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About the Proceedings Book
and the Symposium

Twenty-seven peer-reviewed research and review papers are included in
this proceedings volume; all were presented at the symposium Biology
and Management of Exploited Crab Populations under Climate Change,
held March 10-13, 2009, in Anchorage, Alaska.

The symposium was convened to look closely at what fisheries
researchers have learned about crab population dynamics, resiliency to
fishing, climate effects, and the role of habitat in worldwide crab stocks
and fisheries, many of which have fluctuated and collapsed due to shifts
in climate, fishing, and ecological interactions.

For example, the collapse of red king crab (Paralithodes camts-
chaticus) fisheries in Alaska in the early 1980s led to much speculation
about the roles of a climate regime shift from cool to warm conditions
in the late 1970s, associated changes in ecosystem structure including
increases in groundfish predators, and overfishing or habitat alterations
by large fleets of fishing vessels. Despite 25 years of closed fisheries in
the Gulf of Alaska, most stocks of red king crabs have not recovered.
Progress into understanding the causative mechanisms has been frus-
tratingly slow, prompting recent initiation of a pilot multiagency king
crab stock enhancement and rehabilitation effort. For more information
on this program, see the AKCRRAB website, http://seagrant.uaf.edu/
research/projects/initiatives/king_crab/general.

Fisheries for Dungeness crabs (Cancer magister) along the U.S. west
coast and blue crab (Callinectes sapidus) along the U.S. east coast pro-
vide contrasting examples. For many decades, large, fluctuating catches
of both species seemed sustainable, despite extremely high exploitation
rates by overcapitalized fishing fleets. Whereas this situation generally
remains the case for Dungeness crabs, much concern exists for blue
crabs following sharp declines in stock abundance and catches along
most of the Atlantic coast in the last decade.

Common threads among the papers in this proceedings are the
effects of fisheries and climate on crab abundance, both observed in
the past and forecasted into the future. Species addressed include
snow, blue, king, and other crabs. Specific topics include crab abun-
dance and distribution related to climate variability and future climate
change, stock assessment and fishery management, effects of stock
size and environmental variability on recruitment, considerations of
reproductive biology and reproductive potential, role of disease and
other environmental stressors, predation and habitat considerations,
and the utility of stock enhancement programs for rehabilitation of
depleted crab stocks.

vii
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The Alaska Sea Grant College Program has been sponsoring and coor-
dinating the Lowell Wakefield Fisheries Symposium series since 1982.
These meetings are a forum for information exchange in biology, man-
agement, and economics of various fish species and complexes, as well
as an opportunity for scientists from high-latitude countries to meet
informally and discuss their work.

Lowell Wakefield was the founder of the Alaska king crab indus-
try. He recognized two major ingredients necessary for the king crab
fishery to survive—ensuring that a quality product be made available
to the consumer, and that a viable fishery can be maintained only
through sound management practices based on the best scientific data
available. Lowell Wakefield and Wakefield Seafoods played an impor-
tant role in the development and implementation of quality control
legislation, in the preparation of fishing regulations for Alaska waters,
and in drafting international agreements for the high seas. In his later
years, as an adjunct professor of fisheries at the University of Alaska,
Lowell Wakefield influenced the early directions of Alaska Sea Grant.
The Wakefield Symposium series is named in honor of Lowell Wakefield
and his many contributions to Alaska’s fisheries. In 2000, Lowell’s wife
Frankie Wakefield made a gift to the University of Alaska Foundation to
establish an endowment to continue this series.
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Abstract

Abundance and distribution of crab stocks are affected by factors
such as habitat quality, community structure, climate variability, and
fishing that are interrelated in various ways. We explore the interplay
of climate and fishing on crab populations by reviewing several well-
known case studies. Snow crab (Chionoecetes opilio) in the eastern
Bering Sea declined to about 10% of their abundance in the late 1990s.
Concurrently, the stock underwent a dramatic distributional shift from
southeast to northwest over the continental shelf. Contraction to the
northwest during a warming phase perhaps resulted from an “environ-
mental ratchet” whereby crab now occur in northerly areas of colder
water, and a large predator guild may limit recruitment in southerly
areas. Red king crabs (Paralithodes camtschaticus) declined significantly
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in Alaska following a climate regime shift, but fishing may have also
adversely affected stocks. Recovery or ongoing depletion in different
areas may reflect variable influence of climate and fishing as causative
factors. Dungeness crab (Cancer magister) fluctuate widely in abundance
and most hypotheses evoke climate-driven oceanographic processes
regulating recruitment. The long-term demise of the central California
fishery is ascribed to a decadal-long shift in timing of the spring transi-
tion. These case studies represent male-only fisheries, but an intriguing
fishery that exploits both sexes exists for blue crab (Callinectes sapidus)
along the U.S. east coast. Crab spawning stock abundance has declined
more than 80% in the last decade and habitat degradation and fishing
pressure on females appear primarily responsible. Based on our review,
we ask: does climate trump fishing as the leading cause of change in
distribution and abundance of fished crab populations?

Introduction

The Wakefield Fisheries Symposium series has provided an invaluable
forum for discussion of myriad issues related to fisheries and ecosys-
tems that support them. Prominent among the many taxa covered have
been decapod crustaceans that comprise some of the most important
and intriguing fisheries worldwide. Symposia since the mid 1980s have
provided scientists and opportunity to present results, interpretations,
and opinions about research on species that embody fascinating stories
of life history, population variability, and dramatic shifts in distribution
and abundance, which are linked to a spectrum of physical and biologi-
cal drivers. Building on information from symposia in 1995 and 2001,
the collection of papers in this volume is oriented toward the general
issue of climate change as it might affect all aspects of life history,
community composition, and habitat, with resultant implications for
management of commercial species.

As we considered what perspective to emphasize in the present
paper, we were intrigued by the notion of interplay between climate
change and fishery exploitation as accounting for shifts in distribution
and abundance, and resultant trends in landings or need for closures.
At one scale, it strikes us that “climate forcing” trumps fisheries as the
usual cause for well-documented variability of some species. In this
sense, climate change is not necessarily unidirectional as warmer or
colder henceforth, but rather the decadal patterns of change in the con-
text of regime shifts (sensu Grebmeier et al. 2006). The literature for the
northeastern Pacific has been particularly prolific on these topics over
the last 4-5 years, hence the benefit of periodic update provided by the
Wakefield symposia. Comprehensive treatises on systems such as the
“Pribilof Domain” (e.g., see Hunt et al. 2008, Stabeno et al. 2008) have
provided invaluable context for development of hypotheses to explore
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mechanisms behind some of the most dramatic shifts in decapod dis-
tributions and abundance, and striking decrease in fishery production.
Regime shifts may modulate weather in ways that profoundly affect
recruitment of many species (Bond and Overland 2005). Warming trends
(Stabeno et al. 2007) have affected sea ice and bottom temperature that
have led to pervasive change in community structure and biogeogra-
phy (Grebmeier et al. 2006, Aydin and Mueter 2007, Mueter and Litzow
2008), which is consistent with other examples such as northward shift
in North Sea fauna (Perry et al. 2005) or the spread of lithodid crabs to
Antarctica (Thatje et al. 2005, Aronson et al. 2007).

Fisheries also exert impacts that are well documented, such as for
the lithodid red king crab stocks in the eastern Bering Sea (Orensanz et
al. 1998, Dew and McConnaughey 2005). Whether the causes that lead
to reductions below “overfished” thresholds are due primarily to cli-
mate or fisheries themselves is uncertain (e.g., Zheng and Kruse 2006).
Dramatic decline in Chesapeake Bay stocks of blue crab to the point of
being recruitment-limited has been attributed to overfishing and habitat
degradation (Davis et al. 2005, Zohar et al. 2008). The extent to which
unidirectional climate change and fisheries interact synergistically to
produce non-additive effects should be explored.

We have selected four cases of crab fisheries to briefly explore
roles of climate and fisheries as causes of population fluctuations and
changes in distribution. The species provide life history contrasts in fea-
tures like age at maturity and reproductive strategies, but also contrasts
in nature and complexity of the fisheries and management. The litera-
ture is vast for all; therefore, in this brief coverage tied to climate and
exploitation, we attempt to highlight unique, sometimes odd, aspects of
life history, ecology, and fishery regulations, management, and history.

Species profiles and discussion
Snow crab (Chionoecetes opilio)

Life history and population dynamics

Snow crabs are widely distributed in subarctic and arctic regions,
including the northwestern Pacific, Bering Sea, parts of the Arctic,
northwest Atlantic south to Maine, and west coast of Greenland. The
species has been introduced to the Barents Sea where there is now a
self-sustained population (Alvsvag et al. 2009). Here we focus on the
eastern Bering Sea stock (Fig. 1; see Kruse et al. 2007, for an overview).

Snow crab life history has been well studied in eastern Canada
(Sainte-Marie et al. 2008), where the calendar of major life-history events
(Table 1) appears to be very similar to the eastern Bering Sea. Males
and females stop growing after reaching a terminal molt. Immediately
after, females mate for the first time while still in a soft-shell condi-
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Life history characteristics of focal crab species.

Life history
characteristic

Snow crab (Chi-
onoecetes opilio)
eastern Bering Sea

Red king crab
(Paralithodes
camtschaticus)

Dungeness crab
(Cancer magister)

Blue crab (Cal-
linectes sapidus)
Chesapeake Bay

Larval stages
and duration
of pelagic
larval life

Settlement
period and ju-
venile habitat

Growth

Growth deter-
minacy

Size/age/stage
at maturity,
females

2 zoeae and

a megalopa
(post-larva); 3-5
months.

Expected in Sep-
tember-October.
Juvenile habitat
largely unknown.

Most individuals
growth through
instars Il and III
(~5and 7 mm
CW) during first
calendar year
after settlement,
instars IV and V
(~10 and 15 mm
CW) during the
third, once a year
afterward, during
winters.

Immature size-at-
instar schedule
varies little among
populations. Male
and female have

a terminal molt;
male transition
recognizable in
the relative size of
claws.

Strong clinal varia-
tion in size-at-ma-
turity (smaller at
higher latitudes),
reflecting instar at
maturity. Maturity
reached over a
range of 4 years,
starting at ~4.5-5.5
(post-settlement);
age-at-maturity is
conservative. Most
mature at instars
IX-XI, but maturity
may be earlier in
low latitudes (in-
star VIII or XII).

4 zoeae and a
glaucothoe; 2
months.

May-July; near-
shore high-relief
habitat.

Mean sizes at 1, 2,
and 3 years post-
settlement are
9-16 mm CL, 23-42
mm CL, and 47-66
mm CL, depend-
ing on location.

Females molt
annually prior to
mating and egg
extrusion. Males
molt annually un-
til maturity, and
then do not molt
every year.

Mean size of
female maturity:
89 mm CL (Bristol
Bay) and 102 mm
CL (Kodiak).

5 zoeae and a
megalopa (post-
larva); 2.5-5
months.

Peak settlement in
May-June through
September in
higher latitudes.
Juvenile survival
highest in com-
plex intertidal
habitats, such

as eelgrass and
oyster shell.

Rapid growth dur-
ing first summer
following settle-
ment, particu-
larly in estuaries.
Individuals grow
through instars
XII-XIV in two
calendar years
post-settlement;
thereafter molting
occurs once a
year.

Size-at-instar and
molt frequency
affected by tem-
perature. Annual
molt upon reach-
ing maturity; no
terminal molt.

Most females
mature ~100 mm
CW. Age-at-matu-
rity shows clinal
variation (older at
higher latitudes),
from ~1 year in
central California
to 4-5 years in Brit-
ish Columbia. Most
females mature

at end of second
year post-settle-
ment or in third
growing season,
corresponding to
instars XII-XIV.

7-8 zoeae and a
megalopa (post-
larva); 1.5 months.

August-November;
settlement in
seagrass beds for
~2 months growth
to 5-7 instar
(~20mm), then ju-
venile dispersal to
shallow shoreline
habitats of sub-
estuaries.

Growth is sea-
sonal in the mid
Atlantic; juveniles
may reach ~65
mm CW (instar
X-XII) within three
months after
settlement but
growth ceases
during winter.
Individuals molt
less frequently as
they grow larger.

Size-at-instar and
molt frequency af-
fected by tempera-
ture. Females have
terminal molt

to maturity but
males continue to
molt and grow.

Size-at-maturity is
variable (100-180
mm CW). Sexual
maturity occurs
at 1-1.5 years,
corresponding to
instars XVI-XX.
Size at maturity is
inversely related
to water temp at
pubertal molt.
Size at maturity
appears related
inversely to both
water temperature
and salinity.

2Adolescents: mature males that have not reached terminal molt; males past terminal molt are known
as “adults,” and are all mature.

bOldshell indicates the individual did not molt in the year of mating.
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Table 1.

(continued)

Life history
characteristic

Snow crab (Chi-
onoecetes opilio)
eastern Bering Sea

Red king crab
(Paralithodes
camtschaticus)

Dungeness crab
(Cancer magister)

Blue crab (Cal-
linectes sapidus)
Chesapeake Bay

Size/age/stage
at maturity,
males

Maximum life
span

Spawning,
brooding and
hatching

Mating system

Males reach matur-
ity at ~35-40 mm
CW, but grow longer
than females of the
same age. Terminal
molt during the
summers. Males

> 100 mm CW un-
dergo terminal molt
~3-4 years after
peak of terminal
molting of females
in the same year
class. All males
larger than 110 mm
(80% of those larger
than 100 mm) are
adult.

Estimated maxi-
mum life after the
terminal molt is
on the order of 7
years. Maximum
life span 12-14
years for females,
16-18 years for
males.

Female terminal
molt and primipa-
rous mating occur
during the winter,
multiparous mat-
ing, egg hatching,
and subsequent
oviposition during
the spring. Brood-
ing period is 1-2
years, determined
by temperature
during early em-
bryogenesis.

Adolescent males
do not develop
pre-copulatory
behavior when
confronted with
multiparous
females, irrespec-
tive of their size.
Prospective male
mates for the
primipara include
all mature males
(adolescents and
adults), while those
available to the
multipara include
only the adults.

For Kodiak,
physiological size
at maturity is
~80 mm CL, but
functional size at
maturity is ~130
mm CL based on
studies of mating
pairs.

>20 years, based
on a captive speci-
men in Japan.

Egg hatching
occurs in spring
(March-May) fol-
lowed immedi-
ately by mating,
egg extrusion, and
fertilization. Em-
bryos are brooded
for 207-305 days,
depending on tem-
perature.

In the labora-
tory, most small
(80-89 mm CL)
males failed to
induce more than
one female to
ovulate, whereas
large (>120 mm
CL) males induced
ovulation in all
four females test-
ed. Among wild
mating pairs most
(56-61%) males
were oldshell or
very oldshell.b

Most males ma-
ture at ~116 mm
CW after about 2
years but latitu-
dinal variation in
age-at-maturity
exists.

Maximum life ~8-
10 years.

Mating occurs
offshore April-
September. Eggs
are extruded Sep-
tember-February.
Eggs are fertilized
during extrusion.
Brooding period
is 2-4 months de-
pending on water
temperature. Mul-
tiple broods may
be produced from
a single mating
without molting
(skip-molt).

Males must

be larger than
premolt females
to successfully
initiate pre-cop-
ulatory behavior.
Mating occurs
between hard-
shell males and
newly molted soft
females. Males
hold females in
post-copulatory
embrace for ~2
days.

Size-at-maturity is
variable (120-140
mm, with poten-
tial post-matura-
tion growth to 250
mm. CW). As with
females, sexual
maturity occurs
at 1-1.5 years,
corresponding to
instars XVI-XX.

Typical life span
is 3-4 yrs, with
maximum life
span of 6-8 years
recorded in rare
cases.

In Chesapeake Bay,
mating occurs May-
October. Females
mate only once and
store sperm in sem-
inal receptacles;
multiple clutches
of eggs may be
produced. Egg
extrusion occurs
May-August with a
brooding period of
1-2 weeks. Females
release larvae late
July-August.

Late molt-stage
females initiate
pair formation with
hardshell males.
Copulation occurs
following a termi-
nal female molt.
Brooding occurs
June-September,
with egg incubation
lasting ~2 weeks
and 1-4 broods be-
ing produced. Up to
8 broods per year
in longer season in
Florida.
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Figure 1. Trends in landings (bars) and estimated abundance (line) of snow
crab of commercial size (males, CW > 101 mm) in the eastern Bering
Sea. (Data from NPFMC 2008a; modified from Parada et al. 2010.)

Figure 2. (A) Eastern and northern Bering Sea, showing major geographic
features of significance for snow crab distribution and dynamics.
SMI: St. Matthew Island; PI: Pribilof Islands; CD, MD and OU: Coastal,
Middle, and Outer Domains; NW, C, and SE: northwest, central, and
southeast sections of the shelf; arrows indicate constrictions of
the Outer Domain that define natural sections. (B) Major patterns of
larval transport based on Regional Ocean Model System (ROMS) and
Individual-Based Models (IBM); curved arrows highlight subsystems
(northwest and southeast sections of the Middle Domain) with
potential for larval retention. (Modified from Parada et al. 2010.)
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Figure 3. Spatial dynamics of female snow crab in the eastern Bering Sea. (A)
Extension of the cold pool (near-bottom termperature, near-bottom
temperature <2°C), one line per year. (B-D): Relative abundance
(survey CPUE, averaged by station) of different categories of
females. (B) Immature females. (C) Primipara. (D) Adult females
that underwent terminal molt during the preceding year or earlier.
All figures are aggregate data for the interval 1978-2007. Intensity
of shading is proportional to CPUE, scale is the same in all cases.
(Data from the NMFS annual summer trawl surveys. Modified from
B. Ernst et al., Departamento de Oceanografia, Universidad de
Concepcion, Concepcion, Chile, unpubl.)

tion (“primipara”). In subsequent years (as “multipara”) they spawn and
eventually mate while in “hardshell” condition, shortly after eggs hatch.
Males mature before reaching terminal molt, at a size (carapace width,
CW) of 33-38 mm. After molting into maturity and mating in the “Middle
Domain” (50-100 m, Fig. 2A) during the winter, the primipara start a
one-year ontogenetic migration toward the “Outer Domain” (100-200 m,
Fig. 3C, D; Ernst et al. 2005). Males undergo terminal molt during the
summer, when large “softshells” occur in the Middle Domain (Fig. 4A).
Hardshell adults (one year or more past-terminal molt) occur primarily
in the Outer Domain (Fig. 4C; Orensanz et al. 2004). The ontogenetic
migration is likely to be superimposed on a seasonal onshore-offshore
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Figure 4. Spatial dynamics of large male snow crab in the eastern Bering Sea.
(A) Relative abundance (survey CPUE) of recently molted (softshell)
large males (CW > 100 mm) during the summer. Summer: males
molt into the “large adult” category, mostly in the Middle Domain.
Afterward they migrate offshore during the fall, becoming the “new-
shells” available to the winter fishery. (B) Distribution of fishing effort
(mostly winter, 1990-1999). Winter: large new-shell males targeted
by the fishery in the Outer Domain, but also in the Middle Domain
of the southeast shelf. (C) Relative abundance (survey CPUE) of old-
shell males during summer. Summer: escapement (large hardshell
males) observed by the survey in the same regions where the
winter fishery operated. Notice that it is proportionally important
in the northwest, where fishing effort is relatively small. Shading is
proportional to CPUE in A and C (same scale in both), and to effort
intensity in B. (Effort data from Alaska Department of Fish and Game.
Distribution data from the NMFS annual summer trawl surveys, 1978-
2007. Modified from B. Ernst et al., Departamento de Oceanografia,
Universidad de Concepcion, Concepcion, Chile, unpubl.)
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component (Lovrich et al. 1995), but this has not been confirmed in the
eastern Bering Sea.

Because of circulation patterns and the structure of the water
column during the summer, it has been hypothesized that the Middle
Domain is a suitable environment for the retention, survival, and
settlement of pelagic larvae, while the Outer Domain appears to be a
much more advective environment. A combination of oceanography
and spatial crab dynamics effectively decouples the hatching areas of
the primipara and multipara, and, presumably, the fate of their larvae.
Modeling results also show that many larvae originating in the north-
west section of the shelf are likely to be transported far to the north and
northwest, eventually to sink outside the realm of the eastern Bering
Sea (Fig. 2B). Settlement regions predicted by coupled Regional Ocean
Model System (ROMS) and Individual-Based Models (IBM) match histori-
cal regions of abundance of immature crab (Fig. 3B), and are consistent
with observed fields of suitable near-bottom temperature (Fig. 3A;
Parada et al. 2010).

Four pulses of primipara abundance occurred at approximately
seven-year intervals between 1978 and 2005. Spatial coincidence in the
Middle Domain of (1) primipara spawning and (2) potential for larval
retention prompt an intriguing hypothesis: the regular cycle could be
the result of each pulse in the sequence being the maternal stock of
the subsequent one. If this were the case, renewal of the stock would
depend largely on primipara abundance. Time between egg extrusion
by a maternal year class and recruitment of its progeny to the primipara
is consistent with the hypothesis. The cycle of recruitment to the repro-
ductive stock can be detected in every indicator of stock status, and
ultimately in commercial landings (Fig. 1).

Fishery

Snow crab fishing in the eastern Bering Sea was started by Japanese
vessels during the 1960s, but access of foreign fleets was terminated
during the 1980s following implementation of the Fishery Conservation
and Management Act of 1976. During the 1990s the U.S. snow crab fish-
ery was one the largest and most lucrative crab fisheries in the world,
but over the last two decades landings declined dramatically from a
maximum of nearly 150,000 t in 1991 to historical lows on the order
of 12,000 t during the 2000s (Fig. 1). The eastern Bering Sea snow crab
stock was declared “overfished” in 1999 because the survey estimate
of mature biomass was below the minimum stock size threshold. A
rebuilding plan was implemented in 2000; model estimates of the
biomass of commercial size males continued to decline through 2003,
then increased after 2006 (Fig. 1; Kruse et al. 2007, NPFMC 2008a).
Management regime and regulations are summarized in Table 2.
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Peaks in the abundance and catch of large males in 1990-1991and
1997-1998 correspond (with a ca. 3-4 years lag) to the pulses of pri-
mipara recruitment centered around 1987 and 1994. Pot CPUE (catch
per unit effort) in the commercial fishery also shows the seven-year
cycle. The main segment of the male population targeted by the fish-
ery is large adults that molted during the previous summer (Fig. 4:A)
and become vulnerable as “new-shells” during the following winter
(Orensanz et al. 2004). The fleet, which is variably constrained by the
extent of sea ice, operates almost exclusively in the Outer Domain north
of the Pribilof Canyon (Fig. 4:B). Hardshell large males observed in the
Outer Domain during the summer survey (Fig. 4C) correspond to the
escapement from the preceding fishing season.

Due to the complicated reproductive strategy of this species the
fishery may affect the operational sex ratios, effective breeding, and the
potential for sexual selection (see Sainte-Marie et al. 2008, for a detailed
review). Given a combination of (1) pronounced population cycles, (2)
different male and female schedules of age-at-adulthood, (3) ontogenetic
migrations, and (4) selective fishing, the pattern of spatiotemporal
variation in different categories of effective sex ratios (primipara and
multipara and adolescent and adult males of variable size) is inevitably
complex. This problem has been investigated by Canadian scientists in
the Gulf of St. Lawrence (Sainte-Marie et al. 2008). Complexities of the
mating system make it difficult to interpret indicators of female per
capita and aggregate reproductive activity and output, such as clutch
size, fertilization rate, and spermathecae load. These have received
considerable attention as possible indicators of overfishing related to
sperm limitation in this and other male-only crab fisheries (Sainte-Marie
et al. 2002, 2008).

Climate forcing

Shelf waters of the eastern Bering Sea are covered by ice most years
from late fall through early spring. As ice melts in spring, the less saline
water “floats” over higher salinity marine water. The combination of low
salinity water and upper water column heating results in stratification.
The stratified water column “traps” an extensive “cold pool” of water
(summer near-bottom temperature <2°C) down to the seafloor over a
large part of the Middle Domain (Wyllie-Echeverria and Wooster 1998).
Following a warm winter, there may be virtually no cold pool over the
eastern Bering Sea-Bristol Bay (southeastern Bering Sea) region, or the
cold pool may cover most of the Middle Domain following a very cold
winter (Ernst et al. 2005). One major consequence of global warming is
the poleward retreat of seasonal sea ice cover, with important poten-
tial consequences for demersal fish and invertebrate communities
(Grebmeier et al. 2006, Mueter and Litzow 2008).
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Poleward retreat of ice cover and consequent contractions of the
cold pool are of great significance for snow crab. While the thermal
preferendum for the stenothermic early benthic instars is in the range
0-2°C in eastern Canada (Dionne et al. 2003), some major predators
(most notably cod) are relatively intolerant of the low temperatures that
define the cold pool. The southern edge of the cold pool, which defines
the ecotone between arctic and subarctic communities, has retreated
230 km northward since the early 1980s (Mueter and Litzow 2008). Over
the same period the reproductive female stock has contracted toward
the northwest sector of the shelf (Orensanz et al. 2004, Zheng and
Kruse 2006) and the amplitude of the recruitment cycle in the south-
east has declined. The latest pulse of recruitment to the mature female
population was not detected in the southeast shelf, where recruitment
of mature females has been minimal since 1997 (Parada et al. 2010).
This phenomenon has been addressed by the environmental ratchet
hypothesis, broadly framed in the context of the oscillating control
hypothesis (Hunt et al. 2002). The environmental ratchet hypothesis
claims that the shift in geographic range is an asymmetrical process:
contraction to the northwest would be easier than expansion back to the
southeast even after the return of favorable conditions (Orensanz et al.
2005, Parada et al. 2010). The rationale for this conjecture is a combina-
tion of (1) circulation patterns, (2) decoupling of the hatching regions
of the primipara and multipara, (3) deterioration of settlement habitat
during warm periods due to an increase of near-bottom temperature
beyond the thermal preferendum of stenothermic juvenile crab, and (4)
increased fish (mostly cod) predation. Regarding the latter, we should
note that spatial dynamics in the geographic distributions of groundfish
and crabs over time make it difficult to relate crab recruitment strength
to groundfish biomass (Zheng and Kruse 2006).

Trends in environmental variables, particularly near-bottom tem-
perature, in recent years create exceptional conditions to investigate
hypotheses on the response of the eastern Bering Sea snow crab stock
to climate. A historical maximum in the extension of the cold pool in
1999 was followed by a warming episode between 2001 and 2005, dur-
ing which near-bottom temperature in the eastern Bering Sea increased
~3°C (Stabeno et al. 2007). More recently (2006-2008) there was a return
to an extended cold pool over the central section of the Middle Domain
(Boldt 2008, their Fig. 20). This sequence of events is reminiscent of
the scenario of changes in the system between the mid 1970s and mid
1980s, which according to the environmental ratchet hypothesis had
dramatic and long-lasting consequences. An eventual resurgence of the
southeast subsystem sustained by the residual stock of reproductive
females, or by larval inputs from other sectors, would be most informa-
tive about stock dynamics. A modest pulse of pseudo-cohort recruit-
ment centered northwest of the Pribilof Islands in 2005, for example,
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could have originated during the cooling event centered around 1999 (B.
Ernst et al., Departamento de Oceanografia, Universidad de Concepcion,
Concepcioén, Chile, unpubl.).

While the deterioration of the cold pool and increased cod predation
associated with warm periods are likely to have medium- to long-term
detrimental effects on recruitment, per-capita contribution of adult
females may increase during warm regimes due to larger female size
and annual brooding (Sainte-Marie and Gilbert 1998, Orensanz et al.
2007, Sainte-Marie et al. 2008). Subtle effects of climate on operational
sex ratio have been discussed by Sainte-Marie et al. (2008). The effects
of fishing may be exacerbated or attenuated by climate, depending on
the direction of temperature change (Sainte-Marie et al. 2008).

Red king crab

Life history and population dynamics

Unless otherwise specified, the following life history information is
abridged from two previous syntheses (Kruse 1993, 2007). Key life his-
tory features are summarized in Table 1. Red king crabs (Paralithodes
camtschaticus) are distributed in the northeast Pacific from British
Columbia throughout the Gulf of Alaska, into the eastern and west-
ern Bering Sea, and along the northwest Pacific as far south as Japan.
Interestingly, red king crabs from Kamchatka were transplanted into
the Barents Sea in the northeast Atlantic Ocean in the 1960s. Since
then, their abundance has increased in Russian and Norwegian waters,
providing for a target fishery, but also becoming a bycatch nuisance to
pre-existing longline and gillnet fisheries for cod and other groundfish.

Red king crabs are lithodids and the largest of the four species of
crabs considered in our review; for instance, males attain a maximum
size of 227 mm carapace length (CL) weighing 11 kg off Kodiak. In con-
trast to snow, Dungeness, and blue crabs, red king crabs do not possess
spermathecae for sperm storage. Therefore, mating occurs just after
the female molt, which takes place annually even after maturity (Table
1). Likewise, males continue to molt after maturity, albeit not necessar-
ily every year. Molting is a particularly vulnerable life history stage; in
the eastern Bering Sea, most adult red king crabs in cod stomachs are
softshell females (Livingston 1989).

During a nearly one-year embryo incubation period, nemer-
tean worms and amphipods feed on egg masses carried by females,
inflicting high rates of predation in some areas and years (Kuris et
al. 1991). Seasonal migrations are well known for red king crabs.
Adult females move into shallow, nearshore waters where embryos
hatch in spring (Stone et al. 1992). Larvae are pelagic, primar-
ily in the upper 40 m of the water column, and they molt through
four pelagic zoeal stages (Table 1) before transforming into glau-
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Table 2. Management characteristics for four focal crab species.

Snow crab (EBS
fishery)

Red king crab
(Alaska fisheries)

Dungeness crab (U.S.
coastal fisheries)

Blue crab (Chesa-
peake Bay fishery)

Jurisdic-
tions

Access

Size
regulations

Sex
regulations

Cooperative state-
federal manage-
ment.

1Q system for fish-
ermen and proces-
sors implemented
in 2005; 7.5% of
harvest allocated
to CDQs starting in
1998.

78 mm CW, but
processors prefer
a minimum size of
102 mm.

Males only.

State management
in GOA, coopera-
tive state-federal
management in
Bering Sea and
Aleutian Islands.

1Q system for fish-
ermen and proces-
sors implemented
in 2005; 7.5% of
harvest allocated
to CDQs starting in
1998.

Minimum size

limits vary by stock,
generally set one
molt increment
larger than male
size at maturity. For
instance, 121 mm
CW for Norton Sound
to 178 mm CW for
Kodiak.

Males only.

State or DFO (in BC)
management. In CA,
OR, and WA, coop-
eration is facilitated
by the Tri-State
Dungeness Crab
Committee, an ad
hoc advisory group
of commercial crab
fishermen and pro-
cessors sponsored
by the Pacific States
Marine Fisheries
Commission.

Open recreational
fishery, but limited
entry for commer-
cial licenses, with
substantial variation
in limitations among
jurisdictions.

Commercial size
limits CW, exclud-
ing spines: 158.8
mm in CA, OR,
and WA; 165.1 mm
in AK; 154.3 mm
in BC.

Males only.

Each state has
separate manage-
ment enforcement.
In Chesapeake

Bay MD, VA, and Po-
tomac River Com-
mission all have
independent man-
agement oversight
and regulation of
the stock in their
territories.

Open recreational
fishery, but limited
entry for commer-
cial licenses, with
substantial variation
in limitations among
jurisdictions.

75 mm CW for
“peeler crabs” (pre-
molt); 125 mm CW
(5 inches) for “hard
crabs” (intermolt).

Male and female but
only weak restric-
tions on females.
Recent changes

in regulations
prohibit taking “dark
sponge” (late stage
brooding) females

in VA. For first

time in 2008-2009,
mature females were
prohibited in MD
recreational fishery,
commercial season
was restricted on
mature females
during portion of fall
migration in MD, and
winter dredge fish-
ery was eliminated
in VA to restrict take
of mature females.

ADFG: Alaska Department of Fish and Game.
CDQ: Community Development Quota.

CW: carapace width

DFO: Department of Fisheries and Oceans Canada.
DNR: Department of Natural Resources

EBS: eastern Bering Sea.
GHL: Guideline Harvest Level.
GOA: Gulf of Alaska.

1Q: Individual Quota.
NMFS: U.S. National Marine Fisheries Service.

SERC: Smithsonian Environmental Research Center

TAC: Total Allowable Catch
VIMS: Virginia Institute of Marine Science

VMRC: Virginia Marine
Resources Commission
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Table 2. (continued)
Snow crab (EBS Red king crab Dungeness crab (U.S. Blue crab (Chesa-
fishery) (Alaska fisheries) coastal fisheries) peake Bay fishery)
Season Winter fishing to Late fall/early Early winter Pot and trotline
regulations protect crab during winter to protect (November or fishery restricted
the spring mating crab during the December) through to April-November
and summer molt- spring mating and summer (July or (although crabs
ing seasons. summer molting August) and differs  can only be caught
seasons. by state in WA, with this gear in
OR, and CA. In AK, warm months when
June-August and foraging). Until
October-February. 2008-2009, dredge
In BC, typically fishery was limited
September or Octo-  to winter months.
ber through Febru-  Beginning in 2008,
ary, and closures limited season on
vary by area. mature females.
Gear Only pots of specif- Only pots of specif- Only pots of specif- Variations among
regulations ic design, equipped ic design, equipped ic design, equipped MD, VA, and
with escape rings with escape rings with escape rings Potomac Fisher-
and biodegradable and biodegradable and biodegradable ies Commission
mechanisms. mechanisms. mechanisms. for restrictions on
gear type and gear
quantity by location,
season, and for
recreational versus
commercial fishers.
Pot design is regu-
lated by mesh size,
cull rings, design;
trotlines are restrict-
ed by length.
Effort License limitation License limitation License limitation Pot number is
regulations  and pot limits and pot limits and pot limits (in limited depending
based on vessel based on vessel WA, OR, and BQ). on recreational and
size and quota size and quota License limitation commercial fishers;
level. level. in CA. trotline length is
limited based on
recreational and
type of commercial
license. Location of
effort is also limited,
depending on state.
Surveys Summer trawl Summer trawl No formal surveys Fishery-indepen-

systematic surveys
conducted by NMFS
since mid 1970s.

surveys conducted
by NMFS (EBS)

and ADFG (GOA),
and pot surveys

in non-trawlable
areas of GOA and
EBS by ADFG. Trawl
surveys since 1968
(EBS) and 1983
(GOA) and pot sur-
veys since 1970s
(GOA).

of abundance. Pre-
season collections
are done in WA, OR,
and CA to verify
meat yield following
male molt. In BC,
pot surveys are
done by DFO before
and after com-
mercial fishery, and
an industry service
provider collects
fishery-independent
and fishery-depen-
dent data bimonthly
January-June and
monthly July-De-
cember.

dent bay-wide
winter dredge
survey conducted
since 1989 by MD
DNR and VMRC
throughout bay wa-
ter deeper than ~3
m; fishery-indepen-
dent trawl survey
of spawning stock
conducted by VIMS
in spawning sanctu-
ary in summer
brooding season
since 1960; multi
-decadal fishery-
independent trawl
surveys conducted
in summer by MD
DNR and SERC.
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Snow crab (EBS
fishery)

Red king crab
(Alaska fisheries)

Dungeness crab (U.S.
coastal fisheries)

Blue crab (Chesa-
peake Bay fishery)

Assessment

Catch
regulations

Bycatch
loss

Reserves/
sanctuaries

Assessment is
based on a size-
structured model.

Prior to 2000 GHL
was 58% of abun-
dance of males >101
mm, estimated from
the survey. Target
harvest rate reduced
to 20% following
declaration of stock
as overfished in
1999. GHL/TAC
since 2000 based

on harvest strategy
aiming at recovery
to proxy for BMSY
established in 1998
(921.6 million lbs

of total mature
biomass).

Discard of males
below commercial
size in the crab pot
fisheries (discard
mortality of females
considered to be
minimal); discards
in the trawl fisher-
ies targeting flatfish
and cod. Discard
mortality estimated
by observer pro-
grams. Bycatch
caps in groundfish
fisheries.

No closure areas
designed to

protect snow crab.
Northern Bering
Sea and arctic trawl
closures protect
habitats that in-
clude snow crabs at
the northern end of
their distribution.

Assessments based
on size-structured
models for major
stocks.

For major stocks,
prior to 1990, 20-
60% harvest rate of
legal males based
on population size,
pre-recruit abun-
dance, and relative
abundance of post-
recruits. In early
1990s, mature male
harvest rate of 20%.
In 1995, reduced to
10-15% of mature
males in 1995
based on effective
spawning biomass.

Discard of males
below commercial
size in the crab pot
fisheries (discard
mortality of females
considered to be
minimal); discards
in the trawl fisher-
ies targeting flatfish
and cod. Discard
mortality estimated
by observer pro-
grams. Bycatch
caps in groundfish
fisheries.

In EBS, trawl closure
areas around Pribilof
Islands protect crab
habitats, Red King
Crab Savings Area in
Bristol Bay protects
adult males, and
nearshore Bristol
Bay Closure protects
juveniles and their
habitats. In GOA,
trawl closures
include state waters
(0-3 nm), entire
eastern GOA, Yakutat
Bay, and seasonal
offshore trawl clo-
sure areas to protect
adult king crabs off
Kodiak.

No formal assess-
ment in WA, OR,
CA, or AK fisheries.
Assessment in BC
based on CPUE of
pot surveys done
by DFO, industry,
and First Nation
groups.

Harvest limits
are not imposed
in most jurisdic-
tions. In WA, the
stock is managed
to allocate 50% of
landings to treaty
tribes. Most land-
ings occur early
in season; 80% of
CA landings occur
during opening
month.

Mortality of dis-
carded hardshell
females and under-
sized males is low
(2-4%) but softshell
(i.e., recently
molted crabs)
mortality has been
reported as high as
22-25%.

No reserve or
sanctuary areas
designed to protect
Dungeness crab.

Annual spatially
explicit, life-stage
dependent stock as-
sessment updated
annually based

on exploitation
model from data for
catch and fishery-
independent winter
dredge survey.

Relative exploita-
tion target is 46%
of fishable stock,
with overfishing

at >53% of stock.
Absolute lower
safe abundance for
stock is 86 million
“spawning-aged
crabs” (based on
lowest recorded
number in fishery
records) and target
abundance of 200
million crabs in
winter dredge
survey.

Minimal. However,
some evidence

of bycatch loss

of crabs due

to handling in
fishery. Bycatch

of diamondback
terrapins in pots is
also significant in
some places.

Summer spawning
sanctuary estab-
lished throughout
most of VA portion
of mainstem of bay
to protect brooding
females. Commer-
cial pot fishing is
prohibited/restrict-
ed in sub-estuaries
of MD.




16 Armstrong et al.—Fisheries and Climate

70 - Bristol Bay

60 - OAleutian Islands
Kodiak

ol A\\ B Cook Inlet

Landings (t)

55 60 65 70 75 80 8 90 95 00 05
Year

Figure 5. Historical landings of red king crabs from four major commercial
fisheries in Alaska from 1960 to 2008. (Data from J. Zheng, Alaska
Department of Fish and Game, pers. comm.)

cothoe, an intermediate stage akin to the megalopae of brachyuran
(e.g., snow, Dungeness, and blue) crabs. Glaucothoe prefer to settle
in structurally complex nearshore nursery areas where they can seek
cover among rocks and shell hash or associate with algae or high-profile
sessile invertebrates, such as anemones and polychaete tubes (Stevens
and Kittaka 1998, Loher and Armstrong 2000). Adults live mainly on
sand and mud bottoms at depths of 0 to 200m (but may be distributed
as deep as 400 m).

Fishery

Unless otherwise noted, the following review of red king crab fisheries
is summarized in Table 2 from the synthesis of Kruse et al. (2000) and
updated by Woodby and Hulbert (2006). King crab fisheries in the Gulf of
Alaska were initiated by Japanese fishermen in the late 1930s and small
domestic catches were also taken. During the late 1950s and 1960s
landings in Cook Inlet, Kodiak, and Aleutian Islands fisheries increased
rapidly, then declined, eventually closing in the 1980s because of low
stock abundance (Fig. 5). After the decline of red king crab harvests in
the Gulf of Alaska, fisheries expanded into the Bering Sea and landings
grew from 1970 to 1980 followed by an abrupt collapse and fishery
closure in 1983 because of low crab abundance. Other small red king
crab fisheries have been prosecuted in southeast Alaska, Prince William
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Sound, Alaska Peninsula, Aleutian Islands, Pribilof Islands, and Norton
Sound (see Orensanz et al. 1998).

King crab fishery management plans and regulations are established
by the State of Alaska, even for fisheries in federal waters (Table 2). In the
case of resources in the Bering Sea and Aleutian Islands, crab fisheries are
managed cooperatively by state and federal agencies under a federal fish-
ery management plan (NPFMC 2008b). There is a long tradition of manag-
ing red king crab fisheries in Alaska by size, sex, and season regulations.
Seasons are set to avoid molting and mating periods, as well as to accom-
modate industry preferences for high product quality associated with gain
in muscle mass after molting. Females may not be legally harvested, and
a minimum size limit is set for males, usually one molt increment larger
than size at maturity. Because size at maturity varies by stock, minimum
size limits vary from 121 to 178 mm CW for Norton Sound and Kodiak,
respectively (Table 2; Donaldson and Donaldson 1992).

It has been suggested that red king crabs were the first of a series
of crustacean resources that were serially depleted by overfishing in
the Gulf of Alaska (Orensanz et al. 1998). Fishing reduces stock bio-
mass, which has adverse effects on recruitment when stock biomass is
depleted to very low levels. Unfortunately, stock-recruit relationships
have been evaluated for only two red king crab stocks: Kodiak (Bechtol
and Kruse 2009a) and Bristol Bay (Zheng and Kruse 2003). In both cases,
there is evidence for a weak to moderate density-dependent relationship
between recruitment and stock size. However, recruitment patterns
are also consistent with decadal climate shifts (see next section), thus
confounding the interpretation of cause and effect.

In the case of Bristol Bay, declines in recruitment in the 1970s
prior to the buildup of the commercial fishery set the stage for a stock
decline, which was then amplified by high harvest rates (>60%) of legal
males in the early 1980s. Dew and McConnaughey (2005) argued that
undocumented high crab bycatch mortality during the transition from
foreign to domestic groundfish fisheries may have contributed to the
decline. For Kodiak, a recent stock reconstruction analysis of red king
crab abundance indicates that very high male harvest rates in the late
1960s were not sustainable, likely due to reproductive failure (unmated
females) resulting from male-depauperate sex ratios (Bechtol and Kruse
2009b). Although a thorough analysis of historical harvest rates for the
major king crab stocks in Alaska has yet to be conducted, it appears that
some, but not all, declines in red king crab stocks can be attributed to
overfishing. Nevertheless, a general inability to sustain productive crab
fisheries over the long term has led to progressively more conservative
management strategies in recent decades.
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Figure 6. (a) Time series of Pacific cod and yellowfin sole biomass in the
eastern Bering Sea and male recruitment of Bristol Bay red king
crab, and relationships among log-transformed male king crab
recruitment and biomass of (b) cod and (c) yellowfin sole. (Data
from Zheng and Kruse 2006.)

Climate forcing

Zheng and Kruse (2000) examined recruitment patterns of 15 Alaska
crab stocks from southeast Alaska to the Bering Sea, including seven
red king crab stocks. In general, after an increase in the late 1960s,
year-class strength declined sharply during the early 1970s for all red
king crab stocks in the northern Gulf of Alaska. Red king crabs in Bristol
Bay revealed a rather similar pattern. However, trends diverge from this
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Figure 7. Estimated red king crab recruits (bars) in Bristol Bay and three-
year running average anomalies of the Pacific Decadal Oscillation
(solid line) over November-March. A seven-year lag from hatching
to recruitment was applied to match recruits to climate conditions
during hatching. (Crab data from J. Zheng, Alaska Department of
Fish and Game, pers. comm.)

typical “gulf” pattern for the southerly and northerly stocks in south-
east Alaska and Norton Sound. Red king crab recruitment is periodic,
with indications of a decadal signal, which has prompted several retro-
spective analyses attempting to uncover the responsible mechanisms
(Bechtol and Kruse 2009a,b, 2010; Zheng and Kruse 2000, 2006).

A number of hypotheses about climate forcing of red king crab
recruitment have been proposed (Zheng and Kruse 2000, 2006; Kruse et
al. unpubl.). Some hypotheses about recruitment mechanisms stemmed
from the apparent association between the gulf pattern of red king crab
recruitment and the strength of the Aleutian low pressure system in
winter (Fig. 7). Zheng and Kruse (2000) postulated that years of strong
Aleutian lows were associated with stronger winds in spring. A climate
regime shift from weak to strong Aleutian lows in winter triggered an
ecosystem reorganization in the Gulf of Alaska that led to increases
in salmon and groundfish (Fig. 6:A) and declines in shrimp and for-
age fishes (Anderson and Piatt 1999). In a five-year study in Auke Bay,
Alaska, the spring bloom was composed largely of Thalassiosira dia-
toms in years of light winds and a more diverse phytoplankton species
composition in years of strong winds (Bienfang and Ziemann 1995).
Red king crab larvae must feed within 2-6 days of hatching in order to
survive (Paul and Paul 1980) and their growth is related to concentra-
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tions of Thalassiosira (Paul et al. 1990). These findings led Zheng and
Kruse to hypothesize that crab larval survival was tied to atmospheric
pressure systems that drive phytoplankton community composition
and dynamics.

A somewhat related hypothesis, invoked to explain recruitment
of many marine fish and invertebrate species, is Cushing’s match-
mismatch hypothesis (Cushing 1969). It purports that feeding success
depends on the timing of larval abundance with the spring bloom.
This hypothesis was tested during a study of red king crab recruitment
dynamics over 1985-1989 in Auke Bay, southeast Alaska (Shirley and
Shirley 1989). However, the lack of a relationship between crab larval
survival and synchrony of larval hatching with the spring bloom led
to the rejection of the match-mismatch hypothesis in this case (Shirley
and Shirley 1989). As the timing of the spring bloom in Auke Bay is
determined by day length rather than climate-driven oceanographic
conditions, this hypothesis ought to be more broadly tested for other
red king crab populations before it is fully rejected.

In Bristol Bay, a 20% reduction in geographic range was accompa-
nied by a 20-fold decrease in abundance since the late 1970s (Loher and
Armstrong 2005). Coincidentally, centers of distribution of ovigerous
females shifted northeastward to the central portion of Bristol Bay
with the exception of a slight return to the south during 1988-1991.
The extent of the northeastward shift of crabs was negatively corre-
lated wi