from earlier trials; preliminary analysis confirmed that there was no difference in predation rates 

between trials using naïve and ”experienced” crab prey. The number of consumed prey between the 

habitats was analyzed using ANOVA and Tukey’s multiple comparisons (Sokal and Rohlf, 1969). 

 

3. Results 

3.1. Sediment Association Experiment 
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 The distribution of crabs across sediments differed between species (G = 47.52, df = 12, P < 

0.001), with only juvenile Tanner crabs exhibiting a clear sediment association. Tanner crabs were 

concentrated on the three finest sediments (extrinsic G = 56.19, df = 6, P < 0.001) and infrequently 

occupied the coarser sediment types (8% of observations; Fig. 1). There was a significant difference in 

distribution between C3 and C4 Tanner crabs (G = 13.33, df = 6, P = 0.038), with C3 crabs most 

commonly observed on fine sand (48% of observations) and C4 crabs most commonly found on sandy 

mud (45% of observations; stage effect not shown, stages pooled in Fig. 1). 

 Conversely, early juvenile snow crabs and red king crabs did not exhibit a significant association 

with any particular sediment type in these trials (snow crab: extrinsic G = 3.35, df = 6, P = 0.764; red king 

crab: extrinsic G = 4.68, df = 6, P = 0.585) despite a trend toward occupancy of finer sediments by snow 

crabs and larger sediments by red king crabs. In addition, there was no significant effect of stage on crab 

distribution across sediment types in juvenile snow crabs (C2 vs. C3; G = 11.80, df = 6, P = 0.067) or red 

king crabs (C1 vs. C2; G = 7.30, df = 6, P = 0.294).  

3.2. Burial Behavior Experiment 

3.2.1. Tanner Crab 

 Tanner crabs exhibited more burial behavior than the other species and their degree of burial 

was affected by molt stage, sediment type, and predator presence (Fig. 2A). C2 crabs buried deeper than 

C3 crabs (molt stage effect: ANOVA, F(1,20) = 29.85, P < 0.001) and this difference was more pronounced 

in sandy mud than in fine sand (molt stage × substrate interaction: ANOVA, F(1,20) = 4.59, P = 0.045). Post-

hoc tests revealed that highest burial scores of C2 crabs on sandy mud were significantly higher than the 

other stage and substrate combinations (Tukey, P > 0.05; C3 on fine sand were the least buried). 

Predator presence led to an increase in burial among C3 crabs, but did not change burial status of C2 

crabs (molt stage x period interaction, ANOVA, F[5,100] = 31.76, P < 0.001). C3 crabs responded almost 

immediately to the predator by burying further into the sediment, as demonstrated by increased burial 
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between periods 3 and 4 (Tukey, P < 0.05). There was further modest increase in burial from period 4 

through 6 (Tukey, P < 0.05).  

3.2.2. Snow Crab 

 Across all conditions burial indices for snow crabs were lower than those observed in Tanner 

crabs (Fig. 2B). In the absence of predators, neither stage of snow crabs exhibited burial behavior on 

either sediment type (multiple comparisons, P > 0.05). Snow crabs, regardless of molt stage or sediment 

type, responded to predation risk by exhibiting burial behavior (Friedman ANOVA, P < 0.05 for each). 

When exposed to the predators, C3 snow crabs increased burial more than C2 crabs (molt stage effect: 

ANOVA, F(1,28) = 41.19, P < 0.001) and snow crabs buried more deeply in sandy mud than in fine sand 

(substrate effect: ANOVA, F(1, 28) = 4.76, P = 0.038). There was no significant interaction between molt 

stage and substrate (ANOVA, F(1,28) = 3.09, P = 0.090) or between substrate and period (F(2, 56) = 1.51, P = 

0.229) on snow crab burial. 

3.2.3. Red King Crab 

 Unlike Tanner and snow crabs, red king crabs rarely displayed any burial behavior and burial was 

not affected by sediment type or predator presence (Fig. 2C).  

3.3. Worm Tube Structure Association Experiment 

3.3.1 Tanner Crab 

 When given a choice between artificial worm tube habitat and bare sand, early juvenile Tanner 

crabs exhibited a strong association with the worm tube habitat (Fig. 3A; extrinsic G = 118.59, df = 1, P < 

0.001). This association with worm tubes was not influenced by predator presence (G = 0.46, df = 5, P = 

0.9935). Interestingly, although Tanner crabs were found within the worm tube habitat, they remained 

on the sediment surface. Only 2 of 79 crabs actually climbed up worm tubes. The majority of the Tanner 

crabs (73%) in the worm tube habitat were positioned with the posterior margin of their carapace in 

contact with the base of a worm tube. Tanner crabs in worm tube habitats and those remaining in the 
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sand habitat increased their degree of burial in response to the introduction of the predator (repeated 

measures ANOVA, F[5,70] = 14.31, P < 0.001) but there was no interaction between habitat type and 

predator presence on burial index (ANOVA, F[5,70] = 0.93, P = 0.4669).  

3.3.2. Snow Crab 

 Unlike Tanner crabs, snow crabs were evenly distributed between artificial worm tube habitat 

and the bare sand habitat (pooled molt stage and periods, extrinsic G = 1.95, df = 1, P = 0.163). Although 

C2 crabs showed a tendency to associate with the worm tubes (extrinsic G = 4.07, df = 1, P = 0.044), 

while C3 crabs did not, this difference between stages was not significant (Fig. 4A and B; G = 2.11, df = 1, 

P = 0.146). Neither stage of snow crabs shifted their habitat association following introduction of the 

predator (G = 1.88, df = 5, P = 0.865). Among the snow crabs located in the worm tube habitat, all were 

associated with the sediment and did not climb onto the worm tube structures. C2 crabs (59%) showed 

a tendency to be in physical contact with the base of the worm tubes, whereas the majority of C3 (63%) 

were positioned between but not in physical contact with the base of the worm tubes. Across molt 

stages in both habitats, snow crabs responded to a predator by burying more deeply between periods 3 

and 4 (Fig. 4B and 5B; Friedman ANOVA, P < 0.05; multiple comparisons, P < 0.05). 

3.3.3. Red King Crab 

 As observed in Tanner crabs, red king crabs exhibited a strong association with the worm tube 

habitat over the bare sand habitat (Fig. 5A; extrinsic G = 116.97, df = 1, P < 0.001). Predator presence 

reinforced this association, increasing occupancy of worm tube habitat by ~10% (Fig. 5A), although this 

effect was not significant (G = 3.25, df = 5, P = 0.6615). Unlike Tanner and snow crabs, most juvenile red 

king crabs in the worm tube habitat climbed up on the worm tube structures: 71% of red king crabs in 

the worm tube habitat were not in contact with the sediment. Red king crabs that remained on the 

sediment surface (not on worm tubes) did not bury, and burial index was not affected by the presence 

of the predator (Fig. 5B).  
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3.4. Predation Vulnerability Experiments  

 Predation mortality of early juvenile Tanner crabs was modulated by worm tube density (Fig. 6). 

In trials with Pacific cod, survival of crabs increased with increasing density of worm tubes (Kruskal-

Wallis, P = 0.002) with Tanner crab in the dense worm tube habitat suffering no predation mortality. 

Predation mortality in the sparse worm tubes was 23% lower than that observed in the bare tank and 

sand treatments, but this difference was not significant (multiple range test, P > 0.05). The presence of 

sand alone reduced mortality by only 5% from that observed with the bare tank bottom (multiple range 

test, P > 0.05). The effect of the worm tubes on crab mortality appeared at least in part due to an effect 

of the habitat structure on the behavior of the Pacific cod predators. In trials with no habitat (bare tank 

bottom), bare sand, and sparse worm tubes, Pacific cod swam close to the tank bottom and periodically 

rested on the bottom. In trials with dense worm tubes, Pacific cod tended to swim above the worm tube 

structures and their ability to approach the bottom was obstructed by the dense worm tube habitat.  

Worm tube structure also reduced predation mortality of juvenile Tanner crab by older, age-1 

Tanner crab (ANOVA, F[3,12] = 12.9, P = 0.0005). Mortality in the high-density worm tube habitat was 

significantly (74.5%) lower than in the bare tank bottom and bare sand habitats (Tukey, P < 0.05). 

Mortality in the low-density worm tube habitat was 43% lower than in the sand and bare habitats, but 

this difference was not significant (Tukey, P > 0.05). As seen above, the presence of sand did not reduce 

predation rates compared to the bare tank bottom (Tukey, P > 0.05). As observed, with the Pacific cod 

predators, the worm tube habitat affected the mobility and presumed access of the age-1 Tanner crab 

predators to the smaller juvenile crab prey. In the dense worm tube treatment, age-1 Tanner crabs were 

suspended on the worm tube structure canopy at vertical angles with only one side of walking legs in 

contact with the sediment. 

 

4. Discussion  
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 Tanner crab, snow crab and red king crab display differing sediment grain size association, 

degree of burial in sediment, and association with emergent structural habitat features. These 

behavioral traits, which influence vulnerability to predators, likely reflect differences in the dominant 

habitat features in their overlapping but distinct distributions in the Gulf of Alaska and Bering Sea. These 

regions vary from substrates with structurally complex geologic and biogenic features (common to 

coastal areas in the GOA and inner Bristol Bay) to areas characterized by fine-grained sediment, lacking 

such emergent structure (offshore in the central and northern Bering Sea). Red king crab and snow crab 

would appear to occupy the extremes of this association spectrum, with red king crab residing in 

structurally complex habitats and snow crab associating exclusively with unstructured, fine-sediment 

benthic habitats. Tanner crab appear to employ a mixed strategy, exhibiting an association with fine 

sediments but also a willingness to utilize emergent structural features, such as polychaete tube 

structures, to mitigate predation risk. 

Field studies have found early juvenile red king crab residing in complex relief/habitats with 

rocks, shell hash, and biogenic structures such as branched macroalgae, bryozoans, and hydroids 

(McMurray et al., 1984; Loher and Armstong, 2000). Structurally complex habitats appear critical for the 

survival of early benthic red king crab, since they rely on crypsis and reduced activity to avoid predation 

(Stoner, 2009; Pirtle et al., 2012). Our results are consistent with previous findings confirming attraction 

of early juvenile stages of red king crab to emergent structures with complex vertical relief (Stevens, 

2003; Stevens and Swiney, 2005; Pirtle and Stoner, 2010). They also extend the range of body sizes 

examined for sediment grain size preference in post-settlement red king crab. Interestingly, the small 

red king crab tested here (1.9 – 2.3 mm CW) showed little association with large grain sizes, but this is 

consistent with the work of Stoner and Pirtle (2010) who observed weaker associations in small (2 – 4 

mm CW) than larger (7.5 – 9 mm CW) crabs. Combined, these results suggest the vertical relief aspect as 

a key feature of habitat complexity for early post-settlement red king crabs.  
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 In addition to differences in behavioral habitat selection, red king crab also differ 

morphologically from Chionoecetes spp. which plays a role in their anti-predation strategies. Whereas 

the Chionoecetes spp. have smooth shells, red king crab have spiny armoring of the carapace and 

appendages, which is common in species in the Lithodidae family. While effective at interfering with 

consumption by predators (Pirtle et al., 2012), this armoring results in a larger body surface area that 

may inhibit effective burial.  

Habitat associations of Chionoecetes spp. 

 Compared to red king crab, little is known about habitat associations of early benthic 

Chionoecetes spp.; however, adult and larger juvenile (> C5 stage) Tanner crabs are known to associate 

with fine rather than coarse sediments, and burial of Tanner crabs has been observed in finer substrates 

(Stevens et al., 1994; Zhou and Shirley, 1997). Consistent with previous studies and hypotheses 

(Rosenkranz et al., 1998; Moles and Stone, 2002), early juvenile Tanner crabs selected finer sediments. 

We suspect that Tanner crabs are attracted to sediment types that allow them to bury to avoid 

predation. We found that C4 stage Tanner crabs occupied finer sediments more frequently than C3 

stage crabs. This strategy may reflect an ontogenetic change related to sediment-depth relationships in 

regions where sediment grain sizes are larger inshore than offshore. In the GOA, Tanner crabs settle in 

shallow water nursery grounds and as they increase in size, they move offshore to finer sediment 

habitats. In the eastern Bering Sea (EBS), wind-driven advection transport delivers Tanner crab to 

offshore nursery grounds where fine sediments are the dominant habitat for all demersal life stages 

(Rosenkranz et al., 1998).  

 Juvenile snow crabs have been shown to associate with muddy sediments in laboratory and field 

studies in the Gulf of Saint Lawrence (Brethes et al., 1987; Lovrich et al., 1995; Dionne et al., 2003). 

Consistent with those studies, we observed a tendency for early juvenile snow crabs to occupy sandy 

mud and muddy sand. In laboratory studies Dionne et al. (2003) concluded that temperature preference 
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overrides sediment preferences in determining C3 stage snow crab distribution, with crabs selecting 

temperatures of 0 to 1.5 °C. In our experiments, conducted at higher temperatures, the snow crabs’ 

higher activity levels may have resulted in use of a wider array of sediment types. 

Burial Behavior 

The burial behavior exhibited by juvenile crabs is widely presumed to serve as a mechanism to 

reduce predation risk (Bellwood, 2002) and has been demonstrated in experiments with lady crabs 

subject to predation by blue crabs (Callinectes sapidus) (Barshaw and Able, 1990). Consistent with this, 

both Tanner and snow crabs increased their burial depth in response to introduction of a predator. In 

our experiments however, there was no difference in survival of juvenile Tanner crab when exposed to 

actively foraging predators in sediment-free tanks (no burial opportunity) and sand-filled tanks (offering 

a burial opportunity). While this result may suggest questioning the anti-predator value of burial, we 

believe that this outcome is due to the confined spatial scale of the experiment and forced proximity of 

the predator and prey. Because of this constraint, the crab prey did not benefit from decreased 

encounter rates with mobile predators that would be associated with burial in natural settings. Our 

observations suggest that the benefits of burial behavior in early juvenile Chionoecetes spp. are 

associated with reduced detection and predator encounter rates rather than surviving a predator attack 

once detected. 

Chionoecetes spp. bury by entering the sediment backwards using the last pair of pereiopods to 

excavate the sediment and pull the body backwards into the sediment, a common mechanical form of 

burial for brachyurans (M. Ottmar, pers. observ.; Bellwood, 2002). The degree of burial behavior 

exhibited by crabs is frequently a function of both body size and sediment characteristics. As observed 

here for Tanner and snow crabs, other smaller bodied crab species have been shown to bury more 

readily in fine than in coarse sediments (Dugan et al., 2000; Bellwood, 2002; but see Barshaw and Able, 

1990). Species-specific habitat use has also been linked to specific substrates that allow for burial 
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behavior (McGaw, 2005; Lipcius et al., 2007). The EBS shelf is dominated by soft sediments with mud 

and sand in the primary habitats of snow crab on the middle shelf and more sand and gravel on the 

outer shelf where Tanner crab have higher occurrences (Zheng and Kruse, 2006; Copeman et al., 2021).  

Emergent Benthic Structure 

 A variety of juvenile crustaceans are known to preferentially associate with a range of emergent 

benthic structures. These structures may provide an opportunity for foraging in addition to serving as a 

refuge from predation. In our study, early juvenile Tanner crab and red king crab, exhibited an affinity 

for emergent polychaete tube structures. This finding is consistent with field observations in the GOA 

where Tanner crab distribution coincided with worm tubes of Sabellides sibirica (Ryer et al., 2015). 

Because Tanner crabs are known to feed on polychaetes (Jewett and Feder, 1983), the association with 

worm tube structures may reduce the costs of potential trade-offs between protection and feeding. 

Active habitat selection for protection and foraging is observed in other crab species (Iribarne et al., 

1995; Perkins-Visser et al., 1996).  

 Burial appears to be the first line of defense for Chionoecetes spp. and may be the best strategy 

for crabs with few other defense mechanisms. However, occupancy of structurally complex habitat also 

plays a role in reducing predation vulnerability by interfering with a predator’s activity and ability to 

locate, encounter and attack prey (Bartholomew et al., 2000; Ryer et al., 2004; Stoner, 2009). In our 

laboratory trials, high densities of artificial worm tubes significantly reduced the predation vulnerability 

of Tanner crabs to both piscine and crustacean predators. This effect was due in part to the habitat 

structure disrupting the ability of the predator to access the sediment surface to capture benthic crabs, 

even if they could be located. Similar effects of benthic habitat structure interfering with prey searching 

behavior have been observed in interactions between juvenile fishes and piscivores (Ryer et al., 2004). 

 Prey may also exhibit specific anti-predator behavioral tactics associated with complex habitats 

(Main, 1987; Ryer et al., 2004). Whereas red king crabs left the sediment surface, climbing the structure 
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of worm tubes, Tanner crabs partially buried themselves with the posterior margin of their carapace 

against the base of an individual worm tube. If detected by a predator, this positioning would restrict 

predators to striking from the anterior and in the event of an attack allow the crab to utilize their chelae 

to defend themselves. Such habitat-specific behavioral tactics have been described for other species 

(Main, 1987; Sandt and Stoner, 1993; Weiss et al., 2008), including Caridean shrimp (Tozeuma 

carolinense) which shift from swimming between seagrass blades to clinging vertically to seagrass blades 

to avoid predation. Such shifts in prey behavior in complex habitats may be important contributions to 

the refuge value by compromising predators’ ability to capture prey. 

 Thermal predation refuges 

The lack of attraction to worm tube structure among early juvenile snow crabs was an 

unexpected outcome of these experiments and may be related to a general lack of such structure in 

their primary Bering Sea nursery habitats. In the field, early settled snow crabs may not frequently 

encounter structure in the middle domain of the EBS. Structures such as rhizoid mats and hard 

substrates are rare in the middle domain at depths of 50-100 m (R. McConnaughey, AFSC, pers. comm.; 

Haflinger, 1981). However, it has been hypothesized that early benthic snow crabs hide in rafts of 

macroalgal debris in the EBS (Kruse et al., 2007). Selection of emergent structure and burial by early 

settled snow crab may be complicated by other habitat characteristics such as temperature dominating 

their selections (Lovrich et al., 1995; Dionne et al., 2003).  

Rather than relying upon biogenic benthic structures, post-settlement juvenile snow crab may 

benefit from the low temperatures of their habitats to mitigate predation risk (Dionne et al., 2003). Early 

benthic snow crabs are adapted to colder temperatures, unlike congeneric Tanner crabs (Somerton, 

1981). Snow crab are found in the EBS on the middle shelf at depths of 50-100 m where near-bottom 

temperatures are below 2 °C (Zheng et al. 2001; Orensanz et al. 2004; Kruse et al. 2007). Juvenile snow 

crab are preyed upon by a variety of groundfishes including Alaska plaice (Pleuronectes 
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quadrituberculatus), arrowtooth flounder (Atheresthes stomias), and northern rock sole (Lepidopsetta 

polyxystra), but Pacific cod appear to be the dominant consumers of juvenile Chionoecetes spp. (Zheng 

and Kruse, 2006). However, these species are concentrated in warmer areas of the EBS and generally 

avoid the “cold pool” with temperatures of < 2 °C (Zheng and Kruse, 2006; Kotwicki and Lauth, 2013; 

Stevenson and Lauth, 2019). 

Conclusions 

 Our laboratory results show that Chionoecetes and Paralithodes spp., with overlapping 

distributions in the GOA and EBS, exhibited distinct suites of habitat selection and behaviors which are 

important in mediating predator–prey interactions. Their life histories and survival strategies reflect the 

patterns of variation in substrate, structure, depth, and temperature in their primary settlement 

habitats. Early juvenile red king crab occupy structurally complex habitat to reduce predation risk and 

did not bury, even in the presence of predators. Tanner crab and snow crab employed similar strategies, 

with burial as their first line of defense against predation. Tanner crab also exhibited a strong 

association with fine sediments and emergent structure. Despite the demonstrated impact of emergent 

structures reducing the vulnerability of Chionoecetes sp. to predation by both piscine and crustacean 

predators, snow crab did not strongly associate with these structures. Rather, snow crabs appear to rely 

on the reduced abundance and consumption rates of predators in near freezing environments. The suite 

of strategies exhibited by these species suggest that the survival of these populations depend upon the 

spatial coincidence of particular combinations of habitat characteristics (i.e., substrate, structure, 

temperature, and depth) (Rosenkranz et al., 2001; Dionne et al., 2003). Future studies should examine 

how shifting climate conditions may result in shifting distributions of structure-forming invertebrates as 

well as benthic predators, and the impacts of those shifts on the habitat use and recruitment potential 

of Alaska commercial crab species. 
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Figure Captions: 

Fig. 1. Observed frequencies for individual Tanner crab (pooled molt stages C3 and C4), snow crab 
(pooled molt stages C2 and C3), and red king crab (pooled molt stages C1 and C2) located on a sediment 
type. Results of the extrinsic hypothesis G-test for distribution among the seven sediment types are 
indicated for each species. Sediment classifications are from finest to coarsest grains: sM = sandy mud, 
mudS = muddy sand, fS = fine sand, mS = medium sand, cS = coarse sand, G = granules, P = pebbles. 

Fig. 2. Mean body burial depth (± SE) of (A) Tanner crabs, (B) snow crabs and (C) red king crabs in sandy 
mud versus fine sand sediment types in the absence (periods 1-3) and presence (periods 4-6) of a 
perceived predation risk. Body burial index values are defined as: 1 = crab on top of the sediment, 2 = 
carapace partly recessed in a depression or the posterior end nestled in the sediment, 3 = top of the 
carapace flush with the sediment surface and 4 = > 1/3 of carapace covered with sediment. 

Fig. 3. Habitat associations of Tanner crab, molt stage C2 and C3, in artificial worm tube and bare sand 
habitat in the absence (periods 1-3) and presence (periods 4-6) of a perceived predation risk. (A) Counts 
and (B) body burial index presented as means ± SE. 

Fig. 4. Habitat associations of snow crab, molt stages C2 and C3, in artificial worm tube and bare sand 
habitat in the absence (periods 1-3) and presence (periods 4-6) of a perceived predation risk. (A and B) 
Counts and (C and D) body burial index presented as means ± SE. 

Fig. 5. Habitat associations of red king crab, molt stage C2, C3, and C4 in artificial worm tube and bare 
sand habitat in the absence (periods 1-3) and presence (periods 4-6) of a perceived predation risk. (A) 
Counts and (B) body burial index presented as means ± SE. 

Fig. 6. Age-0 Tanner crabs eaten by both age-1 Pacific cod and age-1 Tanner crab predators in 4 different 
habitat treatments: (B) bare bottom tank, (S) fine sand at a depth of 20 mm, (Sparse WT) artificial sparse 
worm tube structure with density of 18 tubes per 0.3048 m2 in 20 mm sand, and (Dense WT) artificial 
dense worm tube structure of 265 tubes per 0.3048 m2 in 20 mm sand. Values presented as means ± SE. 
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Table 1 

Table 1. Species, molt stages, sizes, and replicates with total number of crabs for four different 
experiments.  
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* Indicates pooled molt stages in the experimental trials. 784 
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Experiment 

 
Species 

Molt  
Stages 

Size range 
(mm CW) 

Replicates  
(total # of crab) 

Sediment Association Tanner Crab C3 5.08 – 6.93  11 (n = 11) 
  C4 7.11 – 7.56   7 (n = 7) 
 Snow Crab C2 4.25 – 4.90  18 (n = 18) 
  C3 5.00 – 7.13 18 (n =18) 
 Red King Crab C1 1.92 – 2.11 13 (n = 13) 
  C2 2.13 – 2.30   5 (n = 5) 
     
Burial Behavior Tanner Crab C2 3.13 - 4.27   6 per sediment type (n = 120) 
  C3 4.49 - 5.51   6 per sediment type (n = 120) 
 Snow Crab C2 3.54 - 4.97   8 per sediment type (n = 160) 
  C3 5.28 - 7.14   8 per sediment type (n = 160) 
 Red King Crab * C2, C3 2.21 - 3.40    6 per sediment type (n = 120) 
     
Worm Tube Structure 
Association 

Tanner Crab * C2, C3 3.76 - 5.50   8 (n = 80) 

 Snow Crab C2 4.10 - 4.80   4 (n = 40) 
  C3 5.53 - 6.86   4 (n = 40) 
 Red King Crab * C2, C3, C4 2.27 - 4.17   8 (n = 80) 
     
Predation Vulnerability     
Predators     
       Age-1 Pacific Cod Tanner Crab C3 4.76 - 5.49 6 per habitat type 

(total n = 480) 
       Age-1 Tanner Crab Tanner Crab* C2, C3, C4 4.29 - 7.68 4 per habitat type 

(total n = 320) 
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