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Abstract

The snow crab (Chionoecetes opilio) is a valuable commercial resource within the Bering 

Sea, as well as other areas in the North Pacific and Atlantic Oceans. Large populations 

are known to exist within the Chukchi and Beaufort Seas, including recently discovered 

commercial sized individuals (Beaufort). However, genetic connectivity throughout these 

regions has not been examined until now. Based on seven polymorphic microsatellite 

loci, relatively low population genetic structuring occurs throughout the Alaskan region 

(Gst = 0.001). This homogeneity is likely due to long-distance larval dispersal, adult 

migrations, and a possible recent population expansion following the last glacial 

maximum. Furthermore, meta-population analysis was conducted for Alaskan and 

Northwest Atlantic stocks. Although significant genetic divergence characterizes the 

West Greenland stock in relation to all other populations, low divergence (GST = 0.005) 

was found between Atlantic Canada crabs and those from the Alaska region. Larval 

dispersal between regions is highly unlikely due to the transit distance. Therefore, low 

divergence is likely the result of a recent population expansion into the Northwest 

Atlantic <5000 years ago.
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Introduction

Snow crab (Chionoecetes opilio) occur throughout the continental shelf regions of the N 

Pacific, NW Atlantic and Arctic Oceans (Fig. 1). The species represents a valuable 

commercial resource in many regions; however, within the Eastern Bering Sea (EBS) it 

has historically comprised the largest and most valuable crab fishery in the US (328.6 

million pounds harvested in 1991, over $155 million ex-vessel; NPFMC 2010). Snow 

crab harvest increased during the 1980s (Fig. 2) as catches of its warmer-water relative, 

the Tanner crab (C. bairdi), began to decline. Since that time, the Bering Sea snow crab 

stock has undergone large fluctuations in population size (Fig. 2) and was declared 

overfished in 1999 due to low survey estimates of mature crab biomass (NPFMC 2010).

A 10-year rebuilding plan was implemented in 2000, and although population estimates 

have increased since that time, the recovery program has not attained its goal (NPFMC

2010). There are currently no snow crab fisheries in the Alaskan Arctic; however, legal- 

size snow crab were recently reported in deeper waters (306-478 m) off the Beaufort Sea 

shelf (Rand and Logerwell 2011), indicating potential for fishery development.

Moreover, should the Arctic become increasingly ice-free and open to transit, resource 

extraction efforts will likely increase. Oil and gas lease sale areas extend over 100 km 

into the Chukchi and Beaufort Seas from Point Hope to Camden Bay (Fig. 1). These 

increasing pressures create a need for information on stock structure, genetic 

connectivity, and spatial dynamics of northern aggregations of snow crab to inform future 

management efforts.

Harvest of Bering Sea snow crab is currently tracked in both eastern and western 

subdistricts (divided by the 173° W longitude line); however, the stock is managed as a 

panmictic unit with a single harvest quota (Bowers et al. 2008). Investigations into 

population structure have not examined connectivity among northern populations, for 

which little biological, spatial, and genetic information is available (see, Paul et al. 1997, 

Merkouris et al. 1998, Bluhm et al. 2009, Rand and Logerwell 2011). Idealized
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Fig. 1. Known distribution of snow crab (maroon) with oil and gas lease areas (teal) and the 

Bering Sea commercial fishery (tan) highlighted (based on Rathbun 1925, Atkinson and 

Wacasey 1989a, Squires 1990, Futterer 1994, Kuzmin 2000, Burmeister 2002, USDOI-BOEMRE 

2010).
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Fig. 2. Observed mature male snow crab biomass and total retained catch, from the Eastern Bering 

Sea during 1979-2010 (figure produced using data from snow crab stock assessment; NPFMC 2010).

oceanographic flow is assumed to promote northward larval transport from the Bering 

Sea into the Chukchi and Beaufort Seas, suggesting potential downstream effects of 

pressures exerted on the southern portions of the population. In addition to commercial 

fishing pressure, snow crab are subject to a variety of impacts associated with sea-ice 

retreat and warming trends through direct and indirect pathways such as increased bottom 

water temperatures and altered predator-prey interactions (Orensanz et al. 2004, Mueter 

and Litzow 2008, Mueter et al. 2009). Changes in the density distribution of snow crab 

have been documented over the last four decades, including a substantial northward 

contraction thought to be related to increases in near-bottom temperatures in the late 

1970s and the reduced seasonal ice extent in the Bering Sea (Orensanz et al. 2004). 

Furthermore, large increases in snow crab biomass have been reported in the Chukchi Sea 

over the last 30 years, providing additional support for the idea of a northward 

contraction (Bluhm et al. 2009). Snow crab recruitment in the southern region of the EBS 

may be impacted by increased abundance of warmer water predators such as Pacific Cod
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(Gadus macrocephalus) and the predominantly northward flow of currents that disperse 

larvae (Orensanz et al. 2004, Mueter and Litzow 2008, Parada et al. 2010). Although 

shifts in temperature and sea ice are thought to be the primary drivers of these changes 

(Mueter and Litzow 2008), recent work suggests that snow crab density may be playing 

the largest role in population contraction and expansion, with declines in density resulting 

in range contractions (Mueter unpub. data). A slight increase in total mature male 

biomass in all areas, including those in the southern portion of the EBS, was recorded for 

2009 and 2010 survey years; however, this trend is not expected to continue based on 

immature crab abundance (NPFMC 2010). Due to these findings, identifying connections 

to northern populations has become critical.

Here, through the use of microsatellite techniques, I explore population structure and 

connectivity on both regional and trans-Arctic scales in Alaskan and NW Atlantic snow 

crab. While genetic stock structure of snow crab has been investigated previously (see 

Merkouris et al. 1998), this is the first study to employ sensitive microsatellite 

techniques, and the first to incorporate individuals from lesser-studied northern portions 

of the species range. Furthermore, investigations into historical trans-Arctic connectivity 

of the species may provide insights into past climate trends, migration patterns, and the 

potential for this species to expand and shift its range.

Study region

The Bering, Chukchi, and Beaufort Seas (Fig. 3) comprise a system of seasonally ice- 

covered continental shelves, slopes, and basins. In addition to snow crab, the Bering Sea 

harbors large populations of commercial species such as Pacific cod, walleye pollock 

(Theragra chalcogramma), Pacific halibut (Hippoglossus stenolepis), Pacific salmon 

(Oncorhynchus spp.), and red king crab (Paralithodes camtschaticus; Springer et al.

1996, Chilton et al. 2011). This ecosystem relies heavily upon the layer of surface water 

created by melting sea-ice that is relatively fresh and buoyant. Within this warm and
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stable lens, high levels of primary production occur, which contribute a significant 

portion of carbon flux into the ecosystem

Fig. 3. Idealized oceanographic flow through the study area (black arrows) with sampling stations 

shown (red dots) (based on Stabeno et al. 2001, Weingartner et al. 2005, Parada et al. 2010).
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(Alexander and Niebauer 1981). Primary production in the Chukchi and Beaufort Seas is 

influenced by similar processes; however, smaller Arctic fishes, primarily cottids, gadids, 

stichaeids, and pleuronectids, such as the Arctic staghorn sculpin (Gymnocanthus 

tricuspis), polar cod (Boreogadus saida), stout eelblenny (Anisarchus medius), and 

Bering flounder (Hippoglossoides robustus) are dominant (Norcross et al. 2009, Rand 

and Logerwell 2011). Furthermore, overall benthic biomass is dominated by 

invertebrates, including echinoderms such as the notched brittle star (Ophiura sarsi), 

holothurians (Myriotrochus rinkii), urchins (Strongylocentrotuspallidus), and snow crab 

(Bluhm et al. 2009, Rand and Logerwell 2011). Chukchi Sea snow crabs, on average, are 

much smaller [few crabs >65mm carapace width (CW)] than those commonly found in 

the Bering Sea (adult males >101 mm CW; Paul et al. 1997, Chilton et al. 2011) and the 

more recently-discovered large individuals of the Beaufort Sea slope (males >101 mm 

CW; Rand and Logerwell 2011).

The EBS shelf lies between the Alaska Peninsula and the Bering Strait, extending over 

600 km from the shore in some areas (Stabeno et al. 2001). This area is typically 

discussed in terms of three domains bordered by the 50 and 200-m isobaths (Inner 

Domain 0-50 m, Middle Domain 50-100 m, Outer Domain 100-200 m; Stabeno et al. 

2001). Mean flow in the Bering Sea is primarily northward, driven by differences in 

steric sea level between the Pacific, Arctic, and Atlantic oceans (Stigebrandt 1984). 

Currents are typically slower over the Middle and Inner Domains (1-5 cm/s) than the 

Outer Domain (15 cm/s; Schumacher and Stabeno 1998; Reed and Stabeno 1999). Flow 

through the Bering Strait varies seasonally and can be reversed for periods of time due to 

wind forcing from the northeast; however, mean flow travels northward through the strait 

at 10-20 cm/s (Roach et al. 1995, Woodgate et al. 2005). Individual-based models 

suggest crab larvae and other plankton may be retained locally by microcurrents and 

eddies that occur northeast of the Pribilof Islands and southwest of St. Matthew Island, or 

transported long distances from the outer NW Bering Sea into the S Chukchi Sea 

(approx. 1000 km; Parada et al. 2010).
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Air temperatures over the EBS vary on both short and long time scales and are influenced 

by the strength of the Aleutian Low Pressure System, the El Nino Southern Oscillation, 

the Pacific Decadal Oscillation, winds generated in the Arctic, and their combined effects 

on the timing and extent of seasonal ice cover (Stabeno et al. 1999, Stabeno et al. 2001). 

Annual ice can form as early as November and persist until June, depending on air 

temperatures and wind speed/direction (Stabeno et al. 2001). The ice is responsible for a 

large body of cold water that forms over the Middle Domain. Cold water is mixed 

throughout the water column during the winter. As ice retreats, cold water becomes 

trapped below a relatively warm and fresh layer of melt water (Stabeno et al. 2001). This 

cold pool layer can be 40-50 m thick and generally persists throughout the summer, 

covering most of the Middle Domain (Wyllie-Echeverria and Wooster 1998, Reed and 

Stabeno 1999, Stabeno et al. 2001). Summer bottom water temperatures across the entire 

Bering Sea shelf recorded on the 2010 National Marine Fisheries Service (NMFS) trawl 

survey cruise varied from -1.7 to 6.3°C (NPFMC 2010), while temperatures on the slope 

and outside of the cold pool tend to be slightly warmer (Grebmeier et al. 2006). The 

variable extent of the cold pool is known to influence distribution of snow crab and many 

of their predators (e.g., T. chalcogramma and G. macrocephalus), which prefer 

temperatures >2°C (Zheng and Kruse 2006, Mueter and Litzow 2008).

The Chukchi Sea covers a wide continental shelf (~800 km north/south) generally ~50 m 

in depth that drops off into the Canada Basin relatively quickly in the east and merges 

with the East Siberian Sea in the west. Bottom temperatures typically remain near 

freezing year-round, except for a late spring rise to ~ 3°C with the influx of Bering water 

(Weingartner et al. 2005). Flow is predominantly northward and channeled by the various 

shoals and valleys in the central a nd northern portions of the sea. Although the velocity 

of flow through the Bering Strait is relatively fast (10-20 cm/s), flow across the Chukchi 

shelf typically slows to H of that speed (5 cm/s), due, in part, to wind forcing from the 

north (Woodgate et al. 2005). After transiting the Chukchi shelf, water reaching the shelf 

break becomes entrained in an eastward-flowing water mass headed for the Beaufort 

shelf, or spills into the Canada Basin and travels clockwise in the Beaufort Gyre
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(Weingartner et al. 2005). Typical residence time for a parcel of water in the Chukchi Sea 

varies between 6 and 30 months (Winsor and Chapman 2004). However, flow can be 

completely reversed to the south due to strong winter winds making these transit times 

highly variable among years (Aagaard et al. 1985, Winsor and Chapman 2004, 

Weingartner et al. 2005).

The W Beaufort Sea is bounded by a narrow continental shelf ~50 km wide and <60 m 

deep. The western portion is defined by Barrow Canyon, a narrow, deep feature 

responsible for draining a large amount of Chukchi water into the Canada Basin 

(Weingartner et al. 2005). Flow across the shelf is predominantly eastward but variable; 

cross-shelf transport is also thought to occur (Garrison and Becker 1976, Pickart 2004). 

As in the Chukchi Sea, bottom temperatures range between near freezing and ~3°C. 

Warm Atlantic water (>0°C) is present off the shelf break below the thermocline, with 

maximum temperatures (<3°C) occurring around 450 m depth (Pickart 2004). Benthic 

assemblages are similar to those of the Chukchi Sea with echinoderms and crustaceans 

dominating the biomass; however, the collection of larger sized snow crab (up to 119 mm 

CW) at deeper stations (306 to 478 m) represented the first record of legal sized crabs 

caught north of the Bering Strait (Rand and Logerwell 2011). Although few trawls have 

been conducted in the eastern portions of the Beaufort Sea and high Canadian Arctic, 

snow crab appear to be absent east of the Mackenzie River Delta (Atkinson and Wacasey 

1989b, Burmeister 2002, B. Sainte-Marie, Maurice Lamontagne Institute, Fisheries, and 

Ocean Canada, Mont-Joli, Quebec, personal communication, 2011).

Snow crab life history review

Snow crab have been observed to form large breeding aggregations (“female mounds”) 

that may work to attract males from long distances (Conan et al. 1996). Males typically 

deposit enough sperm to fertilize at least two clutches of eggs and can fertilize up to six 

females per month in a laboratory setting (Watson 1972). Females can store sperm in the 

spermathaeca, which can be used in the event of a clutch loss between matings, when a
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mate cannot be found, or for the avoidance of mating, which can be taxing to the female 

body (i.e., lost limbs and grasping injuries; Elner and Beninger 1992). Females are 

capable of mating several times and fertilizing multiple clutches of eggs with sperm 

stored in the spermathaeca for up to 2 years (Elner and Beninger 1992).

Fertilized eggs are extruded and carried under the female’s abdominal flap. The duration 

of the brooding period can vary, and is typically 1-3 months longer in primiparous 

females (first-time breeders) which mate 1-3 months earlier than multiparous females in 

the EBS. Hatching occurs in the spring (March-July) for both primiparous and 

multiparous females (Orensanz et al. 2004). However, temperature influences whether 

the brooding period will last one or two years. In a study of Atlantic snow crab, Moriyasu 

and Lanteigne (1998) concluded that a threshold of degree-days can cause transition 

between 1- and 2-year cycles. Crabs spending a majority of the time at temperatures 

between -1 and 1°C (as in the Southern Gulf of St. Lawrence) will typically undergo a 2- 

year incubation, whereas those that move into warmer waters (1-5°C) will shorten this 

time period to 1 year (Sainte-Marie and Carriere 1995). The EBS cold pool is typically 

<2°C; however, the proportion of crabs in either a single or multi-year incubation cycle is 

not known. Laboratory studies of Bering Sea snow crab show that temperatures 

experienced within the first 3 months of development are most influential in determining 

a 1- or 2-year brooding cycle (Webb et al. 2006). The brood period of the Arctic 

(Chukchi -  Beaufort) population is unknown, but a more extensive cold-water presence 

(Pickart 2004, Weingartner et al. 2005) may support a 2-year incubation period.

Oviposition and hatching typically occur from March to July in the Bering Sea (Somerton 

1981a, Zheng et al. 2001). The exact timing of the larval release is suspected to be 

influenced by environmental conditions such as increased tidal currents and biological 

cues. Stevens and Haaga (1994) observed Tanner crab releasing their larvae from atop 

small mounds of sediment, presumably built by the crabs to encourage better dispersal; 

snow crab may have similar behaviors. According to Starr et al. (1994) the presence of 

senescent phytoplankton in laboratory and field experiments was found to correlate with



10

snow crab larval release. The vertical flux of detritus deposited during sea-ice retreat and 

the associated spring phytoplankton bloom may signal the presence of copepod nauplii, a 

valuable prey item for crab larvae, in the surface waters.

Snow crab embryos first enter the water column as zoea, a planktonic larval stage typical 

of crustaceans. At this stage, mobility is limited to vertical swimming, and thus subject to 

the movements of ocean currents (Mileikovsky 1973). Snow crab have two zoeal stages 

(zoea I and zoea II) encompassing a single molt. The length of the zoeal stage typically 

spans three to four months and larvae are found between April and June in the EBS 

(Incze et al. 1987). However, temperatures during egg incubation can affect morphology 

(spine lengths) and development time, contributing to spatial variation in length of larval 

period (Webb et al. 2006). In the EBS, zoeal stages occupy the upper mixed layer where 

temperatures and food availability are more suitable (Incze et al. 1987). Tanner crab zoea, 

which co-occur with snow crab larvae in some areas of the Bering Sea, have a diet 

composed of both zooplankton and phytoplankton, with calanoid copepods being the 

dominant component (Incze and Paul 1983, Rosenkranz et al. 2001).

Chionoecetes zoeae are likely vulnerable to most pelagic planktivores such as pollock, 

salmon, herring, and gelatinous zooplankton (Kruse et al. 2007). Moreover, in order to 

grow, decapod crustaceans must undergo ecdysis, the process through which the 

exoskeleton is shed and rapid growth ensues in a “soft-shell state” before re-calcification. 

During the soft-shelled larval stage, or instar, the crab will rapidly swell as a result of 

water intake. Calcium is then absorbed from seawater in the form of calcite and aragonite 

to create a hard exoskeleton, beneath which the water can be replaced with actual tissue 

growth. Crabs are typically more vulnerable to predation during the instar stages, as they 

lack a hard shell for protection (Brusca and Brusca 2003).

The second molt in the snow crab life cycle marks the entrance into the megalopa phase, 

where the crab takes on morphology more similar to that of an adult and thus exchanges 

planktonic life for benthic (Kon 1980, Lovrich et al. 1995). The megalopa stage
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encompasses a single molt and is thought to last about 30 days in the Bering Sea (Kruse 

et al. 2007), during which time the larva will search for suitable benthic habitat and settle. 

The juvenile stages include the first 7-9 instars, typically encompassing the first four 

years of life (Sainte-Marie et al. 1995).

In the EBS, juvenile recruitment is the strongest over the Middle Domain, where 

temperatures are typically <2°C due to the presence of the cold pool (Ernst et al. 2005, 

Zheng and Kruse 2006). Juvenile snow crab are highly stenothermic, and recruitment is 

thus strongly influenced by the extent and position of the cold pool (Lovrich et al. 1995, 

Parada et al. 2010). Field and laboratory observations of Atlantic snow crab show that 

early juvenile stages (up to instar V) are the most stenothermic, preferring temperatures 

<1.5°C (Dionne et al. 2003).

Preferred juvenile habitat consists of mud or gravel bottoms at depths between 50-100 m 

(Zheng et al. 2001). Laboratory trials show that temperature is more influential in habitat 

selection than substrate type (Dionne et al. 2003). Nonetheless, megalopae and instars I

V have limited mobility and typically bury into the sediment, remaining highly sedentary 

(Kon 1980, Lovrich et al. 1995). Young-of-the-year crabs remain buried in the sediment 

with only eyes and rostrum exposed to avoid predation pressure (Rosenkranz et al. 2001), 

which is exerted by a variety of fish and invertebrates, including adult snow crab 

(Livingston 1989, Lovrich and Sainte-Marie 1997).

During the juvenile phase, crabs may molt numerous times within a single year until the 

terminal molt to maturity occurs (Somerton 1981a). Juvenile and adult snow crab exhibit 

opportunistic feeding behavior and typically consume items such as crustaceans, 

echinoderms, polychaetes, mollusks, detritus, fish, and plants (Tarvirdieva 1976, Lovrich 

and Sainte-Marie 1997). Snow crab begin cannibalizing members of their own species 

around 32 mm CW, so long as they are at least twice the size of the prey. Furthermore, 

occurrence of cannibalism is shown to increase with population density, particularly in
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areas of steep topography, which can allow for greater overlap of crabs of various size 

classes, which often inhabit different depth (Lovrich and Sainte-Marie 1997).

Adolescence (one or more instars/years for males) is marked by development of primary 

sexual characteristics and movement within the EBS towards the outer Middle Domain 

(Ernst et al. 2005). The presence of spermatophores in males and ovaries in females 

indicate primary sexual maturity. In the NW Atlantic, males develop primary sexual 

characteristics at 31-40 mm CW, while those collected from the Chukchi Sea do so at 25

29 mm CW (Paul et al. 1997, Sainte-Marie et al. 1997). Although this information is not 

documented for the Bering Sea, maturity is likely reached at a larger size than that of 

Chukchi crabs due to increased growth associated with warmer temperatures experienced 

at lower latitudes (Somerton 1981b, Paul et al. 1997, Orensanz et al. 2004).

Development of secondary sexual characteristics occurs during the terminal molt to 

maturity. Morphometric maturity (development of secondary sexual characteristics) is 

marked by a disproportionately large increase in the size of the dominant chelae (males) 

and abdominal flap (females; Somerton 1981a, Otto 1998, Burmeister and Sainte-Marie

2010). Size at maturity decreases with latitude (females: 70 mm CW at 55° N latitude to 

40 mm CW at 63° N latitude) (Somerton 1981a, Somerton 1981b). This pattern is likely 

due to positive correlation between temperature and growth, which has also been 

observed in NW Atlantic stocks (Burmeister and Sainte-Marie 2010). Sainte-Marie et al. 

(2005) showed that average size in the NW Atlantic increases from 52 mm in Baie 

Sainte-Marguerite to 71 mm in the Saguenay Fjord over a gradient of 2-3°C.

The terminal molt in the EBS occurs during the winter and early spring (Feb-May) in 

males, and during the winter only (Feb-March) in females (Ernst et al. 2005). Terminally 

molted crabs are found in the highest abundances in deeper waters along continental shelf 

break-slope areas (100-200 m) in the EBS (Ernst et al. 2005). Age-at-maturity ranges 

from 4.5-7.5 years post-settlement in the Gulf of Saint Lawrence, and 7-8 years in Bonne 

Bay, Newfoundland (Alumno-Bruscia and Sainte-Marie 1998, Comeau et al. 1998). EBS
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crab mature 5-10 years (males) and 3-7 years (females) after settlement (Kruse et al. 

2007). Males spend a longer period of time in the adolescent stage, during which time the 

size increase between molts begins to differ between the sexes as males grow faster than 

females (Sainte-Marie and Carriere 1995). Time between terminal molt and death is 

estimated at up to 7 years in the EBS, for a total life span of 14 years in females and 17 in 

males (Ernst et al. 2005, Shirley and Bluhm 2005).

Having reached sexual maturity, males are able to attempt mating when in the hard shell 

state (Hartnoll 1969). Relative mating success of morphometrically immature (MI) males 

in the wild, however, is a topic of some debate (see Conan and Comeau 1986, Elner and 

Beninger 1992, Sainte-Marie et al. 1997, Sainte-Marie et al. 2008). Laboratory studies 

revealed that when placed in a competitive situation, the largest morphometrically mature 

(MM) crabs were the most successful in inseminating primiparous females, followed by 

smaller MM crabs, large MI crabs, and small MI crabs (Sainte-Marie et al. 1997). 

Additionally, multiparous females only successfully mated with MM males (Sainte-Marie 

et al. 2008). However, in a noncompetitive context, MI males were capable of passing 

amounts of sperm comparable in both volume and potency to that of similarly sized MM 

males to female crabs (Moriyasu and Conan 1988, Sainte-Marie and Lovrich 1994).

In the wild, there appears to be spatial and temporal separation of adolescent and adult 

mating behavior, with primiparous females typically mating shallower and earlier in the 

year than multiparous females (Yamasaki and Kuwahara 1992, Lovrich et al. 1995, Ernst 

et al. 2005). Primiparous mating most likely occurs in the winter in the EBS, 1-3 months 

prior to multiparous mating (March-July) over the outermost portions of the Middle 

Domain (100 m) (Somerton 1981a, Sainte-Marie and Hazel 1992, Ernst et al. 2005). 

Although Conan et al. (1989), in their research concerning the bipartite mating hypothesis 

in Tanner crabs, suggests that primiparous females mate predominantly with adolescent 

males, this view has been challenged by more recent field observations supporting an 

onshore migration of adult males for the primiparous mating season in N  Atlantic 

populations (Lovrich et al. 1995, Sainte-Marie et al. 2008).
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Migration and spatial distribution

Snow crab have been documented at depths ranging from 4 to 520 m in the Pacific, with 

large males found at depths up to 1400 m in the NW Atlantic (Yosho and Hiyashi 1994, 

Lovrich et al. 1995, Dawe and Colbourne 2002). Newly settled juveniles occur in the 

largest concentrations at 50-100 m in the Bering Sea (Middle Domain), and in the NW 

Atlantic (see discussion in Comeau et al. 1998, Ernst et al. 2005). Temperature is thought 

to strongly affect habitat choice of juvenile crabs, as they are the most stenothermic at 

this stage (Dionne et al. 2003). Thermal, substrate, and dissolved oxygen tolerances 

increase with age such that population density and mating opportunities become more 

important in governing distribution of adolescent and adult stages (Comeau et al. 1998, 

Dionne et al. 2003).

Newly matured females in the EBS undergo an ontogenetic migration from the Middle 

Domain towards the Outer Domain (Ernst et al. 2005). In addition to moving deeper, the 

direction of movement (S/SW) is generally “upstream” with respect to local currents that 

influence larval dispersal. Adult females in the central Bering Shelf migrate over 

distances averaging 84.6 km (Ernst et al. 2005). Although male migration patterns are not 

as well understood in the EBS, size-frequency data based on shell condition index 

suggest that males migrate to deeper waters following the terminal molt (Otto 1998). This 

pattern has been documented in NW Atlantic populations; however, MM males are 

known to migrate to shallower waters for mating with primiparous females— a 

phenomenon that has not yet been documented in the EBS due to trawl survey timing and 

seasonal ice cover (Sainte-Marie and Hazel 1992, Lovrich et al. 1995, Otto 1998). This 

continued movement of adult males, in contrast to the sedentary nature of mature 

females, is likely to promote sex-biased gene flow within a given region.

Movement patterns of crabs within the Chukchi and Beaufort Seas are not known; 

however, mature females have been found throughout the Chukchi shelf (<50 m), 

interspersed among new-shell crabs (Paul et al. 1997, S. Hardy, University of Alaska
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Fairbanks, Institute of Marine Science, personal communication, 2011). Migrations to 

deeper water may be evidenced by the discovery of large males (up to 119 mm CW) and 

females (up to 78 mm CW) in waters ranging from 306-478 m in the Beaufort Sea (Rand 

and Logerwell 2011). Determining whether these crabs comprise a separate genetic stock, 

are significantly older, or are simply larger due to exposure to warmer temperatures, is of 

interest given that crabs of this size have not been found elsewhere north of Bering Strait 

(Paul et al. 1997, Bluhm et al. 2009).

Population connectivity and implications fo r  fishery management

High levels of connectivity are often found to exist in marine organisms with long 

planktonic phases occurring in systems lacking obvious barriers to dispersal (Palumbi 

1992, Tepolt et al. 2009); however, recent studies show this is not always the case (see 

Taylor and Hellberg 2003, Becker et al. 2007). Management of separate genetic stocks 

has been recommended for Dungeness (Metacarcinus magister) and NW Atlantic snow 

crab (C. opilio) populations based on microsatellite studies (Bunch and Highsmith 1998, 

Beacham et al. 2008, Puebla et al. 2008) and investigations into king crab that reveal 

structuring on small scales are ongoing (Vulstek unpub. data). Similarly, size-frequency 

distribution and genetic evidence have led to the ongoing management of Tanner crab in 

two separate subdistricts in the EBS (Somerton 1981a, Zheng and Pengilly 2011). In 

Atlantic cod (Gadus morhua), genetic evidence has played a large role in the designation 

of separate management units (Beacham et al. 2002, Hauser and Carvalho 2008). Given 

that Alaskan snow crab occur on similar spatial scales and in comparable oceanographic 

settings as these species, there is potential for genetic structure. Previous investigations 

into snow crab show little population structure among three sites within the EBS; 

however, allozyme techniques were used and northern populations were not analyzed 

(Merkouris et al. 1998).

Oceanographic flow is relatively unbroken in the Alaskan study area, but local retention 

of snow crab larvae within eddies may occur (see Lee et al. 1994, Parada et al. 2010) 

which could influence genetic structure. Due to a primarily northern oceanographic flow,
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connectivity and the relative contribution of larvae from Bering Sea stocks to recruitment 

in Arctic populations must be considered so that more informed decisions can be made 

regarding the future management of northern stocks. Although snow-crab fisheries do not 

currently exist in the Chukchi and Beaufort Seas, warming trends may make these areas 

increasingly available to harvest activity, as well as resource exploration and extraction. 

Understanding the connectivity in these areas is important and genetic analysis may be 

able to reveal the origins of newly discovered legal sized crabs in the Beaufort Sea. 

Validation of the current EBS snow crab management approach is also necessary, 

particularly when considering recent population declines and range shifts. Population 

dynamics of snow crab are tracked in the eastern and western EBS subdistricts, but 

management decisions are made based on the health of the population as a whole.

Historical connectivity between Atlantic and Pacific snow crab populations has not been 

explored and the absence of snow crab from the Canadian Arctic remains unexplained. 

Previous work suggests low divergence between snow crab from these two regions; 

however, connectivity through larval dispersal is highly unlikely given the distance 

separating these regions (>3,000 km; Merkouris et al. 1998). Further investigations into 

levels of divergence and historical connectivity may provide valuable insights into the 

timing and nature of the species’ trans-Arctic range expansion.

Therefore, I combine knowledge of life history information with genetic analysis to 

explore snow crab population structure throughout their Alaskan and NW Atlantic 

distribution. More specifically, I test the hypothesis that snow crab in the Bering,

Chukchi and Beaufort Seas form a panmictic population that experiences sufficient gene 

flow to prevent population subdivision throughout the region. Furthermore, to gain 

insight into the history of the dispersal of the species, I test the hypothesis that significant 

genetic differentiation occurs between Alaskan and NW Atlantic snow crab, which 

currently inhabit distinct, non-overlapping geographic regions.
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Materials and Methods

Sample collection

Field sampling was conducted in the Beaufort, Chukchi, and Bering Seas between 2008 

and 2010 (Fig. 4). Collection information for all samples is summarized in Table 1. 

Beaufort Sea samples (n =145) were collected in August 2008 during a US Minerals 

Management Service expedition aboard the F/V Ocean Explorer using an 83-112 eastern 

otter trawl (for cruise details see Rand and Logerwell 2011). Subsampling was conducted 

at stations where snow crab were highly abundant and samples were frozen whole 

aboard the vessel at -20°C. and transferred to -80°C in the home laboratory. Samples 

from six stations (2, 4, 22, 23, 24 and 26; Fig. 4) were combined due to low sample 

numbers, proximity to each other and similarity in size of individuals. Sample sizes large 

enough for genetic analysis, based on polymorphism of loci used, were collected at 

stations 7 and 8. Furthermore, substantially larger individuals were present at these sites 

(>86.2 ±15.2 mm, compared to 34.6±15.2 mm avg. CW), suggesting they may represent 

a separate stock. Overall sampling effort for the cruise targeted water masses associated 

with three depth strata (20-50 m, 51-100 m and 101-500 m) that may influence demersal 

and benthic fish distribution. Snow crab samples were collected opportunistically, so 

sample sizes varied.

Chukchi Sea samples (n = 268) were collected in September 2009 during the Russian- 

American Long-term Census of the Arctic (RUSALCA) cruise aboard the R/V Professor 

Khromov, using otter and plumb-staff beam trawls. As many as 50 females were 

collected from each of seven stations to encompass a broad area (Fig. 4, Table 1). Both 

male (n = 17) and female (n = 7) crabs were analyzed from the N Chukchi Shelf site 

(NC). Fewer crabs were obtained at this site, yet it represents an important data point as it 

is the farthest-north collection location. The majority of Chukchi crabs collected were 

immature (92.4% females only) and assumed to not have moved great distances since 

settlement (Lovrich et al. 1995, Ernst et al. 2005).
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Fig. 4. Map showing sample locations (red dots). Station BFP (inset) in the Beaufort Sea represents 

samples pooled from sites 2, 4, 22, 23, 24 & 26 (site numbers correspond to Rand and Logerwell 

2011).
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Table 1. Summary of trawl station and sample collection information for Alaska region data. Station 

abbreviations correspond to those in Fig. 4; (N) number of males (m) and females (f) analyzed from 

each station; depth in meters at each station; latitude and longitude at each station; (Avg. CW) mean 

carapace widths of individuals collected at each sampling site ± standard deviation in millimeters.

Site Name Abbreviation N Depth
(m)

Lat (N): Long 
(W)

Avg. CW 
(mm)

Pribilof Islands PI 77f  23m 71 57.50 : -168.75 50.5±6.1

Bering Sea BR 50f 47 60.01 : -169.33 *

Saint Matthew 
Island

SMI 50f 61 60.66 : -172.12 43.9±4.0

Chukotka Coast CH 50f 53 66.56 : -170.59 33.5±5.7

Point Hope PH 29f 57 67.88 : -168.31 46.3±5.1

Cape Lisburne CL 39f 47 68.57 : -166.55 35.4±4.5

SW Chukchi Shelf SWC 50f 54 69.41 : -174.51 44.1±5.9

Wrangel Island WI 26f 86 71.24 : -174.47 45.5±5.6

NW Chukchi 
Shelf

NWC 50f 146 73.21 : -175.34 35.6±4.4

N Chukchi Shelf NC 7f 17m 350 74.30 : -165.57 36.1±15.3

E Beaufort Slope EBF (station: 8) 4f 36m 320 71.72 : -152.84 82.1±14.8

Barrow Canyon BC (station: 7) 8f 65m 334 71.98 : -154.41 88.5 15.0

BFP (station:2) 4m 478 71.89 : -154.95 25.4±3.1

BFP (station: 4) 1 f , 4m 356 71.90 : -153.91 20.5±3.4

BFP (station: 22) 5m 182 71.51 : -152.20 34.6±14.4
Beaufort Sea 
Pooled

BFP (station: 23) 3f , 3m 45 71.58 : -155.05 37.1±11.5

BFP (station: 24) 2f , 4m 49 71.68 : -154.48 30.4±6.8

BFP (station: 26) 

BFP (all stations)

3f , 3m 

9f, 23m

53 71.55 : -153.48 59.5±6.1

34.6±15.2

*Average CW is not available for this station; however, all females collected within the Bering Sea were 

between 30-65mm CW and considered to be pre-pubescent/immature.
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Bering Sea samples (n = 200) were collected in July 2010 aboard the National Marine 

Fisheries Service (NMFS) annual trawl survey cruises (for cruise report see Chilton et al.

2011). Sampling occured on a 20-nm grid, and was conducted aboard the F/V Aldebaran 

and the F/V Alaska Knight using 83-112 eastern otter trawls. All samples for genetic 

analysis were collected aboard the F/V Alaska Knight, with the exception of 50 samples 

from the Pribilof Island station (PI) that were collected aboard the F/V Aldebaran within 

the same month (Fig. 4, Table 1). Three sampling sites were chosen in an effort to 

encompass the Eastern Bering Sea distribution of adolescent crabs, which are believed 

not to have made significant ontogenetic migrations at this stage. Pre-pubescent females 

(or those one molt prior to maturity) were targeted at each of three sites (n = 50-100 

individuals per site) in order to be consistent with Chukchi sampling and to obtain a 

snapshot of the female only population in the Bering Sea, about which more life-history 

information is known (Ernst et al. 2005). A 2.5-cm section of the 4th walking leg was 

sampled from each live crab on board ship, and preserved in 95% ethanol.

DNA extraction and microsatellite analysis

Genomic DNA was extracted from tissues using Omega Bio-Tek E.Z.N.A® and Qiagen 

DNeasy® extraction kits. Seven published microsatellite loci were selected and 

successfully amplified for this analysis: Cop2, Cop3, Cop4, Cop3-4II, Cop24-3 and& 

Cop11 (Puebla et al. 2003) and EC0106 (An et al. 2007). Attempts to amplify five 

additional loci (Cop4-1 and Cop77; Puebla et al. 2003 and KC030, KC0181 and KC0235; 

An et al. 2007) were either unsuccessful or yielded unusable amplifications (e.g., 

irregular stuttering).

A total volume of 10 pl was used in polymerase chain reaction (PCR) mixes and 

consisted of 1 pl milli-Q water, 1 pl 10x forward and reverse primer (diluted with TE 

buffer), 5 pl Qiagen hot start Taq polymerase multiplex kit (2x; containing a final 

concentration of 3 mM MgCl2), and 3 pl template DNA. PCR conditions consisted of a 

30 minute denaturation at 94°C, followed by 40 cycles of 30 seconds denaturing at 96°C,
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50 seconds annealing at 55°C, and 1 minute of extension at 72°C with a final extension 

time of 20 minutes at 72°C. Three PCR multiplexes consisting of 2 loci each (Cop113 

and Cop3-4II, Cop2 and ECO106, Cop3 and Cop4) were used; however, Cop24-3 was 

run independently due to interference when paired with any other locus. Final PCR 

product was submitted to the Yale DNA Facility (http://dna-analysis.research.yale.edu//) 

for capillary electrophoresis on a 3730 x/ 96 Genetic Analyzer with LIZ500 size standard. 

All samples were amplified, analyzed, and scored independently a minimum of two times 

to ensure accurate genotyping with a range of 0-8.5% missing data per locus.

Descriptive statistics and population differentiation

Allele scoring was conducted using GeneMapper® software (version 3.7. Applied 

Biosystems). Tests for departures from Hardy-Weinberg equilibrium (HWE) and the 

presence of null alleles and stuttering were calculated by comparing sets of observed and 

randomized alleles using a cumulative binomial distribution (Weir 1996), and tested for 

significance using Fisher’s combined probability test, as implemented in the program 

M ic r o -Ch e c k e r  (version 2.2.3; Van Oosterhout et al. 2004). All loci were tested for 

linkage disequilibrium (LD), which is a test for non-random association of alleles at 

different loci (e.g. physical linkage or selection). LD tests were carried out using a 

Markov chain method to provide unbiased p-values for results of a contingency table 

analysis performed in Ge n e p o p  (version 4.0; Rousset 2008) with 10,000 batches and

20,000 iterations per batch. Evidence of LD was detected at one station in the Beaufort 

Sea (EBF; see below), and additional tests were performed to determine the cause of 

significant tests for LD. The M-ratio (Garza and Williamson 2001) was used to detect 

historical bottlenecks. This metric is calculated as the number of alleles in a given sample 

divided by the total number of possible allelic states. The program Bo t t l e n e c k  (version

1.2.02; Piry et al. 1999) was used to test for a heterozygote excess, as would be expected 

after a bottleneck, using a Wilcoxon signed-rank test with 10,000 iterations in the EBF 

sample site only. Two separate tests for relatedness among individuals at EBF (cf.

http://dna-analysis.research.yale.edu//
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Queller and Goodnight 1989, Ritland 1996) were performed using GenAlEx (version 6.1; 

Peakall and Smouse 2006).

To test the hypothesis of panmixia across the study region, a Bayesian clustering 

approach, implemented in the program STRUCTURE (version 2.3.1; Pritchard et al. 2000), 

was used to assign individuals to populations (clusters) based on their genotypes. All 

possible numbers of clusters (K) from 1 (panmixia) to 13 (distinct population at each 

sampling site) were tested using the admixture and correlated allele-frequency models. 

For each value of K, a total of five runs were performed with 500,000 Markov Chain 

Monte Carlo (MCMC) repetitions following a 500,000 repetition burn-in period, and the 

most likely number of clusters (i.e., populations) was determined based on the ad hoc 

likelihood measures L(K) (Pritchard et al. 2000) and AK  (Evanno et al. 2005).

In addition to Bayesian analysis of population differentiation, global and pairwise F- 

statistics, including the F-statistic analogues G s t , G i S , (Nei 1973), as well as expected 

heterozygosity (H e) were calculated using the R statistical-software package DEMEtics 

(Jueterbock et al. 2010) with 1000 bootstrap replicates. Because G s t  can perform poorly 

in high-diversity populations (Gerlach et al. 2010) such as those examined here, Jost’s 

(2008) measure of true differentiation (D) was also calculated in DEMEtics with 1000 

bootstrap replicates. Calculations for observed heterozygosity (Ho ) were performed in 

Ge n o d iv e  (version 2.0; Meirmans and Van Tienderen 2004). Allelic richness, rarefied 

for the smallest sample size present (n = 24), was calculated using HP-RARE software 

(Kalinowski 2005) and a Wilcoxon signed-rank test was carried out in the statistical 

software package JMP (SAS institute, Cary, NC, USA) to test for significance between 

sampling sites. Pairwise-comparisons of allele frequencies among all sample sites and 

regions were performed using Fisher’s exact test as implemented in the software 

Ge n e p o p  (Raymond and Rousset 1995), with 10,000 batches and 10,000 iterations.

The application of Jost’s D  (2008), likely the most sensitive measure employed here, is 

appropriate, particularly as a supplement to N ei’s (1973) Gs t . Gs t  is strongly based on
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heterozygosity and mathematically “bounded” by the overall heterozygosity (HS) within 

the population (i.e., when H S is large, Gst cannot reach 1; Nei 1973, Jost 2008). Hedrick 

(2005) realized this weakness and put forth a new measure (G ’ST), which is standardized 

to overall heterozygosity. However, these two statistics more accurately measure 

migration rate, which is only a single cause of population differentiation among others 

(i.e., random sampling of genes at mating, bottlenecks). Jost’s D  accounts for effective 

allele frequencies and provides an arguably more ecologically relevant and conservative 

measures of differentiation (Jost 2009). Due to the fact that a great deal of debate exists 

around this topic (see Jost 2008, 2009, Ryman and Leimar 2009, Meirmans and Herdrick

2011) and for comparability with other studies, I have employed both measures here.

Meta-population structure and historical analysis

To examine population structure over larger geographic scales, genotype data for five of 

the microsatellite loci used here (Cop2, Cop4, Cop3-4ii, Cop24-3 and Cop113) were 

obtained from a similar study conducted in the NW Atlantic (Puebla et al. 2008). Because 

each study used different electrophoresis machines for microsatellite fragment analysis, 

results needed to be calibrated to account for the slight differences in fragment size that 

can be generated by different equipment. A subset of 60 individuals from the present 

study were independently DNA- extracted and analyzed at these five loci by the authors 

of the NW Atlantic study (J.-M. Sevingy. Dept. of Fisheries and Oceans, Canada). The 

average differences between the raw allele scores generated by each lab, as well as scatter 

plots of all raw allele sizes, were used to correct the Puebla et al. (2008) dataset. 

Populations identified in Puebla et al. (2008) were then tested for genetic differentiation 

from Alaskan region populations identified in the present study based on values of Gst 

and D, and on Bayesian analysis using STRUCTURE (testing K  = 1-10 with similar 

parameters) as described above. An Unweighted Pair Group Method with Arithmetic 

Mean (UPGMA) tree was constructed using Jost’s D  values in the program MEGA 5 

(Tamura et al. 2011) to visualize genetic distances between regions.



24

To investigate historical trans-ocean connectivity, coalescent-based Approximate 

Bayesian Computing methods, employed in the program DIY ABC V.0.7.3 (Cornuet et 

al. 2008), were used to simulate and evaluate three possible scenarios of historical gene 

flow/expansion of snow crab populations into the Atlantic Ocean. DIY ABC, designed 

specifically for microsatellite data, can generate a large number of simulated datasets, of 

which the posterior distributions of the parameters can then be compared to observed 

data. Through this process, multiple scenarios can be compared and ranked in terms of 

likelihood. The approximate timing of warmer ice-free periods in the Canadian Arctic 

Archipelago (3-5 ka, 8.5-10.5 ka, and 127-130 ka; Dyke et al. 1996, Miller et al. 2010, 

Polyak et al. 2010) was used to create dispersal scenarios based on an average generation 

time for snow crab of 6 years (Conan et al. 1989, Alumno-Bruscia and Sainte-Marie 

1998, Kruse et al. 2007). Thus, generations since last gene flow for scenarios 1, 2 and 3 

ranged from 500-833, 1417-1750 and 21,167-21,667, respectively. A wide range for 

effective population size (Ne = 1,000-100,000) was used in the scenarios because 

historical population sizes are unknown. Current mature crab estimates for the EBS are 

well into the 100s of millions (NPFMC 2010), suggesting that a large Ne of all snow crab 

at the time of expansion would be realistic. The Generalized Stepwise Mutation model 

was implemented with default values (Fu and Chakraborty 1998, Estoup et al. 2002) and

500,000 data sets were computed for each scenario.

Results

Descriptive statistics and population differentiation

The seven microsatellite markers used in this study were found to be highly polymorphic 

with alleles per locus ranging from 12 (Cop4) to 41 (ECO106; mean = 24.6 ±8.8; Table 

2). Rarefied allelic richness (based on the smallest sample size n = 24) ranged from

11.35-14.41 (mean = 13.42 ± 0.77; Table 3). Allelic richness did not vary significantly at 

any two sampling sites (Wilcoxon signed-rank test, data not shown, P = 0.12). Overall 

observed heterozygosities (HO) at each locus ranged from 0.228 (Cop4) to 0.908 (Cop24-
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3; mean = 0.773 ±0.244; Table 2). Observed heterozygosity averaged across all loci for 

each sampling site ranged from 0.721 (PH) to 0.815 (NC; mean = 0.773 ±0.026; Table 3).

Table 2. Alaska region results for number of alleles; size range (base pairs); (HO) observed 

heterozygosity; (HS) gene diversity; (GIS) the measure of individual diversity relative to its 

subpopulation (in this case sampling site); (GST) the measure of subpopulation diversity relative to 

the total; (D) Jost’s (2008) measure of differentiation; ± standard deviation.

Locus Alleles Size Range 
(bp) H o H S Gi s g s t D

Cop2 24 291-341 0.835 0.838 0.003 0.000 0.000

Cop3 21 210-318 0.791 0.861 0.081 0.001 0.005

Cop4 12 211-259 0.228 0.267 0.145 0.000 0.000

Cop3-4II 22 119-209 0.865 0.911 0.050 0.002 0.016

Cop24-3 29 145-253 0.908 0.925 0.019 0.003 0.032

Cop113 23 114-166 0.885 0.892 0.007 0.000 0.000

ECO106 41 187-271 0.898 0.959 0.064 0.003 0.080

Mean/Global 24.6 ±8.8 -
0.773

±0.244

0.807

±0.242
0.043 0.001 0.004

Significant departures from Hardy-Weinberg equilibrium (HWE) were found in 14 out of 

91 possible population-locus pairings (15.4%; Table 3). It is likely that these departures 

are due to random error associated with genotyping and null alleles, as opposed to 

actualpopulation dynamics. All significant tests were due to heterozygote deficits and the 

possible presence of null alleles; however, no more than three significant tests occurred at 

any site and no more than five were observed for any locus (Table 3). The highest 

frequencies of HWE departure at a single locus occurred at Cop3-4II and ECO106 (4 and 

5, respectively). Although M ic r o -Ch e c k e r  did not detect evidence for error due to 

stuttering, these loci produced stutter patterns that may have contributed to a tendency to
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miss heterozygotes when being scored due to their wide stutter arrays. In checking for 

HWE departures due to stuttering, the program M ic r o -Ch e c k e r  detects significant 

absences of heterozygotes separated by a single repeat unit, as would be likely to occur if 

a short stutter band obscured these peaks. These loci, however, often amplify with wide 

stutter arrays, which could conceal heterozygotes more than one repeat unit away from 

each other, making it more likely to incorrectly score as a homozygote. A standardized

Table 3. Summary of descriptive statistics at each station for Alaska region data. (A) allelic richness 

over all loci and rarefied to the smallest sample size; (HO) observed heterozygosity; + standard 

deviation; significant departures from Hardy-Weinberg equilibrium (X), based on comparisons of 

observed and randomized allele frequencies using a cumulative binomial distribution implemented in 

Mi c r o -Ch e c k e r .

Sample site H n Cop Cop Cop Cop Cop Cop ECO
2 3 4 3-4II 24-3 113 106

Pribilof Islands (PI) 13.9 0.762 X X
Bering Sea west of Nunivat 13.9 0.790Island (BR)
Sainte Mathews Island (SMI) 13.5 0.736 X X X
North of Chukotka (CH) 13.6 0.757 X
Southwest of Point Hope 13.7 0.721 X X(PH)
Northwest of Cape Lisburne 14.0 0.765 X
(CL)
Southwest Chukchi Sea 13.7 0.786 X(SWC)
Wrangel Island (WI) 14.4 0.793
Northwest Chukchi Sea 13.4 0.793 X(NWC)
Northern Chukchi Sea (NC) 13.5 0.815
Eastern Beaufort Slope 11.4 0.779 X(EBF)
Barrow Canyon (BC) 13.2 0.776 X
Beaufort Sea Pooled (BFP) 12.5 0.772 X

Mean 13.42 0.773±
±8.8 0.026

*All significant departures from HWE were due to heterozygote defecits.
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method of scoring based on peak morphology was implemented, and stutter arrays that 

were atypical were often re-amplified a number of times, or omitted as missing data.

Tests for linkage disequilibrium (LD) revealed 15 significant results out of 273 tests at 

each locus combination per site (significance level 0.05/13 = 0.0038). All 15 of the 

significant results occurred at the Eastern Beaufort Slope (EBF) site, suggesting a site- 

specific phenomenon rather than a population-wide problem with a particular locus. 

Significant LD can indicate a population bottleneck, sampling of closely related 

individuals, or recent immigration. Genotyping error was ruled out by blind scoring 

procedures, in which individuals were scored prior to grouping within sampling sites for 

analysis. Tests for heterozygote excess, as would be expected after a bottleneck, were 

performed in the program BOTTLENECK and were not significant (Wilcoxon one-tailed 

test p = 0.148, data not shown). Bo t t l e n e c k , however, has been found to poorly identify 

known bottlenecks in some cases (Hundertmark and Van Daele 2010). Therefore, the M- 

ratio was calculated for the population in question, as it has been shown to more 

accurately detect bottlenecks, especially older events (Garza and Williamson 2001, Spear 

et al. 2006). However, using the critical value (0.680) from Garza and Williamson 

(2001), the EBF population was not found to have significant evidence of a bottleneck 

(0.732).

Relatedness (calculated with both the methods of Queller and Goodnight 1989 and 

Ritland 1996) ranges on a scale of -1 to 1, with larger positive values indicating higher 

than expected relatedness. Both measures showed values near zero, indicating no 

significant relatedness (-0.013 and -0.027, respectively, data not shown) among sampled 

individuals in the EBF population. Furthermore, the values for both relatedness tests were 

not significantly different from those of all other populations (Wilcoxon signed-rank test; 

p  = 0.457, data not shown). Therefore, admixture with individuals from an unsampled 

population appears to be the most likely cause of this result.
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Estimates of the posterior probability measure L(K) indicated the most likely number of 

clusters (i.e., populations) to be 1 (Fig. 5). The highest value for the second-order rate of 

change between values of K  (AK) was 3 (Fig. 6). Although L(K) has been shown to 

inaccurately estimate the true value of K  in some cases (Pritchard et al. 2000, Evanno et 

al. 2005), AK  can only be applied to values larger than 1 and therefore is not capable of 

assessing K  = 1. Furthermore, the decrease in the mean of estimated ln probability 

between K  = 1 and K  = 2 is much larger than that between K  = 3 and K  = 4 (Fig. 5). 

Therefore, the magnitude of AK  between K  = 3 and K  = 4 would likely be less than 

between K  = 1 and K  = 2, if  such a measure could be calculated. Therefore, I interpret K  

= 1 as the best estimate. The graphical representation of individual clustering at K  = 3

L(K) (mean +- SD)
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Fig. 5. Mean of estimated ln-likelihood probabilities for all possible values of K  (clusters) from 1 to 

13. Probabilities were estimated using a Bayesian analysis method implemented in the program 

St r u c t u r e  and plotted using St r u c t u r e  Harvester.
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D eltaK  = m e a n (  |L " (K )| ) / s d (  L(K) )

2 4 6 8 10 12
K

Fig. 6. Second-order rate of change (AK) for cluster values of 2-13. Data were generated using a 

Bayesian analysis method implemented in the program St r u c t u r e  and plotted using St r u c t u r e  

Harvester.



Fig. 7. Graphical representation of clustering from St r u c t u r e  for Alaskan region analysis. Each vertical line represents the probability that 

an individual’s genotype corresponds to each cluster (K = 3).
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(Fig. 7; vertical lines represent individuals and the proportion of their genotype that is 

assigned to each cluster indicated by color), allele frequency comparisons, and F- 

statistics further support the conclusion of K  = 1 in this analysis (see below).

The global GST value was extremely low (0.001; Table 2) compared to other northern 

crab populations (0.031, Beacham et al. 2008; 0.011, Puebla et al. 2008), and Jost’s 

(2008) measure of true differentiation (D) based on effective alleles was equally low 

(0.004; Table 2). These low values were driven primarily by the EBF sampling site, 

which showed significant linkage disequilibrium. Pairwise comparisons of GST values for 

all sampling sites with the exception of the EBF site were extremely low and resulted in 

no significant comparisons (Table 4). Furthermore, allele frequencies differed 

significantly (Fisher’s method) at the EBF site from all other sites (Table 5). Pairwise D  

values were relatively low; however, the Beaufort Sea Pooled (BFP) region showed 

significant differentiation from a number of sites (Table 4), signifying that some genetic 

isolation may be occurring in the region. Nonetheless, allele frequencies, allelic richness, 

Gst values, and the Bayesian analysis performed in St r u c t u r e  suggest that this 

structuring is weak (Tables 3, 4 and 5).

Meta-population structure and historical connectivity

Of the 60 samples randomly chosen for comparative analysis only a portion (44-49 per 

locus) were successfully genotyped by canadian collaborators, largely due to poor DNA 

quality (Table 6). Consistency between labs in scoring of individuals ranged from 95.7% 

to 98.9% (Table 6). Scoring discrepancies were likely due to amplification artifacts 

and/or poor DNA quality. Average differences in raw allele scores for each locus were 

used, in conjunction with scatter plots of raw allele sizes from both datasets, to properly 

bin the alleles and ensure data compatibility. A total of 1504 samples (613 from the 

Alaskan region, 891 from the NW Atlantic) were successfully combined into one dataset 

and analyzed for population structure at 5 loci (Cop2, Cop4, Cop3-4II, Cop24-3 and 

Cop113).



Table 4. Pairwise GST (top) and D  (bottom) values for Alaskan region sampling sites. Negative values represented by zeros and bold values 

indicate significance after Bonferroni correction for multiple tests.

PI BR SMI CH PH CL SWC WI NWC NC EBF BC BFP

BFP 0.0008 0 0.0011 0.0014 0.0017 0.0018 0 0 0.0015 0.0014 0.0030 0.0011 -

BC 0.0005 0.0016 0 0.0009 0 0.0009 0 0.0004 0 0 0.0028 - 0.0397

EBF 0.0036 0.0024 0.0016 0.0030 0.0035 0.0026 0.0016 0.0026 0.0031 0.0024 - 0.0556 0.0685

NC 0 0.0001 0 0.0006 0 0 0 0 0 - 0.0598 0 0.0685

NWC 0.0007 0.0009 0.0003 0.0013 0 0 0 0 - 0 0.0729 0 0.0574

WI 0.0018 0 0 0.0012 0 0 0 - 0 0 0.0670 0 0.0251

SWC 0.0009 0.0010 0 0 0 0 - 0 0 0.0356 0.0578 0.0062 0.0226

CL 0.0010 0 0.0004 0.0010 0 - 0.0121 0 0.0049 0.0430 0.0659 0.0282 0.0706

PH 0 0.0012 0 0 - 0 0.0140 0 0.001 0 0.0849 0 0.0800

CH 0.0006 0 0 - 0 0.0357 0 0.0097 0.0161 0.0222 0.0560 0.0092 0.0485

SMI 0.0008 0 - 0 0 0.0240 0 0.0034 0.0119 0.0097 0.0296 0 0.0484

BR 0.0016 - 0.0114 0.0006 0.0334 0.0104 0.0278 0 0.0256 0.0289 0.0528 0.0361 0.0085

PI - 0.0197 0 0.0004 0 0.0267 0.0008 0 0.0057 0.0076 0.0670 0 0.0182
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Table 5. Pairwise allele frequency comparisons for Alaska region. Significant ̂ -values shown in bold.

PI BR SMI CH PH CL SWC WI NWC NC EBF BC

BFP 0.8939 0.8419 0.5986 0.2644 0.0668 0.2089 0.3899 0.8098 0.0980 0.0836 <0.0001 0.4106

BC 0.1352 0.0113 0.4189 0.2789 0.1240 0.0488 0.5002 0.4140 0.1903 0.9713 <0.0001

EBF <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

NC 0.2757 0.1183 0.2242 0.0887 0.4318 0.0744 0.3670 0.3654 0.2454

NWC 0.0358 0.1315 0.0635 0.0699 0.1229 0.5836 0.2852 0.7626

WI 0.5051 0.7729 0.5364 0.4588 0.3569 0.9911 0.9141

SWC 0.1008 0.0578 0.6772 0.4352 0.2451 0.6618

CL 0.1776 0.7754 0.5532 0.3142 0.3061

PH 0.5857 0.0230 0.4273 0.1052

CH 0.3281 0.5500 0.9242

SMI 0.3667 0.8039

BR 0.0808

33
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Table 6. Scoring consistency (%) between laboratory groups analyzing the same samples for the 

purpose of dataset compatibility.

Locus
Number

compared

Allele scoring consistency 

(% similar)

Cop2 48 95/96 = 98.9%

Cop4 48 92/96 = 95.8%

Cop3-4II 44 87/88 = 98.8%

Cop 24-3 49 95/98 = 96.9%

Cop113 46 88/92 = 95.7%

Snow crab from Atlantic Canada (AC) showed significant differentiation from snow crab 

in coastal Greenland (CG) as evidenced by allelic richness, overall gene diversity, and 

F s t  values at eight polymorphic loci (see Puebla et al. 2008). Thus, these two separate 

regions were treated as distinct populations in the large-scale analysis performed here. 

Crabs from the Alaska region (AR) were pooled into one population (AKP), with the 

exception of the EBF site, as it showed significant differentiation based on GS T , D, and 

allele frequencies, likely associated with the described pattern of linkage disequilibrium. 

Analysis of the five loci across all Alaska and NW Atlantic sites resulted in global values 

of Gs t  = 0.017 and D  = 0.127 (Table 7). Significant divergence (GS T  = 0.017, D  = 0.196; 

Fig. 8, Table 8) was found between CG and AC populations at a slightly lower, but 

similar magnitude to that reported by Puebla et al. (2008) (F s t  = 0.027), due to slight 

differences between software used and exclusion of three loci from the original study. 

Levels of divergence between AKP and CG populations were comparable to those 

between AC and CG, despite the increased geographic distance that separates the two 

regions (EBF GS T  = 0.022, D  = 0.240, AKP GS T  = 0.016, D  = 0.204; Fig. 8, Table 8). 

However, Alaskan crabs showed very low genetic differentiation from those in AC (EBF 

Gs t  = 0.007, D  = 0.050, AKP Gs t  = 0.003, D  = 0.020; Fig. 8, Table 8).
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Table 7. Multi-regional analysis of observed heterozygosity (Ho); expected heterozygosity (HS); GIT 

(individual diversity relative to total diversity); GST (subpopulation diversity relative to total 

diversity); and Jost’s measure of differentiation (D) (Jost 2008).

Locus H o H s G is g st D

Cop2 0.825 0.831 0.008 0.0259 0.1451

Cop4 0.245 0.288 0.150 0.0219 0.0162

Cop3-4II 0.863 0.906 0.047 0.0123 0.1412

Cop24-3 0.896 0.924 0.030 0.0098 0.1515

Cop113 0.876 0.892 0.018 0.0167 0.1797

Overall 0.741±0.278 0.768±0.271 0.036 0.0173 0.1268

180°E 150°W 120°W 90°W 60°W 30°W

Fig. 8. Meta-population structure between Alaska (pooled sites), Coastal Greenland and Atlantic 

Canada sites, based on D  (Jost 2008) values.
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Table 8. Pairwise comparisons of regional groups for Jost’s D  (top) and GST (bottom). Values 

significant after sequential Bonferroni correction shown in bold.

AKP EBF AC G

AKP 0.0164 0.0195 0.2039

EBF 0.0016 0.0502 0.2398

AC 0.0046 0.0073 0.1956

G 0.0164 0.0218 0.0166

The UPGMA tree illustrates the relatively low divergence between AC and Alaska 

Region (AR = AKP & EBF) crabs and the distance matrix shows that CG crabs are 

slightly more closely related to populations in AC than AR (Fig. 9, Table 8).

Furthermore, 98.8% of alleles observed in CG crabs were found in AC, compared to 

97.8% in the AR. 66.2% of alleles found in AC are present in CG and samples while only 

65.2% of alleles from the AR are found there. These slight differences in allele 

frequencies add support to the argument of CG originating from AC; however, only slight 

differences in alleles exist between AC and AR (Table 9).

Estimates of L(K) indicated that values of K  = 1 and K  = 2 were the most likely, with the 

former slightly outranking the latter (-32060, -32200; Fig. 10). However, AK  values 

suggested that K  was most likely 2, given the magnitude of change between K  = 1, K  = 2 

and K  = 3 (Fig. 11). As discussed previously, AK  for K  = 1 cannot be computed; 

however, based on the rates of change between values of K , the largest change occured 

between K  = 2 and K  = 3, which would suggest 2 is the most likely value (Fig. 10). 

Differing results from each method made interpretation of K  difficult and although the 

graphical representation of K  = 2 (Fig. 12) showed that individuals within the Greenland 

population assign primarily to one cluster, membership of individuals from all other
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populations appeared mixed. Interestingly, Alaskan and Atlantic Canada populations 

appeared to cluster together; however; the ability of St r u c t u r e  to properly assess

Fig. 9. Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree constructed from 

Jost’s D values of genetic distance for regional group only.

Table 9. Population names and abbreviations for regional analysis data; (N) number of individuals 

sampled; (A) allelic richness over all loci and rarefied to the smallest sample size; (HO ) observed 

heterozygosity; (alleles present) percentage of shared alleles between populations.

Population Abbr. N A H 0 Alleles present

Alaska Region Pooled AKP 573 13.5 0.869
97.8% of CG; 93.0% of AC

Eastern Beaufort 
Slope

EBF 40 11.1 0.873

Atlantic Canada AC 748 13.3 0.884 98.8% of CG; 92.5% of AKP

Greenland

Mean

G 143 11.0

12.23+1.36

0.849

0.869+0.015

65.2% of AR; 66.2% of AC
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-3 2 0 0 0

-3 3 0 0 0

-3 4 0 0 0

-3 5 0 0 0

-3 6 0 0 0

-3 7 0 0 0

—3 8000

Fig. 10. Mean of estimated ln-likelihood probabilities for values of K (clusters) from 1 to 10 for 

regional analysis at 5 microsatellite loci. Probabilities were estimated using a Bayesian analysis 

method implemented in the program St r u c t u r e  and plotted using St r u c t u r e  Harvester.
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DeltaK = mean) |L"(K]| ) / sd[ L(K) )

50
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K

Fig. 11. Second-order rate of change (AK) for cluster values of 2-9 for regional analysis data 

generated from 5 microsatellite loci. Probabilities were estimated using a Bayesian analysis method 

implemented in the program St r u c t u r e  and plotted using St r u c t u r e  Harvester.
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Individual Inferred Ancestry

AC

Fig. 12. Graphical representation of clustering from St r u c t u r e  for meta-population analysis. Each 

vertical line represents the probability that an individual’s genotype corresponds to each cluster (K = 

2).

population structure is low at F st levels <0.03 (Latch et al. 2006) and may be affecting 

these results.

Low differentiation between AR and AC populations points to recent gene flow between 

the two areas and/or large effective founding population size. Posterior probabilities of 

model scenarios generated in the program DIY ABC were attained by both the direct
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estimate and logistic regression methods (Cornuet et al. 2008). Of the three historical 

scenarios explored, the scenario designating most recent gene flow at 3-5 ka had the 

highest posterior probability (logistic regression 89%; Table 10). Furthermore, in an 

evaluation of confidence in scenario choice performed in DIY ABC, 398 out of 500 

(79.6%) bootstrap data sets generated had a larger posterior probability of scenario 1 than 

that of 2 or 3, making the probability of a Type I error 20.4%. Estimates of parameters 

under each scenario are summarized in Table 10.

Table 10. Parameters for modeled scenarios used in DIY ABC simulations. (DR PP) posterior 

probability estimates and 95% CI using direct rejection; (LR PP) posterior probability estimates and 

95% CI using linear regression; (Ne) estimates of effective population size (95% CI); (t1,2,3) 

estimates of numbers of generations since last genetic exchange for each scenario (95% CI).

Scenario 1 Scenario 2 Scenario 3

N 1  N 2 N  1 N 2 N  1 N 2

Model 0  s a m p l e  1 0  s  a m p l e  1 0  s  a m p l e  1

scenarios 0  s a m p l e  2 0  s a m p l e  2 0  s a m p l e  2

t 1  m e r g e  1 2 t 2  m e r g e  1 2 t 3  m e r g e  1 2

DR PP 0 . 6 3  ( 0 . 5 4 - 0 . 7 2 ) 0 . 3 7  ( 0 . 2 8 - 0 . 4 6 ) 0 . 0  ( 0 . 0 - 0 . 0 )

LR PP 0 . 8 9  ( 0 . 8 4 - 0 . 9 3 ) 0 . 1 1  ( 0 . 0 7 - 0 . 1 6 ) 0 . 0  ( 0 . 0 - 0 . 0 )

N 1 7 3 7 4 6 8 2 1 7 6 8 6 8 8 7

N 2 7 4 3 8 1 8 4 5 0 8 8 6 8 3 6

t1 6 3 8

t2 1 5 6 7

t3 2 1 4 2 4
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Discussion

Snow crab show a high level of genetic homogeneity throughout the Alaska region (AR) 

with the exception of the anomalous EBF site. Significant linkage disequilibrium at this 

site is likely a result of individuals from an unsampled population that differs in allele 

frequencies, being captured within the sample. The measures of differentiation employed 

here, however, suggest that the difference is significant, but subtle. Surprisingly, genetic 

homogeneity extends into the NW Atlantic as GS T  and D  values are low between AR and 

Atlantic Canada (AC). Coastal Greenland (CG), however, does show significant 

differentiation from all other areas. It is likely that the long larval phase, long-distance 

adult migrations, and relatively short generation time (4.5-7.5 years; Alumno-Bruscia and 

Sainte-Marie 1998, Kruse et al. 2007) are responsible for genetic homogeneity within the 

AR. Low trans-Arctic divergence may be explained by a recent population expansion into 

the NW Atlantic since the last glacial maximum [LGM; 21,000 years ago (21ka); Miller 

et al. 2010]. A large effective founding population, in this case, would cause the forces of 

genetic drift to work slowly among AC crabs. Expansion of snow crab from the Bering 

Sea into the Chukchi and Beaufort Seas following the LGM may also provide an 

explanation of low divergence, and a similar phenomenon has been proposed in EBS red 

king crab (Grant et al. 2011).

Genetic population structure in Alaskan snow crab

The inability of STRUCTURE to detect multiple clusters within the AR is not surprising 

given that the algorithm implemented within the program designates population 

groupings in a way that minimizes linkage disequilibrium (LD), which was found at the 

most divergent sampling site (EBF). Furthermore, the low GS T  values found within the 

region represent population structure below levels at which the program can consistently 

detect structure (Fst = 0.03; Latch et al. 2006). Population structure below this threshold 

can certainly be ecologically relevant, particularly when GS T  is affected by high 

heterozygosity. Here, however, the consensus of all ecological measures employed points
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to low structuring, likely due to oceanographic flow that carries larvae primarily 

northward.

Significant Jost’s D  values were found at BFP (Table 4); however, all other divergence 

measures employed here do not suggest any differentiation at this location. Two sites 

from the Chukchi Sea as well as the two most geographically distant Bering Sea sites 

show no significant differentiation from BFP. Thus, these D  values are unlikely to be 

ecologically relevant. Significant pairwise comparisons of Jost’s D  were found at three 

additional sampling sites (CL, NC, BC; Table 4); however, this pattern was not supported 

by multiple measures, and the spatial distribution of these sites does not indicate an 

ecologically relevant pattern such as a distinct stock. Significant pairwise allele frequency 

differences, GS T , and D  values all suggest that the EBF sample differs significantly in its 

genetic identity, and is possibly a distinct group of individuals (Tables 4 and 5).

However, evidence for significant LD at this site warrants further investigation.

While significant LD tests can indicate lack of independence of genetic markers, true 

linkage has been ruled out here based on the finding that significant tests were not 

randomly distributed throughout the dataset. A bias in genotyping is also unlikely due to 

the scoring protocol implemented. All Beaufort Sea individuals were scored as a pooled 

sample, out of which subpopulations have not yet been defined. Other explanations for 

significant LD include: 1) a historical population bottleneck; 2) the collection of closely 

related individuals (i.e., brothers/sisters); 3) recent immigration from a distinct population 

not sampled here (admixture).

A historical bottleneck selects a small proportion of genotypes from the entire pool at 

random. Thus, the frequency of some haplotypes may appear in proportions greater than 

would be expected under an equilibrium scenario. However, tests for heterozygote 

excesses in Alaskan snow crab (Table 3) showed no evidence of historical bottlenecks. 

Furthermore, tests for heterozygote excess in BOTTLENECK and the calculation of the M- 

ratio indicate no such event. Similarly, sampling of closely-related individuals may also
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produce haplotype frequencies different than expected under random sampling due to the 

inheritance of a small number of genotypes from similar parents. However, tests for 

relatedness also showed no evidence of familial relationships among sampled individuals 

(data not shown). Admixture thus seems the most likely explanation of genetic 

distinctness at EBF, given the ecological and environmental setting at this particular site. 

A newly admixed group could contain unique genotypes from each contributing 

population and the absence of heterozygous genotypes expected from random mating. 

Alternatively, a similar pattern may result if mating were occurring between admixed 

groups, but offspring were not recruiting back into either population. A local recruitment 

event would, in theory, break down the LD pattern by 50% per generation (Frankham et 

al. 2002).

Snow crab are known to migrate into deeper waters with ontogeny to form aggregations 

and mate (Ernst et al. 2005). All crab (36 males, 4 females) collected at the EBF site were 

morphometrically mature. The EBF site is located in 320 m of water and represents the 

northernmost observation of snow crab in the Beaufort Sea (Bluhm et al. 2005, Rand and 

Logerwell 2011). The Beaufort Sea experiences both eastward and cross-shelf 

(northward) flow (Garrison and Becker 1976, Pickart 2004), which could act to transport 

larvae into the inhospitable Canada Basin or the Eastern Beaufort shelf, where snow crab 

have not been documented. Although surrounding samples (BFP) show slight 

differentiation (Table 4), it is likely that the genetically divergent population required for 

this scenario may have originated outside the sampling area, such as the Mackenzie River 

Delta area, where historical (1963 only) snow crab presence has been recorded (Atkinson 

and Wacasey 1989a) and may be ephemeral.

To further test the likelihood of this scenario, 20 randomly selected individuals from 

Greenland (found here to be significantly divergent from Beaufort Sea crabs) were 

grouped with 20 randomly selected individuals from EBF and tested for LD. This 

exercise produced no significant LD results (data not shown); however, the population 

assumed to be contributing migrants to EBF could differ more significantly than the
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Greenland population and thus send a stronger signal detected by the LD tests. Bayesian 

clustering failed to separate out individuals from within the EBF sampling site; however, 

the algorithm implemented in STRUCTURE works to minimize LD when creating clusters. 

In theory, a mating population that does not experience self-recruitment, but is a sink of 

individuals from surrounding areas, could be exploited with little consequence to future 

recruitment. However, sampling further to the east would help to confirm this hypothesis. 

Evidence here does not suggest that the significantly larger sized crabs found at BC or 

EBF are all from a separate genetic stock, so it may be possible that exposure to warm 

water, known to occur at depth in the area (Pickart et al. 2005), may be responsible for 

the larger size of these crabs.

Management implications

In contrast to snow crab, populations of Tanner and red king crab show evidence of 

divergence between Southeast Alaska, Gulf of Alaska, and Bering Sea regions and even 

within the EBS (Tanner crab only) (Bunch and Highsmith 1998, Merkouris et al. 1998, 

Grant et al. 2011). Regional separation is thought to be caused by oceanographic barriers 

created by the Aleutian Island chain and the southeast Alaskan archipelago; however, 

population structure of Tanner crab within the EBS is relatively unexplained (Merkouris 

et al. 1998). Currents and spawning site fidelity may be responsible, although Merkouris 

et al. (1998) found no evidence of population structure in EBS snow crab. Therefore, 

snow crab harvest is currently tracked in the eastern and western EBS subdistricts, but as 

opposed to Tanner crab, the units are not managed separately. It is possible that local 

currents contributing to EBS Tanner crab divergence may not affect snow crab, which do 

not occur as far into Bristol Bay as Tanners.

It is unlikely that distinct snow crab population units remain undiscovered within the 

Alaskan region, given the spatial coverage of sampling achieved here relative to the 

potential larval dispersal distances, migration capabilities, and modeled recruitment 

dynamics (Ernst et al. 2005, Parada et al. 2010). Although recruitment of larvae from the
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Bering Sea into Arctic regions likely occurs, observations from this study and others 

(Paul et al. 1997, Bluhm et al. 2009) indicate reproduction is also occurring within the 

Chukchi and Beaufort Seas. Moreover, estimated residence times for water masses in the 

Chukchi Sea are sufficiently long to allow for local larval settling (Winsor and Chapman

2004).

The absence of a strict source-sink relationship between regions suggests Arctic stocks 

could persist even if population declines in the Bering Sea (NPFMC 2010) continued. 

Furthermore, the lack of isolated or distinct sub-populations should convey some 

resistance to population collapse due to apparently high migration and dispersal 

capabilities. Nonetheless, effects of harvest, disease, and climate change in the Bering 

Sea fishery area may adversely affect larval supply to “downstream” populations. 

However, populations with numerous distinct units are also thought to be more resilient 

than panmictic populations due to increased diversity (Schindler et al. 2010), so panmixia 

may be a detriment under some circumstances.

Management of the EBS snow crab stock as a panmictic unit is validated here as no 

distinct sub-populations were identified. Samples from the southernmost portion of the 

region (PI) do not show a reduction in genetic diversity or allelic richness, which would 

indicate that some connectivity in a southward direction is likely occurring. Arctic snow 

crab should be treated as highly connected stocks that are likely receiving more recruits 

from southern populations than they provide, based strictly on oceanographic flow and 

migration. One population in the Beaufort Sea showed significant divergence and lower 

(although non-significant) allelic richness than all other populations, indicating that a 

separate stock may be present. As a conservative measure, the groups of harvestable

sized crabs found in the Beaufort Sea should be managed separately from all other crab 

stocks.
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Trans-Arctic exchange and historical connectivity

Snow crab are thought to have originated over 4 million years ago (Azuma et al. 2011). 

All six species of Chionoecetes are found in the Pacific whereas only C. opilio is found in 

the Atlantic, suggesting a Pacific radiation and a historical trans-Arctic expansion. 

Movement of snow crab into the NW Atlantic from the Pacific likely occurred in recent 

times by a large number of crabs, due to the low divergence found between the AC and 

AR meta-populations (Table 10). Higher levels of divergence that characterize the CG 

population are likely due to the effects of a smaller founding size, which caused genetic 

drift to work more quickly. Trans-Arctic connectivity most likely occurred since the 

LGM as warmer conditions may have favored snow crab presence throughout the Arctic.

Low genetic divergence between snow crab in the AR and AC was first evidenced from 

allozyme data by Merkouris et al. (1998). Confirmation of this trend by microsatellite 

analysis is still somewhat surprising, given the large geographic distance separating the 

populations and the apparent absence of snow crab through the Canadian Arctic 

Archipelago (CAA). However, strong genetic divergence is observed between CG crab 

and all other populations, indicating that the markers used here are effective in detecting 

population structure in this species. Therefore, the genetic homogeneity between AR and 

AC crabs must be due to recent/ongoing gene flow and/or an extremely large founding 

population size that has caused the forces of genetic drift to work slowly.

Although only a small number of trawls have been conducted throughout the CAA, snow 

crab are reported to be absent east of the Mackenzie River Delta and north of 56° N in 

NW Atlantic Canada and 74° N along the Greenland coast (Atkinson and Wacasey 

1989b, Burmeister 2002, B. Sainte-Marie, Maurice Lamontagne Institute, Fisheries and 

Ocean Canada, Mont-Joli, Quebec, personal communication, 2011). Reasons for absence 

of snow crab throughout this region are not well understood as the species shows high 

tolerance for extreme cold water and does not appear to be subject to the narcotizing 

effects of magnesium in cold temperatures, which limit dispersal abilities of many



48

decapod crustaceans (Frederich et al. 2001). Benthic temperatures in parts of the CAA 

remain cold (<-1°C) year-round due to the absence of warmer Atlantic water at shallow 

depths, but more importantly year-round sea ice throughout the region limits warming of 

surface waters (Thomson 1982, Jones et al. 2003). It is thought that larval snow crabs 

may not be able to survive in surface waters colder than 8-10°C (Kon 1980, Kogane et al.

2005), which may explain their absence in colder regions. Snow crab are only present up 

to 60° N along the west coast of Baffin Bay, but occur up to 74° N along the E coast of 

Baffin Bay where the warmer east Greenland current persists, providing further evidence 

for temperature-limitation of the distribution (Squires 1990, Burmeister 2002). In 

addition, year-round sea ice presence in many areas may cause interannual variability in 

vertical carbon flux, (Dyke et al. 1996, Carmack and MacDonald 2002) resulting in food- 

limitation that may exclude snow crab from the CAA.

Historical climate data based on ice cores, pollen records, and radio carbon dating of 

fossilized bowhead whale (Balaena mysticetus) remains suggest that a number of 

warmer-than-present time periods have occurred in the CAA throughout the Pleistocene 

and Holocene (Dyke et al. 1996, Andreev et al. 2002, Miller et al. 2010, Polyak et al. 

2010, Sundqvist et al. 2010). In considering a scenario of recent expansion of snow crab 

into the Arctic and NW Atlantic following the last glacial maximum (18 ka), data from 

bowhead whale remains in particular reveal a fine-scale sea-ice record. For the last 3,000 

years (with the exception of very recent events) sea ice has failed to clear from the 

channels of the CAA during summer “flushing” of the Arctic, resulting in separation of 

Pacific and Atlantic bowhead stocks. Prior to that time, however, bowheads occupied 

these relatively ice free channels during at least two periods (3-5 ka and 8.5-10.5 ka) 

(Dyke et al. 1996). These ice-free periods may also have been more hospitable to snow 

crab larvae and provided migrational opportunities for adults.

If snow crab were present in AC prior to the LGM, they would likely have been forced 

into separate Atlantic and Pacific refugia during ice advance (cf., Maggs et al. 2008), 

which could have reduced effective population sizes through a bottleneck event. Under
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this scenario, AR and AC crabs would likely show much higher divergence than currently 

seen due to genetic drift associated with the reduction in population size. Conversely, 

southward range shifts could have occurred with limited population size reduction or 

increases in rates of genetic drift due to the long-distance dispersal capabilities of the 

species. Therefore, I tested scenarios involving isolation both prior to and after the LGM.

The posterior probabilities for historical scenarios 1 and 2, which model connectivity 

since the LGM are far greater than that of scenario 3, which models connectivity prior to 

that time (Table 10). Although a number of taxa exhibit evidence of trans-Arctic 

exchange throughout history (reviewed in Hardy et al. 2011), Holocene events are 

recorded in marine taxa including sea grasses (Zostera marina), urchins 

(Strongylocentrotuspallidus), and bowhead whales (Palumbi and Kessing 1991, Dyke et 

al. 1996, Olsen et al. 2004). The estimates of effective population sizes (AC Ne = 65k,

AR Ne = 70k) seem large enough to have slowed genetic drift over the last several 

thousand years, yielding low levels of divergence observed here. Furthermore, with 

estimates of mature male crabs in the Bering Sea and Gulf of Saint Lawrence well into 

the 100 millions (Moriyasu et al. 1998, NPFMC 2009), these effective population sizes 

are not unlikely over the areas sampled for this analysis.

Actual population size estimates for CG snow crab are smaller than EBS and AC stocks 

(ICES 2007). Therefore, a smaller effective founding population size is likely to have 

been present in the CG population, which would account for the higher level of 

divergence from AC and AR stocks. Due to the collective presence of all alleles found 

within the CG region, within both AR and AC populations, we can conclude that CG 

crabs were founded by one of these two populations recently, as opposed to prior to the 

LGM. Allele frequencies suggest a slightly closer relation of CG crabs to AC crabs; 

however, the overall difference between AC and AR crabs is relatively low.
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Conclusions and future research directions

The Arctic is currently faced with a warming trend (Grebmeier et al. 2006) that may 

allow for increased resource extraction, both in the form of oil and gas developments in 

snow crab habitat, and in establishment of Arctic crab and other fisheries. Here, I find 

that relatively low genetic structuring of snow crab occurs throughout the Alaskan region, 

which demonstrates a high level of dispersal and connectivity within the species. 

Although population structuring can be important to maintaining healthy diversity within 

a species (Schindler et al. 2010), the panmictic nature of snow crab within this region is 

an indication of the species’ ability to recolonize areas that have seen declines. 

Furthermore, no genetically isolated populations were identified within current fishing 

areas, indicating that current management procedures are appropriate. Some questions 

remain surrounding the Beaufort Sea populations, where commercial-sized crabs occur; 

however, further sampling over time and to the east may reveal the origins of the distinct 

(as-yet unsampled) population and whether or not the ecological dynamics are recurrent. 

Although cumulative evidence for relatively high gene flow within the Alaskan region is 

compelling at this point, the use of more advanced genetic markers such as Single 

Nucleotide Polymorphisms (SNPs) will help reduce genotyping errors and possibly 

increase resolution.

Meta-population analysis has revealed that colonization of the NW Atlantic by snow crab 

likely took place since the LGM; analysis of mitochondrial DNA, additional 

microsatellite loci, and/or SNPs may be able to provide additional support for this 

argument. Analysis of samples from Japanese, Siberian, and the recently-established 

Barents Sea populations of snow crab would offer a comprehensive picture of global 

snow crab connectivity, and may provide further insights into the historical glaciation 

events and population expansion/contraction in the Pacific. Investigating the southern

most ranges of the species may reveal increased genetic diversity, in the event that these 

areas were used as refugia during the LGM (Hewitt 1996, Hewitt 2004). Further 

investigations using Approximate Bayesian Computing may be used to determine
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comprehensive population history as well as the temporal emergence of Greenland and 

Barents Sea populations.



52

References Cited

Aagaard, K., Roach, A., and Schumacher, J.D. 1985. On the wind-driven variability of 

the flow through Bering Strait. J. Geophys. Res. 90(C4): 7213-7221.

Alexander, V., and Niebauer, H.J. 1981. Oceanography of the eastern Bering Sea ice- 

edge zone in spring. Limnol. Oceanogr. 26(6): 1111-1125.

Alumno-Bruscia, M., and Sainte-Marie, B. 1998. Abdomen allometry, ovary

development, and growth of female snow crab, Chionoecetes opilio (Brachyura, 

Majidae), in the northwestern Gulf of St. Lawrence. Can. J. Fish. Aquat. Sci. 55: 

459-477.

An, H.S., Jeong, J.H., and Park, J.Y. 2007. New microsatellite markers for the snow crab 

Chionoecetes opilio (Brachyura: Majidae). Mol. Ecol. Notes 7 : 86-88.

Andreev, A.A., Siegert, C., Klimanov, V.A., Derevyagin, A.Y., Shilova, G.N., and

Melles, M. 2002. Late Pleistocene and Holocene vegetation and climate on the 

Taymyr lowland, northern Siberia. Quat. Res. 57(1): 138-150.

Atkinson, E., and Wacasey, J. 1989a. Benthic invertebrates collected from the western 

Canadian Arctic, 1951 to 1985. Can. Data Rep. Fish. Aquat. Sci. No. 745: pp.

138.

Atkinson, E., and Wacasey, J. 1989b. Benthic invertebrates collected from Hudson Strait, 

Foxe Channel and Foxe Basin, Canada, 1949 to 1970. Can. Data Rep. Fish.

Aquat. Sci. No. 746: pp. 98.

Azuma, N., Grant, W., Templin, W., Kunihiro, T., Mihara, E., Yanagimoto, T., and Abe, 

S. 2011. Molecular phylogeny of a red-snow-crab species complex using 

mitochondrial and nuclear DNA markers. Zool. Sci. 28 : 286-292.



53

Beacham, T.D., Brattey, J., Miller, K.M., Le, K.D., and Withler, R.E. 2002. Multiple 

stock structure of Atlantic cod (Gadus morhua) off Newfoudland and Labrador 

determined from genetic variation. ICES J. Mar. Sci. 59: 650-665.

Beacham, T.D., Supernault, J., and Miller, K.M. 2008. Population structure of Dungeness 

crab (Cancer magister) in British Columbia. J. Shellfish Res. 4 : 901-906.

Becker, B.J., Levin, L.A., Fodrie, F.J., and McMillan, P.A. 2007. Complex larval

connectivity patterns among marine invertebrate populations. Proc. Natl. Acad. 

Sci. 104(9): 3267-3272.

Bluhm, B.A., Iken, K., Mincks Hardy, S., Sirenko, B.I., and Holladay, B.A. 2009.

Community structure of epibenthic megafauna in the Chukchi Sea. Aquat. Biol. 7 : 

269-293.

Bluhm, B.A., MacDonald, G.M., Debenham, C., and Iken, K. 2005. Macro- and

megabenthic communities in the high Arctic Canada Basin: initial findings. Polar 

Biol. 28 : 218-231.

Bowers, F., Schwenzfeier, M., Salmon, M., Herring, K., Shaishnikoff, J., Russ, E., Burt, 

R., and Barnhart, H. 2008. Annual management report for the commercial and 

subsistence shellfish fisheries of the Aleutian Islands, Bering Sea and the 

westward region's shellfish observer program, 200708. Alaska Dept. Fish Game, 

Fishery Man. Rep. No. 08-73, Anchorage, AK, pp. 269.

Brusca, R., and Brusca, G. 2003. Invertebrates: Second Edition. Sinauer Associates, Inc. 

Sunderland, Massachusetts. 513-590.

Bunch, T., and Highsmith, R.C. 1998. Genetic evidence for dispersal of larvae of Tanner 

crabs (Chionoecetes bairdi) by the Alaskan Coastal Current. Mol. Mar. Biol. 

Biotech. 7(2): 153-159.



54

Burmeister, A. 2002. Preliminary notes on the reproductive condition of mature female 

snow crabs (Chionoecetes opilio) from Disko Bay and Sisimiut, West Greenland. 

In : Crabs in cold water regions: biology, management and economics. Paul, AJ, 

Dawe, E.G., Elner, R., Jamieson, G.S., Kruse, G.H., Otto, R.S., Sainte-Marie, B., 

Shirley, T.C., and Woodby, D. (editors). Alaska Sea Grant Rep. AK-SG-02-01. 

University of Alaska, Fairbanks, AK, pp. 255-268.

Burmeister, A., and Sainte-Marie, B. 2010. Pattern and causes of a temperature-

dependent gradient of size at terminal molt in snow crab (Chionoecetes opilio) 

along West Greenland. Polar Biol. 33(6): 775-788.

Carmack, E.C., and MacDonald, R. 2002. Oceanography of the Canadian shelf of the 

Beaufort Sea: a setting for marine life. Arctic 55 (supp. 1): 29-45.

Chilton, E., Armistead, C., and Foy, R. 2011. The 2010 Eastern Bering Sea continental 

shelf bottom trawl survey: results for commercial crab species. U.S. Dep.

Commer. NOAA Tech. Memo. NMFS-AFSC-216: pp. 149.

Comeau, M., Conan, G.Y., Maynou, F., Robichaud, G., Therriault, J.-C., and Starr, M. 

1998. Growth, spatial distribution, and abundance of benthic stages of the snow 

crab (Chionoecetes opilio) in Bonne Bay, Newfoundland, Canada. Can. J. Fish. 

Aquat. Sci. 55 : 262-279.

Conan, G.Y., and Comeau, M. 1986. Functional maturity and terminal molt of male snow 

crab, Chionoecetes opilio. Can. J. Fish. Aquat. Sci. 43: 1710-1719.

Conan, G.Y., Elner, R.W., and Moriyasu, M. 1989. Review of literature on life histories 

in the genus Chionoecetes in light of the recent findings on growth and maturity 

of C. opilio in Eastern Canada. Proc. Int. Symp. King and Tanner Crabs. Alaska 

Sea Grant Rep. No. 90-04, University of Alaska, Fairbanks, AK, pp. 163-179.



55

Conan, G.Y., Starr, M., Comeau, M., Therriault, J.-C., Hernandez, F., and Robichaud, G. 

1996. Life history strategies, recruitment fluctuations, and management of the 

Bonne Bay Fjord Atlantic snow crab (Chionoecetes opilio). In High Latitude 

Crabs: Biology, Management, and Economics. Baxter, B. (editor). Alaska Sea 

Grant Rep. AK-SG-96-02, University of Alaska, Fairbanks, AK, pp. 59-97.

Cornuet, J.-M., Santos, F., and Beaumont, M. 2008. Inferring population history with 

DIY ABC: a user-friendly approach to Approximate Bayesian Computation. 

Bioinformatics 24 : 2713-2719.

Dawe, E., and Colbourne, E. 2002. Distribution and demography of snow crab

(Chionoecetes opilio) males on the Newfoundland and Labrador Shelf. In Crabs 

in cold water regions: biology, management and economics. Paul, A.J., Dawe, 

E.G., Elner, R., Jamieson, G.S., Kruse, G.H., Otto, R.S., Sainte-Marie, B., 

Shirley, T.C., and Woodby, D. (editors). Alaska Sea Grant Rep. AK-SG-02-01, 

University of Alaska, Fairbanks, AK, pp. 577-594.

Dionne, M., Sainte-Marie, B., Bourget, E., and Gilbert, D. 2003. Distribution and habitat 

selection of early benthic stages of snow crab Chionoecetes opilio. Mar. Ecol. 

Prog. Ser. 259: 117-128.

Dyke, A., Hooper, J., and Savelle, J. 1996. A history of sea ice in the Canadian Arctic 

Archipelago based on postglacial remains of bowhead whale (Balaena 

mysticetus). Arctic 49(3): 235-255.

Elner, R.W., and Beninger, P.G. 1992. The reproductive biology of snow crab,

Chionoecetes opilio: a synthesis of recent contributions. Am. Zool. 32(3): 524

533.



56

Ernst, B., Orensanz, J.M., and Armstrong, D.A. 2005. Spatial dynamics of female snow 

crab (Chionoecetes opilio) in the eastern Bering Sea. Can. J. Fish. Aquat. Sci. 

62(2): 250-268.

Estoup, A., Jarne, P., and Cornuet, J. 2002. Homoplasy and mutation model at

microsatellite loci and their consequences for population genetic analysis. Mol. 

Ecol. 11: 1591-1604.

Evanno, G., Regnaults, S., and Goudet, J. 2005. Detecting the number of clusters of

individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14: 

2611-2620.

Frankham, R., Ballou, J.M., and Briscoe, D.A. 2002. Introduction to Conservation 

Genetics (Cambridge Univ. Press, Cambridge, U.K). 90-92.

Frederich, M., Sartoris, F., and Portner, H. 2001. Distribution patterns of decapod

crustaceans in polar areas: a result of magnesium regulation? Polar Biol. 24(10): 

719-723.

Fu, Y., and Chakraborty, R. 1998. Simultaneous estimation of all parameters of a 

stepwise mutation model. Genetics 150: 487-497.

Futterer, D. 1994. The expedition ARCTIC '93 leg ARK-IX/4 of RV Polarstern. Ber. 

Polarforsch. pp. 149.

Garrison, G., and Becker, P. 1976. The Barrow submarine canyon: a drain for the 

Chukchi Sea. J. Geophys. Res. 81: 4445-4453.

Garza, J.C., and Williamson, E.G. 2001. Detection of reduction in population size using 

data from microsatellite loci. Mol. Ecol. 10(2): 305-318.



57

Gerlach, G., Jueterbock, A., Kraemer, P., Deppermann, J., and Harmand, P. 2010.

Calculations of population differentiation based on Gst and D: forget GS T  but not 

all of statistics! Mol. Ecol. 19: 3845-3852.

Grant, W.S., Merkouris, S.E., Kruse, G.H., and Seeb, L.W. 2011. Low allozyme

heterozygosity in North Pacific and Bering Sea populations of red king crab 

(Paralithodes camtschaticus): adaptive specialization, population bottleneck, or 

metapopulation structure? ICES J. Mar. Sci 68(3): 499-506.

Grebmeier, J.M., Overland, J.E., Moore, S.E., Farley, E.V., Carmack, E.C., Cooper,

L.W., Frey, K.E., Helle, J.H., McLaughlin, F.A., and McNutt, S.L. 2006. A major 

ecosystem shift in the Northern Bering Sea. Science 311: 1461-1463.

Hardy, S., Carr, C., Hardman, M., Steinke, D., Corstorphine, E., and Mah, C. 2011.

Biodiversity and phylogeography of Arctic marine fauna: insights from molecular 

tools. Mar. Biodiv. 41(1): 195-210.

Hartnoll, R.G. 1969. Mating in the Brachyura. Crustaceana 16: 160-181

Hauser, L. and Carvalho, G.R. 2008. Paradigm shifts in marine fisheries genetics: ugly 

hypotheses slain by beautiful facts. Fish Fisher. 9 : 333-362.

Hedrick, P.W. 2005. A standardized genetic differentiation measure. Evolution 59(8): 

1633-1638.

Hewitt, G. 1996. Some genetic consequences of ice ages, and their role in divergence and 

speciation. Biol. J. Linn. Soc. 68: 87-112.

Hewitt, G. 2004. Genetic consequences of climatic oscillations in the Quaternary. Philos. 

Trans. R. Soc. Lond. B. 358: 183-196.



58

Hundertmark, K. J., and Van Daele, L. 2010. Founder effect and bottleneck signatures in 

an introduced, insular population of elk. Conserv. Genet. 11(1): 139-147.

ICES. 2007. Report of the working group on the biology and life history of crabs 

(WGCRAB), Lowestoft, UK. ICES CM 2007/LRC. 09: pp. 87.

Incze, L., Armstrong, D.A., and Smith, S. 1987. Abundance of larval Tanner crabs

(Chionoecetes spp.) in relation to adult females and regional oceanography of the 

southeast Bering Sea. Can. J. Fish. Aquat. Sci. 44: 1143-1156.

Incze, L.S., and Paul, A.J. 1983. Grazing and predation as related to energy needs of

stage I zoeae of the Tanner crab Chionoecetes bairdi (Brachyura, Majidae). Biol. 

Bull. 165(1): 197-208.

Jones, E., Swift, J., Anderson, L., Civitarese, G., Falkner, K., Kattner, G., Lipizer, M., 

McLaughlin, F.A., and Olafsson, J. 2003. Tracing Pacific waters in the North 

Atlantic Ocean. J. Geophys. Res. 108(C7): 3116.

Jost, L. 2008. GS T  and its relatives do not measure differentiation. Mol. Ecol. 17(18): 

4015-4026.

Jost, L. 2009. D  vs. GS T : Response to Heller and Siegismund (2009) and Ryman and 

Leimar (2009). Mol. Ecol. 18: 2088-2091.

Jueterbock, A., Kraemer, P., Gerlach, G., and Deppermann, J. 2010. DEMEtics:

Evaluating the genetic differentiation between populations based on GS T  and D  

values. R package version 0.8-2. http://cran.r-proj ect.org/web/packages/ 

DEMEtics/index.html. accessed on 06/11/10.

Kalinowski, S. 2005. HP-Rare: a computer program for performing rarefaction on 

measures of allelic diversity. Mol. Ecol. Notes 5 : 187-189.

http://cran.r-proj


59

Kogane, T., Hamasaki, K., and Nogami, K. 2005. Effect of temperature on survival and 

development period of larval snow crab Chionoecetes opilio (Brachyura: 

Majidae) reared in the laboratory. Bull. Jpn. Soc. Sci. Fish. 71: 161-164.

Kon, T. 1980. Studies on the life history of the Zuwai crab, Chionoecetes opilio (O.

Fabricius). Spec. Publ. Sado Mar. Biol. Stn. Niigata Univ. Ser. No. 2. pp 1-64.

Kruse, G., Tyler, A., Sainte-Marie, B., and Pengilly, D. 2007. A workshop on

mechanisms affecting year-class strength formation in snow crabs Chionoecetes 

opilio in the Eastern Bering Sea. Alaska Fish. Res. Bull. 12(2): 278-291.

Kuzmin, S. 2000. Spreading of snow crab Chionoecetes opilio (Fabricius) in the Barents 

Sea. Theme session on Marine Biological Invasions: Retrospectives for the 20th 

Century -Perspectives. Polar Research Institute of Marine Fisheries and 

Oceanography, Murmansk, Russia.

Latch, E., Dharmarajan, G., Glaubitz, J., and Rhodes, O. 2006. Relative performance of 

Bayesian clustering software for inferring population substructure and individual 

assignment at low levels of population differentiation. Conserv. Genet. 7(2): 295

302.

Lee, T., Clarke, M.E., Williams, E., Szmant, A.F., and Berger, T. 1994 Evolution of the 

Tortugas Gyre and its influence on recruitment in the Florida Keys. Bull. Mar. 

Sci. 54: 621-360.

Livingston, P. 1989. Interannual trends in Pacific cod, Gadus macrocephalus, predation 

on three commercially important crab species in the eastern Bering Sea. Fish. 

Bull. 87: 807-827.

Lovrich, G., and Sainte-Marie, B. 1997. Cannibalism in the snow crab, Chionoecetes 

opilio (O. Fabricius) (Brachyura: Majidae), and its potential importance to 

recruitment. J. Exp. Mar. Biol. Ecol. 211: 225-245.



60

Lovrich, G.A., Sainte-Marie, B., and Smith, B.D. 1995. Depth distribution and seasonal 

movements of Chionoecetes opilio (Brachyura: Majidae) in Baie Sainte- 

Marquerite, Gulf of Saint Lawrence. Can. J. Zool. 73: 1712-1726.

Maggs, C., Castilho, R., Foltz, D., Henzler, C., Jolly, M., Kelly, J., Olsen, J., Perez, K., 

Stam, W., Vainola, R., Viard, F., and Wares, J. 2008. Evaluating signatures of 

glacial refugia for north Atlantic benthic marine taxa. Ecology 89(11): 108-122.

Meirmans, P.G., and Herdrick, P. 2011. Assessing population structure: F ST and related 

measures. Mol. Ecol. Res. 11: 5-18.

Meirmans, P.G., and Van Tienderen, P.H. 2004. Genotype and Genodive: two programs 

for the analysis of genetic diversity of asexual organisms. Mol. Ecol. Notes 4(4): 

792-794.

Merkouris, S.E., Seeb, L.W., and Murphy, M.C. 1998. Low levels of genetic diversity in 

highly exploited populations of Alaskan Tanner crabs, Chionoecetes bairdi, and 

Alaskan and Atlantic snow crabs, C. opilio. Fish. Bull. 96: 525-537.

Mileikovsky, S.A. 1973. Speed of active movement of pelagic larvae of marine bottom 

invertebrates and their ability to regulate their vertical position. Mar. Biol. 23(1): 

11-17.

Miller, G.H., Brigham-Grette, J., Alley, R.B., Anderson, L., Bauch, H.A., Douglas,

M.S.V., Edwards, M.E., Elias, S.A., Finney, B.P., Fitzpatrick, J.J., Funder, S.V., 

Herbert, T.D., Hinzman, L.D., Kaufman, D.S., MacDonald, G.M., Polyak, L., 

Robock, A., Serreze, M.C., Smol, J.P., Spielhagen, R., White, J.W.C., Wolfe,

A.P., and Wolff, E.W. 2010. Temperature and precipitation history of the Arctic. 

Quat. Sci. Rev. 29(15-16): 1679-1715.

Moriyasu, M., and Conan, G.Y. 1988. Aquarium observation on mating behavior of snow 

crab, Chionoecetes opilio. Int. Coun. Explor. Sea. CM 1988/K:9: pp. 14.



61

Moriyasu, M., and Lanteigne, C. 1998. Embryo development and reproductive cycle in 

the snow crab, Chionoecetes opilio (Crustacea: Majidae), in the southern Gulf of 

St. Lawrence, Canada. Can. J. Zool. 76: 2040-2048.

Moriyasu, M., Wade, E., Sinclair, A., and Chiasson, Y. 1998. Snow crab, Chionoecetes 

opilio, stock assessment in the southwestern Gulf of St. Lawrence by bottom trawl 

survey. In: Proceedings of the North Pacific Symposium on Invertebrate Stock 

Assessment and Management. Jamieson, G.S. and Campbell, A. (editors). Can. 

Spec. Publ. Fish. Aquat. Sci. 125: 29-40.

Mueter, F.J., Broms, C., Drinkwater, K.F., Friedland, K.D., Hare, J.A., Hunt Jr, G.L., 

Melle, W., and Taylor, M. 2009. Ecosystem responses to recent oceanographic 

variability in high-latitude Northern Hemisphere ecosystems. Prog. Oceanogr. 

81(1-4): 93-110.

Mueter, F.J., and Litzow, M.A. 2008. Sea ice retreat alters the biogeography of the 

Bering Sea continental shelf. Ecol. Appl. 18(2): 309-320.

Nei, M. 1973. Analysis of gene diversity in subdivided populations. Proc. Natl. Acad.

Sci. 70: 3321-3323.

Norcross, B.L., Holladay, B.A., Busby, M.S., and Mier, K.L. 2009. Demersal and larval 

fish assemblages in the Chukchi Sea. Deep-Sea Res. II. 57(1-2): 57-70.

NPFMC. 2009. Public review draft - fishery management plan for fish resources of the 

Arctic management area.

www.fakr.noaa.gov/npfmc/current issues7Arctic7ArcticEA109.pdf. Accessed on 

10/1/2009.

NPFMC. 2010. Stock assessment and fishery evaluation (SAFE) report for the king and 

Tanner crab fisheries of the Bering Sea and Aleutian Island (BSAI) Regions. The 

Plan Team for the King and Tanner Crab Fisheries, Anchorage, Alaska. pp. 661.

http://www.fakr.noaa.gov/npfmc/current


62

Olsen, J.L., Stam, W.T., Coyer, J.A., Reusch, T.B.H., Billingham, M., Bostrom, C.,

Calvert, E., Christie, H., Granger, S., Lumiere, R.L., Milchakova, N., Oudot-Le 

Secq, M.-P., Procaccini, G., Sanjabi, B., Serrao, E., Veldsink, J.A.N., 

Widdicombe, S., and Wyllie-Echeverria, S. 2004. North Atlantic phylogeography 

and large-scale population differentiation of the seagrass Zostera marina L. Mol. 

Ecol. 13(7): 1923-1941.

Orensanz, J., Ernst, B., Armstrong, D., Stabeno, P., and Livingston, P. 2004. Contraction 

of the geographic range of ditribution of snow crab (Chionoecetes opilio) in the 

eastern Bering Sea: an environmental ratchet? CalCOFI Rep. 45: 65-79.

Otto, R. 1998. Assessment of the Eastern Bering Sea snow crab, Chionoecetes opilio,

stock under the terminal molting hypothesis. In Proceedings of the North Pacific 

Symposium on Invertebrate Stock Assessment and Management. Can. Spec. Publ. 

Fish. Aquat. Sci 125: 109-124.

Palumbi, S. 1992. Marine speciation on a small planet. Trends Ecol. Evol. 71: 114-118.

Palumbi, S.R., and Kessing, B.D. 1991. Population biology of the trans-Arctic exchange: 

mtDNA sequence similarity between Pacific and Atlantic sea urchins. Evolution 

45(8): 1790-1805.

Parada, C., Armstrong, D.A., Ernst, B., Hinckley, S., and Orensanz, J.M.L. 2010. Spatial 

dynamics of snow crab (Chionoecetes opilio) in the Eastern Bering Sea - putting 

together the pieces of the puzzle. Bull. Mar. Sci. 86(2): 1-26.

Paul, J., Paul, A., and Barber, W. 1997. Reproductive biology and distribution of the 

snow crab from the Northeastern Chukchi Sea. Am. Fish. Soc. Symp. 19: 287

294.

Peakall, R., and Smouse, P. 2006. GENALEX 6: genetic analysis in Excel. Population 

genetic software for teaching and research. Mol. Ecol. Notes 6 : 288-295.



63

Pickart, R.S. 2004. Shelfbreak circulation in the Alaskan Beaufort Sea: Mean structure 

and variability. J. Geophys. Res. 109(C4): C04024.

Pickart, R.S., Weingartner, T.J., Pratt, L.J., Zimmermann, S., and Torres, D.J. 2005. Flow 

of winter-transformed Pacific water into the Western Arctic. Deep-Sea Res. II. 52: 

3175-3198.

Piry, S., Luikart, G., and Cornuet, J.-M. 1999. BOTTLENECK: a computer program for 

detecting recent reductions in the effective population size using allele frequency 

data. J. Hered. 90: 502-503.

Polyak, L., Alley, R.B., Andrews, J.T., Brigham-Grette, J., Cronin, T.M., Darby, D.A., 

Dyke, A.S., Fitzpatrick, J.J., Funder, S., Holland, M., Jennings, A.E., Miller,

G.H., O'Regan, M., Savelle, J., Serreze, M., St. John, K., White, J.W.C., and 

Wolff, E. 2010. History of sea ice in the Arctic. Quat. Sci. Rev. 29(15-16): 1757

1778.

Pritchard, J., Stephens, M., and Donnelly, P. 2000. Inference of population structure 

using multilocus genotype data. Genetics 155: 945-959.

Puebla, O., Parent, E., and Sevingy, J.-M. 2003. New microsatellite markers for the snow 

crab Chionoecetes opilio (Brachyura: Majidae). Mol. Ecol. Notes 3 : 644-646.

Puebla, O., Sevingy, J., Sainte-Marie, B., J, B., Burmeister, A., Dawe, E., and Moriyasu, 

M. 2008. Population genetic structure of the snow crab (Chionoecetes opilio) at 

the Northwest Atlantic scale. Can. J. Fish. Aquat. Sci. 65: 425-436.

Queller, D.C., and Goodnight, K.F. 1989. Estimating relatedness using genetic markers. 

Evolution 43(2): 258-275.

Rand, K., and Logerwell, E. 2011. The first demersal trawl survey of benthic fish and 

invertebrates in the Beaufort Sea since the late 1970s. Polar Biol. 34 : 475-488.



64

Rathbun, M. 1925. The spider crabs of America. United States National Museum Bulletin 

129(i-xx): 1-598.

Raymond, M., and Rousset, F. 1995. An exact test for population differentiation. 

Evolution 49(6): 1280-1283.

Reed, R., and Stabeno, P. 1999. A recent full-depth survey of the Alaskan Stream. J. 

Oceanogr. 55: 79-85.

Ritland, K. 1996. Estimators for pairwise relatedness and individual inbreeding 

coeffecients. Genet. Res. 67 : 175-185.

Roach, A., Aagaard, K., Pease, C., Salo, S.A., Weingartner, T.J., Pavlov, V., and

Kulakov, M. 1995. Direct measurements of transport and water properties through 

Bering Strait. J. Geophys. Res.100: 18443-18457.

Rosenkranz, G.E., Tyler, A.V., and Kruse, G.H. 2001. Effects of water temperature and 

wind on year-class success of Tanner crabs in Bristol Bay, Alaska. Fish.

Oceanogr. 10(1): 1-12.

Rousset, F. 2008. Genepop’007: a complete re-implementation of the Genepop software 

for Windows and Linux. Mol. Ecol. Res. 8(1): 103-106.

Ryman, N., and Leimar, O. 2009. GST is still a useful measure of differentiation- a 

comment on Jost's D. Mol. Ecol. 18: 2084-2087.

Sainte-Marie, B., and Carriere, C. 1995. Fertilization of the second clutch of eggs of

snow crab, Chionoecetes opilio, from females mated once or twice after their molt 

to maturity. Fish. Bull. 93(4): 759-764.



65

Sainte-Marie, B., Dufor, R., Bourassa, D., Chabot, M., Dionne, M., Gilbert, D., Rondeau, 

A., and Sevingy, J.-M. 2005. Criteria and proposition for the definition of snow 

crab (Chionoecetes opilio) production units in the estuary and northern Gulf of St. 

Lawrence. Can. Sci. Advis. Secr. Res. Doc. 2005/059: pp. 20.

Sainte-Marie, B., Gosselin, T., Sevingy, J.-M., and Urbani, N. 2008. The snow crab 

mating system: opportunity for natural and unnatural selection in a changing 

environment. Bull. Mar. Sci. 83(1): 131-161.

Sainte-Marie, B., and Hazel, F. 1992. Moulting and mating of snow crabs, Chionoecetes 

opilio (O. Fabricius), in shallow waters of the Northwestern Gulf of Saint 

Lawrence. Can. J. Fish. Aquat. Sci. 49: 1282-1293.

Sainte-Marie, B., and Lovrich, G.A. 1994. Delivery and storage of sperm at first mating 

of female Chionoecetes opilio (Brachyura: Majidae) in relation to size and 

morphometric maturity of male parent. J. Crust. Biol. 14(3): 508-521.

Sainte-Marie, B., Raymond, S., and Brethes, J.-C. 1995. Growth and maturation of the

benthic stages of male snow crab, Chionoecetes opilio (Brachyura: Majidae). Can. 

J. Fish. Aquat. Sci. 52: 903-924.

Sainte-Marie, B., Sevingy, J.-M., and Gauthier, Y. 1997. Laboratory behavior of

adolescent and adult males of the snow crab (Chionoecetes opilio) (Brachyura: 

Majidae) mated noncompetitively and competitively with primiparous females. 

Can. J. Fish. Aquat. Sci. 54: 239-248.

Schindler, D.E., Hilborn, R., Chasco, B., Boatright, C.P., Quinn, T.P., Rogers, L.A., and 

Webster, M.S. 2010. Population diversity and the portfolio effect in an exploited 

species. Nature Letters. 465(3): 609-612.



66

Schumacher, J.D., and Stabeno, P.J. 1998. Continental shelf of the Bering Sea. In : The

Sea: Vol. 11-The global coastal ocean: regional studies and synthesis, John Wiley 

and Sons, Inc., New York, NY. 789-822.

Shirley, T., and Bluhm, B. 2005. Development of age-determination methods for snow 

crabs. In : Bering Sea snow crab fishery restoration research. D. Pengilly 

(coordinator). Alaska Dept. Fish Game, Juneau, AK. pp. 324.

Somerton, D. 1981a. Regional variation in the size of maturity of two species of Tanner 

crab (Chionoecetes bairdi and C. opilio) in the Eastern Bering Sea, and its use in 

defining management subareas. Can. J. Fish. Aquat. Sci. 38 : 163-174.

Somerton, D. 1981b. Life history and population dynamics of two species of Tanner 

crabs, Chionoecetes bairdi and C. opilio, in the Eastern Bering Sea with 

implications for the management of the commercial harvest. Ph.D. dissertation, 

University of Washington. pp. 220.

Spear, S., Peterson, R., Matocq, M., and Strofer, A. 2006. Molecular evidence for

historical and recent population size reduction of tiger salamanders (Ambystoma 

tigirinum) in Yellowstone National Park. Conserv. Genet. 7 : 605-611.

Springer, A.M., McRoy, C.P., and Flint, M.V. 1996. The Bering Sea Green Belt: shelf- 

edge processes and ecosystem production. Fish. Oceanogr. 5(3-4): 205-223.

Squires, H. 1990. Decapod crustacea of the Atlantic coast of Canada. Can. Bull. Fish. 

Aquat. Sci. No. 221. pp. 532.

Stabeno, P.J., Bond, N.A., Kachel, N.B., Salo, S.A., and Schumacher, J.D. 2001. On the 

temporal variability of the physical environment over the south-eastern Bering 

Sea. Fish. Oceanogr. 10(1): 81-98.



67

Stabeno, P.J., Schumacher, J.D., and Ohtani, K. 1999. The physical oceanography of the 

Bering Sea. In Dynamics of the Bering Sea: A summary of physical, chemical and 

biological characteristics, and a synopsis of research on the Bering Sea. Loughlin, 

T.R. and Ohtani K. (editors). Alaska Sea Grant Rep. AK-SG-99-03, University of 

Alaska, Fairbanks, AK. pp. 1-28.

Starr, M., Therriault, J.-C., Conan, G.Y., Comeau, M., and Robichaud, G. 1994. Larval 

release in a sub-euphotic zone invertebrate triggered by sinking phytoplankton 

particles. J. Plankt. Res. 16(9): 1137-1147.

Stevens, B., and Haaga, J. 1994. Aggregative mating of Tanner crabs, Chionoecetes 

bairdi. Can. J. Fish. Aquat. Sci. 51: 1273-1280.

Stigebrandt, A. 1984. The North Pacific: a global-scale estuary. J. Phys. Oceanogr. 14: 

14369-14376.

Sundqvist, H.S., Zhang, Q., Moberg, A., Holmgren, K., Kornich, H., Nilsson, J., and 

Brattstrom, G. 2010. Climate change between the mid and late Holocene in 

northern high latitudes - Part 1: Survey of temperature and precipitation proxy 

data. Clim. Past. 6(5): 591-608.

Tamura, K., Paeterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. 2011.

MEGA 5: Molecular evolutionary genetics analysis using maximum likelihood, 

evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. (In 

Press).

Tarvirdieva, M. 1976. Feeding of the Kamchatka King crab Paralithodes camtschatica 

and Tanner crabs Chionoecetes bairdi and Chionoecetes opilio in the 

Southeastern part of the Bering Sea. Sov. J. Mar. Biol. 2 : 34-39.

Taylor, M.S., and Hellberg, M.E. 2003. Genetic evidence for local retention of pelagic 

larvae in a Caribbean reef fish. Science 299(5603): 107-109.



68

Tepolt, C., Darling, J., Bagley, M., Geller, J., Blum, M., and Grosholz, E. 2009. European 

green crabs (Carcinus maenas) in the northeastern Pacific: genetic evidence for 

high population connectivity and current-mediated expansion from a single 

introduced source population. Divers. Distrib. 15: 997-1009.

Thomson, D. 1982. Marine benthos in the Eastern Canadian High Arctic: multivariate 

analyses of standing crop and community structure. Arctic 35(1): 61-74.

USDOI-BOEMRE. 2010. Revised program outer continental shelf oil and gas leasing 

program 2007-2012. US Department of Interior Bureau of Energy Management, 

Regulation, and Enforcement. www.boemre. gov. Accessed on 03/13/11.

Van Oosterhout, C., Hutchinson, W., Willis, D., and Shipley, P. 2004. MICRO

CHECKER: software for identifying and correcting genotyping errors in 

microsatellite data. Mol. Ecol. Notes 4 : 535-538.

Watson, L. 1972. Mating behavior in the spider crab, Chionoecetes opilio. J. Fish. Res. 

Board Can. 29 : 447-449.

Webb, J.B., Eckert, G.L., Shirley, T.C., and Tamone, S.L. 2006. Changes in zoeae of the 

snow crab, Chionoecetes opilio, with variation in incubation temperature. J. Exp. 

Mar. Biol. Ecol. 339(1): 96-103.

Weingartner, T., Aagaard, K., Woodgate, R., Danielson, S., Yasunori, S., and Cavalieri, 

D. 2005. Circulation on the north central Chukchi Sea shelf. Deep-Sea Res. II 52: 

3150-3174.

Weir, B.S. 1996. Genetic data analysis II. Sinauer Associates, Sunderland, MA. pp. 445.

Winsor, P., and Chapman, D. 2004. Pathways of Pacific water across the Chukchi Sea: A 

numerical model study. J. Geophys. Res.109: C03002.

http://www.boemre


69

Woodgate, R.A., Aagaard, K., and Weingartner, T.J. 2005. A year in the physical

oceanography of the Chukchi Sea: Moored measurements from autumn 1990

1991. Deep-Sea Res. II. 52(24-26): 3116-3149.

Wyllie-Echeverria, T., and Wooster, W. 1998. Year-to-year variations in Bering Sea ice 

cover and some consequences for fish distributions. Fish. Oceanogr. 7(2): 159

170.

Yamasaki, A., and Kuwahara, A. 1992. Bathymetric and horizontal distribution patterns 

during primary spawning period of snow crab Chionoecetes opilio. Bull. Jpn. Soc. 

Sci. Fish. 58: 1647-1652.

Yosho, I., and Hiyashi, I. 1994. The bathymetric distribution of Chionoecetes opilio and 

C. japonicus (Majidae: Brachyura) in the western and northern areas of the Sea of 

Japan. Bull. Jpn. Sea Natl. Fish. Res. Inst. 44 : 59-71.

Zheng, J., Kruse, G., and Ackley, D. 2001. Spatial distribution and recruitment patterns

of snow crabs in the Eastern Bering Sea. In: Spatial processes and management of 

marine populations. Kruse, G.H., Bez. N., Booth, A., Dorn, M.W., Hills, S., 

Lipcius, R.N., Pelletier, D., Roy, C., Smith, S.J., and Witherell, D. (editors). 

Alaska Sea Grant Rep. AK-SG-01-02. University of Alaska, Fairbanks, AK pp. 

233-255.

Zheng, J., and Kruse, G. 2006. Recruitment variation of eastern Bering Sea crabs: 

climate-forcing or top-down effects? Prog. Oceanogr. 68: 184-204.

Zheng, J. and Pengilly, D. 2011. Overview of proposed harvest strategy and minimum 

size limits for Bering Sea district Tanner crab. Alaska Dept. Fish & Game. Spec. 

Pub. No. 11-02. pp 32.




