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About the Lowell Wakefield
Symposium Series
The University of Alaska Sea Grant College Program has been sponsor-
ing and coordinating the Lowell Wakefield Fisheries Symposium series
since 1982. These meetings are a forum for information exchange in bi-
ology, management, economics, and processing of various fish species
and complexes as well as an opportunity for scientists from high lati-
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Lowell Wakefield was the founder of the Alaskan king crab industry.
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crab fishery to survive were ensuring that a quality product was avail-
able to the consumer, and that a viable fishery could only be maintained
through sound management practices based on the best scientific data
available. Lowell Wakefield and Wakefield Seafoods played important
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tion, in the preparation of fishing regulations for Alaskan waters, and in
drafting international agreements for the high seas. Toward the end of
his life, Lowell Wakefield joined the faculty of the University of Alaska
as an adjunct professor of fisheries, where he influenced the early direc-
tions of the university's Sea Grant program. This symposium series hon-
ors Lowell Wakefield and his many contributions to Alaska's fisheries.
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The International Symposium on Biology, Management, and Economics
of Crabs from High Latitude Habitats is the thirteenth Lowell Wakefield
symposium, and is the fifth crab symposium in the series, following
Tanner crab �982!, Dungeness crab �984!, king crab �985!, and king
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Paul in mid-1993, and the meeting was held October 11-13, 1995, in An-
chorage, Alaska.
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Alaska Sea Grant College Program, with the assistance of the program
committee. Committee members are: William E. Donaldson, Alaska De-
partment of Fish and Game, Kodiak; Robert S, Otto, National Marine
Fisheries Service, Kodiak; A.J. Paul, Institute of Marine Science, Universi-
ty of Alaska Fairbanks, Seward; and David B. Witherell, North Pacific
Fishery Management Council, Anchorage.
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Tyler � Syrnposiurn Introduction

zoeae is the western part of the Sado Strait in the Sea of Japan. These
larvae are advected to the northeast.

Nagao, Munehara, and Shimazaki show that the maturation cycle of
the valuable horsehair crab in southern Hokkaido requires three years
for completion from the germinal egg to hatching. With this kind of pa-
rental involvement, what must be the energetics cost of reproduction?
And what is the adaptive significance? You will hear a paper by Muneha-
ra, Nagao, and Maruyama on the design of an artificial reef for the pur-
pose of increasing the stocks of horsehair crabs.

A joint Norwegian-Russian paper by Kuzmin, Olsen, and Gerasimova
will give us an update on the transplant of the red king crab during the
1960s from the Kamchatka area to the Barents Sea. A full population
age-class structure has now developed, and the species is spreading
southward along the Norwegian coast. In another Norwegian paper,
Mortensen and Damsgard will discuss the potential for aquaculture of
red king crab,

From Australia we will hear two papers on the giant crab, Pseudocar-
inus gigas. Levings and Mitchell will discuss the fishery that ranges from
100 to 400 m, and that has been expanding. Their research indicates
that only half of the mature females spawn in any given year. We will
then hear a paper by Gardner on a laboratory investigation of behavior
of the zoeae of this species.

I want to end my introduction on a slightly less serious note. You
will likely guess the source of the following quotation before you finish
reading it. I hope you enjoy this early and imaginative ocean biology.

Fishes got up under our feet like birds in the long grass. The
massive rocks were rent with impenetrable fractures, deep grottoes,
and unfathomable holes, at the bottom of which formidable crea-
tures might be heard moving, My blood curdled when I saw enor-
mous antennae blocking my road, or some frightful claw closing
with a noise in some cavity. Millions of luminous spots shone
brightly in the midst of the darkness. They were the eyes of giant
crustacea crouched in their holes; giant lobsters setting themselves
up like halberdiers and moving their claws with the clicking sound
of pinchers; a titanic crab pointed like a gun on its carriage; and
frightful looking polyps interweaving their tentacles like a living
nest of serpents. Uules Verne. 1870. Twenty thousand leagues under
the sea. P J. Hetzel Publisher, Paris, France.!
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Overview of Southern King Crab
and False King Crab Fisheries in
the Magellanic Region
Julio H. Vinuesa
Centro Austral de investigaciones Cientificas
Tierra del Fuego, Argentina.

Leonardo Guzman and Roberto Gonzalez
Instituto de Fomento Pesquero, Xl/ Region
Punta Arenas, Chile

Abstract
The southern king crab or "centolla"  Lithodes santolla! and the false
king crab or "centollon"  Paralomis granulosa! represent an important
mixed fishery in the Magellanic zoogeographic region. The history of
both crab fisheries is marked by fluctuating resource abundances and
the declines of landings in certain places was accompanied by the devel-
opment of new areas to replace those that had declined. Magellanes
Strait and Tierra del Fuego archipelago are the main capture areas, with
recent important landings of centolla near Chiloe Island  X Region,
Chile!. Argentine captures have been low compared with to those of
Chile. No serious studies have been conducted to assess the stocks of
both species. The Atlantic Patagonian continental shelf appears to offer
commercially exploitable stocks of centolla, but this fishery must be
highly seasonal. P. granulosa, a lesser size crab, is captured mainly in
waters surrounding Tierra del Fuego. With a 10-year generation time, the
species appear very sensitive to exploitation.

Introduction
In southern South America, various lithodid species are distributed in
the cold-temperate waters of the Magellanic Region. This biogeographi-
cal region is characterized by the influence of the Circumpolar Current
or West Wind Drift, with water temperatures between 3'and 15'C.
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The species of Lithodes are the largest of the local representatives of
the family. The commercial L. santolla has a maximum size and weight
of 190 mm carapace length  CL! and 8 kg. On the Atlantic coast of South
America, L. saniolla is distributed south of 34'S latitude, from the Uru-
guayan coast to Tierra del Fuego  Figure 1!. On the Pacific coast, they are
distributed south to 40'S latitude. In its southern range, L. santolla is
distributed from subtidal down to 150-200 m. Lithodes con fundens is
morphologically similar to L. santolla, and the two species probably
overlap in distribution  Macpherson 1988!. Therefore, it is likely that L.
con fundens is landed as L. santolla in some places.

In the Magellanic Region, crabs of the genus Paralomis are also com-
mercially exploited. Paralomis granulosa measures 120 mm CL of maxi-
mum size and 1.5 kg of maximum weight. This is the only species of the
genus that inhabits shallow coastal waters  Macpherson 1988!. This spe-
cies is distributed in coastal waters of Tierra del Fuego and Islas Malvi-
nas  Falkland Islands!, from subtidal down to 70 m depth. Paralomis
spinosissima is found off South Georgias Islands �5'S latitude!. Very re-
cently, this species has attracted commercial attention  G.A. Lovrich
pers. comm.!.

Other species of the family Lithodidae are in the area, Lithodes
turkayi, a species closely related to L. murrayi, inhabits Atlantic waters
off the Falkland Islands and Pacific waters off the coast of Chile, from
70 to 400 m depth  Campodonico and Guzman 1972!. Neolithodes
diomedae is a deepwater species that lives off the Pacific coast of Chile.
So far, no commercial interest has been demonstrated for this species.

Although lithodids are widely distributed, the fishery has mainly de-
veloped in coastal waters of the Archipelago of Tierra del Fuego, This is
probably because major coastal concentrations occur in the Strait of Ma-
gellan and in the Beagle Channel. Since Lithodes santolla and Paralomis
granulosa are sympatric and trapped simultaneously in this area, they
constitute a mixed crab fishery. The Chilean fishery for king crabs is
centered in Punta Arenas, on the north coast of the Strait of Magellan. So
far, the main exploited areas of Chile have been the Strait of Magellan,
the Beagle Channel, and the Cape Horn area. More recently, the fishery
has developed northward, near Chiloe Island �0'S latitude; Figure 1!.
The Argentinean fishery is mainly in the Beagle Channel, near the city of
Ushuaia. Nevertheless, some catches occur on the Atlantic coast, near
Comodoro Rivadavia, and off Mar del Plata and Montevideo.

Brief History of the Fisheries
In the late 1920s, the commercial fisheries of the Strait of Magellan
 Chile! and of the Beagle Channel  Argentina! started by fishing L santol-
la exclusively by means of tangle nets. In Chile, from 1930 to 1960, the
fishing season lasted only three months per year, The activities were re-
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Figure i. Southern tip of South America, showing landing ports and distribution
of L. santolla.
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stricted to 75-100 km from Porvenir, mainly in the Strait of Magellan. At
that time, landings varied between 50 and 150 mt, In 1934, the first reg-
ulations were imposed on the fishery, without supporting biological
studies. The first rule was the exclusive landings of males of a minimum
size of 120 mrn CL. Landing of ovigerous females  those that carry eggs!
were explicitly prohibited. A closed season between February and June
was also imposed. Some years later the closed season was reduced to
two months. These regulations persist today, with the exception of the
exclusive use of traps to catch both species. In 1993, for the XII Region,
the closed season was extended to seven months between December
and June, to protect reproductive and molt periods of both sexes.

In the 1960s, in the Xll Region, fishing for L. santolla was more in-
tensive than in the past. Landings of L. santolla increased steadily to
reach 516 mt in 1967  Table 1!. The decrease in catch in some areas was
compensated by moving to previously unexploited areas. In the early
1980s, in some areas symptoms of overexploitation appeared. For exam-
ple, in 1981 Bahia Inutil was closed to fishing for four years. After it was
reopened, the catch per unit effort was less than in 1980. Apparently,
the number of animals in the population was reduced to a point of non-
return: the largest crabs, males and females, were extracted and the re-
productive fraction was removed. Evidently, the four-year closure was
not enough to allow recuperation. Stock assessments for L. santolla are
scarce for the Chilean fisheries. Often, crab biomass was monitored by
evaluating the changing catch per unit effort.

In Argentina, the main fishery for L. santolla and P. granulosa has
been the Beagle Channel. Until 1975, L. santolla was fished only with
tangle nets. Traps are now the only gear permitted to fish king crabs. In
1978 additional regulations, similar to Chilean ones, were put in force: a
minimum size of 120 mm CL, exclusive male landings, and a maximum
of 1,000 traps in an area of the Beagle Channel near Ushuaia. In 1993, a
minimum size of 90 mm CL was imposed to land males of P. granulosa.
Since 1992, fishing effort on lithodids increased slightly. The govern-
ment of Tierra del Fuego gave new fishing permits to fishers with small-
er boats, which formerly had fished mollusks and sea urchins.

Scientific surveys are scarce for L. santolla and nonexistent for P.
granulosa. In 1981-1982, Boschi et al. �984! calculated the only stock
assessment for L. santolla in an Argentinean fishery. Consequently, a
maximum effort of 1,000 traps was imposed in the area. Surveys of
1988 and 1994 showed a permanent decrease in yields of L. santolla, a
decrease in the mean size of males and females, and a decrease in the
percentage of ovigerous females, down to 30%  Bertuche et al. 1990!.
These observations indicated symptoms of overexploitation, and in
1994, the area near Ushuaia was closed to fishing.

Landings of L. santolla from other sites of the Atlantic coast are
from two sources. First, a small fishery has developed in coastal waters
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Landings of I sungolln in diferent areas.Table l.

Area
Year I II IV VI

no data

0.1

2.2

3.1

4.60.1

3.0

6.2

8.9

1.0

2.0

4.6

17.0

85.0

83.0

82.0

20.0

78,0

14.0

76.0

45.0

26.0

71.0

3,1

3.2

36.1

Note: I: X Region; II: XI Region; In: XII Region and Tierra del Fuego province; IV: Atlantic coasts of
Tierra del Fuego and southern Santa Cruz; V: San Jorge Gulf; VI: Deep waters of Buenos Aires Prov-
ince.
": data from Beagle Channel only.

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

no data

10.0

9.0

7.2

4.6

20.6

17.2

26.0

24,4

11.2

12.5

14.6

26.0

6.9

10.2

12,0

4.0

30.0

21.0

47.0

30.0

124.0

39.0

18.0

11.0

343.0

1515,0

684.0

1324.0

1033.0

23.6*

442.6

702.2

655.6

632,8

622.9

626.3

616.1

473.3

816,6

847.0

1216,9

647.1

2149.0

2410.7

1487.9

1481.4

1663.9

2876,9

2853.0

2713,0

2519.5

2202.1

2261.8

2323.4

1573.0

1838.7

1257,0

1334.1

1110,0

5.2

32.1

22.0

47.9

25.7

7.3

I 1.4

56.4

12.8

47.0

57.5

75.6

90,3

56.5

36.5

38.1

32.9

no data

no data

3.5

no data

10,5

no data

3.6

64.6

29.0

51.3

71.6

119.0

236.4

22.9

27.7

18.1

0.8

4.0

4.6

1.3

0.6

0.9

0.4

3.0

2.0

10.5

4.0

2.1

5.0

8.3

1,0

2.7

2.5

2.9

4.4

30.3

2.9

6.5

1.0

2.3

1.0

1.9

1.5
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near Comodoro Rivadavia  Figure 1, Table 1!. Crabs live here in shallow
waters �0-60 m! and are fished by means of beam trawls. Hake, cod,
elephant fish, soles, and sharks are also landed as bycatch. Second, L.
santolla landed in other ports such as Mar del Plata or Montevideo are
the bycatch of the vessels that fish the Argentinean hake  Merluccius
hubsii!. Landings are from the winter fishing grounds, at 150-250 m
depth, in latitudes between 40 and 34'S.

In our opinion, the main factor that makes the fisheries collapse is
the continual violation of regulations that has characterized the Argen-
tinean and Chilean fisheries. Usual transgressions are landings of fe-
male and sublegal crabs and their slaughter on board; thus the controls
on live crabs that arrive in port are avoided. Moreover, the lack of effec-
tive controls has promoted violation of fishing regulations.

Landings of Lithodes santo!la
In Chile, the fishery located in the XII Region was the most important
one and until 1989, responsible for more than 95% of Chilean landings
 Table 1!. Landings increased and reached a maximum in 1983, and then
began to decline. Since 1993 landings in the XII Region have been very
limited, because of a shorter fishing season of 3 months instead of the
former 10-11 months. Main ports of landings are Punta Arenas, Porvenir,
and Puerto Natales. The mean size of landed males was 118 mrn CL in
1992, 131 mm CL in 1993, and 128 mm CL in 1994. The sublegal frac-
tion varied between 26% and 30%  Alegria pers. comm.!.

An important fishery is now located in the X Region with Puerto
Montt and Valdivia as the main landing ports  Figure 1!. Since 1991,
landings have been 10 times those previously recorded  Table 1!. Fish-
ing is by means of small boats �-8 m length! that can manage a limited
number of gears. More than 2,000 boats and 5,000 fishers are regis-
tered. Fishing season is ten months, from February to November, In this
area, legal size is 100 mm CL.

The XI Region is a less-populated area, and fishers and registered
boats are fewer than in other areas. There are 590 boats and 1,100 fish-
ers. The main landing ports are Puerto Chacabuco, Puerto Melinka, and
Puerto Aysen.

Argentinean landings of L, santolla have been low compared to
those of Chile. This is mainly because in Argentina, the Beagle Channel
has been regularly exploited. The surface of the fishing area is about
250 km', small compared to other fishing areas. The landings record
was recorded in 1974, and then they began to decline, reaching a low of
32 mt in 1994. The port of landings has been Ushuaia. Currently, only
10 boats are registered to fish in the area. On the east coast of Tierra del
Fuego, commercial exploitation of L. santolla started in 1993. In 1994,
this fishery recorded 31 mt of landings and is growing very fast.
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zen, is exported to North American and European markets. When the de-
mand for the product decreases, fishing for P. granulosa also decreases.

Comments

Acknowledgment
To Gustavo A. Lovrich for comments on the manuscript and our English
language.

Exploitation of stocks of both crabs is intensive in southern Chile  X and
Xll Region! and Tierra del Fuego Province  Argentina!.

Between both Chilean regions, the XI Region, there are thousands of
kilometers of rugged coastline, no roads for communications, and few
and isolated populations. The area has a history of reduced landings,
but it is possible that the size of the resources there warrants some in-
vestment in crab fishing. Although some observers believe that Chilean
stocks of centolla are not sufficient to support great commercial opera-
tions, the XI Region  with near 80,000 square kilometers! and the north-
ern area of the Xii Region  Trinidad Channel! are potential capture areas.

On the Pacific side, the resource is thinly distributed, since the lim-
iting factor is the extent of the habitat, a narrow band of continental
shelf. Argentine stocks have not been assessed on the Atlantic side, but
the Patagonian continental shelf extends for hundred of kilometers  Fig-
ure 1! and would appear to offer a broad habitat for centolla. Experi-
mental fishing for crabs, however, has found no commercially
exploitable stocks in southern Patagonia and surrounding waters of the
Falkland Islands. It is possible that seasonal coast fisheries can develop
on some areas, when centolla stocks move into shallow waters for re-
production.

P. granulosa is more broadly distributed than centolla, but the
stocks are apparently of lesser size. This species is reported on the At-
lantic coast near Santos  Brazil!, in southern Patagonia, the Falkland Is-
lands, and near Tierra del Fuego to the north to Paso Tenaun, Chiloe
Island. Some biological characteristics of the species mark important
differences with L. santolla: reduced movements, no apparent reproduc-
tive migrations, a biennial reproductive cycle, reduced fecundity, and
growth  need near 10 years to attain sexual maturity!. Thus heavy fish-
ing rates may result in important changes in a population.

Problems with management of this crab fishery change frequently;
as the fishery develops in certain areas, intensive landings occur, stocks
decrease, and new fishing grounds appear in other areas. Although the
two species present similarities in fishing and processing methods, their
life cycles differ and that will be the basis of management, taking into
consideration the difficulties of collection of data and stock assessment.
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Abstract

Four species of the genus Chionoecetes are distributed in the waters
around the Japanese archipelago, while the crab fisheries are operating
for three of those species, C. opilio, C. japonicus, and C. bairdi. The opil-
io fishery is operating in the Sea of Japan  Danish seine!, the Sea of
Okhotsk  trawl!, and partly in the Pacific off northern Honshu  trawl!.
The japonicus fishery is operating in the Sea of Japan  trap!. The Pacific
bairdi fishery is only off Hokkaido  gillnet, trap!.

There are strict legal regulations for the opilio fishery in the Sea of
Japan and the Sea of Okhotsk, Male crabs 90 millimeters or larger in car-
apace width are permitted to be caught. Adult female crabs are also per-
mitted but only in the western and middle areas of the Sea of Japan.
According to the legal regulations for japonicus in the Sea of Japan, male
crabs over 90 millimeters in carapace width are permitted to be caught.
However, there are no legal regulations for the opilio fishery and the
bairdi fishery in the Pacific yet.

In 1993, landings of C. opilio were S,094 tons, C. japonicus were
26,769 tons, and C. bairdi were 138 tons in the waters around the Japa-
nese archipelago. A decrease in the landings of C. opilio and C. japonicus
around the Japanese archipelago is continuing; in 1993 the landing rates
compared with maximum landings per year  C. opilio, 1967: 30,384
tons; C. japonicus, 1984: 55,043 tons! is 16.8 percent for the former and
48.6 percent for the latter. However, as a result of conservation and
propagation efforts in the last 10-15 years in the opilio fishery in the
southwestern Sea of Japan, recently the landings in some waters are
constant or slightly increasing.
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introduction

Species around the Japanese Archipelago
Three species  C. bairdi, C. angulatus, C. japonicus! and one subspecies
 C. opilio elongatus! belonging to genus Chionoecetes are distributed
around the Japanese archipelago  Figure 2!. However, Matsuura �934!
and Kamita �941! did not recognize the distinct difference of C. opilio
elongatus in the Sea of Japan from typical C. opilio in ratio of length of
second merus to its width, So most Japanese fisheries researchers do
not use the subspecific name, Only one carapace of C. angulatus was
collected once in 1977 in the Pacific off northern Honshu  Sakai 1976!.
The hybrids of C. opilio and C. japonicus are also caught occasionally in
the eastern Sea of Japan  Nishimura and Mizusawa 1969!.

The baircfi Fishery
The distribution of C. bairdi, which is called Ou-zuwai crab  means large
zuwai crab! in Japanese, is limited to off Hokkaido in the Sea of Okhotsk
 Igarashi 1970! and in the Pacific  Watanabe 1992!. Because there are in-
sufficient crabs for a directed fishery in the Sea of Okhotsk, fishing ar-
eas are limited to only the Pacific. Many small crabs, which were 30-50
millimeters in carapace width in the spring of 1985 and 70 millimeters

Landings of Tanner crab in 1963 �7,564 tons! were only 39.8 percent of
total crab landings �4,114 tons!, including anomura, in the waters
around the Japanese archipelago, For two decades after 1973, as the
landings of Tanner crab, especially Chionoecetes japonicus, increased
rapidly, total crab landings rose to 55,811 tons, and the landing rate of
Tanner crab was as much as 58.3 percent  Figure 1!. Tanner crab fisher-
ies are operating for C. opilio, C.japonicus, and C. bairdi. The opilio fish-
ery in the Sea of Japan is the oldest, and has been continuing since
1724. This fishery has also been operating in the Sea of Okhotsk since
the 1960s and in the Pacific since the 1970s. The japonicus fishery be-
gan along the middle coast of the Sea of Japan in the 1940s, and spread
immediately all over the Sea of Japan including off Hokkaido. For the
bairdi fishery, started off Hokkaido in the Pacific in 1986, the landings
are small and irregular.

There are legal regulations for the opilio fishery in the Sea of Japan
and the Sea of Okhotsk and for the japonicus fisheries in the Sea of Ja-
pan. However, as the landings of opilio are decreasing, conservation and
propagation have been tried, especially in the southwestern waters of
the Sea of Japan, and recently the landings in some areas have been con-
stant or slightly increasing. This paper reviews fishery developments,
changes of annual landings, legal regulations, and management of the
three species around the Japanese archipelago.



Symposium on High Latitude Crabs

1963

44,114 t
1993

55,811 t

Figure 1. Landings of crabs including anomura in the waters around the Japa-
nese archipelago.

in the autumn, were collected together with C. opilio by gillnet for flat-
fish at less than 80 meters depth off the coast of Hokkaido in the Pacific
 Watanabe et al. 1986!, As these crabs grew and reached 90 millimeters
in 1986, the crab fishery caught 2,301 tons with traps. Around that time
the C. bairdi fishery started in this area  Figure 3!. However, as the pop-
ulation size is not so large and is fluctuating, the catch is not direct but
incidental by traps for horsehair crab  Erimacrttsisenbecko and by gill-
nets for flatfish. There are no fishery regulations yet,

The japonicus Fishery
Distribution and landings
C. japonicus, which is called Beni-zuwai  means red zuwai crab! in Japa-
nese, is distributed at 500-2,630 meters depth in the Sea of Japan
 Yosho and Hayashi 1994!, in the Sea of Okhotsk  Watanabe 1991!, and
in the Pacific off Hokkaido  Nagasawa et al. 1988! and northeastern Hon-
shu to the headland of Inubo  Sakai 1976!. In 1941, the fisheries for C.
opilio using gillnets caught C, japonicus at 300-600 meters depth in the
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Figure 2. Japanese archipelago and the adjacent sea.

Sea of Japan. Commercial exploitation for japonicus using gillnets was
developed in the 1950s. Basket traps made from bamboo were devised
in 1962, and in 1964 almost all fishing gear changed to basket traps.
Fisheries for C. japonicus started in the southwestern Sea of Japan in
1967, using basket traps made frotn iron. New fishing grounds off the
west coast of Hokkaido in the Sea of Japan were investigated from the
late 1970s to early 1980s, using basket traps, and the commercial catch
was started in the 1980s. The annual landings increased rapidly year by
year, and the largest landings �3,530 tons! were gained in 1984. After
1985 the annual landings gradually decreased in the Sea of Japan off
Honshu, while annual landings off Hokkaido, restricted by quota, have
been constant at about 4,000 tons  Figure 4!,
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season

6- Mar. 20

1- May 31
1- Apr. 30
16- Jun. 15

Figure S. Fishing areas and fishing seasons for C. opiiio in Japan.

Landings
In the Sea of Japan the maximum catch volume �5,822 tons! was re-
corded in 1970. Since then the catch volume has been decreasing, and
in 1993 was about 2,000 tons. In the Sea of Okhotsk the maximum catch
volume �8,505 tons! was recorded in 1967; however, recent catch vol-
umes are 2,000-4,000 tons. In the Pacific off Hokkaido and northern
Honshu, catch volumes are small and fluctuating, with recent catch vol-
umes less than 1,000 tons. Total catch volumes around the Japanese ar-
chipelago recorded a maximum �0,384 tons! in 1967; however, these
are continuing to decrease, and only 5,149 tons were caught in 1993
 Table 1!.

Conservation and Propagation in the
Southwestern Sea of Japan
In the southwestern Sea of Japan, Danish seines catch many species be-
sides C. opilio, such as flatfishes, shrimps, and snails. The crab season
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Table 1. Landings of C. opi1io aronnd the Japanese archipelago.

Year Sea of Japan Sea of Okhotsk Pacific Total

1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993

5,860
7,505
8,974
8,839
8,107
9,608

10,994
10,860
13,281
13,014
14,850
15,603
15,534
11,061
10,459
10,554
12,633
12,762
15,822
13,008
12,876

9,022
8,097
5,463
5,073
6,212

5,951
6,564
6,668
4,827
4,207
4,767
3,665
3,576
3,194
2,608
2,452
2,274
2,136
2,560
1,975
2,298

659

4,200
4,030
8,115

18,505
15,306
13,364
13,062
9,974
9,480
8,699
6,522
6,694
5,686
3,311
3,215
3,017
3,808
3,870
4,632
2,660
2,596
5,311
6,540
4,614
3,192
3,553
1,634
4,681
4,125
2,273

15
2

23
15
67
39

130
27
67

243
400
875
922

1,325
1,147

100
657
737

1,025
242
118
463
202
501
672
708

1,116
706
948
929
639
493

2,513
1,495

478
211

1,029
418
230
578

5,860
7,505
8,989
8,841

8,130
9,623

11,061
10,899
13,411
13,041
14,917
16,505
20,134
15,966
19,496
30,384
29,086
26,226
29,541
23,719
23,381
17,963
14,737
12,620
10,961
10,024

9,838
10,289
11,592
9,403
9,787
8,366
6,900
9,380

12,247
8,717
6,122
6,038
4,799
7,659
6,330
5,149
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Figure 6. Artificial reserves for snow crab off Fukui prefecture in the Sea of
Japan.

 Nov.-Mar.! takes place during the Danish seine season  Sep.-Jun.!. Crabs
make up 5 percent of the volume of the total Danish seine catch, but
they make up 25 percent of the total value. So crabs are the most impor-
tant species in the Danish seine fishery, Studies on the ecology and life
cycle of the crab have been conducted over the last 30 years. In 1988-
1992, studies on the conservation and propagation of the stock were
done, and researchers proposed several management methods such as
reduction of number of boats as a fishery policy, shortening of the fish-
ing season, enlargement of prohibited areas and so on. One suggestion
is to construct artificial reserves that protect adult female crabs from
high exploitation by Danish seine. The prefectural government of Fukui
constructed seven artificial reserves off Fukui prefecture  Figure 6!. Each
reserve has 5-13 square kilometers and is surrounded by about 60 con-
crete blocks �.25 meters cubed and 13 tons weight! which are separat-
ed by 250 tneters distance. On the inside of these blocks, another 33
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Figure 7. One sample of an artificial reserve for C. opilio con-
structed off Fukui prefecture in the Sea of japan
� = concrete block; N = 89!.
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concrete blocks were set on the seabed  Figure 7!. This makes it impos-
sible to operate a Danish seine in this area. As a result of this conserva-
tion and propagation, the landings on Fukui prefecture have been
increasing gradually, and in the fishing season starting in 1994 the land-
ings recorded 502 tons. This is more than double the lowest volumes
�30 tons! in 1980, and is the largest since 1974  Figure 8!.
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Abstract
The present status of southern king crab  Lithodes santolla! stock in its
traditional fishing grounds of the Beagle Channel  Argentina! is briefly
described, and a comparative analysis between present and historical
available data is also performed, in order to learn about the temporal
evolution of the stock in the area. Results indicate that a sharp decline
in stock abundance has occurred through the years, and that a structur-
al break in length composition in compared areas has happened. The
deterioration of the reproductive potential of the stock is found to be
the most dramatic feature of stock damage: global proportion of oviger-
ous females were sharply under minimum estimates of previous years,
and the estimated size at which 50% of females were carrying embryos
has increased markedly with regard to historical records. These factors,
combined with decrease in absoiute female abundance, will have strong
detrimental consequences over future recruitments. General recornmen-
dations for the managerial authorities are also discussed.

Introduction
Crab fisheries for the southern king crab  Lithodes santolla! and the false
southern king crab  Paralotnis granulosa! in the Argentine jurisdiction of
the Beagle Channel  Province of Tierra del Fuego, Antartida, e Islas del
Atlantico Sur! extend back to 1930, although commercial efforts were
not undertaken until the late 1960s. Historically, the target species in
this fishery has been the southern king crab, for its much higher price
and constant market demand, factors which have conditioned the false
southern king crab  or soft shell red crab! harvest.

These fisheries have great economic importance at a regional level.
In the 1970s and early 1980s, when the southern king crab fishery made
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its best performance, three shore-based processing plants and a small
fleet of artisanal and semi-artisanal vessels were settled in Ushuaia, the
southernmost city of Argentina. Since then, sustained declining landings
for this species occurred. Until 1992, these losses were partially offset
by redirecting efforts over the P. granulosa stock, favored by the avail-
ability of markets for this product. The false southern king crab is the
only alternative resource upon which fishermen have relied for their
livelihood. Actually, there exist in the Beagle Channel a variety of unex-
ploited commercial species  like mussels, king clip, Malvinas herring,
hake, octopus!, although local fishermen never diversified for their cap-
ture.

In 1992-1993, the lack of suitable markets curtailed the P. granulosa
harvest, and the dramatic low abundance of the southern king crab was
put in evidence, alarming the industrial segment as well as local authori-
ties, concerned for the socioeconomic consequences of a fishery clo-
sure. Managerial authorities of Prov. of Tierra del Fuego, Antartida, e Is.
Atlantico Sur, implemented a six-month closure in the traditional fishing
grounds, and requested the INIDEP assistance for technical support.

The Instituto Nacional de Investigacion y Desarrollo Pesquero
 INIDEP!, is the only research institution of the National Government to
advise on management of fishing resources of the Argentine Sea, It had
conducted previous surveys in the area �975-1976, 1978-1982, and
1987-1989!, setting forth the basis of the legislation in force in the Bea-
gle Channel. Current regulations limit the harvest to males above a min-
imum legal size �10 mm!, establish a fishing season in order to protect
stock during molting-mating  january/October!, limit the effort to be ap-
plied in the area to a maximum number of pots �,000!, and permit fish-
ing by gear trap only.

A cooperative plan between scientists, managers, and industry was
developed, setting research priorities in order to optimize efforts and
costs, in the framework of restricted funding, The basic goals of this
plan have been: �! to advise on the present state of the southern king
crab and false southern king crab stocks in the area; �! to develop a se-
lective fishing gear, aiming to favor the southern king crab avoidance;
�! to develop the fishery of unexploited commercial local resources;
and �! to set a choice of alternative management measures to protect
fishing resources in the area, maximizing global production, and mini-
mizing the socioeconomic consequences of possible restrictions to the
L. santo/la fishery.

Several surveys were conducted in the Beagle Channel during 1994.
Major research effort was directed toward the preserved zone, to give
prompt advice on the southern king crab stock status in order to assess
on closure renewing. To know about the temporal evolution of the stock
in the area, and its perspectives, a comparative analysis between
present and historical data was undertaken; regional crab landings for
the period 1972-1995 were also analyzed. Results of this initial study
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Figure i. Beagle Channel, Province of Tierra dei Fuego, Antdrtida, e lslas del
Atldntico Sur, Argentina. Location of survey areas  l to Vj.

are presented in this paper, and the general recommendations produced
for the managerial authorities are also discussed.

The 8eagle Channel is shown in Figure 1; following previous surveys
 Boschi et al. 1984!, the inner channel was subdivided into 5 areas. The

preventive 1993 southern 1cing crab fishery closure comprised areas ll
and ill, the 'traditional fishing grounds which have historically support-
ed the most intense exploitation.

Pot surveys were initiated in April 1994, on a bimonthly basis; sur-
veys were conducted in Areas l, ll, and Ill, and the outer channel was
preliminarily prospected. Research was carried out onboard standard
operating commercial vessels, with 10 on-line pots, fishing for 48 hours,
iron frame gear pots  measuring 1.50 m in the base and 0,80 m height!
are commercially used in this fishery. Collected crabs were measured
 carapace length, CL}, sexed, and ovigerous females recorded.
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Concerning the population structure, size class distributions of the
recruited fractions of males and females � mm intervals!, proportion of
males in the catches, percentage of legal size males from total males,
and proportions of ovigerous females in each length class, were estimat-
ed from pooled data  April through October! for Areas I, II, III.

In order to learn about the temporal evolution of the southern king
crab stock in the area, a comparative analysis between present and his-
torical data was also undertaken. Information concerning the population
structure and abundance, collected in previous surveys �975-1976,
1978-1982, 1987-1989! had been gathered and analyzed by Bertuche et
al. �990!. These authors chose a three-month period June-July-August
UJA! from years 1975, 1981, 1988, and 1989 for comparative purposes,
thus avoiding bias in the population structure caused by critical peri-
ods, like maximum probability of molting of males  March-April!, or
hatching and molting-mating of females  September/December!  Boschi
et al. 1984, Vinuesa 1984, Bertuche et al. 1985!. On its basis, the 1994
June and August surveys were pooled, and a new set of data was ob-
tained; a complete temporal series �975-1994! was only available for
Area III.

Series of male and female carapace length distributions, from differ-
ent areas and years, were compared using a Kolmogorov-Smirnov non-
parametric test  INIDEP, PRG: KS1, Aubone 1994!. A logistic function was
fit to the proportion of ovigerous females in each length class interval
for the same 3-month period from years 1981, 1989, and 1994, in order
to characterize the size at which 50% of the fetnales would be expected
to carry embryos as computed by fitted lines. Curves were fit using non-
linear least squares  Microsoft Excel 5.0, Newton algorithm!.

Catch per unit effort  CPUE! refers to number of crabs per pot lift,
and was estimated in the comtnercial grounds. Landing statistics were
provided by the Dir. General de Recursos Naturales, Prov. Tierra del Fue-
go, Antartida e Islas del Atlantico Sur.

Results
Annual crab landings for the period 1972 to 1994, and the 1995 June
preliminary values, are represented in Figure 2. Southern king crab land-
ings peaked at a record of 381 tons in 1974, and a sustained declining
trend was observed since. In 1993, when the preventive closure was im-
plemented, regional landings accounted for 42 tons. Although catch and
effort statistics were not available prior to 1989, it may be assumed that
effort has remained relatively constant through the years  with excep-
tions for 1979 and 1980, when the inner channel was closed!; in this
sense, southern king crab annual landings are grossly reflecting stock
abundance, With regard to the false southern king crab, directed har-
vests were initiated in the 1980s; drastic declines registered in 1992 and
1993 are related to the unavailability of trading markets, rather than to
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Figure 2. Annual regional landings of Lithodes santolla and Paralornis granu-
losa from 1972 to 1995. Source: D.G. Recursos Naturales, Prov.
Tierra del Fuego, Antartida, e ls. del Atldntico Sur �995, June pre-
li mi nary landings!.

variations in stock abundance, Partial June 1995 landings for this spe-
cies �10 tons!, have already surpassed historical records. The global
output of this fisheries for the period 1972-1994 averages 230 tons.

Estimated 1994 mean CPUEs for Areas I, II, and III were 1.58, 2.80,
and 1.57 crabs/pot, respectively, with a mean global CPUE for the whole
area of 1.98 crabs/pot of which 0.12 corresponded to commercial
males. A preliminary estimate for the outer channel  May! was 0.6
crabs/pot. Mean 1994 JJA-CPUE, estimated in the preserved area  Areas
II and III! for comparative purposes, was 1 45 crabs/pot. This estimate
represents 12.6%, 15.6%, and 27.9% of estimated mean CPUEs from years
1975 �1,5 c,/p.!, 1981  9.26 c./p.!, and 1989 �.20 c./p.!, for the same
period and area. These estimates and southern king crab annual land-
ings are plotted in Figure 3; a good correlation was obtained  R = 0.99!
among series of data.

Regarding the 1994 population structure, mean carapace length and
percentages of ovigerous females, males from total catch, and legal size
males estimated for Areas I, II, III, are presented in Table 1. Male and fe-
male length structure for these areas are plotted in Figure 4. Results of
comparisons among sets of male and female length frequencies  Kol-
mogorov-Smirnov test! from Areas I to III indicate that highly significant
differences  P < 0.01! exist among distributions tested for tnales, as well
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Figure 3. Southern king crab annual landings and mean CPUEs estimated for
Areas 11 and 111 in 1975,* 1981,* 1989,* and 1994  +Bertuche et ai.
1990!.

as for females with the exception of Areas I and III, where significant dif-
ferences  P < 0.05! were detected. It can be observed that smaller size
individuals are aggregated in Area II, and have little incidence in the re-
maining areas; this is also noticed in the varying proportions of legal
size tnales. The global proportion of ovigerous females from total fe-
male catch in each area were 44.5%, 11.2%, and 49.6% for areas I to III re-
spectively; these estimates are sharply below historical records.

Structural variations in the size structure of males and females from
years 1975, 1981, 1989, and 1994, in the period June-July-August for
Area III, were also analyzed  Figure 5!, Results of the Kolmogorov-
Smirnov test indicate that highly significant differences  P < 0.01! exist
among series of male length distributions through the years; similar re-
sults were obtained for females. It can be noticed that 1994 distribu-
tions are strongly distorted with respect to curves observed in previous
years. Mean carapace length and percentages of males, legal size males
and ovigerous females for the same period and area, are presented in
Table 2. A significant decrease in mean carapace length of both sexes
was observed by Bertuche et al. �990! from 1975 to 1989; in 1994, in-
creased mean sizes are registered. The proportion of males in the catch-
es in 1994 has remained in the range of previous years; a relative
increment of legal size males from total male catch and a sharp decline
in the percentage of ovigerous females are also observed.
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Table 1. Iithodes sanrolla pooled data  April&ctober 1994!, for Areas I,
II, and III, Beagle Channel.

Area CLM SD N CLF SD N %M %LSM %OF CPUE POT

I 111.2 22.73 139 102.2 14.35 113 55.2 56.0 44.1 1.58 160

II 907 1219 457 852 984 519 466 81 114 280 349

III 104 3 1635 432 98 0 1405 439 494 41 3 496 1 57 550

Male  CLM! and female  CLF! mean carapace length, standard deviation  SD!, sample size  N!, percent-
age of males from total catch  %M!, percentage of ovigerous females  SSOF!, percentage of legal size
males  SS! SM!, mean CPUEs, and number of pot lifts  POT!.

For another perspective to analyze the observed distortions in the
structural composition of the southern king crab stock in 1994, the
CPUE size class distribution from years under comparison were plotted
 Figure 6!. Male CPUEs for Area ill IJJA! 1975, 1981, 1989, and 1994 were
6.37, 5.28, 2.74, and 0.82 crabs/pot, respectively; female estimates were
5.20, 3.98, 2.46, and 0.63 crabs/pot. A more realistic approach to ana-
lyze the temporal variations of the population structure is obtained: a
progressive decrease in abundance of modal classes and larger size in-
dividuals, for both sexes, is observed through the years. In 1994, male
and female distributions are drastically flattened, and the low incidence
of the smaller size individuals is causing the observed increments in
mean sizes and percentages of legal size males.

The global proportion of ovigerous females in 1994 for the period
and area under comparison IJJA-Area III!, is well below historical data
 Table 2!. Distribution of percentages of ovigerous females in each
length class is represented in Figure 7. A logistic function was fit to each
series, in order to estimate the size at which 50% of the females would

be expected to carry embryos; these estimates were 71.1 mm, 73,9 mm,
and 102.6 mm CL for 1981, 1989, and 1994, respectively.

Discussion
Crab fisheries of the Beagle Channel historically accounted for most of
the total output of Argentina. Major interest in this fishery was always
centered on the southern king crab harvest, for its much higher price
and constant market demand, factors which have conditioned the P.
grartulosa harvest. The outlook was promising in the 1970s, but since
then, a sustained downward trend was observed. By 1986, southern
king crab landings were no longer dominant, and the harvest of the
false southern king crab helped to sustain the local industry. In 1993,
the critical level of southern king crab stock abundance precipitated
fishery closure in its traditional fishing grounds, and research was initi-
ated in 1994 in order to advise on its present state and future.
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Figure 4. Male and female carapace length frequency distributions, from
pooled data  April-October! 1994, for Areas i, /l, and Ill, Beagle
Channel.
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Figure 5. Male and female carapace length frequencies of 1ithodes santolla,
from pooled data collected in a 3-month period one- July-August!,
Area lll, 1975, * 1981, ' 1989, * and 1994  'Bertuche et a!. 1990!.
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Table 2. Lithodes santolla data for Area Hl, Beagle Channel, 1975,
1981,* 1989,* and 1994.

Year CLM SD N CLF SD N %M %OF %LSM

1975 108 2 13.71 2146

1981 102.7 13.09 1228

1989 98 6 13,45 762

1994 105.5 16.92 253

93.5 10.28 2652 45.0 � 46.6

89.7 10.31 1520 43.3 85.2 26.5

86 1 10 02 912 47 6 81.2 13.3

97.3 16.61 283 47.2 27.9 47.2

Male  CLM! and female  CLF! mean carapace length  mm!, standard deviation  SD!, sample size  N!, per-
centage of males from total catch  XM!, percentage of legal size males from total male catch  %LSM!,
and global percentage of ovigerous fetnales from total female catch  %OF!.  *Bertuche et al. 1990.!

Results of research carried out in the area, and evidence brought by
the comparative analyses between present and available historical data
 Bertuche et al. 1990!, have provided some simple but conclusive ele-
ments to describe the deterioration of the stock in the area. Regarding
stock abundance, a sustained decrease through the years has occurred,
being particularly sharp in the past 5. When the temporal variations in
CPUEs are analyzed, the 1994 CPUE estimate indicates that stock has de-
clined by 87%, 84%, and 72% with regard to reference years �975, 1981,
1989!. The good correlation obtained among annual landings and CPUEs
for Areas II and III leads us to infer that these areas have been closely re-
flecting regional resource productivity, and thus will provide a helpful
index to monitor the evolution of the stock in future years. The state of
the resource out of the preserved area seems not to be better; similar
yields were obtained in Area I, and regarding Areas IV, V, and outer chan-
nel  of open access to fishing!, insufficient data was currently collected,
although southern king crab landings registered in 1994 and 1995 were
negligible.

The sharp decline in stock abundance has produced noticeable dis-
tortions in the population structure. The length composition of Areas II
and III in 1994 is radically different, a feature not observed prior to
1989  Bertuche et al. 1990!. Smaller size individuals are currently aggre-
gated in Area II, and concerning Area III, the notorious lack of recruit-
ments has produced an aging of the population, determining the
observed increments of mean sizes. When the tefnporal variations in
CPUE size class distributions is analyzed  Figure 6!, a more realistic ap-
proach is obtained: the modal classes have suffered a progressive de-
cline through years, and are absent in 1994. Considering that male legal
size is 110 mm CL, it is evident that fishing has been centered in this
time lag, in the harvest of females and illegal males.

The most dramatic feature of stock damage is the deterioration of
its reproductive potential. Apart from decrease in abundance, the global
proportion of ovigerous females in 1994 has been sharply under mini-
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Figure 6. CPUE size class distribution of males and females from years
1975, '1981,* 1989,* and 1994, Area 111, Beagle Channel
 'Bertuche et al. 1990!.
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Figure 7. Fitted logistic curves to the percentage of ovigerous females in each
length class, from years l 98l, l 989, ' and l 994, Area ill  "Bertuche
et al. 1990!.

mum estimates of previous years. Another alarming symptom is the
size at which 50% of the females were carrying embryos in the current
study period �02.6 mm CL!; it has increased markedly with regard to
estimates for 1981 �1.1 mm!, 1989 �3.9 mm!  Figure 7!, and size at
maturity �5 mm! mentioned by Vinuesa and Lovrich �992!. These fac-
tors are clearly indicating that the reproductive capability of the stock is
seriously affected, and this will have strong detrimental consequences
over future recruitments.

Undoubtedly, the harvest of females and sublegal males has been a
common practice in this fishery, probably the main cause of fishing
mortality, the major determinant of the drastic decline in southern king
crab stock abundance, Apart from fishing, other sources of crab mortali-
ty have not been clearly identified, although a number of factors should
be considered: environmental changes, diseases, and the impact of the
Chilean fishery in the area. No abnormal incidence of diseases or para-
sites were macroscopically detected in the current study period. The
negative effect of urban waste over the fishing grounds, caused by the
dramatic unplanned expansion of Ushuaia city in the past 15 years, can-
not be rejected; but if this factor is detrimental, it has acted selectively
on the southern king crab stock, as the P. granulosa population struc-
ture and reproductive potential seem not to be affected. The impact of
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the Chilean fishery upon the Argentine jurisdiction resource is un-
known, and should not be discarded, considering the location of the
fishing grounds. Regulatory measures implemented in Chile are similar
to those that rule the Argentine fishery, although Chilean researchers
 Hernandez and Diaz 1986, Diaz 1987! have reported that landings of
females and illegal size males have been usual.

Despite reasons for stock decline, it is clear that the state of the
southern king crab stock in its traditional fishing grounds is critical, and
that stringent management measures, including long-term closures,
should be implemented in order to protect and help rebuild the stock,
However, perspectives for stock recovery are uncertain, considering that
future recruitments wiII be seriously affected by the currently low re-
productive capability.

It is evident that in future years, the Beagle Channel fishery will de-
pend on the P. grarr rtlosa harvest; trends show that landings will be in-
creased if its commercialization is stabilized. Fishermen have noticed

an increase in stock abundance in recent years; a competitive relation-
ship among species, which has favored the false southern king crab ex-
pansion in response to southern king crab stock decline, may be posed.
Diaz �987! has made similar observations in Chilean fishing grounds:
highest CPUEs were found in areas where the southern king crab became
scarce. The outlook for the false southern king crab fishery is good, but
stock assessment should be promptly done in order to set adequate har-
vest levels to preserve its reproductive potential, lowering the risk of re-
cruitment overfishing. The latter is the most serious menace for this
2-year breeding species, which attains sexual maturity after 10 years
 Lovrich and Vinuesa 1992, 1993!.

Replacement of the southern king crab in this fishery will have im-
portant economic consequences for the local industry, taking into ac-
count that the false southern king crab is smaller, has a lower meat
recovery rate, its international price is one half that of L. sarrtolla prod-
ucts, and it has an unstable market demand. The development of unex-
ploited alternative resources of the area could enhance, through
diversification, the economic possibilities of fishermen. In addition it
wiII lower the fishing pressure over crab resources.

A complementary training program for the artisanal segment is at
present being conducted by the INIDEP research group on fishing gears.
Ongoing activities comprise the design of fishing gears adapted to local
conditions �0 HP vessels!, and training for mid-water pair trawling and
coastal longline fishing Uorge Ercoli, INIDEP, Argentina, pers. comm,!,
These researchers are also conducting experiments on the selectivity of
pot gears, to avoid southern king crab. These studies have been focused
in the shortening of the entry tunnel of the pot, and preliminary results
obtained with one half cones are encouraging Uorge Ercoli, INIDEP, Ar-
gentina, pers. comm.!. If an effective selective pot could be developed,
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fishing for the false-king crab could be permitted in closed areas, a fact
of particular importance for the artisanal fleet, whose search radius is
almost litnited to the currently preserved zone.

Taking into account the above-mentioned results, the following rec-
ommendations were produced for the managerial authorities of Prov-
ince of Tierra del Fuego, Antartida, e Is. Atlantico Sur:

 a! Not to increase fishing effort in the area.

 b! To implement a long-term closure in the surveyed areas I, ll, and III,
including the false southern king crab into fishing prohibition.

 c! To continue research on areas IV, V, and outer channel, to determine
the present status of stocks in these areas; to tnonitor periodically
closed areas.

 d! Stock assessment for Paralomis granttlosa in the area, to determine
adequate levels of exploitation.

 e! To encourage development of fisheries for new alternative resources.

 f! To continue experiments on selectivity of gear pots, to avoid south-
ern king crab.

 g! To favor the interchange of biological information and fishery statis-
tics with Chile, in order to implement coordinated managerial regu-
lations.
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Abstract
The North Pacific Fishery Management Council is looking for ways to re-
build red king, Tanner, and snow crab stocks in the Bering Sea. The
council has delegated authority over crab management to the state of
Alaska and is thus constrained to modifying its management strategies
for groundfish and scallop fisheries as a means to reduce the impacts
on crab populations. We examined several alternative management mea-
sures that the council has proposed to reduce impacts of trawling and
dredging on crab stocks. These measures include time/area closures,
bycatch limits, and market solutions. Our analysis suggested that a
comprehensive trawl/dredge closure area in the nearshore waters of
Bristol Bay may allow increased red king crab recruitment by protecting
juvenile crab and their habitat. Bycatch limits previously established for
trawl and dredge fisheries could be reduced to conserve some crabs, but
would have little benefit to crab stocks. Similarly, bycatch management
through individual vessel bycatch accountability may allow slightly larg-
er harvests of crab predators and competitors such as yellowfin sole
and Pacific cod, but the impact on crab rebuilding would be minor.
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Introduction

Bering Sea crab stocks are currently at relatively low levels based on the
1994 National Marine Fisheries Service  NMFS! bottom trawl survey data,
which indicated that exploitable biomass of Bristol Bay red king crab
 Paraiithodes catntschatictts!, and Bering Sea Tanner crab  Chionoecetes
baird>! and snow crab  Chionoecetes opiiio! stocks are about one-fifth
record levels  Stevens et al. 1994!. Red king crab stocks are at their low-
est level since the fishery was closed after the first stock collapse in
1983. In 1994, Bristol Bay was closed to red king crab fishing because
the annual trawl survey indicated little prospect for increased recruit-
ment of mature males or females, and low female spawning biomass. Al-
though the Tanner crab fishery in the Bering Sea opened as scheduled,
the guideline harvest level was reduced to only 7,5 million pounds. In
addition, the area east of 163*W was closed to Tanner crab fishing to
minimize the bycatch of female red king crabs. The 1995 snow crab har-
vest was less than one-fourth of the record 1991 harvest �3.6 million
pounds in 1995, 325 million pounds in 1991!.

This situation has prompted the North Pacific Fishery Management
Council to examine ways to rebuild red king, Tanner, and snow crab
stocks in the Bering Sea. In January 1995, the council formed a cotnmit-
tee to develop a rebuilding plan for Bering Sea crab stocks. The commit-
tee synthesized available infortnation on sources and magnitude of crab
mortality and identified alternative management strategies the council
might use to enhance the survival of crab stocks and thus promote re-
building  Witherell 1995b!, In addition to establishing the rebuilding
committee, the council initiated several analyses to examine impacts of
proposals to control crab bycatch in the groundfish fisheries. The first
analysis examines the effects of instituting a trawl closure area in the
northeast section of Bristol Bay  north of 58'N and east of 162'W! to pro-
tect juvenile crabs, seabirds, marine mammals, and spawning herring
stocks, A second analysis examines the impacts of reducing the existing
crab bycatch limits for groundfish trawl fisheries. In addition, the coun-
cil initiated an analysis of an individual vessel bycatch accounting pro-
gratn for all Bering Sea trawl fisheries, with the exception of the pelagic
trawl pollock fishery.

The focus of this paper is what the council can do to lessen the im-
pacts of trawling and dredging as an aid to rebuilding crab stocks. Three
primary alternatives  time/area closures, bycatch limits, and vessel by-
catch accounts!, which have been proposed by the council as potential
measures to reduce the impact of groundfish fishing on crab resources,
were examined frotn a rebuilding perspective.
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Alternatives and Options
A rebuilding plan for crab stocks would be based on changing manage-
ment strategies for crab, scallop, and groundfish fisheries to maintain
adequate crab spawning stock and provide suitable habitat. In addition
to natural mortality, the magnitude of these fisheries determines the
survival of juvenile crabs after settlement,

Crab fisheries appear to be the largest source of mortality, and
therefore changes to management of these fisheries may have signifi-
cant impacts on crab rebuilding. Mortality attributable to the crab fish-
ery includes harvest of large males, handling mortality of females and
sublegal males, and ghost fishing by lost pots. In 1993, approxitnately 2
million red king crabs, 7 million Tanner crabs, and 228 million snow
crabs were harvested. An additional 6 million red king crabs, 30 million
Tanner crabs, and 6 million snow crabs were taken as bycatch  Tracy
1994!. Although handling tnortality of king and Tanner crab has general-
ly been found to be low in laboratory experiments  Macintosh et al.
1996, Zhou and Shirley 1995!, examination of historical abundance data
suggested that handling may result in relatively high mortality of red
king crab  Zheng et al. 1995a!. Mortality caused by ghost fishing of lost
crab pots and groundfish pots remains unquantified, but escape mecha-
nisms have been required to reduce potential impacts  Kruse and Kimk-
er 1993!.

Under the terms of the king and Tanner crab fishery management
plan for the Bering Sea and Aleutian Islands area, conservation of crab is
mainly at the state's discretion. The state is in the process of developing
a crab rebuilding plan based on limiting crab harvest  Zheng et al.
1995a!. Recently, the state has focused research efforts on crab stock
dynamics  Zheng et al. 1994, Zheng et al. 1995b, Tyler and Kruse 1995!,
and evaluating changes to crab fishery management  Kruse 1993,
Schmidt and Pengilly 1993, Murphy et al. 1994, Kruse 1995, Zhou and
Shirley 1995!. Modifications to crab harvesting strategies  based on size
limits, sex restrictions, and seasons! and gear design that would reduce
bycatch and handling mortality are also being evaluated  Kruse 1995!.

Although the council delegates management authority of the crab
fishery to the state, the council does have direct control over the
groundfish and scallop fisheries in federal waters. In harvesting ground-
fish and scallops, mobile gear fisheries take crab as bycatch and possi-
bly damage crab habitat, Among the objectives of the Bering Sea and
Aleutian Islands groundfish fishery management plan is minimizing the
impact of groundfish fisheries on crab and other prohibited species,
while providing for rational and optimal use of the region's fishery re-
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Table 1. Crab bycatch in the 1993 gering Sea and Aleutian
islands groundfish and scallop fisheries, by gear
type.

Red king Tanner Snow

Trawl

Hook and line

Groundfish pot

Scallop dredge

248,121 3,412,342 14,631,617

127,9667,949417

1,535 1,138

276,000 15,000

sources. All gear types used to catch groundfish have some potential to
catch crab incidentally and impact habitat, but fishery managers and
crab industry representatives have been primarily concerned with re-
ducing the impacts of dredge and trawl fisheries  NPFMC 1986, Thom-
son 1990, NPFMC 199S!.

Trawling and dredging can have direct and indirect effects on crab
survival. Direct mortality can be estimated from observer bycatch data.
In 1993, trawl and dredge fisheries caught about 248,500 red king
crabs, 3,700,000 Tanner crabs, and 14,800,000 snow crabs, and some
additional crabs taken by other gear types  Table 1!. This bycatch
equates to about 0.6% of the red king crab stock, 1.2% of the Tanner crab
stock, and 0.1% of the snow crab stock in the Bering Sea as indexed by
NMFS bottom trawl surveys. Because not all these crabs die, the direct
mortality due to groundfish fisheries may be lower than suggested by
bycatch numbers alone. Stevens �990! found that 21% of the king crabs
and 22% of the Tanner crabs captured incidentally in trawl fisheries sur-
vived at least 2 days following capture. Observations of the 1993 Bering
Sea scallop fishery indicated immediate survival of bycaught crabs was
about 80-90%  Urban et al. 1994!. Indirect mortality of crabs that come
into contact with trawl and dredge gear yet are not captured may be an
additional source of mortality. In an experiment using tethered red king
crabs, Donaldson �990! found that only 2.6% of the crabs in a trawl's
path  but not captured by the trawl! were injured. Indirect mortality as-
sociated with trawling has proven difficult to quantify because the im-
pacts occur on the ocean floor and cannot be directly observed.

Trawling and dredging may also negatively impact crab habitat.
Studies have shown that trawling and dredging impacts the seabed
through scraping and ploughing, sediment re-suspension, and physical
destruction, removal, or scattering of non-target benthos  Messieh et al.
1991, Jones 1992!. Trawling and dredging can destroy or eliminate epi-
faunal communities  Hutchings 1990!. Because juvenile red king crabs
in the Bering Sea depend on both physical substrate and biotic assem-
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Figure l. Areas closed to trawling in the Bering Sea to protect king crab. The in-
ternational waters of the central Bering Sea have been termed the Do-
nut Hole.

blages for settlement, food, and protection from predators  McMurray et
al. 1984, Stevens et al. 1992!, impacts of trawling and dredging could
have long-term negative impacts. Both the physical substrate  cobble,
shell! and biotic assemblages  such as ascidians and tube-building poly-
chaete worms! are vulnerable to trawling. lf habitat is impacted by
trawling and dredging, then settlement and survival of crabs could be
reduced, resulting in lower recruitment and spawning biomass.

Time/area closures
Large portions of the Bering Sea have been closed to trawling to protect
adult king crabs and crab habitat  Figure 1!. Crab protection areas were
implemented in 1987 to prevent the incidental catch of adult male and
female red king crabs in the domestic trawl fisheries. Protection Area
512 is closed to trawling year-round, and Protection Area 516 extends
the closure west to 163'W from March 15 to June 15. The Pribilof islands
Habitat Conservation Area was implemented in 1995 to protect blue
king crabs and their habitat by prohibiting trawling year-round. The Red
King Crab Savings Area was itnplemented as a seasonal closure begin-
ning in 1995 to reduce bycatch of adult red king crabs in Bristol Bay.

Closure areas have also been proposed to protect juvenile crabs and
their habitat from negative impacts associated with bottom trawling.
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Armstrong et al. �993! suggested that nearshore areas from Unimak Is-
land to east of Port Moiler be closed to trawling to protect these impor-
tant breeding, hatching, and settlement areas. In January 1995, the
council initiated an analysis of a trawl area closure in northern Bristol
Bay east of 162*W longitude and north of 58'N latitude. One objective of
the proposed year-round closure is to increase crab recruitment into the
adult populations, rebuilding the population of red king crab to their
relative historical level. This area, as well as other nearshore  < 50 m! ar-
eas in Bristol Bay, is known to contain juvenile red king crab habitat. In
addition to protecting red king crabs, the northern Bristol Bay closure
was proposed as a protection measure for migrating herring, seabirds,
and marine mammals. Portions of the northern area are already closed
to protect walrus. Since 1992, the areas within a 12-mile radius of
Round Island, the Twins, and Cape Pierce have been closed to all fishing
from April 1 through September 30.

The effectiveness of any trawl/dredge closure designed to protect
juvenile red king crabs hinges on our understanding of recruitment dy-
namics and the distribution of juveniles and their habitat. It has been
hypothesized that red king crab encounter a critical intersection at the
settlement and juvenile stage, when the availability of appropriate habi-
tat constrains the abundance of juveniles, in turn affecting the year-
class strength and recruitment  Cassano et al. 1995, Tyler and Kruse
1995!. Larval crabs drift with the current before they settle on the sea
floor. Larval settletnent and survival patterns vary according to ocean
currents and availability of appropriate substrate. If the current trans-
ports the larvae to an area without suitable habitat, the chances of sur-
vival are slim  McMurray et al. 1984, Jewett and Onuf 1988!. Larval crabs
settle in late July and August in areas with biotic assemblages and rocky
substrate, where they stay as juvenile crabs for the first two years be-
fore they move to deeper waters. Juvenile red king crabs are solitary
and cannibalistic, and require habitat that provides protection. There-
fore, during this time they are mainly found among biotic assemblages,
such as tube building polychaete worms, erect bryozoans, mussels,
kelp, and ascidians  McMurray et al. 1984, Stevens et al. 1992, Arm-
strong et al. 1993!. If no epifaunal community exists, juveniles can be
found on rocky or gravel substrate  McMurray et al. 1984!.

In the Bering Sea, juvenile red king crabs inhabit depths less than
50 m, and have been found along the Alaska Peninsula and around
Kvichak and Togiak bays. Within this area juveniles live among epifau-
nal communities, which are associated with gravel/cobble substrate.
Juvenile distribution in Bristol Bay can be interpreted from the distribu-
tion of gravel/cobble substrate  Hood and Calder 1981, McMurray et al,
1984! and areas sampled for young crabs  McMurray et al. 1984, Stevens
et al. 1992, Armstrong et al. 1993!. Suitable juvenile habitat is "extreme-
ly patchy" in Bristol Bay  McMurray et al. 1984, Jewett and Onuf 1988!.
Areas shown by surveys to contain age 0-2 juvenile crabs likely underes-
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Figure 2. Generalized distribution of age 0-2 red king crab lstippled areas!, and
gravel seditnents  open areas! in Bristol Bay, Alaska. Source: Hood and
Calder 1981, Mchfurray et al. 1984, Stevens et al, 1991.

tirnate their actual distribution because the entire area has not been
sampled, and young crabs are difficult to catch with sampling gear, par-
ticularly in cobble habitats  Stevens et al. 1992!. Furthermore, distribu-
tion of juvenile red king crab may be affected by year-class strength.
Juvenile surveys were conducted in years of low stock abundance, 1984
and 1991. The abundance and distribution of juveniles might have been
more encompassing and conclusive had the surveys occurred in the ear-
ly 1970s. Sample areas with low abundance could be viable habitat in
times of high abundance, From the existing survey data it is not possi-
ble to determine the exact distribution of juveniles in any given year.
However, by combining the survey data of where juveniles have been
sampled with substrate information, a general map of juvenile red king
crab habitat can be constructed  Figure 2!.

Although the proposed closure area in northern Bristol Bay would
protect some juvenile red king crab habitat, more comprehensive near-
shore area closures may be considered. Due to the depressed state of
the stock and the existing knowledge that trawling may potentially dam-
age juvenile habitat, a modified trawl closure might be warranted. Both
Armstrong et al. �993! and Cassano et al. �995! proposed more exten-
sive trawl closures to protect both spawning females and juvenile habi-
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Bycatch limits
Another management measure that has been proposed to rebuild crab is
a reduction of the existing prohibited species catch  PSC! limits for king
crab and Tanner crab, and implementation of a new PSC limit for snow
crab. Prohibited species bycatch limits and zones were designed to con-
trol the number of adult red king crabs and Tanner crabs taken as by-
catch in trawl fisheries. Current crab PSC limits, which were negotiated
by crab and groundfish industry representatives, are 1,000,000 Tanner
crab and 200,000 red king crab in Zone 1 and 3,000,000 Tanner crab in
Zone 2  Figure 3!. To allocate total groundfish harvest under established
PSC limits, PSC is apportioned among trawl fisheries during the annual

tat from impacts of trawling. The lack of suitable habitat could be a pop-
ulation constraint, and habitat protection should be considered as a
means to increase red king crab populations  Armstrong 1993, Cassano
et al. 1995!. Since there is uncertainty about the exact interactions be-
tween trawling and juvenile crab and its habitat, the ultimate trawl clo-
sure system would allow research trawling in designated areas to study
the interactions between trawling, juveniles, and their habitat. As the ef-
fects of trawling and the juvenile habitat are better understood, modifi-
cations and adjustments could be made to evaluate existing
management measures.

Another factor to consider when developing appropriate refugia for
juvenile red king crabs is their migration into deeper water as they get
older. Cassano et al. �995! proposed closing migration corridors for ju-
venile crabs between the ages of 2-4 as they migrate into deeper waters
and into the adult protection zone. After the age of 2 juvenile crabs begin
podding, forming into large clusters of crabs, for protection from preda-
tors as they move into deeper waters  > 50 m!  Jewett and Onuf 1988,
Dew 1990, Stone et al. 1993!. These pods are vulnerable to trawling,
which could cause direct mortality or break up pods and expose crabs to
predation. Migration corridors may allow the juveniles to move safely
from nearshore nursery areas into the existing adult protection areas.

Analysis of area closures should take into account costs to the af-
fected fisheries, benefits to future crab fisheries and effects of the dis-
placed trawl effort on other areas  Sumerton and June 1984!. To date,
relatively little domestic trawling has occurred in the nearshore areas of
Bristol Bay, so costs to affected fisheries may be minimal. However,
combined with the closure of the Pribilof Islands Area to trawling, addi-
tional closures in Bristol Bay to bottom trawling could potentially shift
trawling to areas containing Tanner and snow crab habitat. Potential
benefits of a nearshore closure to future crab fisheries are difficult to

quantify. However, if environmental conditions for spawning, settle-
ment, and survival are favorable such that stocks rebuild to historic lev-
els, benefits to crab fishermen would be substantial.
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Figure 3. Prohibited species bycatch limitation zones for US. groundfish fisher-
ies in the Bering Sea.

specification process. When a target fishery attains a PSC apportionment
or seasonal allocation specified in regulations, the bycatch zone to
which the allocation applies closes to that target fishery for the remain-
der of the season,

Bycatch management in the Bering Sea has become increasingly
complex over the past ten years, as the groundfish fishery management
plan was amended to meet changing management needs. Bycatch limits
for domestic fisheries were first adopted in 1986 under Plan Atnend-
ment 10, which specified red king crab and Tanner crab PSC limits for
the yellowfin sole/other flatfish fishery only. PSC limits of 135,000 red
king crab and 80,000 Tanner crab in Zone 1, and 326,000 Tanner crab in
Zone 2, were negotiated between representatives of crab and groundfish
fishermen. In 1989, Amendment 12a extended crab PSC limits to the re-
tnaining trawl fisheries and increased crab PSC limits to the current lev-
els. Amendment 16, adopted in 1990, authorized seasonal
apportionment of PSC limits, and apportioned the trawl PSC limits for
1991 into allowances for domestic turbot, rock sole, yellowfin sole/oth-
er flatfish, other domestic groundfish, and joint-venture flatfish fisher-
ies. More recently, PSC limits for crab have been apportioned among the
following trawl fisheries: yellowfin sole, rock sole/other flatfish, turbot/
sablefish/arrowtooth, rockfish, Pacific cod, and pollock/Atka mackerel/
other species. Crab PSC limits for the scallop fishery were irnpletnented
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Table 2. Crab bycatch in Bering Sea trawl fisheries,
1992-1994, by zone.

Red king
 Zone 1!

Tanner
 Zone 1!

Tanner
 Zone 2!

1992

1993

1994

110,520

183,713

244,634

853,269

1,031,985

752,886

2,326,578

2,337,884

1,692,628

Average

PSC limit

179,622

200,000

879,380

1,000,000

2,119,030

3,000,000

by the state in 1993, and were adopted by the council as part of a feder-
al scallop fishery management plan amendment in June 1995.

By design, crab bycatch limits have constrained the scallop fishery
in the Bering Sea. There have been no scallop TACs set for the Bering
Sea; consequently, the fishing season ends once a bycatch limit is
reached. The state set crab bycatch limits in the Bering Sea based on an
acceptable bycatch rate, extrapolated to a limit based on the projected
number of vessels participating and limited season length, For 1994,
PSC limits were set at 260,000 Tanner crab and 17,000 red king crab.
The season closed when 261,365 Tanner crab were taken.

Crab PSC limits have not constrained most groundfish trawl fisher-
ies. Rather, these fisheries close either upon reaching groundfish TACs
or attainment of halibut PSC limits, The one notable exception is the
rock sole and other flatfish trawl fishery, which was limited in 1993 and
1994 despite relatively high levels of crab PSC apportioned to that fish-
ery. For example, in 1994 Zone 1 was closed on February 28 due to at-
tainment of red king crab PSC limit �10,000 crabs! and Zone 2 closed
on May 7 due to the Tanner crab PSC limit �60,000 crabs!. In 1995, the
red king crab PSC was not reached, in part due to emergency implemen-
tation of the red king crab savings area  NPFMC 1995!.

Crab PSC limits could be reduced from existing levels, and not im-
pact groundfish fisheries if available PSC is optimally allocated among
target fisheries and seasons. As shown by Table 2, the average bycatch
taken each year has been less than the PSC limit. Hence, based on aver-
age bycatch needs, PSC limits could be reduced by about 20,000 red
king crab and 1,000,000 Tanner crab  Zones 1 and 2 combined!. Optimal
allocation wiII be difficult to achieve because these apportionments are
made pre-season. However, the council is in the process of considering a
FMP atnendment that would allow additional flexibility for in-season al-
location of Tanner crab PSC among the bycatch limitation zones. More
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Market solutions

Individual bycatch quotas, also called individual bycatch accounts, or
vessel bycatch accounts  VBAs!, have been proposed by the council's By-
catch Team and fishing industry representatives as a means to reduce
bycatch rates of halibut and crabs in trawl and scallop fisheries, In June
1995, the council adopted for analysis a VBA program for trawl fisheries
as part of a proposed individual transferable quota program for the pol-
lock fishery. Options for a VBA program analysis were proposed in Au-
gust 1995 by the United Catcher Boats, a groundfish and crab industry
group. Analysis of a VBA or other individual vessel bycatch program will
require substantial time and consideration.

In theory, a VBA system would provide an incentive for each vessel
to reduce its bycatch rate to maximize its catch of groundfish. Fisher-
men with high bycatch rates would be penalized by having to purchase

flexibility could be achieved with market solutions to bycatch, as dis-
cussed later in this paper.

Crab PSC limits serve as an allocative measure, not a conservation
measure. Reducing the PSC limits will not do much to rebuild crab
stocks. There are several reasons for this, including: �! bycatch appears
to be a relatively minor source of crab mortality, �! fleet-wide PSC limits
provide vessels with no incentive to reduce bycatch rates, �! halibut
PSC limits already constrain most fisheries. Current bycatch limits
amount to 0.7% of the red king crab and 2.0% of the eastern Bering Sea
Tanner crab stocks based on NMFS survey index of abundance. It has
been estimated that approximately 0.75% to 1.5% of the total mature red
king crab stock in Bristol Bay is impacted by trawling each year  NPFMC
1995!. For comparison, natural mortality annually removes about 20% to
25% of the red king crab stock  NPFMC 1990!, and the crab pot fishery
harvests 20% of the mature males. The crab fishery has generally in-
curred a high bycatch of juvenile and fetnale crabs  Tracy 1994!, which
may suffer mortality due to handling. Because bycatch mortality caused
by trawl/dredge fisheries is probably very small relative to other sourc-
es of removals due to natural and fishing mortality, reductions in by-
catch limits will not result in measurable improvetnents to crab stock
abundance. Potential "savings" of crab through PSC reduction identified
in this paper �0,000 red king crabs and 1,000,000 Tanner crabs! are not
really savings because they would not be bycaught under the existing
constraints of halibut PSC limits anyway. Also, reducing the existing
crab PSC caps may cause lower groundfish harvests unless the limits are
optimally allocated among target fisheries and seasons  Smith 1993!.
This may be impossible to achieve, and consequently, groundfish trawl
fisheries may be negatively impacted, From a crab rebuilding perspec-
tive, a lower bycatch limit may result in fewer crab predators and corn-
petitors harvested, thus increasing natural mortality on juvenile crabs.
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additional bycatch allowances or by catching less groundfish. Fishermen
with low bycatch rates would benefit by being able to catch additional
groundfish without being shut down by vessels with higher bycatch
rates, as they are under the current PSC system. In the current open ac-
cess system, individual fishermen have no incentive to avoid bycatch; in
fact just the opposite is true, because an individual fishermen who
adopts bycatch reducing tactics will probably catch less target species
 Huppert et al. 1992!.

History has shown that individual vessels can reduce their bycatch
with individual vessel incentives. In 1983, Amendment 3 to the ground-
fish fishery management plan mandated a substantial reduction in for-
eign bycatch rates of halibut and crab, and total bycatch of salmon over
a 5-year period. Foreign fleets successfully accomplished this goal. The
Japanese fleet accomplished this by aflocating its PSC share among par-
ticipating vessels based on historical performance. If a vessel allocation
was exceeded for any one species, that vessel had to stop fishing unless
it purchased unused bycatch shares from other vessels. The result was
an accumulated bycatch savings by the entire fleet  Hastings 1991!.

One benefit of implementing a VBA program is that it would make
reductions in crab PSC limits more acceptable to trawl fishermen. Even
under an overall reduced PSC limit, trawl fishermen could potentially in-
crease their groundfish catch under a VBA program. This would be espe-
cially true if VBAs were fully transferable among target fisheries and
seasons. As previously stated, however, reductions in crab bycatch will
not have much impact on crab rebuilding.

From a crab rebuilding perspective, a VBA program could benefit
crab stocks by allowing increased harvests of crab predators and com-
petitors, which have increased in recent years. Biomass of crab competi-
tors  inshore benthic infauna consumers such as starfish and flatfish!
has increased about 40% from 1979-1993  Livingston et al. 1993!. Most
of this increase is attributable to a growing rock sole biomass, and to a
lesser extent starfish and flathead sole biomass. Of the crab species,
only snow crab comprises a substantial portion of the infauna consumer
guild  species that eat clams, polychaetes, etc.!. Yeliowfin sole had dra-
matically increased in abundance in the early 1980s to become the larg-
est component of this guild until the early 1990s, when rock sole
became co-dominant. Mean size at age has declined for yellowfin sole
and rock sole, indicating stress caused by competition, and to a lesser
extent a decrease in average bottom temperature  P. Livingston, NMFS,
1995, pers, comm.!.

Predation by groundfish may be another factor affecting the recov-
ery of crab stocks. For snow crabs, estimates of annual consumption by
groundfish from May through September ranged from 9 billion to 31 bil-
lion crabs  Livingston et al. 1993!. Snow crabs consumed were primarily
age 1, and to a lesser extent age 2 and 3 crabs. Pacific cod is a primary
predator of snow crab, particularly softshell female and juvenile crab
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 McLeflan and Leong 1981, Livingston 1989, Livingston et al. 1991!. Flat-
head sole, yellowfin sole, and rock sole have been found to prey on
young snow crabs  Haflinger and McRoy 1983, Livingston et al, 1993!.
Annual consumption of Tanner crabs by groundfish ranged from 10 bil-
lion to 153 billion crabs, consisting primarily of age 0 and age 1 crabs
 Livingston et al, 1993!. Yeflowfin sole and flathead sole were found to
be the primary consumers of smaH Tanner crabs, whereas Pacific cod
preyed on the larger juveniles. Although yeflowfin sole and Pacific cod
are known predators of juvenile and molting red king crab  Haflinger
and McRoy 1983, Livingston et al. 1991!, data suggest that mortality
caused by groundfish predators on adult red king crab may be low dur-
ing summer months.

It should be noted that even under a VBA program, fisheries will be
unable to harvest crab competitors and predators to the point where
these groundfish stocks stabilize in abundance. Total annual groundfish
harvest in the Bering Sea and Aleutian Islands area is limited by an opti-
mum yield cap of two million metric tons. This cap generally results in
TAC allocations to higher valued groundfish species and fisheries with
lower halibut bycatch than flatfish fisheries  Witherefl 1995a!. It is un-
likely that pollock TAC would be reduced by S80,000 mt in order to har-
vest yeflowfin sole, rock sole, flathead sole, and other flatfish to
biologically acceptable harvest levels.

One potential limitation of a VBA system is that there may still be a
race for fish TAC. Unless an individual fishing quota system were imple-
mented in concert with a VBA system, fishermen may harvest fish as
early in the season as possible, so as to catch some fish before TACs are
reached by the fleet. AdditionaHy, fishermen will tend to race for and
use their VBA shares for higher valued species  such as Pacific cod and
rock sole!, potentiafly leaving less valuable species unharvested  such as
flathead sole!. From a crab rebuilding perspective, this may have posi-
tive or negative consequences depending on what species are harvested
and where and when fishing occurs.

Other options
Penalties and fees have been proposed as a disincentive for individual
fishermen to catch bycatch. An evaluation by Marasco and Terry �982!
suggested that economic disincentives would be preferable to PSC lim-
its, time/area closures, gear restrictions, and reduced groundfish quotas
as a way to minimize the impact and control costs of incidental catch.
Amendment 16 originaHy contained a "penalty box" system that would
temporarily remove vessels with high PSC bycatch rates from the fish-
ery on a real time basis. This system was disapproved by the Secretary
of Commerce. In its place, the council adopted a vessel incentive pro-
gram and gear restrictions. The intended effect of the vessel incentive
program is to increase the opportunity to harvest groundfish TACs be-
fore established PSC limits are reached. This program is based on speci-
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fication of bycatch rate standards that, when exceeded, constitute a vio-
lation of regulations, and monetary penalties are assessed. In 1994, by-
catch rate standards were 2.5 red king crabs per ton of groundfish in
the yellowfin sole and non-pollock trawl fisheries in Zone 1. Analysis in-
dicates that the vessel incentive program may have helped reduce crab
bycatch rates in the yellowfin sole fishery, but not in the rock sole fish-
ery. Bycatch rates of red king crab in the at-sea processing yellowfin
sole fishery were reduced from 0.31 in 1992 and 0.14 in 1993, to only
0,08 crab per metric ton of groundfish in 1994. Bycatch rates in the rock
sole fishery increased from 1.12 in 1992 to 2.03 in 1993, and up to 2.77
crab per metric ton of groundfish in 1994  NMFS 1994!. Unfortunately,
because the vessel incentive program is based on rates of PSC per met-
ric ton of groundfish, fishermen that use selective gear to reduce juve-
nile groundfish bycatch may actually be penalized. In addition, due to
its cumbersome legal nature, very few cases have been prosecuted,

Gear restrictions have been used to reduce bycatch and ghost fish-
ing. To reduce the potential for ghost fishing by lost pots, pots used in
the groundfish fishery require a biodegradable panel constructed of cot-
ton thread. For trawl fisheries, minimum mesh size regulations were re-
cently adopted by the council to reduce the bycatch of juvenile fish.
Mesh regulations may also reduce the bycatch of small crabs. At the re-
building committee meeting, one industry representative suggested that
trawls fitted with bigger discs with wide spacing on the footrope would
catch less crabs, Season adjusttnents could possibly be designed to
structure the fishing season to avoid times and areas of high crab by-
catch; however, they have not been explored at this time.

Discussion
The council has initiated analysis of several proposed measures to re-
duce potential negative impacts of groundfish fishing on crab stocks. Of
all the measures examined, the proposed closure of northern Bristol Bay
to protect juvenile habitat appears to offer the most conservation bene-
fit to crab stocks. However, data on habitat and juvenile red king crab
distribution suggest that a more comprehensive trawl/dredge closure
area in the nearshore waters of Bristol Bay should be considered. Analy-
sis also suggests that bycatch limits previously established for trawl and
dredge fisheries could be reduced, but that conservation benefits to
crab stocks would be negligible. Bycatch management through individu-
al vessel bycatch accountability provides a means, within existing by-
catch limits, to somewhat increase the removal of crab predators and
competitors such as yellowfin sole and Pacific cod. However, these mea-
sures alone will not rebuild crab stocks.

Crab stocks will rebuild only when recruitment increases, Crab year-
class strength depends both on the number of spawners and on envi-
ronmental condition such as temperature and currents  Tyler and Kruse
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1995!. Managers can affect recruitment by ensuring there are adequate
numbers of spawners, providing adequate habitat available for settle-
ment, and reducing fishing mortality on juvenile crabs. Conservation of
spawning stocks can be accomplished by the state through adjustments
to GHLs in crab fisheries. Adjustments to existing bycatch litnits in oth-
er fisheries will have only a very small impact on increasing adult stocks
sizes or reducing juvenile mortality, To reduce juvenile tnortality by lim-
iting bycatch of non-target crabs in crab fisheries, the council or state
could consider implementing measures such as bycatch limits or a VBA
progratn for crab fisheries.

Once these actions have been taken, then crab stocks will be in the
best possible position to recover if environmental and other ecological
factors create a suitable situation for stocks to flourish. This may take
years. For example, although large areas in the Gulf of Alaska have been
closed to crab fishing, trawling, and dredging since the early 1980s,
stocks of red king crab in that area have not recovered to levels which
can support a crab fishery. In cases such as these, there is little tnore
managers can do but wait.

This paper highlights the need for continuing research. Improved
knowledge of crab recruitment, life history, habitat needs, the effects of
trawling on habitat, as well as a review of crab tnanagement strategies
around the world would aid in effective management of crab stocks.
Some of this work is under way  e.g., Kruse 1995, Tyler and Kruse 1995!,
and we would encourage government agencies and universities to con-
tinue this research.
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Commercially harvested stocks of Chionoecetes spp. have been observed
to fluctuate greatly over the past 20 years. The opinion that these fluc-
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of C. opilio  snow crab! isolated at benthic stages in the fjord of Bonne
Bay  Newfoundland!.

The stock was thoroughly monitored from egg production to death
of adults by senility. The sampling techniques ranged from underwater
television, scuba diving, and mini-submarines to plankton nets for the
larvae, trawls, dredges, collectors, traps, tangle nets for the benthic
stages. Movements were monitored by acoustic tags. Seasonality and an-
nual variations of environmental parameters such as winter ice cover-
age, prevailing winds generating Ekman transport, stratification and
movements of water masses, and timing of phytoplankton blooms, were
recorded and compared with recruitment fluctuations.

It is concluded that strong natural fluctuations of recruitment pre-
vail in the Bonne Bay snow crab stock in the absence of any important
fishing activity. Series of 3 to 4 successive years of good recruitment are
followed by series of 5 to 6 years of poor recruittnent.

None of the environmental factors monitored appeared to be direct-
ly correlated with these fluctuations; rather, a life history regulation fac-
tor could be in many cases identified as a mechanism dampening the
environmental effects. For instance, the precise occurrence of the spring
phytoplankton bloom was efficiently detected by the crabs and trig-
gered hatching of their eggs and release of their larvae in the plankton
at the most opportune time of the year, thereafter negating the possibili-
ty that match/mismatch deregulated recruitment. We do not exclude,
however, the possibility that the life history regulating responses ob-
served be at times overwhelmed by particularly unusual environmental
conditions.

It appears that most of the recruitment variability observed for the
Bonne Bay stock results from intra-population effects involving selective
cannibalism by predation of older males on early benthic recruits and
molting individuals. This "missing cohort dynamics" appears to exist
over most harvested stocks of Atlantic snow crab. Further, the success/
failure of cohorts appears to be more or less synchronous in all known
locations.

In the Gulf of St. Lawrence fishery, there is so far no evidence that
setting quotas on the landings has had any effect in regulating recruit-
ment success, as good recruittnent years do not correspond with high
parental stock. We suggest the existence of natural intra-population ef-
fects, based on cannibalism, generating an alternation of good and poor
recruitment years, and synchronization between geographic sub-stocks
by a superimposed widely distributed environmental factor occurring
many years apart, such as the depth oscillations of the shallow and
deep thermoclines limiting the depth distribution of Chionoecetes opilio.
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Figure 1. Commercial landings in metric tons of snow crab harvested in the Gulf
of St. Lawrence. The variability has been three fold from 1970 to 1995,

Introduction

Snow crab  Chionoecetes opilio! is a major commercial species in Eastern
Canada. Landings are in the order of 25,000 tons per year, for a value of
Can. $100,000,000. A full-scale commercial fishery developed only over
the past 15 years during a decline of Alaskan king crab resources. Re-
search emphasis has been set only recently on the understanding of the
life history of the species.

In the Southwestern Gulf of St. Lawrence, from 1966 to 1990, the
landings first rose with fishing effort from an average of 7,000 tons
�969-1977! to 33,000 tons in 1982. The landings then dropped abrupt-
ly to 7,000 tons in 1990  Figure 1! and have recently risen again to
25,000 tons in 1994.

Such strong harvestable stock fluctuations could not be explained
by the prevailing interpretation of the life history of snow crab. Up to
1986, recruitment was believed to be fully protected by a legal minimal
harvesting size of 95 mm carapace width. It was generally accepted at
that time that all males matured and had the opportunity to mate sever-
al times before reaching this legal minimal size, It was believed that fe-
males were fully protected from fishing throughout their life span since
they achieved a terminal molt at onset of maturity at sizes much smaller
than the legal minimal size. The females would mate only once in their
life, shortly after the terminal molt, thereafter depending on sperm
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stored in their spermatheca for further broods. Based on laboratory ob-
servations, it was thought that one male would naturally serve several
females during the same mating season.

lt was also believed that adult males were much larger than females
because they kept on growing after reaching maturity. As males used lit-
tle energy for reproduction, they were expected to have an asymptotic
growth curve based on increasing time intervals between successive
molts, as it is known for lobsters, and eventually reduced increments in
size at molt. Females stopped growing at onset of maturity, because
they always carried eggs throughout the year and never had the chance
to molt, therefore diverting all their energy to reproduction rather than
growth.

Under this interpretation of the snow crab life cycle, it seemed that
a yield per recruit model would have ideally served the purpose of man-
aging a snow crab fishery, which benefited from an almost unlimited
natural protection of recruitment from fisheries effects. The direct im-
plication would have been to set a very high fishing effort allowing to
crop down male snow crab cohorts as soon as they reached a legal mini-
mal size set �! above the size at which all males reach first maturity,
and �! at the size at which the male component of a cohort reached its
maximal weight prior to the age at which individual growth slows down
and no longer compensates for biomass decrease by natural mortality.
This would have allowed all males to successfully mate, and would have
maximized yield,

In practice, the two major elements required for yield calculations:
�! the growth curve of males, through increments in size at tnolt and
reduced frequencies of molting with size, and �! the natural mortality,
were not sufficiently well known. The fishery was therefore preemptive-
ly managed by setting a maximum "exploitation rate"  catch/standing
harvestable biomass! which would have allowed about 40% of harvest-
able males to survive the annual fishing season.

The method for calculating annual standing fishable biomass was
retrospective and based on the fit of an anticipated linear relationship
between the catch over equal successive time intervals during a fishing
season and the catch cumulated up to each of these interval. The tech-
nique was referred to as "Leslie analysis"  Mohn and Elner 1987 for re-
view! and had underlying assumptions of no recruitment to the fishery,
negligible natural mortality, and constant catchability throughout the
fishing season. It neglected the dynamic changes affecting the spatial
distributions of effort and resource abundance during a fishing season.

Under these simple life history and tnanagement assumptions, re-
cruitment was thought to be fully protected, and catch had first been
thought to be altnost inexhaustible, A close inspection of the sequence
of landing statistics  Figure 1!, and of the data on catch and effort  Fig-
ure 2! reveals, however, that the 1986 sharp drop in landings was most
likely due to a failure in recruitment. The catch per unit of effort values
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were low right at the start of the 1987 fishing season and remained as
such until 1989. Simultaneously, landings of large amounts of "white,"
low commercial quality, and apparently recently molted crabs were re-
ported by the fishermen.

Such failures in recruitment and fluctuations in quality of catch did
not match the idealistic initial views. It logically entailed that initials
concepts on life history needed to be reassessed, and that it was of par-
amount importance to identify whether the fluctuations in recruitment
were natural or fishery induced. The temptation to apply standard pop-
ulation dynamics models  Mohn 1988! had grown too fast prior to basic
knowledge of the life history of the species,

At the request of the fishermen's organizations, and with the back-
up of fisheries biologists, management reacted to the fluctuations in
catch by tightening standard measures such as setting quotas on catch,
limiting effort in number of traps per boat and number of fishing licens-
es, and closing the fishing season when too many� "white crabs" ap-
peared in the catch. Prior to the drop in landings, the fishable biomass
was retrocalculated after the end of the fishing season from the cumu-
lated catch in season, with no possibility to forecast, "preemptive quo-
tas" were defined on the basis of the catch in the previous year, and
always turned out higher than the actual catch. For the first time, quotas
were now adjusted annually on the basis of reliable direct fishable bio-
mass estimates made prior to the fishing season from trawl survey data
designed and processed by geostatistical techniques  Conan et al.
1988c, Conan et al. 1994!. No rational basis existed, however, for defin-
ing the ratio of the annual quota to the now available fishable biomass
predictions; the ratio was arbitrarily defined as a "target exploitation
rate" preset for management purposes.

Starting in 1990 the landings increased quite steadily and manage-
ment measures were taken optimisticafly  Loch et al. 1995!. However, a
cursory analysis of the catch and some understanding of snow crab
growth shows that the new waves of enhanced recruitment were not
generated by the parental size classes "protected" by the newly intro-
duced fishing restrictions. The actual effect of these intuitive manage-
ment measures on the snow crab stock is at the least uncertain or null.

We did not attempt to justify the standard management measures
which had been intuitively set for regulating recruitment fluctuations.
We advocated a systematic analytical approach to understanding and
regulating these recruitment fluctuations. We held that the determinism
of success for a year class from egg to adult could be understood and
managed only after the interactions between the life history of the spe-
cies and the ambient environmental factors were sufficiently well
known. We proposed that the respective influence of natural versus fish-
eries induced effects on the recruitment could be contrasted by moni-
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Figure 3. Geographic location and simplified depth structure of the Bonne Bay
fjord  Western New foundland!. Snow crab are found in intermediate
-l' to +I'C, 33%o winter formed water whi ch remai ns trapped all year
in two basins exceeding 100 m depths.

toring an unharvested snow crab stock. Only then could targeted effi-
cient management methods be designed.

After reviewing basic biology and fisheries literature on other majid
species  Conan et al. 1990a!, we contributed to the quest for new infor-
mation and novel management methodologies by setting up a long-term
pilot monitoring experiment on a small snow crab stock. The stock se-
lected is isolated at benthic stages inside a fjord. A shallow sill at the
entrance of the fjord of Bonne Bay, Newfoundland  Figure 3!, retains
year-round deep �00-200 m! and cold   � 1'to +1'C! winter formed water
 Comeau et al. 1991, Gilbert and Pettigrew 1993! suitable for sustaining
the crab stock. By studying this microcosm we avoided the difficulty of
extracting more complex information from multiple geographic popula-
tion sub-components intermixing over a whole commercially harvested
stock.
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Material and Methods
Site selection

In the Gulf of St. Lawrence, the commercial fishing grounds are located
at up to 8 steaming hours from harbor. Year-round biological monitoring
of the stock would require considerable investments and would not be
possible during winter months under thick but unstable ice cover. Local
geographic differences exist in the seasonality of the environment and
the life history events, and complicate the interpretation of the evolu-
tion of the stock as a whole.

Bonne Bay �9'30'N, 57'55'W! is used as a microcosm model for the
Gulf of St, Lawrence. Bonne Bay is a double fjord system separated from
the Gulf of St. Lawrence by a shallow 50 m sill. A main 130 m deep basin
branches laterally into a 200 m deep East Arm, from which it is separat-
ed by a second 15 m sill. The seasonal environment and the biological
events, although not perfectly synchronized within the whole fjord, are
amenable to global monitoring. The Bonne Bay snow crab stock is en-
countered in the two arms, close to shore, down to depths of 100 to 200
m  Figure 3!. The stock can therefore be sampled at close range from
shore throughout the year, including in winter by trapping and setting
gillnets, plankton nets, and probes through thick and stable sea ice.

Sampliny techniqaes
The preferred sampling gear for benthic stages is a Nephrops Bay of Bis-
cay "Bigouden" otter trawl. A small shrimp "Devismes" otter trawl has
been used for catching the very first benthic stages. These trawls are
less differentially selective for different biological categories of crab
than traps. With the combined use of precise satellite locating gear  GPS!
and acoustic measurements of on bottom gear aperture  SCANMAR!,
these trawls  Conan et al, 1994! can provide accurate measures of re-
source abundance suitable for global estimates and mapping.

The most important events in the life history of crustaceans, molt-
ing and reproduction, are followed when possible throughout the year
by direct observations while scuba diving, by Remotely Operated Vehi-
cles  ROV! and from mini-submarines, or by determining molting and re-
productive stages in the catch. In order to define the titning and success
of the mating season, mating couples are searched for, by diving down
to 55 m, and over the whole depth range, down to 150 m, using tangle
nets. Couples will remain together in tangle nets, but will separate when
caught in traps or trawls. ROV and mini-submarine in situ observations
provide information down to the maximum depths of the fjord. The
mini-submarines PICES and SDL are operated by the Canadian Navy from
the HMCS Cormorant.

The relative importance of initial changes in larval stage abundance
on the determinism of recruitment is assessed. The seasonal succes-
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Biological material
Snow crab go through different life stages during their benthic life span
 Conan and Comeau 1986, Conan et al. 1988b, Comeau and Conan
1992!. Molting and reproduction are the main physiological factors de-
termining these biological stages. The life stages behave differently and

sions in the occurrence of planktonic snow crab larval stages and their
food are monitored from vertical hauls of a one meter diameter hoop
net. The density and spatial distribution of larvae are assessed using ob-
lique hauls of a 1 m' Tucker net. The vertical profile of the larval distri-
bution is sampled using a 0.5 m bongo sampler fitted with remotely
operated opening and closing devices. All samplers are equipped with
General Oceanic flow-meters and their track recorded from a VEMCO

acoustic depth transmitter system.
The effects of oceanic environmental factors on the survival of lar-

vae and on the phasing of life events of benthic stages are assessed.
Seasonal and year to year changes in the water column, temperature, sa-
linity, and fIuorescence profiles are recorded using a Seabird electronic
probe coupled with a fluorometer. The 1% light-penetration limit of the
euphotic zone is estimated from Secchi disk measurements. During the
summer of 1991, 11 current-meters were deployed at 4 mooring sites
for assessing passive drift and possible flushing of larvae in and out of
the fjord. Oxygen content of water column was estimated from samples
taken in a bottle sampler and measured with a hand-held probe.

The effects of sea-air interface factors such as wind-driven currents
and sea ice cover are also assessed. Wind-driven water circulation is a
possible cause of advection from suitable habitats for crustacean larvae
and a possible source of mortality. Wind conditions prevailing around
Bonne Bay are provided by the data sets of the Atmospheric Environ-
ment Service  AES! at Daniel's Harbour, 80 km northeast of Bonne Bay.
High ice cover may reduce the amount of solar flux into the water col-
umn, delaying and reducing the spring and summer and delaying the
onset of the spring plankton bloom. Data on ice cover is available from
the composite charts of aerial, ship, and satellite observations assem-
bled by AES and sampled weekly.

Biomass and production of phytoplankton are measured from chlo-
rophyll a in the water column, �! for checking possible food limitation
effects on the survival the pelagic larval stages and �! for checking pos-
sible phasing effects of organic carbon rain on the seasonal life events
of the benthic stages. Sinking fluxes of organic matter through the water
column to the benthos bottom is estimated from deployments of sedi-
ment traps set at different depths. The settled particles are collected for
the determination of organic carbon and nitrogen concentrations by
CHN analyzer and for algal pigments. Detailed procedures are provided
in Starr et al. �994!.
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are likely to contribute differently to the success of recruitment pro-
cesses, they must therefore be identified and monitored separately.

Molting stages are defined as described by Drach �939! for decapod
crustaceans in general, and as first applied to Chionoecetes opilio by
Moriyasu and Mallet �986!, Time elapsed since molting is evaluated us-
ing a technique of radioisotope dating at "Centre des Faibles Radioactiv-
ites CNRS/CEA"  Gif sur Yvette, France! as described by Le Foll et al.
�988!, and Conan et al. �990b!.

The presence, number, and stage  color! of the eggs under the abdo-
tnen of the females are recorded. The presence and aspect of the sper-
matophores in the seminal tract of the males is noted as described by
Comeau and Conan �992!. The morphometry of the claw of the males
and size of the carapace of the males in relationship with maturity is re-
corded as described by Conan and Comeau �986! following Teissier
�933, 1935!.

Statistical analysis
The morphometry of male snow crab was analyzed as described by Con-
an and Comeau �986!, as it is usually done for allometric relationships,
after log transformation of the measuretnents  Teissier 1948!. A rnodi-
fied discriminant analysis  Conan 1989! allows to dissociate allometric
groups sharing similar slopes but different elevations of allometric re-
gression lines. Angular points formed by two intersecting allotnetric
lines are detected by Gaertner and Laloe's method �986!.

The techniques used for analysis and mapping of spatial distribu-
tions  Conan et al. 1988c! are derived from the kriging methodology
 Matheron 1971!. The spatial associations between biological subgroups
are analyzed by correspondence analysis, and the principal factors are
mapped on a geographic scale  Allard and Conan 1988!.

Results and Discussion
The success of recruitment is determined by the combined effect of how
each life history stage fits within its ambient environment as it
progresses throughout the life span, until the complete life cycle pro-
cess is completed. We therefore propose to trace back the success of ev-
ery major event of the life history, and to identify possible bottlenecks
and failures,

rhe snow crab habitat

The stratification of water layers in Bonne Bay is a subsystem of the
Gulf of St. Lawrence. Three layers of seawater exist in the Gulf as first
described by Lauzier et al. �957! and Lauzier and Bailey �957!. A top
layer of desalted warm water  down to 20%o and up to 20'C! forms in the
spring, it reaches down to some 60 m in summer, and it disappears in
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winter. An intermediate layer of cold water  circa 33%0 and � 1 to +1'C! is
found down to some 100 m. The deepest layer reaches down to some
500 m at the deepest of the Gulf, it is warmer and saltier  some 35%o
and 6'C!. Only the top two layers are found in Bonne Bay  Figure 4!. The
intermediate layer is generated in winter and is partially renewed in
spring, summer, and faH by upweHing over the siHs  Figures 5 and 6!.
The layers are stable and do not overturn. There is no anoxic water layer
in Bonne Bay. In the winter the water column is extremely homoge-
neous, temperatures vary from year to year around -1'to+1'C. In sum-
mer, surface water temperature may occasionally reach +18'C. The
salinity and temperature depth profiles provide similar information on
water column structure  Figure 6!. Bottom salinity remains around 33%o
aH year round. Surface salinity may drop to 24% in the spring. The ther-
moclines and hyaloclines move downwards from spring to summer and
finaHy oscillate around the depth of the sill of the fjord. The hyalocline
in the fall may reach deeper  80 m! than the thermocline �5 m!. Cold-
blooded snow crab must move into a suitable layer of water to maintain
energetically optimal body temperatures, and possibly osmolarity.

From January to March the fjord is usuaHy covered with thick sea
ice, and it is possible to use snow vehicles or to land helicopters on the
ice for winter sampling. In certain years the ice cover is minimal. A
strong phytoplankton bloom occurs a few weeks after ice break in the
spring as the surface water layer forms  Figure 7!. A rain of biogenic car-
bon particles can be traced down to the bottom of the fjord soon after
the bloom  Figure 7!. For an enhanced larval survival, the occurrence of
snow crab larvae in the plankton should follow the occurrence of the
phytoplankton bloom as per Cushing's �975! match/mismatch theory.

The exchanges of water in and out of Bonne Bay are strongly affect-
ed by longshore winds that prevail over the shelf  Gilbert and Pettigrew
1993!. During winter time ice cover limits the effects of wind on the wa-
ter circulation. During the summer, winds tend to blow paraHel to the
coastline toward the NNE and cause a surface onshore Ekman transport
and a downweHing. Occasionally the winds blow toward the SSW creat-
ing a surface offshore Ekman transport and upweHing. In the latter case
the thermocline rises from an inflow of colder saltier water into the

fjord over the sill as shown by temperature, salinity, and sigma-t  Figure
5!. UpweHings appear to be more Frequent in the spring than in the sum-
mer. Snow crab larvae must navigate the water exchanges to remain in-
side the fjord prior to metamorphosis into megalopae and early benthic
stages.

Bottom sediments in Bonne Bay vary from fine mud at the bottom of
the fjord to gravel, pebbles, boulders, and steep cliffs on the sides of
the U-shaped fjord submerged valley. Clean sand can be found in the
southern areas of the outer sill. As a function of their size snow crab

may better survive on, or specifically elect certain types of sediment.
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Temporal variations of temperature  a!, salinity  b!, and sigma-t  c! in
the Bonne Bay fjord in 1991. Isopleths were fitted by kriging to CTD
data sets taken twice a week from late March to early September. The
arrows mark inferred periods of upweliing of intermediate water from
outside the fjord, over the 50 m entrance sill, into the 100 meter deep
basin  Michel Starr!.
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Figure 6. Temperature  top! and salinity  bottom! profiles in Bonne Bay. Depths
from 0 to 120 m, temperatures from � 2' to+ 14'C, salinities from 22 to
34% Pro files taken by electronic probe every 10 days from April  A! to
September  R!. A layer of warmer, brackish water forms at the surface
from spring to fall. The deeper layer  Culf of St. Lawrence intermediate
water, � 1' to+1'C, 33%o salinity! remains mostly unaffected beyond the
45 m fjord entrance sill depth.
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Figure 7. Temporal variations ofintegrated chlorophyll a concentrations in the
water column �-100 m!, chlorophyll a + phaeopigments concentrations
in the sediment traps, and relative abundance of snow crab zoea 1 and
copepod nauplii in Bonne Bay fjordin 1991. The hatching of the snow
crab broodsis triggered by the sinking excedent of organic material
produced by the bloom. Snow crab larvae occur in the plankton at a
most opportune time for feeding on copepod nauplii.
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Figure 8. Morphometricidentification ofimmature and juvenile male snow crab.
On an aliometric plot of log claw size vs log carapace size an angular
point separates morphometricallyimmature from morphometrically

j uveniie males.

Snow crab major life cycle events
Our observations show that in Bonne Bay hatching of the eggs occurs in
early May to early June. Zoea 1 larvae are liberated in the plankton where
they metamorphose into zoea II and later into megalopae which settle to
the benthos by late August to early September  Figure 4!.

First benthic stages are found in early September. The benthic stag-
es go through 3 different phases  Comeau and Conan 1992!, immature
 gonads are not differentiated, the external morphology of males and fe-
males is weakly differentiated!, juvenile  the gonads are differentiated,
the external morphology of males and females is incompletely differen-
tiated!, morphometrically mature  both the gonads and the morphomet-
ric secondary sexual characters are fully differentiated, males and
fetnales are fully functionally reproductive!. The different phases of life
cycle can be identified by morphometry  Figures 8 and 9!. Both males
and females achieve a terminal molt at onset of morphometric maturity
 Conan and Comeau 1986!. The phase of life cycle beyond the terminal
molt is referred to as a terminal anecdysis. Terminal anecdysis and mor-
phometric maturity are reached by different individuals over a wide
range of ages  at least S years!, and subsequently the terminal molt is
achieved over a 3 to 4 fold range of sizes. The most obvious secondary
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Figure 9. Morphometricidentification of morphometrically mature and juvenile
snow crab. On an allometric plot of log claw size vs. log carapace size a
shift in ordinates separates morphometricallyj uvenile from morpho-
metrically mature males,

sexual characters are the large claws of males and the wide abdomen of
the females.

Early benthic stages and immature may molt several times a year.
Juvenile males molt mostly once a year during a short season in March
to April. In some years we observed that a fairly high proportion of juve-
nile males skipped the spring molt. There is some indication from radio-
isotope dating of carapaces and from reading molt stages on
maxillipeds that some juveniles may molt in the faII. Morphometrically
mature animals do not molt or regenerate.

Females mate for the first time shortly after the terminal molt possi-
bly all year round, Each brood is incubated under the abdomen of the
female for up to two years. Over subsequent years, the second and later
matings take place immediately after hatching of the previous brood of
eggs precisely in late May to early June.

Males start producing some spherical spermatophores containing
spermatozoa during the juvenile stage  Comeau et al. 1992!. Full pro-
duction of spermatophores is achieved only by morphornetrically ma-
ture males. In Bonne Bay we observed only the morphometrically
mature males in constituted couples displaying precopulatory or copu-
latory embrace.
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Most males and females die from senility 4 to 5 years after achiev-
ing the terminal molt as shown by one of us  G.Y. Conan! using radio
isotope dating of carapaces. Old morphometrically mature individuals
usually have abraded decalcified carapaces and numerous missing legs
autotomized during the fights between males at the time of mating, as
both males and females in terminal anecdysis have lost the ability to
molt or regenerate.

Environment, knife history, and success of recruitment
A stable recruitment to a commercial fishery would imply a sufficient
supply of hatching eggs year after year, and thereafter cohorts success-
fully progressing throughout all of the life stages until they reach com-
mercially harvestable sizes. We have identified some life cycle and
environment characteristics which enhance snow crab survival from egg
to adulthood.

Stable female fecundity
Egg counts vs. carapace size relationships have been checked since
1985  Conan et al. 1989!, The relationships remained quite stable during
the period surveyed. There are no indications that environment fluctua-
tions may affect production of hatching larvae by the females, and
thereafter recruitment success. Parasites or commensal nemerteans are
occasionally found in vestigial broods of senile females, but this ap-
pears to affect only a very minor part of the population.

No marked oxygen depletion
There is no evidence that oxygen may be a limiting factor in deep areas
of the Bonne Bay fjord as it has been described off Sweden in the Katte-
gat for Nephrops norvegicus  Baden et al. 1990!. The deeps of the Bonne
Bay fjord are not anoxic and recruitment failures cannot be directly at-
tributed to oxygen depletion.

Wide tolerance to sediment types
Snow crab are usually found on mud, at the bottom of the fjord. Under-
water television work  Conan and Maynard 1987! has shown that snow
crab may partially bury in bottom sediment. This was recently observed
by Conan during mini-submarine dives that immature, juveniles, and
possibly adult females may fully conceal in the sediment eyes only
emerging. On the fjord banks large snow crab can be observed by diving
in early spring on small pebbles bottoms and on fine sediment between
rocks, but never on or among large boulders. Early benthic stages can be
observed speeding away to avoid cameras and searching for shelter un-
der small stones, however, when abundant they can be found on any
type of bottom except large rocks and boulders. There appears to be no
active search for a particular type of bottom at early stages, rather, they
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settle anywhere and survive wherever the location is the best for protec-
tion from predation and cannibalism. High density patches of early
benthic stages are not necessarily found in the same location from year
to year. The relationship with type of sediment is more opportunistic
than actively directed.

Benthic stages adjust their depth distribution in relation
to water masses

Snow crab may actively move along the slopes of the fjord to seek ambi-
ent temperatures optimal for their current activity. These optimal tem-
peratures are likely to vary between different phases of life cycle, in
relation with ambient dissolved oxygen. Experiments by Thompson and
Haryluk �989!, Foyle et al. �989!, and Maynard �991!, the two latest in
collaboration with us in Bonne Bay, confirm our field observations  Fig-
ure 10!.

The depth range of snow crab in Bonne Bay varies according to the
season. In early spring males and females can be found in shallow wa-
ter, up to 15 rn depths. Snow crab are found otherwise year-round down
to 130 m and most likely down to the maximum depths of the fjord �30
m!. As the season advances, the upper reaches of the distribution moves
down to approximately 60 m, deeper than the fjord sill. Snow crab are
therefore constrained into fjord deeps during the summer.

Salinity and temperature profiles indicate that the seasonal depth
distribution of snow crabs is conditioned by the formation of the top
layer therrnocline and hyalocline from spring to summer. Snow crab are
found almost exclusively below the upper layer therrnocline and hyalo-
cline, However, high concentrations of females were observed by one of
us  G.Y. Conan! during mini-submarine dives in shallow water at the vi-
cinity of the summer thermocline. These females were in their second
and later reproduction cycles, appeared to move little and remain
throughout the summer in shallower warmer water �'C! than the males.
Earlier observations by telemetry of acoustic tags attached while scuba
diving to the male and the female of mating pairs  G.Y. Conan and D.R.
Maynard 1984-1986! had shown that after mating the female remained
in shallow water, while the male moved down to the deeps  Figure 10!.

Hooper �986! interpreted the occurrence of mating pairs in shallow
water as a proof for a direct spring breeding migration, We believe that
the occurrence of pairs within diving range early in the spring is simply
due to the absence of a thermocline in this season  Figure 6!, When shal-
low water starts warming up, crabs move down below the thermocline
as can be observed by diving from April to June, trapping, and setting
tangle nets. Pairs are present at any depth along the slope in early
spring, while in shallow water the frequency of old males with missing
limbs, or smallest morphometrically mature males is considerably high-
er than in the deep. It appears that weaker males are out-competed to-
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Figure 10. Tracking the behavioral response of male snow crab to warming up of
surface water. Two morphometricaily mature males were caught by
scuba diving in shallow water in early spring during the mating period.
They were tagged underwater with acoustic transponders. They were
tracked remotely over a period of two weeks. As the thermocline be-
tween surface and intermediate water formed and deepened, the crabs
moved down by trial and error and remained in the intermediate wa-
ter layer   � I to+1'C!. Adapted from Maynard �992!.
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ward shallow water during the pair formation process  Comeau et al.
1991!.

Abundance of molting individuals in shallow water prior to the
molting period or concurrently with the beginning of the molting period
has been reported by Ennis et al. �990! and Comeau et al. �991!. We
have no information whether this may have been a pre-molt migration
into shallow water in order to minimize cannibalism from non-molting
morphometrically mature males or whether molting could have been si-
multaneously observed at any depth along the slope of the fjord. Molt-
ing occurs prior to formation of a thermocline, during and very shortly
after ice breaking, and at a time it is impractical to set traps and tangle
nets. There is some indication that females would molt shortly before
the males.

Tracking berried females marked by sonic tags has shown that they
do not move over large distance. By staying in the vicinity of the upper
thermocline in warmer water they may shorten the development of their
eggs from two to one year. Conan while conducting experimental trawl-
ing in 1994 has also detected concentrations of berried females in other
locations on the Gulf in the vicinity of the thermocline separating inter-
mediate from the warmer deep water layer. This deepwater alternative
location of female concentrations may also be a strategy for reducing
duration of egg development from two to one year. Aquarium observa-
tions further confirm that by changing temperatures from 1'C to 3'C it
is possible to shorten egg developtnent from two years to one year  Mal-
let et al. 1993!. This could have major effects on enhancing production
of eggs per female over a mature life span limited to some 5 years, and
total production of eggs by the population.

Large morphometrically tnature males can move over several miles
in a few days when disturbed. Tracking acoustic tags has shown that af-
ter such a burst of activity, they tend to settle down. Such individuals
have the potential to move all around Bonne Bay deeps in a few days, or
up and down the fjord slopes  Figure 10!, but will concentrate in select-
ed sites, and will be encountered in similar spots from year to year.
They need to remain in colder water around -1 C to +1'C to efficiently
support their foraging activity. This may explain why they are seldom
found outside of the intermediate layer, except for short incursions.

Small immature crab also appear to stay away from the thermocline.
They probably cannot move over several miles to match water tempera-
tures, and may die if they have settled as early benthic stages on
grounds which are not all year round within the intermediate water
layer.

The fluctuations of the depth of the intermediate water layer from
year to year may open or close grounds suitable for successful recruit-
ment or early benthic stages or foraging of juveniles and morphometri-
cally mature stages. In the Gulf of St. Lawrence, variations of the top
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layer interface within the 40 to 60 meter depth range and of the deep
layer interface within the 100 to 150 m can critically affect the extent of
areas suitable for snow crab distribution, as the grounds are relatively
flat at these depths. The effects are more limited in a U-shaped fjord
where shallow areas exist only on the steep sides and at the fjord en-
trance sil Is.

Spatial structure of the benthic stages as a social and
environmental response
Snow crab populations are highly aggregated into clumps which are spe-
cific to each biological category identifiable by sex, age, and morpho-
metric differentiation  Conan et al. 1988c, Allard and Conan 1988!. This
is shown by analyzing data from underwater TV sledges  Conan and
Maynard 1987!, trawling  Conan et al. 1988c, Allard and Conan 1988!.

Presence of aggregations in Bonne Bay was confirmed by using krig-
ing to map the concentrations of crabs detected by trawling  Figure 12!
and by visual information collected from TV sledges. Kriging and multi-
variate analyses such as principal component and correspondence anal-
yses show that immature males and females are found in the same
patches, but sexes tend to segregate as morphometric differentiation
takes place, finally morphometrically mature males and females tend to
congregate again seasonally at the time of mating, while senile individu-
als are found at the margin of the patches  Figure 11!. Although this pat-
tern of inter-group exclusion/aggregation remains similar from year to
year, the actual geographic location of each of the concentrations may
considerably vary from year to year  Figure 12!, Only the mature berried
females tend to remain in similar locations.

Using variograrn ranges in the trawl data as an index of patch radi-
us, it can be shown that the average size of the patches is quite stable in
time and differs for males � km radius! and females � km radius or ab-
sent!. From the mini-submarines, Conan  personal observations! was
able to confirm the presence of high density, short range aggregations
of females as he observed females forming heaps  "pods"! in early May
at the beginning of the tnating season as "pairing" of males and females
started to occur. The larger patch size of the males could be explained
by the fact that they remain within foraging range of a small patch of fe-
maies. The physical factors determining the location of the female con-
centrations are not fully understood. The presence of an eddy and, or a
local downwelling or upwelling of warmer water could be determinant.

We have no indication that this organized population structure of a
high density female concentration surrounded by a wider patch of
males was affected by any natural effect during the series of years of
observations. We have information showing that a female concentration
remains stable over several years.
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Figure 11. Correspondence analysis of snow crab spatial distribution. The catch
from 13 Nephrops trawi stations was separated into 14 biological cate-
gories as a function of sex, size, state of maturity, state of development
of the broods, and missing claws for the males. The two first principal
factors explain 56% of the variance. They appear to be related respec-
tively to age  here x axis, right to left! and to sexual differentiation
 here y axis, bottom to top!. Male and female snow crab aggregate or
segregate into structured patches which change during their life cycle
and can be explained by particular traits of their!ife histories. The
variables are: 1. Females Immature  FI!, Juvenile  FJ!, Primiparous
 FPri!, Orange Eggs  FOE!, Brown Eggs  FBE!, Missing Eggs  FME!, No
Eggs  FNE!, 2. Males Immature  MI!, Small juvenile   MJS!, Large Juve-
nile  MJL!, Morphometricaily Mature Small  MMS!, Morphornetrically
Mature Large  MML!, One Claw  MOC!, No Claw  MNC!.
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Figure 12. Examples of distinct spatial distributions for immature, juvenile,
and morphometrically mature snow crab in Bonne Bay �992
and 1993!. Immature hfales and Females  IH, IF! are not dissoci-
ated. juvenile hfales  JH! tend to spread apart and segregate
from hforphometrically hfature Hales  Hhf!. hfhf are in the vicini-
ty, but not confounded with the Hature  mostly multiparous
here! Females  HF!. The location of the patches differs from year
to year, except for hfF. The samples were taken using Devismes
and hlephrops trawls, the data was processed using geostatistical
techniques.

Phasing of individual life history events during benthic stages,
in response to a seasonal environment
Phasing of life history processes involves detection of a seasonal exter-
nal signal as well as exchange of information between individuals. In a
seasonal environment there are strong advantages for having specific
events synchronized among individuals and occurring at a most favor-
able time of the year.

Phasing of reproductive processes: Synchronizing individual repro-
ductive processes between individuals and with the physical environ-
ment will allow more efficient male/female encounters and hatching of
the larvae at the most opportune time to match food concentrations in
the plankton.

The occurrence of pairs of crabs in precopulatory embrace had been
first observed by Hooper �986! in shallow water in Bonne Bay. Conan
subsequently observed, while scuba diving, that pairs started to be
found above 50 m always after a strong spring phytoplankton bloom.
These observations have been documented over a sequence of years by
Secchi disk readings  Figure 13! throughout the season  Comeau et al.
1991!, The process was further studied by more sophisticated analytic
field methods, and by experimental lab work. It appeared in the labora-
tory experiments that hatching of the brood from the previous year was
triggered by the bloom  Starr et al. 1994!.

High concentrations of pairs are restricted to a few areas of the
fjord of Bonne Bay, possibly in the vicinity of permanent female concen-
trations. The duration of pairing in high concentrations is limited to
May and early June. Pairing occurs year after year in the same areas.
Mini-submarine and aquariutn observations suggest that males would be
ready for pairing all year round, and that it is the receptiveness of the
female that would ensure successful pairing.

Pairing, hatching, and mating are initiated prior to the formation of
the thermocline, it is not the warming of the water that initiates the re-
ceptiveness of the female. Recent observations from mini-submarines
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Figure 13. Detection of the spring plankton bloom by simple Secchi disks measure-
ments in Bonne Bay. The snow crab couples consistently come into shal-
low water as the bloom forms a few weeks after ice break.

show that, in clear water, ambient light can be perceived by a human
eye down to 100 m or more in the fjord. Light does not penetrate
through snow-covered ice or through a bloom, it could therefore be
used as a seasonal clue. We have shown however that a good candidate
for an early spring seasonal clue is the rain of biogenic carbon residual
from the spring phytoplankton bloom.

We have no indication that any natural physical process affected the
success of pairing, hatching, and mating during the whole series of
years of monitoring. The process was remarkably well timed year after
year despite the annual variations in ice cover of the fjord.

Phasing of seasonal molting processes: The success of molting pro-
cesses is highly critical for recruitment. It is during and shortly after
molt that crab mortality by predation or cannibalism is prone to be the
highest, while the carapaces are still soft, not fully calcified.

Small immature individuals may molt in phase several times a year
as may be guessed from combined information from progression
through time of modal sizes in Bonne Bay  Comeau et al. 1991! and from
size increase at molt in aquaria  Moriyasu et al. 1987!.
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A stable survival of larval stages despite fluctuations
of the environment
All larval stages of Chionoecetes opilio have been found in the fjord. The
development from zoea to megalopa takes 3 to 4 months. The zoea 2
and megalopa stages have been difficult to encounter, even when corre-
sponding early benthic recruitment is later found to be abundant. We
have so far no proof that fluctuations in recruitment originate from the
erratic success of larval stages. Several factors were considered as po-
tential sources of recruitment failures, but none were retained.

Wind-driven larval advection: Larval behavior appears to be adapted
to exploit predictable hydrodynamic regimes despite slow swimming
speeds. Except shortly after hatching, the larvae tend to remain below
the surface and mixing layer which is mainly affected by an Ekman

Field observations drawn from shallow water collections of carapace
casts in the spring in Bonne Bay  Ennis et al. 1990, Comeau et al. 1991!
and on direct observation of molters confirm dating of carapaces by ra-
dioisotopes indicating that most large males molt in early spring  April-
May!. Laboratory observations  Moriyasu et al. 1987! also confirm early
spring molting of large males, and provide some indication that females
may molt slightly earlier in the year. This is also corroborated by radio-
isotope dating  Conan et al. 1990b!, with the additional information that
females may reach the terminal molt throughout the year.

Although there appears to be mostly one seasonal spring period for
molting in the year for male snow crab in their late benthic stages, a
high proportion of juvenile males can in some years be found in an ad-
vanced stage of pre-molt in late fall. It is not clear whether such individ-
uals will molt or remain in this stage until the next spring. They might
also be the same individuals that occasionally skip the previous spring
molt in certain years. One of us  M. Comeau! after analyzing the size
composition of the catch over several years, suggests that such molt
skipper individuals are affected by a very high natural mortality. Molt-
ing out of season could be very negative for recruitment success. We do
not have a solid explanation for this molting out of phase, our observa-
tions show that the intermediate water layer was not colder in years of
high incidence of molt skippers, rather we suspect that molt inhibition
tnay have been induced by morphometrically mature dominant males in
terminal anecdysis.

The spring synchronized molting of males in shallow water was not
observed every year, it may occur only during years of high abundance
of crab. It may be a mechanism of protection against predation and can-
nibalism from hard carapace crabs having gone through the terminal an-
ecdysis in previous years. We have no direct observations providing
information on the determinism of spring molting by external seasonal
factors or indications that fluctuating environmental factors would have
variable year to year effects on survival of the spring molters.
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Figure 14. Cumulative southward transport of the wind blowing during 1976 to
1992in the vicinity of Bonne Bay. Unshaded dots mark years during
which the hatching larvae subsequently yielded strong cohorts when
growing into early benthic to adult stages. There is no detectable nega-
tivee effect on rect uitment by wind induced Lkman currents out-flushing
larvae out of the fjord.

transport component directed offshore  Figure 4!. Subsequently Bonne
Bay crab recruitment appears to be weakly affected by inter-annual vari-
ability in longshore winds  Figure 14!.

Larval food limitations: Somerton �982! suggested that seasonal sea
ice cover may be an important factor controlling Chionoecetes opilio re-
cruitment success in the North Pacific. He proposed that the timing of
the release of C. opilio larvae was critical with respect to the occurrence
of the plankton bloom forming in the spring at the breaking edge of the
sea ice cap. Survival of larvae and thereafter success of recruitment
would be determined by year to year asynchrony of the larvae appear-
ance in the plankton with this spring phytoplankton bloom, This idea is
similar to the hypothesis of match/mismatch proposed by Cushing
�97S! as a general cause for fluctuations in recruitment success. The
success of recruitment would be determined by the match/mistnatch of
larval releases in the plankton with abundance of food from phytoplank-
ton blooms

Abundance of Gulf of St. Lawrence snow crab stocks, including
Bonne Bay, do not appear to be affected by such environmental effects.
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Figure 15. Annual average ice cover during the month of April in the northeastern
Culf of St. Lawrence from 1963 to 1990. Unshaded dots mark years
during which the hatching larvae subsequently yielded strong cohorts
when growing into early benthic to adult stages. There is no relation-
ship between ice cover and recruitment success.

Conversely, snow crab seem to have developed means of matching lar-
vae release with opportune bloom periods.

The ice extent anomalies calculated from a 27-year record of weekly
ice cover charts for the spring months in the Northeastern Gulf of St.
Lawrence demonstrate three well marked periods of longer seasonal ex-
tent of ice cover: 1972-1978, 1982, and 1988 onward. Stronger than usu-
al cyclonic circulation over the Northwest Atlantic during winter months
brought cold arctic air to coastal areas of Labrador and Newfoundland.
Our analyses show that Bonne Bay crab recruitment was only weakly in-
fluenced by this inter-annual variability  Figure 15!.

Starr et al. �994! have shown that C. opilio have developed efficient
mechanisms for synchronizing the release of their larvae with the
spring secondary production cycle upon which they depend for food. In
Bonne Bay, snow crab larvae releases are phased with the sedimentation
peak of phytopiankton particles originating from the surface spring
bloom, but with a delay of 2 to 3 weeks  Figure 7!. In laboratory, a signif-
icant induction of hatching of the broods of egg-bearing females is
obtained by applying extracts of senescent cultures of different phyto-
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plankters as opposed to controls  Figure 16!. These field and laboratory
observations suggest that snow crab can detect the presence of decay
products from the spring phytoplankton bloom. Whether the effect is
direct on the eggs or relayed by the egg-bearing female, larvae are re-
leased when food zooplankters feeding on the phytoplankton are most
abundant  Figure 7!.

Occasionally when northeasterly winds cause upwellings of colder,
nutrient charged intermediate water into the fjord during summer, one
would expect secondary blooms and enhanced trophic production. But
we found no positive effect of northeasterly wind components on the
success of snow crab recruitment through enhanced survival of larvae.

Missing cohort dynamics, a natural intra-population
source of recruitment fluctuations
The trawl samples taken in Bonne Bay over a period of 10 years show
that complete sequences or cohorts are missing in the catch  Figure 17!.
The dynamics may be that over a period of 10 years a sequence of about
three age groups will recruit successfully, grow to morphometric matu-
rity in about 8 years or more, and disappear by natural mortality, most-
ly from senility. From 1985 to 1991, only three recruited cohorts  year
classes 1980-82! have grown successfully but there was no subsequent
replacement. From 1992 to 1994, as morphometrically mature individu-
als started to disappear by senility, nonregenerating damaged shells and
lost appendages, a new flow of early benthic recruits started to appear.
This sequence of events illustrates how recruitment can be highly vari-
able from year to year in absence of a fishery. Some authors mistakenly
stated that in Bonne Bay the snow crab stock had been cropped down by
poachers, while as shown in Figure 17, the disappearance of commercial
size 95-130 mm carapace width males was simply explained as a lack of
renewal by early benthic recruitment in 1987-1988.

The dynamics of the population components juveniles and morpho-
metrically mature males, represented by swarms of points in Figure 18,
explains why certain authors relying on a one year static view of a snow
crab population  Figure 18 A! may have been misled in interpreting
snow crab growth. Such authors concluded that a terminal molt did not
exist because individuals could not grow in one molt from the maximal
size of juveniles to the maximal size of morphometrically mature. Fig-
ure 18 D represents a different stage of the population showing that
such a growth did take place, and that the gaps disappear when the age
groups are dynamically followed over several years.

The dynamics of the two population components juveniles and
morphometrically mature males in Figure 18 also shows how pulsed re-
cruitment generates shifts in the size distribution of the males  morpho-
metrically mature! which participate in multiparous mating pairs. When
a new age group reaches terminal anecdysis, the males participating in
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Figure 16. Results of laboratory experiments during which female snow crab car-
rying broods ready to hatch were exposed to seawater preparations
mimicking winter and spring conditions. The rows are replicates. The
replicates of the first column show how the broods reacted when con-
trol water collected in winter prior to any bloom was added to each
tank containing a female. The setsin the second and third columns
show how the broods reacted to winter seawater tinted with various
concentrations of senescent cultures of a diatom commonly found in
the Gulf of St. Lawrence, lt appears that the senescent cultures mimick-
ing residuals from a finishing bloom trigger quite efficiently the hatch-
ing of the eggs.
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Figure 18. Characteristic changes in snow crab population structure inside the
fj ord of Bonne Bay from 1985 to 1993. Allometric plots show the dy-
namics of the missing cohorts, Immature individuals  I! grow into juve-
nile Ij! which in turn grow into morphometrically mature  Mhi!. When J
molt into MM, very few I are found. It is inferred that AfM prey on I and
possibly also affect J.

mating with multiparous females are at first small, then over subse-
quent years the same cohort will produce larger and larger males reach-
ing terminal anecdysis and mating, until the whole cohort has reached
terminal anecdysis. Larger males exclude smaller ones from mating and
the pairs over a sequence of years will be made of larger and larger
tnales, until they disappear by natural effects of senility. Males who
reach terminal anecdysis earlier and at smaller sizes mate earlier with
multiparous females, but also have a shorter life expectancy.

These elements of information from Bonne Bay confirm fishermen
records from other areas of the Gulf that the alternating sequences of
good/poor recruitment years are a natural process. Intra-population reg-
ulations by cannibalism of terminal molters on molting immature and
juvenile crabs, of juveniles on immature, or induced growth stunting re-
sulting in molt skipping may be involved in generating the population
oscillations, while some type of environmental factor would be required
to phase these oscillations between partially isolated areas of the Gulf.
Cannibalism by morphometrically mature males on immature was ob-
served in situ by one of us  G.Y. Conan! during mini-submarine dives in
Bonne Bay. The high concentration of females in structured pods, and
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the dispersion of the males around the pods, suggest exchanges of infor-
mation by pheromones and metabolic regulations between individuals,

Conclusion
The Bonne Bay snow crab population and environment monitoring has
allowed us to decrypt the major successive events taking place in the
life history of snow crabs and to rectify previous erroneous interpreta-
tions on which some fishery management strategies were based. Our
conclusions  Conan and Comeau 1986! were sometimes based on an-
cient basic biology knowledge  Teissier 1933, 1935!, at first strongly
criticized  see reply by Conan et al. 1988a! as nonconforming with the
existing accepted trends of ideas, but have ever since frequently been
confirmed by later work from different authors in different areas  Ya-
masaki and Kuwahara 1991, Sainte-Marie and Hazel 1992!. It is impor-
tant to stress that fisheries management cannot be efficiently achieved
on the basis of simplified or erroneous biological assumptions. Model-
ing cannot supplement lack of information or inaccurate information, it
can only help to think on the basis of sound initial information.

The major difficulty in fisheries management is presently the under-
standing of recruitment processes. Great effort has been set in the past
on modeling relationships between parental stock and recruits, assum-
ing that environmental factors have random effects on recruitment, and
that natural populations tend to remain stable.

Our goal of decrypting step-by-step the recruitment processes of
snow crab in Bonne Bay has shown that, at least in this case, environ-
mental factors do not have random effects but are naturally responded
to by a population. The assumption of a naturally stabilized recruitment
destabilized by fishing is incorrect.

We have been able to show that some presumably important factors
such as egg production, ice cover, or oxygen depletion did not actually
seem to affect recruitment. In several cases such as match/mismatch of
larvae release with phytoplankton blooms, and larval advection, we
could identify a natural mechanism by which the population could react
and avoid unnecessary losses. This does not imply that all environmen-
tal effects can be efficiently buffered by a natural population. But under-
standing the population response mechanism under normal
circumstances may allow to understand and eventually correct in case
of extreme effects overwhelming the buffering potential of a population.

Conversely, the important fluctuations in abundance of fishable
crabs in Bonne Bay were not due to uncontrolled overfishing by poach-
ing, as had been hastily concluded. The most logical interpretation of
our observations is that the recruitment fluctuations are actually natural
and result from intra-population regulations. There is some indication
already that our Bonne Bay conclusions also apply to other areas of the
Gulf  Sainte-Marie and Dufour 1995!, and that there is a superimposed
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synchronization between areas by an external environmental factor.
This environmental factor could be the fluctuations in available space
for the extension of the species within ranges defined by depth of the
intermediate water layer. Recent extension of snow crab on the
Grand Banks of Newfoundland and into deeper water than usual  fisher-
men reports; to 500 m! seems to confirm this hypothesis.

The advantages of having oscillating population structures and well
contrasted benthic life stages with different morphologies remain to be
demonstrated. Changing population structure may be a protection
against predators, that may not evolve to specialize on a species which
is not available in stable quantities year after year. Cannibalism may
also be a means of occupying the food chain simultaneously at several
different levels for enhancing survivorship of reproductive adults.

The present major difficulty for managing the snow crab stock in
the Gulf of St. Lawrence results from these wide fluctuations in recruit-

ment that apparently cannot so far be regulated by any standard fishery
management strategy. Our actions are still limited under our present
state of knowledge. We can obtain reliable estimates and mapping of ex-
isting biological categories by quantitative trawling using the combined
Nephrops trawl, SCANMAR, GPS, and kriging technology. Using growth
schedules derived from following multiyear recruitment sequences in
the Bonne Bay observations, we can predict several years in advance the
occurrence of a successful recruitment to the fishery. We can decide
over how many years this recruitment will be harvested knowing that
the catch consists mainly of morphometrically mature males, that the
first year the crabs are white and of low commercial quality, the second
year of top quality and that afterward the quality degrades by loss of
nonregenerating legs and fouling of the carapace. We can provide annu-
al maps to the fishermen predicting where the best quality crabs and
the low quality crabs are located.

However, we cannot yet stabilize recruitment and actually "protect"
the stock from so-called "recruitment overfishing" because we have no
elements to define such an overfishing. The goal of stabilizing fisheries
yield year after year may be economically rewarding. Several strategies
could be assayed in a relatively isolated location such as Bonne Bay by
selectively removing certain components of the stock, such as the termi-
nal molters and observing what structure of remaining standing stock
would produce a steady flow of recruits. On the long run however, we
have yet no elements allowing to predict whether this would increase
the cumulative fishery yield over years. Only further experimental and
basic population biology work would allow us to proceed.

We would recommend that the Bonne Bay fjord, which is located in
the vicinity of the Gros Mome National Park, be used as a permanent
monitoring and experimental base for snow crab research. Complement-
ing the existing series of information and proceeding with planned fish-
ing experimentation in situ would allow to further test our hypothesis
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of missing cohort dynamics and to solve many remaining unknowns in
the process of recruitment of snow crab stocks,
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Abstract
Historically, Bering Sea fishermen, management, and research agencies
have had difficulty in differentiating among Tanner  Chionoecetes bair-
di!, snow  C. opilio!, and Tanner x snow putative hybrid crabs due to
similarities in morphology. A computer vision-based crab classification
system is under development which is highly accurate in identifying
Tanner and snow crabs and hybrids of these two species. The system
correctly classified all Tanner and snow crabs in samples of 120 crabs
from each species. It misclassified 1 out of 120 hybrids examined.

Introduction
Tanner  Chionoecetes bairdi Rathbun! and snow crabs  C. opilio [O. Fabri-
cius]! have comprised large commercial fisheries in the Bering Sea in re-
cent years. Hybrids of the two species were first recognized in the
eastern Bering Sea in 1969  Karinen and Hoopes 1971!. Genetic identifi-
cation of the two species and hybrid was confirmed by Johnson �976!
and Grant et al. �978!. Estimates of total abundance of male hybrids in
relation to total abundance of male Tanner and snow crab, has been esti-
mated to approach 20%  Grant et al. 1978!.

Both species are very similar in morphology to each other. The hy-
brid, due to a range of intermediate characteristics between the two spe-
cies, can be very difficult to distinguish from either a true snow or
Tanner crab. Hybridization has also been reported for this genus be-
tween C. opilio and C. Japonicus Rathbun in the Japan Sea  Nishimura
and Mizusawa 1969!.

The author, as contract administrator, developed this paper from reports prepared by Dr. Adb Tewfik
of the University of Minnesota who developed the system under contract to the Alaska Department of
Fish and Game.
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System Development
A four-phase approach is being used to develop this system; �! collec-
tion of specimens, �! genetic identification to species or hybrid, �! car-

The Alaska Department of Fish and Game  ADF&G! manages fisheries
for both species with separate seasons, catch quotas, and size limits. The
difficulty in distinguishing the species and hybrids has led to problems
for both industry and agencies managing and researching these fisheries
 Gay 1991!. Recently, in snow crab fisheries, the inability to separate Tan-
ner, snow, and hybrid crab has resulted in the retention of sublegal Tan-
ner crab, sold as snow crab  ADF&G Emergency Order No. 4-s-06-91!.

Fishermen claim that in many instances it is impossible to discrimi-
nate between the species, especially when commingled with hybrid
crabs, or when fishing in the Bering Sea in the winter and at night. Man-
agement of individual fisheries is difficult because of overlap in Tanner
and snow crab habitat, the presence of a hybrid zone, and the recogni-
tion problem. For example, ADF&G estimated that as many as 10 million
Tanner crabs were harvested during the snow crab fishery in 1991, a
harvest equal to the directed fishery for Tanner crab.

There was a large economic cost associated with this crab identifica-
tion problem, Fishermen were paid $0.50/lb for snow crab and $1.50/Ib
for Tanner crab in the respective 1991 fisheries. The 10 million Tanner
crabs sold as snow crabs would have been worth approximately $10 mil-
lion more ex-vessel had they been sold as Tanner crabs during the next
Tanner crab season. Also fishers caught 10 million fewer snow crabs
due to filling the snow crab quota with Tanner crabs, which would have
been worth $5 million. So, fishers may have lost about $15 million dur-
ing the 1991 season because of this problem.

This economic ex-vessel loss is multiplied when considering lost
shoreside processing and employment opportunities. In addition, lost
opportunities to harvest hybrid crab, which have been estimated to be
as high as 20% of the Bering Sea population of snow and Tanner crabs,
were not considered and would add to the overall loss.

From a species conservation and management perspective, the iden-
tification problem increases the potential for overharvesting Tanner
crabs. Perhaps even more of a concern is the harvest of undersized Tan-
ner crabs which have not reached sexual or functional maturity.

To overcome this identification problem ADF&G, in conjunction with
lnfoPet Identification Systems, Inc.  Minneapolis, MN! and the University
of Minnesota, is researching electronic crab identification. This paper
describes the consortium's efforts in developing a computer-based im-
age acquisition system that uses visual features and measurements of
visual features in differentiating between snow and Tanner crabs and
their hybrids,
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apace imaging, and �! development of species identification system
and training.

Collection of specimens
ADF&G personnel sampled crabs at the dock during the 1993-1995
Bering Sea Tanner and snow crab fisheries. Capture location, carapace
width, shell age, and species morphological identification were record-
ed. A sample of muscle and heart tissue were collected from each crab
as described by Merkouris et al.  in prep!. The carapace from each crab
was collected intact, labeled, and retained.

Genetic identification of specimens
Muscle and heart tissues were analyzed at the ADF&G genetics lab in An-
chorage using standard horizontal starch gel electrophoresis methods.
Merkouris et al.  in prep.! provide a thorough description of techniques
employed. Results were compared to established genetic markers used
to separate these two species and hybrids. Each carapace was then la-
beled as a Tanner, snow, or hybrid crab.

Crab carapaces, along with their genetic identification to species or
hybrid, were sent to the University of Minnesota's Computer Science and
Engineering labs where image analysis of the carapaces and system
training were completed.

Carapace imaging � system overview
The system designed for this task consists of image acquisition, image
processing, and classification. Image acquisition is accomplished by the
use of a grayscale video camera which captures the image in a digital
electronic form. The image is then processed in three stages  Figure 1!:

1. Image correction: We need to correct blurs  due to motion, focus
mismatch, etc.! and carapace position and tilt errors in image.

2. Feature enhancement.

3. Extraction: The identification software uses the outline of the cara-
pace and certain measurements extracted from that outline to iden-
tify the crabs. This outline is extracted by performing various
filtering operations on the acquired grayscale image.

These operations produce a sequence of edge images from which
only the edge corresponding to the carapace outline is retained. The
measurements  length, width, area, and perimeter! are then computed
from the outline using pixel counting and direction estimation.

Image classification is accomplished by use of a tree classifier which
involves two stages:
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Figure I. General overview of a computer vision-based crab classification sys-
tem.

1. A binary hypothesis test identifies which of two hypotheses is cor-
rect; e.g., is this a snow crab or is it not? The test requires the com-
putation of a single scalar  the test statistic! and compares it with a
threshold determined during the testing stage.

Hardware overview

Image acquisition is accomplished using a Panasonic CCTV B/W video
camera  model WV-BD400! with a Rainbow manual zoom lens  model
s6x11-1.4-ll!. The camera is mounted on a stand with lighting and is ca-
bled to an IBM PS/2 486 personal computer with 12 Mbytes RAM, 212
Mbytes of hard disk space with maximum access time of 15 msec  Fig-
ure 2!. The configuration chosen uses an Intel 80486 DX2 CP unit run-
ning at 66 MHz and a precision frame grabber data translation board
 model DT2867-LC!. The computer is cabled to a color video monitor.

Software overview
The system's software consists of three levels  Figure 3!.

Level 1  lowest level! acquires and corrects images. This level uses
image correction and enhancement routines developed by the Universi-
ty of Minnesota and found in the Global Lab Image package, a commer-

2. To minimize the probability of a classification error, the system per-
forms sequencing tests: ratios of length to width and the shape of
the carapace, etc. Some tests are more complex than others, The
software orders the tests by complexity and performs them sequen-
tially. It stops when it has obtained a classification decision with the
desired reliability.



Symposium on High Latitude Crabs 103

Figure Z. Hardware overview for a computer vision-based crab classification sys-
tem.

Figure 3. Software overview for a computer vision-based crab classification sys-
tem.
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cial software package written by Data Translation. The image correction
and enhancement routines correct for blurs, and position and tilt errors
in the crab carapaces and perform image transformations to facilitate
edge detection. A final routine extracts the contour of the carapace after
identifying the outer edge in the image produced by Global Lab.

Level 2  middle level! is the heart of the software. In this level, mea-
surements are taken from the carapace edge image and the signature of
the image is also formed, The measurements are taken by integrating
several low-level routines provided by Global Lab. These extracted fea-
tures are then used by the tree classifier in conjunction with various
tests to arrive at a crab classification decision.

Level 3  upper level! provides a user-friendly interface allowing a
user to run the system using plain English commands from automated
pull-down menus.

Development of species identification system and
training
Tree classi fiers
The recognition software arrives at a classification decision by perform-
ing a sequence of tests, This sequence is described by a decision tree
 Figure 4!. Each test is based on a test statistic, s,, and a threshold value,
t,. The threshold value t, is estimated during the training phase from
the available crab carapaces. The statistic s, is computed from either a
pair of measurements or a weighted difference between the carapace
shape and average carapace shapes for the two species and hybrid. The
test result determines the branch of the decision tree that the software
follows. The branch can lead to a terminal node  square! indicating that
the software has reached a classification decision with the desired cer-
tainty. It can also lead to an intermediate node  circle! that corresponds
to another test that the system must perform next. The shape of the de-
cision tree and the certainty associated with each terminal node are de-
termined during the training phase.

The s, statistics that are based on a characterization of the carapace
shape are computationally more expensive than those that are based on
measurements. Therefore, the software first uses the computationally
less expensive tests that are based on measurements. If these tests fail
to identify the crab with the desired accuracy, it uses more complex
tests that are based on the carapace shape.

Length/width discrimination
The ratio of the length to width of a carapace is one of the statistics con-
ventionally used to identify and separate Tanner from snow crabs  Garth
19S8, Takeshita et al. 1969, ADFAG 1992!. The scatter plot  Figure 5!
shows the distribution of this statistic for 120 crabs of each of the two
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Hybrid further tests!5hOII

Figure 4. System tree ciassifiers for a computer vision-based crab ciassification
system.

species and hybrids in this study. Figure 5 indicates that if this statistic
is between the lower and upper threshold, unambiguous identification
is achieved if the value is not within the spread of the other species or
hybrid. If that statistic overlaps values within the spread of the other
species or hybrid, then other tests have to be used. The exact thresh-
olds are determined from the training set using cross validation tech-
niques  Breiman 1984!.

Cross validation is an approach that allows building a more reliable
model with a small data set. It is based on a repeated decomposition of
the sample set into different training sets and test  validation! sets. Us-
ing different training and testing sets, estimates of model parameters
are fixed and their applicability to other data sets can be assessed.

Perimeter/area discrimination

The perimeter to area ratio of a carapace is another statistic used to
identify crabs, The scatter plot  Figure 6! shows the distribution of this
statistic for 120 crabs of each species and hybrid. Numbers I to 120 are
Tanner crabs, 121 to 240 are hybrids and 241 to 360 are snow crab. The
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Figur e 5. Length/width discrimination for a computer vision-based crab classi fi-
cation system, Tanner crabs are numbers 1-120, hybrid crabs are num-
bers 121-240, and snow crabs are numbers 241-360. The horizontal
lines indicate the lower and upper limits of this statistic by species/hy-
brid. The vertical lines separate the species/hybrid.

Signature based recognition
The signature of an object is a one-dimensional representation of its
contour  Figure 7!. Specifically, it is a plot of the distance from a fixed
point within the object to its contour as a function of angle. The angle is
traced in a clockwise direction. The fixed point must be invariant to ro-
tations and translation of the object. Normalized signatures were used
to account for differences in carapace size.

horizontal lines indicate the lower and upper limits of this statistic for
each species and the hybrid. Figure 6 indicates that if this statistic is be-
tween the lower and upper threshold unambiguous identification is
achieved if the value is not within the spread of the other species or hy-
brid. If that statistic overlaps within the spread of the other species or
hybrid, then other tests have to be used. Thresholds are determined
from the training set using cross validation techniques.
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Figure 6. Perimeter/area discrimination for a computer vision-based crab classi-
fication system. Tanner crabs are numbers 1-9 20, hybrid crabs are
numbers l21-240, and snow crabs are numbers 241-360, The horizon-
tal lines indicate the lower and upper limits of this statistic for each
species and the hybrid. The vertical lines separate the species/hybrid.

Signatures of crabs
Figure 8 shows the average  " prototypical" ! normalized signature for
each species and hybrid. This signature is a plot of the distance from
the center of mass of each carapace to its outer edge as a function of an-
gle measured in a clockwise direction; 120 such plots were obtained for
each species and hybrid and then averaged.

Signature based recognition involves acquiring the image of the car-
apace and computing the weighted distances between the signature of
the carapace and the average signatures that correspond to the two spe-
cies and hybrid. in particular, the system declares a given crab carapace
to correspond to class A if the signature of this carapace is closest to the
average signature of crabs in class A, Closeness is measured using a
weighted distance that emphasizes certain directions and de-emphasiz-
es or ignores other directions.
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Figure 7. Signature based recognition. The signature of the carapace is derived
by a series of measurements from the center of mass to the contour of
the carapace as a function of angle. The measurements are then plot-
ted as a one-dimensional representation of its contour.
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Figure 8. Signatures of crabs. The average  " prototypical" ! normalized signature
corresponding to the two species and hybrid is depicted. This signature
is a plot of the distance from the center of mass of each carapace to its
outer edge as a function of angle measured in a clockwise direction.
N = 120 for each species and hybrid.

cr 0.9
I

CI
'e~ 0.85

+o 08

Donaldson � Computer Vision-Based Crab Classification System



Symposium on High Latitude Crabs 109

There were several technical concerns addressed by the consortium:

1. Speed of computation: To increase computational speed we attempt-
ed to simplify signature computation, because computing signa-
tures by measuring distances from the center of mass of the
carapace to its outer edge is computationally expensive. The main
costs of this operation are associated with the identification of the
center of mass of the carapace, A simple alternative approach to
compute distances from the center of the smallest rectangle that en-
closes the carapace was unfortunately less reliable because of the
sensitivity of the shape of the enclosing rectangle to small changes
in the contour of the carapace.

2. Directions to emphasize or ignore in computing distances: When
computing distances between signatures, variability of the signa-
tures about each average signature must be considered. In particu-
lar, changes along certain directions must be de-emphasized,
whereas changes along other directions need to be neglected be-
cause they would correspond essentially to inaccuracies in the
image.

Figure 9 shows the two points that we can use to determine signa-
tures. These two points are the center of mass of the carapace or the
center of the smallest enclosing rectangle. Note that this latter point can
be unambiguously determined because the software automatically ro-
tates the carapace so that the eye orbits point upwards.

An illustration of why the distribution of signatures around each av-
erage signature must be taken into account when computing distances
is provided in Figure 10. The ellipse represents the scatter of signatures
from that class around the average of a crab class  the center of the el-
lipse!, The distance from the center of the ellipse to its edge along a par-
ticular direction indicates the amount of variability in the signature
values along that particular direction  note that all signatures are nor-
malized signatures!.

Three cases are shown. In Figure 10a, variability is the same in all
directions for the two species and hybrid. In Figure 10b, variability is
different in different directions but is the same for all three classes. In
Figure 10c, variability is a function of both class and direction.

As mentioned before, the system declares a given crab carapace to
correspond to a class  A, B, or C! that is closest to the average signature
of crabs in the class. Closeness is measured using a weighted distance
that emphasizes certain directions and de-emphasizes or ignores other
directions.

To determine whether a signature is closest to the average signature
corresponding to class A, B, or C, the distribution of signatures in the
clusters around each average signature is considered. Directions that
correspond to wide variability must be de-emphasized. Directions that
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~ Signatures computed from the center of mass or
the center of rectangle that encloses the carapace?

center of mass

 center of rectangte!

Figure 9. Generalized depiction of signature computation from centers of
mass  x! and smallest enclosing rectangle.

~ Weighting distance measurements:
hoer is the data distributed?

Figure 10. Generalized signatures and data distribution. Each ellipse represents
the scatter of signatures from a distinct crab class  Tanner, hybrid and
snow! from the average of a crab class  center of ellipse!. in 10a the
variability is the samein all directions, in 10b the variabilityis differ-
ent in different directions but is the same for all classes, and in 10c the
variability is a function of both class and direction.
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correspond to no or little variability must be treated with care because
that could etnphasize noise. On the other hand, some of these direc-
tions may provide the best discrimination between the three classes.
Part of the experimental work involved determining which directions of
small variability to retain and which to ignore.

Signatures from center of mass
Figure 11 summarizes the accuracy of the discrimination test based on
signatures computed from the center of mass of the crab carapace.
Numbers 1 to 60 were Tanner crabs, numbers 61 to 120 were hybrids,
and numbers 121 to 180 were snow crabs. Sixty crabs from each class
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Signature measured from center of mass

Signatures measured from the center of mass. The vertical axis denotes
the crab class. Number 1 denotes the Tanner crab class, 2 denotes hy-
brid, and 3 denotes snow crab. The horizontal axis indicates the num-
ber associated to each crab carapace in the testing set. Numbers 1-60
were Tanner crabs, numbers 61-120 were hybrids, and numbers 121-
l80 were snow crabs. Signatures measured from the center of a rect-
angle.
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Signature measured from center of enclosing rectangle

Figure 12. Signatures measured from the center of a rectangle. The vertical axis
denotes the crab class. Number 1 denotes the Tanner crab class, 2 de-
notes hybrid, and 3 denotes snow crab. The horizontal axis indicates
the number associated to each crab carapace in the testing set. Num-
bers 1-60 were Tanner crabs, numbers 61-120 were hybrids, and num-
bers 121 -180 were snow crabs.

were used to train the system  i.e., determine the average signature cor-
responding to each crab class and the variability around the signature!.
The plot indicates that only one hybrid was misclassified as a Tanner
crab, All other 179 crabs were correctly classified.

Signatures from center of enclosing rectangle
Figure 12 summarizes the accuracy of the discrimination test based on
signatures computed from the center of the smallest rectangle that en-
closes the crab carapace. We used sixty crabs from each class to train
the system. The plot indicates that two hybrids were misclassified as a
Tanner and one Tanner was misclassified as a hybrid. AH other 177
crabs were correctly classified.
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Comparing Figures 11 and 12 indicates that the test based on the
signature measured from the center of mass of the crab carapace is
more reliable than the method using the center of the smallest rectangle
that encloses the crab carapace. This is due to the sensitivity of the
shape of the enclosing rectangle to small changes in the crab contour
that may be due to errors in the acquisition process, e.g. noise, shad-
ows, etc.

Continuing Investigations and Goals
An expert computer vision-based crab classification system has been de-
veloped that is highly accurate in identifying Tanner, snow, and Tanner
x snow putative hybrids. The system, once launched, automatically
takes a picture of the crab carapace, and produces its classification deci-
sion based on features that it has acquired or measured from images
taken by the video camera,

The system, as it now exists, correctly classifies all Tanner and snow
crabs in the current sample �20 crabs from each species!. It misclassi-
fies one out of 120 hybrids in the current sample. The initial version of
this system is deemed usable onboard research vessels and in a labora-
tory setting.

The system accuracy is as good as the sample size used to train it.
The carapaces of an additional 1,080 genetically typed crab of Tanner,
snow, and their hybrids will be used to train and refine the system.

Continuing investigations include �! study of the effect of carapace
size variability on recognition accuracy, �! king crab  Paralithodes cam-
tschaticus! carapaces may be examined for intraspecific morphological
differences between geographical areas, �! study possible intraspecific
morphological differences between Atlantic and Bering Sea snow crab,
and �! produce a weather-resistant field system which can be used on
fishing vessels.
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Introduction
Individual transferable quotas  ITQs! have become an increasingly popu-
lar means for managing fisheries because they offer the potential to
solve the common property problems of overcapitalization and rent dis-
sipation. These ubiquitous commercial fisheries problems were first de-
scribed in a seminal article by H, Scott Gordon �954!. Thirty years later,
Munro and Scott �985! classified two types of common property prob-
lems. Class I common property problems occur when there is no regula-
tion of the fishery. In this situation, there is excessive entry into the
fishery, resulting in a race-to-fish with its associated dissipation of re-
source rents and also depletion of the resource. Class II common prop-
erty problems occur when the fishery is managed to prevent the
depletion of the resource, but the regulation fails to adequately control
the intensity of the fishing effort. The resulting race-to-fish and dissipa-
tion of resource rents follow from excessive investment and competi-
tion for the limited resource.

The Bristol Bay red king crab fishery is an example of a Class II com-
mon property fishery, which is why it and other North Pacific crab fish-
eries are being considered for ITQ management. Once a multiple
month-long fishery, the Bristol Bay red king crab has been reduced to a
week-long derby, if the season is not closed altogether, ITQs might offer
the potential to reverse this race-to-fish and restore economic health to
this industry,

Any new management proposal, however, needs thorough consider-
ation before implementation to ensure that promised benefits are real-
ized. Careful prior analysis of ITQ management in the Bristol Bay red
king crab fishery is especially prudent given the historical commercial
importance of this fishery to both the state of Alaska and the nation  see
Otto and Dyson 1985, Blau 1985!. But there is another reason why the
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efficacy of ITQ tnanagement should be examined in the context of this
or other North Pacific crab fisheries. ITQ managetnent is predicated
upon managers being able to establish an annual total allowable catch
 TAC! consistent with maximum sustainable yield or other conservation
oriented goal. To date, crab managers have not been able to define such
a TAC, despite a preseason trawl survey to assess stock abundance and
harvestable surplus. Both the initial biomass and the TAC remain uncer-
tain. Consequently, the fishery is managed for maximum sustainable
yield with two principal tools: �! a guideline harvest level  GHL! based
on a preseason estimate of the harvestable surplus from the trawl sur-
vey, and �! in-season management that ostensibly monitors catch per
unit effort  CPUE! in order to close the fishery by emergency order. The
inevitable catch quota or TAC is not actually known until after the sea-
son is closed and all crabs are landed, Input controls  e.g�gear restric-
tions! also are used by managers to limit fishing effort. However, input
substitution tends to undermine or negate the impact of these controls.

This paper provides a preliminary examination of the role of uncer-
tainty in managing the Bristol Bay red king crab fishery with ITQs. Since
the research is ongoing, the purpose of this paper is to illustrate poten-
tial consequences of uncertainty. We do this by comparing ITQ models
with and without uncertainty.

ITQs with Certain TAC
It is instructive to see why a certain TAC is important to realizing all of
the purported economic efficiency benefits of ITQ management, ITQ
management is a form of rights-based fishing. Individual fishers are
awarded a share of the overall quota or TAC, normally based upon his-
torical catch performance in the open access fishery. These quota shares
co< then act as an output constraint on the fishers, such that no fisher
can catch more than  cof'!TAC amount of fish. Each operator then can de-
cide whether and how to fish his/her quota shares. This simple assign-
ment of rights to a percentage of the TAC prevents the race-to-fish
because fishers now know the quantity of fish they are allowed to catch.
With no need to race to catch fish, operators should use the most eco-
nomical  minimum cost! mix of capital, labor, and other inputs so as to
maximize profit.

Operators who decide not to fish their quota shares are free to
transfer  sell or lease! part or all of them to other fishers. This transfer-
ability feature makes ITQ management akin to an industry sponsored
buyout program. Profit maximizing fishers will weigh their earnings po-
tential if they remain in the fishery versus exiting the fishery by selling
or leasing their quota shares to more efficient vessels. The more effi-
cient  lower production cost! vessels will be willing and able to purchase
 lease! the fishing rights from the less efficient  higher production cost!
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maxL= max PY,� C< Y<! � s m~TAC+ <Al  <m+m~jTAC � Yj   !
Yf AaoAf Yf,t9fgt

The composite term PYf � C Y! represents fishing revenues, PY minus
direct fishing costs, C< Y!. This composite term normally is thought of
as profit in the absence of ITQ management. The next term, stoTAC, is
the value of the leased/rented quota share, assuming the TAC is known
with certainty. Since quota may be acquired by leasing it from other ves-
sels  tof > 0! or transferred to another vessel by leasing out quota shares
 to< < 0!, the value of traded quota may add to costs or revenues, respec-
tively. The final term, ALt[ co< + to<! TAC � Y<], is the constraint that re-
stricts the harvest of the f'" fisher to equal the post-trade quota
position.

The market equilibrium solution to �! is characterized by the corre-
sponding Kuhn-Tucker conditions.

�,1!

8L = [1< � s]TAC =0
aco,

�.2!

� =  o!'+to !TAC � Y  � ! foraa, <=01 $ >0
a~ = t' f t >0! .~ 0

f
�-3!

vessels. Surplus fishing capacity is voluntarily eliminated which assures
additional economic rents will be generated. The less efficient operators
will be bought out by the more efficient operators such that the sellers
are fully compensated for leaving the fishery. Maximum overall efficien-
cy will be attained simply because an ITQ system allows the fisher to
choose both the catch level and the corresponding quantity of quota
shares so as to maximize profit, subject to the constraint that the quan-
tity harvested cannot exceed the initial quota share endowment adjust-
ed by the purchase or sale of quota shares.

This promise of maximum efficiency can be shown more formally.
The amount of fish that can be harvested by the fisher is given by
Y< �  to< + to<! TAC and the transfer of quota is constrained by tof + tof > 0,
where to< > 0 is the amount of quota the fisher leases from others, while
to< < 0 is the amount the fisher rents out to others. [Note: For the sake
of analytical simplicity, we consider only annual quota transfers  rent-
ing/leasing! for the remainder of this paper. This representation causes
no loss in generality.] Letting s represent the annual quota share rental
price, the individual fisher's profit tnaximization problem  absent fixed
costs! is given by the Lagrangian expression in equation �!.
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These simultaneous equilibrium conditions provide economic in-
sight into individual fisher behavior under ITQ management. The
Lagrangian multiplier 1 represents the marginal value of a unit of quota
share to the fisher. Condition �.2! implies that the marginal value of
quota share must equal its market rental price if the fisher is in a profit
maximizing equilibrium. It follows from equations �.1! and �.2! that
the profit maximizing fisher will lease out all of his /her initial quota
share endowment co<, if the net value of fishing that quota share is less
than the value that could be earned by leasing it to someone else,

Conversely, the profit maximizing fisher will acquire more quota share
if each unit of landed fish yields a profit greater than the cost of leasing
additional quota share from someone else,

8C
P � > s.

BYt

Equation �.3! states that quota shares have value only if the final share
of the TAC exactly equals the catch. This one-to-one mapping of quota
shares into catch requires the TAC to be known with certainty. If the TAC
is uncertain, as in the case of Bristol Bay red king crab, one thing is
known for sure; the Kuhn-Tucker conditions stipulated in �.1!-�.3! do
not characterize profit maximizing behavior under ITQ management.

This conclusion poses something of a policy conundrum. Despite
decades of economics literature espousing the efficiency merits of ITQ
management, none of that literature addresses the behavioral implica-
tions of uncertainty of stock and TAC. Yet, as Charles �988! notes, one
ought to regard such uncertainty as the norm.

For fishery managers charged with the responsibility for operat-
ing the fishery in a manner which most closely achieves man-
agement goals, it is in-season decision making which is most
critical. Typically, the inherent conflict faced by the manager
centers on the balance between maxitnization of harvest levels
for the fishermen and achievement of resource stock manage-
ment objectives. This problem is complicated by the very na-
ture of fish stocks � namely, that they are not observable, and
are difficult to evaluate, particularly prior to the start of the
fishing season,  P. 599!
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Incorporating Uncertainty
Baseline uncertainty model

Uncertainty related to the compelling need for in-season crab man-
agement begs the question whether ITQ management will, in fact, elimi-
nate the race-to-fish and deliver protnised economic efficiency benefits.
These questions can be answered only by reformulating the convention-
al, "certain" model specified in equation �!. Equation �! characterizes
the same behavioral model given in equation �! except that:  a! discrete
fishing periods within a season  e.g., days! are introduced, and  b! har-
vest is expressed in its tnore elemental components of catch per unit of
effort  CPUE!, which is conditional on the biomass at the beginning of
the period, times effort  e!.

Maxft = f[P CPUEjf ~ Xj '!ejfj � VC ejf! � sojfTAC f � 1,2,...,F �!
e> f, ,ejf j=l

subject to:

It is apparent from equation �! that uncertainty has a profound im-
pact on the behavior of individual fishers, and thus the fleet. Since the
initial stock, X', is unobservable, both X' and TAC are uncertain. It fol-

where:

e.f
j
p

CPUE.
Xj-'
VC

F

s
~0

f
cof

X' ' = X' � g g  CPUE�f ~ X" '!el f
1=1 f=l

X CPUEjf~ X" '!ef < ojf'+tof!TAC f = 1,2,...,F
j=1
F
$ tof � � 0
f=1

fishing effort of the f'" firm in the j'" period
total number of fishing periods, j= 1,2,...J
ex-vessel price
catch per unit of effort for the f'" firm in the j'" period
biomass at the end of the j-1 period
variable costs

total number of firms, f= 1,2,...,F
market price for quota
initial quota share allocation to the f'" firm
amount of quota traded by the fl" firm
  tof ! 0 is purchase, fof   0 is sale!
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lows that CPUE also is uncertain because at any point in time it is a func-
tion of an uncertain biomass. [Note: CPUE is defined as the number of le-
gal crabs per potlift. Even if biomass were certain the relationship
between CPUE and stock  X! is not exact.] In-season management adds to
the fishers' uncertainty. The fishery may be closed by emergency order
at any point in time so that the total number of periods, J, is stochastic.
Finally, it should be noted that these various sources of uncertainty are
not all independent of each other.

The implications of uncertainty in equation �! is that this behavior-
al model is a discrete time stochastic control problem. No analytical so-
lutions analogous to equations �.1!-�.3! exist. Insight into firm
behavior can be gained through numerical simulation, however, Such
computer simulation involves tracking the evolution of the system  as
reflected in this model! as time is sequentially increased. In essence, the
values of random variables are generated on a computer, yielding the
necessary information to obtain estimates of the quantities of interest
 Law and Kelton 1991!. The advantage of simulation is that it allows
analysis of realistic models of real-world systems that are too complex
to evaluate analytically. Examples of other numerical simulations to
study fisheries include Dudley and Waugh �980! and McDaniels �995!.

Extensions to the baseline uncertainty model
Meaningful and informative simulations must incorporate available

information to both fishers and managers, We contend that most fishers
do not literally attempt to implement the equation of motion specified
in equation �! because it would require the individual fisher to know
the behavior of every other fisher in the fleet. Instead, we assume that
fishers form expectations on the trajectory of the crab stock by using a
more "myopic" equation of motion. A myopic equation of motion is
based on the assumption that the total catch by the fleet in any period
will be proportional to the stock level. Johnson �991! found evidence of
a linear relationship between CPUE and biomass levels for red king crab
in the Kodiak fishery. This linear relationship supports our assumption
that the total catch will be proportional to biomass levels. While
Johnson's study was based on seasonal averaged CPUE and yearly biom-
ass levels, it is our intention to use an intra-seasonal CPUE function.

Use of a myopic equation of motion combined with accumulating in-
formation as the fishing season progresses will allow both fishing firms
and managers to update their decisions sequentially as the season
progresses. Although CPUE may not be a good indicator of biomass
 Morrison 1995, Kruse 1995!, CPUE data and estimates of harvest-to-date
currently are the basis for in-season management/emergency closure.
This same information also can be used by fishers to update their myo-
pic equation of motion, and therefore revise their level of fishing effort
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and quota trading decisions  subject to market clearing conditions!. The
sequential updating process is illustrated in Figure 1. Formal mathemat-
ical representation of this process was still under development at the
time this paper was written.

The goal of fishery managers is to allow the GHL to be harvested, un-
less there are reasons to do otherwise, The managers use the daily CPUE
data from a sample of vessels in the fleet along with estimates of catch-
to-date. If the CPUE falls rapidly to a lower than expected level and stays
at that level, the stock is presumed "at risk" and the season may be
closed by emergency order before the GHL is obtained. Alternatively, if
the GHL is almost caught and the CPUE remains above a critical CPVE, the
season may be allowed to continue beyond the GHL. Currently, the Alas-
ka Department of Fish and Game  ADFBG! tries to inform the fleet of the
estimated catch-to-date by announcing its estimate every other day. This
information allows fishers to update their myopic equation of motion.

An additional consideration must be addressed when attempting to
simulate firm or fleet behavior under ITQ management, given the pres-
ence of uncertainty. ITQ management may induce firms and policy mak-
ers, alike, to fundamentally alter current harvesting practices and
regulations. For example, pot limits were imposed by the Alaska Board
of Fish in 1993 in an attempt to reduce effort and gear loss, and to re-
distribute effort by vessel length. Vessels less than or equal to 125 feet
may fish up to 200 pots, whereas vessels greater than 125 feet may fish
a maximum of 250 pots. This pot limit policy had the ancillary effects of
decreasing soak time and increasing variable costs of harvesting. Relax-
ing the pot limit could increase the soak time and decrease variable
costs. Perhaps more important, sufficiently long soak times �-7 days!
combined with larger escape panels should lessen by-catch of smaller
crabs, decrease handling mortality, further reduce the variable costs of
crabbing, and help promote greater overall stock vitality and conserva-
tion. Simulation affords an opportunity to examine each of these possi-
bilities prior to implementing or rejecting ITQ management of red king
crab.

Conclusions

It is premature to draw conclusions concerning the efficacy of ITQ man-
agement in North Pacific crab fisheries � Bristol Bay red king crab, in
particular. One thing seems certain, however. The presence of uncertain-
ty and its associated use of in-season management raises questions as
to the extent to which ITQ policies can help rationalize overcapitalized
crab fisheries. The extent to which promises of fleet consolidation will
proceed is unclear as is whether the race-to-fish will be minimized, or
even lessened.
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Preseason
Information

ADFkG
Announces GHL

Figure 1. Fishing process under ITQs. GHL = guideline harvest level.
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It is equally unclear whether there are effective or necessary ways to
lessen the impact of uncertainty. For example, the season could be di-
vided into two seasons. A certain TAC less than the GHL could be estab-
lished for the first season of a specified length. A second season then
could be established after first season closure, and managers update
and refine their stock forecast and determine whether the allowable

catch can be increased. Any uncertainty would occur only in this second
season. Such a potential management structure should be evaluated for
its policy merits. This evaluation would include establishing appropriate
decision criteria for determining the first TAC and season length, and
whether the second season should be governed by a certain TAC or a
GHL combined with in-season management.
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Abstract
The giant  or king! crab Pseudocarcinus gigas  Milne Edwards! is distrib-
uted along the southern margin of the Australian continent, principally
in the depth range 119-366 m and at temperatures of 10-18'C. Maximum
weight attained is 13.6 kg for males and 6 kg for females. Crabs are tak-
en using modified lobster pots incorporating long-life baits and employ-
ing soak times of 48 to 72 hours. Crabs are exported live to Asia. The
fishery has expanded rapidly over the last 4 years due to strengthening
markets and a shift of fishing effort from southern rock lobster  Jasus
edwardsii!. The basic biology of the species is not known. The data upon
which this study is based has been generated by a network of cooperat-
ing fishermen across the four southern Australian states. Population
structure has been assessed in fished and unfished areas across the geo-
graphic range of the species. A unique "double T-bar" tag has been de-
veloped to study growth and movement, and 7,000 tags were inserted in
1994.

The fishery appears to consist of a single stock across southern
Australia. Changes in population structure attributable to fishing mor-
tality can be detected in some populations after a year. Movement of an-
imals is related to reproduction  berried females move into shallower
water! and molting  larger males move into deeper water to molt and
possibly to mate!, Females store sperm in spermathecae and may spawn
in consecutive years without molting. In virgin stocks only 50% of ma-
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ture females spawn in a given year. Mating first occurs in June/July soon
after molting. Spawning first occurs in June/July with clutch size vary-
ing from 0.5 to 2 million eggs depending upon female size. Berried fe-
males migrate to the top margin of the continental shelf break as
hatching approaches in November/December. Size at sexual maturity
has been established. Fecundity appears to be high and the species may
have large molt increments. The features of the life history of P. gigas
are discussed with reference to possible effects on the stability of the
fishery. On the basis of data collected to date, legislative constraints on
the taking of berried females, vessel numbers and gear quantity, season-
al fishing, and minimum size at first capture have been introduced.

Introduction
Pseudocarcinus gigas is distributed across the southern coast of Austra-
lia from the Perth canyon in southwestern Western Australia  WA! to cen-
tral New South Wales  NSW!  Kailola et al. 1993!  Figure 1!. It is found at
depths from 18 to 400 m  Winstanley 1979! with the greatest concentra-
tion of the population occurring on the shoulder of the continental shelf
break at depths between 140 to 270 m  unpublished data!. This is some-
what deeper than recorded by Jones and Morgan �994! as previously
most crabs were taken as a bycatch from rock lobster fishing operations
in shallower water. Maximum size recorded for a male of the species is
at least 13.6 kg  Hale 1927-1929, Kailola et al. 1993!, Maximum size re-
corded for a female of the species is 6.0 kg  unpublished data!. The
most common sizes taken by fishermen range between 2 to 8 kg; even
in areas that have been subjected to very little fishing effort, the bulk of
the catch is composed of individuals in the 130 to 190 tnm length range,
equivalent to a weight range of 1.6 to 5.4 kg.

The species has been little studied, with scant reference to distribu-
tion in the literature  Hale 1927-1929, Kailola et al. 1993, Jones and Mor-
gan 1994!. Prior to this study no published information was available on
life history, population structure, or feeding ecology of the species. The
species shows the morphology typical of xanthoids  after Warner 1977,
Jones and Morgan 1994! with a heavy exoskeleton, relatively large body,
and large crushing claws. P. gigas shows sexual dimorphism with males
developing an enlarged right cheliped after the onset of sexual maturity.

Over the last 5 years, P. gigas has become the target of increasing
fishing effort. This has been due to improvements in capture technolo-
gy, principally baiting and depth fished, and an expanding live domestic
and export market, the latter to Asia. These developments have seen a
shift of effort from southern rock lobster  jasus edwardsit! to giant crab.
Concern by fishermen over sustainability of stocks led to the industry
developing a national strategy to contain effort and provide the founda-
tion for knowledge-based management decisions. This strategy involved
 a! the introduction of interim protective regulations based around ex-
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Figure 1. The geographic range of P, gigas across southern Australia, and the
site of research fishing in South Australia.

isting rock lobster regulations which constrained fishing gear, fishing
season, and area of access, and  b! the development of a research pro-
gram to determine biology and stock structure of the species. The objec-
tives of the study, the preliminary findings of which are reported in this
paper, include obtaining basic biological information  reproductive cy-
cle, size at maturity, fecundity, growth, distribution, and movement!,
detertnining stock structure across southern Australia, and undertaking
preliminary stock assessment.

This paper presents initial findings, based on preliminary analysis
of selected data, of stock structure across southern Australia, popula-
tion structure in selected fishing areas, reproductive cycle, size at sexu-
al maturity, molt increment based upon tag returns, and diet of crabs
from the deeper part of their distribution. It must be stressed that fig-
ures presented represent unweighted means and that, at this stage,
tests of significance have not been performed on the data. The data is
used to propose hypotheses concerning life history and annual tnove-
ment cycles, and to describe initial impacts of fishing on population
structure. Data collection has commenced very early in the history of
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the fishery and it is therefore possible to compare fished and virgin
stocks and observe the effects of fishing. Legislative controls have been
introduced very early in the development of the fishery, meaning that
data collection and interpretation are not confounded by high fishing
mortality.

Development of the Fishery
P. gigas were once considered a nuisance by lobster fishermen in that
they damaged pots and deterred the entry of lobsters into pots. For the
reasons outlined above, crabs are now a valuable catch. Fishermen have
learned to target them on soft sand/mud substrates away from the hard
reef areas preferred by lobster. Nearly all deepwater pots are of steel
frame construction covered with a resilient synthetic mesh netting. Un-
like the lobster fishery where pots are hauled once or twice a day, the
crab fishery requires immersion of pots for 48 to 72 hours, and some-
times up to 4 days, to maximize the catch. A lice resistant bait such as
hock [cow's foreleg! or hide is used. Whereas most of the catch was for-
merly males taken as bycatch on hard substrates, many females are now
taken off the softer substrate, a habitat they appear to favor. The shift of
fishing from shallower reef bottom to deeper sand/mud has resulted in
new fishing techniques being developed, where 10-20 pots are set con-
nected to a longline which may be up to 4 km long and anchored at ei-
ther end to prevent the tide sweeping the assembly away. The advent of
Global Positioning Systems allows floats at either end of the longline to
be easily detected.

Wharf prices in South Australia, Victoria, and Tasmania during 1993-
1994 have varied from $30 per kg  winter! to $5 per kg  summer! for
crabs less than 5 kg. Larger crabs, mainly males, are negatively dis-
counted by about 30%. In Western Australia a fixed price structure of
$12-$14 per kg for all sizes appeared to prevail during 1993. Chinese
communities, both domestic and in Southeast Asia, provide the major
markets. A number of market initiatives to mainland China occurred
during the latter half of 1993.

Currently 194 operators are licensed to take giant crab. Not all of
these are actively targeting giant crab, and of those actively fishing 25
take 80% of the total catch. Many fishermen have taken out a license to
ensure retention of the crab bycatch during rock lobster fishing opera-
tions or in anticipation of future management changes in access. The
catch history for all states across southern Australia is sutnmarized in
Figure 2. Crabs are primarily targeted from early summer  December!
through to late winter  August!, with catches peaking in mid-summer.
Closed seasons vary according to state jurisdiction, with 10 week clo-
sures from September in the two most productive states, Victoria  VIC!
and Tasmania  TAS!. The total value of the catch across southern Austra-
lia has risen from $0.12 million in 1991 to $5 tnillion in 1994.
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Figure 2. Catch history for P. gigas across all southern Australian states from
1984 to 1994  compiled from state fisheries agencies records!.

Materials and Methods
Catch Records

Aggregated catch records have been obtained from the recently upgrad-
ed commercial catch monitoring programs of state fisheries agencies in
TAS, VIC and WA, and directly from fishermen's records in South Austra-
lia  SA!.

Stock Structure

8ioloyical Information
Biological information on giant crab, collected from 1993 to 1995, has
been derived from two sources. The first source was at-sea commercial
catch sampling and the second was subsampling of landed commercial
catch onshore. While attempts were made to stratify sampling of com-
rnercial catch onshore, it must be acknowledged that some sorting of
catch by fishermen is a potential source of bias. Most data  n = 20,000!
has been collected at sea from SA  Figure 1!, and this has been comple-

Tissue samples  leg muscle! were obtained from Augusta and Albany in
WA and Portland in VIC, the most widely separated geographic areas of
the distributional range of P, glgas, and stored in liquid nitrogen. Muscle
tissue was screened for genetic markers at 20 enzytne loci to determine
the degree of heterozygosity using standard allozyme electrophoresis
techniques.
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mented by data  n = 10,000! from at-sea sampling during research fish-
ing in VIC and TAS. Data has also been collected by observers on com-
mercial fishing vessels in WA  n = 5,000! and from onshore sampling of
landed catch  n = 5,000!. Research fishing was undertaken during the
closed season in VIC and TAS and attempted to stratify catch by area,
depth, and time. This included sampling a wider depth range than is
normally targeted in commercial operations. However, closed season
fishing was conducted under permit with sale of catch to cover costs.
This meant that most productive areas and depths had to be targeted.
This situation was compounded by movement of berried females which
meant specific depths needed to be targeted to ensure adequate sam-
ples were obtained. The history of fishing at the sites sampled was as
follows:

~ Augusta, WA: virgin stock.

Albany, WA: 10 years by one operator in some areas, virgin stock in
others.

~ South of Kangaroo Island, SA: six months fishing.

~ Portland, western VIC: three years fishing.

~ King Island, northwest TAS: three years fishing.

~ St. Helens, northeast TAS: six months fishing.

Data collected and presented here include:

~ Date, depth, and location of catch.

~ Sex and female reproductive state based upon carrying of eggs.

~ Shell state, described as degree of fouling with encrusting organ-
isms and rated  after Hoggarth 1993! as "clean" shelled  less than 5
encrusting organisms! or "old" shelled  more than 5 encrusting or-
ganisms and with wear on the tips of the walking legs!.

~ Carapace length measured as the shortest distance from the anteri-
or margin of the carapace between the eyestalks to the posterior
margin of the carapace at the joint with the abdomen, using 300
mm Mitotoyu vernier calipers �.01 mm accuracy!.

~ Individual weight using certified accurate processors electrobalanc-
es �.100 kg accuracy!.

~ Egg clutch mass as wet weight  to nearest gram! after stripping eggs
from pleopods and blotting dry with tissue paper using electrobal-
ances �.100 gm accuracy!.



Symposium on High Latitude Crabs 13I

~ Indicators of mating based on abrasions on the ventral somites of
the anterior abdominal segments of females  after Melville-Smith
1987!.

This paper relies heavily on the data set obtained from SA.

Diet

Fifty-four animals were collected from March to July 1995, from Sass
Strait, Western VIC, by commercial finfish trawling operators at depths
between 300 m and 420 m over a substrate of fine gravel and silt. Ani-
mals were immediately frozen to avoid excretion or digestion of stom-
ach contents. Animals were then sexed and weighed, and a pleopod was
removed which was fixed in 10% formalin for 24-48 hours and then pre-
served in 70% ethanol. Molt stage was determined on the basis of pleo-
pod setal development after Vigh and Fingerman �985! and Burton and
Mitchell �987!. Molt stage was categorized as postmolt  stages A-B!, in-
termolt  stage C!, and premolt  stage D!. After animals had thawed stom-
achs were removed, relative degree of fullness assessed, and then each
stomach was opened and the contents removed and preserved with 10%
buffered formalin. Food items were sorted into representative taxa and
quantified using ranks based on the points method  Pollard 1973! using
estimated percentage volume. This gives information on both relative
dominance and association of food items.

Tclgglff g
Crabs were tagged using the epirneral suture line site at the rear of the
branchial chamber as employed for Cancer magister after Butler �957!
and for Cancer pagurus after Bennett �974!. However, to avoid the use
of loop tags requiring two holes to be punctured in the suture line, a
double T-bar tag was developed by Hallprint Ltd.  South Australia!. The
tag consisted of a conventional T-bar tag with an additional T-bar insert-
ed into the barrel with a gap of 10 mm between the cross bars of the Ts
 Figure 3!. The second T-bar prevented the tag from being drawn into
the branchial chamber. Trials to assess tag loss were conducted in labo-
ratory tanks. Double T-bar tags were applied to 25 animals  size ranging
from 88 mm to 147 mm carapace length! using Dennison 08958 Tagfast
II tag guns with a heavy duty stainless needle. Animals were housed in a
recirculating seawater system at 11'C, in individual mesh cages, and fed
a diet of squid and mussels.

No mortality was associated with application of the double T-bar
tags and the shell around the tag remained in a healthy state. To date, of
the animals tagged, 5 have molted; tags were retained through the molt
in all cases. The urgency for the commencement of a full-scale tagging
program at sea precluded a full tag-loss study prior to widespread appli-
cation of tags. To date 7,000 tags have been applied across all fishing
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Figure 3. Double T'bar tag developed for use in P. gigas.

states with approximately 500 recaptures after 1 year. Eleven recaptured
anitnals have molted with only 4 reports of tag loss by fishermen.

Results
Stock Structure

The degree of heterozygosity exhibited by enzymes in muscle tissue of
P. gigas was very low both within and between samples from different
geographic areas. At the level of resolution provided by allozyme elec-
trophoresis there is no evidence of isolation of stocks across southern
Australia. On the basis of this it is assumed that P. gigas represents a
single stock across southern Australia; however, it cannot be concluded
that gene flow is unrestricted across the range of the species.

Depth Distribution

Catches showed stratification of size classes with depth and time across
the species range with smaller animals of both sexes in deeper water
during winter, spring, and summer. During autumn the size of animals
of both sexes increased in deeper water suggesting movement down the
continental slope. These larger animals displayed an old, worn shell
state. Crab bycatch by lobster fishermen has generally shown a high
proportion of large males in catches frotn shallow waters  from 25 to
120 m! over rocky substrates. Targeted fishing for giant crab in deeper
water suggests that females favor softer substrates at depths between
120 and 270 m.

Population Structure
The length-frequency distribution of P. gigas from SA  Figure 4! consis-
tently showed a single peak; multiple modes were not apparent. Effects
of fishing on population structure at a single site can be discerned from
the SA data set over the period from autumn 1994 to autumn 1995. As
fishing proceeded the size structure of the population changed, particu-
larly among the larger size classes above 150 mm; the larger size class-
es were lost from the population, particularly the animals around 165
mm carapace length which changed in proportion frotn approximately
12% in autumn 1994 to 8% in autumn 1995. A seasonal change in mean
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Figure 4. Length-frequency distributions for P. gigas in 1 mm carapace length
classes from South Australia.  top! autumn 1994;  upper middle! winter
1994;  lower middle! summer 1994-95;  bottom! autumn 1995.
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Figure 5. Afean size  pius standard error! of P. gigas from South Australia over
the period spring 1993 to winter 1995.

size, especially among males, was evident in SA  Figure 5!. Mean size of
males increased from spring through to summer and autumn and then
decreased from autumn to winter and spring. This trend was not pro-
nounced in females. Mean size of males in catches generally exceeded
that of females except during spring.

The proportion of the catch made up of females exceeded that for
males in size classes below about 170 to 175 mrn  reflecting the larger
number of males in larger size classes! in all seasons with the exception
of winter 1994 where the proportion of males increased and exceeded
that of females  Figure 4!, This reflected a change in the availability of
males  due to movement off the shelf and down the slope into deeper
water! and reduced activity of females  due to either molting or spawn-
ing activity!.

The 1993 spring catch from northwestern TAS  Figure 6a! showed
that the proportion of females with "clean" shell state rarely exceeded
50% for any length class while for males the proportion was always
greater than 50% across all size classes  Figure 6b!. This suggested that
molting was less frequent in females than in males.

A comparison of mean and maximum carapace length across all
sites in spring 1994  Table 1! shows that both maximum and mean size
varied across sites for both sexes in order of descending size: western
TAS > SA > WA. In general terms this correlated negatively with sea bot-
tom temperatures which varied from 8 to 10'C off Strahan  western TAS!
to 15 to 18'C at Augusta  WA!. This relationship between temperature
and size has been reported in other brachyurans  Dugan et al. 1994!,
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Table 1. Mean and maximum carapace length, and sex ratio  expressed
as proportion of catch! of R pi@us across all southern Austra-
lian states in spring 1994.

Female Male
Mean

length
 in in!

209

191

201

203

181

179

67,2 223 139.4 367 32.8

75.6 220 146.0 653 24.4

72.2 224 143.0 98 27.8

90 0 220 148 0 122 10 0

53.6 199 155.9 1237 46.4

48 8 203 144 0 1216 51.2

W-Vic

SA

NW-Tas

NE-Tas

Aug
Alb

149,8 751

150.3 2018

143.0 254

149.0 1093

142.3 1428

130,6 1157

' W-Vic = western Victoria; SA = South Australia; NW-Tas = northwestern Tasmania; NE-Tas = northeast-
ern Tasmania; Aug = Augusta, Western Australia; Alb = Albany, Western Australia,

and probably reflects reduced growth rate at lower temperature, longer
life, and larger final size as has been reported in Lithodes aequispina
 Somerton and Otto 1986!.

Sex ratios across sites in spring 1994 are presented in Table 1 and
showed that the proportion of sexes varied between sites from 39% fe-
males in western TAS to 89% females in northeastern TAS. Sex ratio is
highly variable in crabs and local variation from 1:I reflects differential
mortality, migration, and habitat selection  Cobb and Caddy 1989!. Sea-
sonal changes in sex ratio within a population from SA  Table 2! showed
that the proportion of females increased from spring to summer and de-
creased from autumn to winter. The winter sex ratio was highly skewed
in favor of males. Temperature differences between sites may modify
the timing of seasonal patterns in the proportions of sexes, and interan-
nual variation is also likely to occur.

Reproduction

The morphology of the genital tract in P. gigas is yet to be determined
and when vaginal structure is compared to Hartnoll �969! should iden-
tify the pattern of molting and mating exhibited by females of the spe-
cies. The pattern is likely to be pre-ecdysial courtship and mating after
molting, with males guarding recently molted females, as has been re-
ported in other xanthoids, for example Menippe sp.  Wilber in Kruse
1993!, This is supported by field records of clean shelled females with
signs of recent mating manifested as discoloration around the vulvae
and abrasion on ventral surface of second and third abdominal seg-
ments of the female. This is caused by the abrasive action of the male
pleopods and/or last abdominal somite during copulation  Melville-

Max. Max. Mean
length % of length length %of

Site'  mm! N catch  mm!  mm! N catch
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Table 2. Sex ratio  expressed as A of total catcd!
in a population of P. gi's from South
Australia  spring 1993 to autumn 199$!.

Sampling date % Females % Males

Spring 1993

Summer 1993/94

Autumn 1994

Winter 1994

Spring 1995
Summer 1994/95

Autumn 1995

57.3

34.3

42.1

81.8

24.4

21.3

50.1

42,7

65.7

57.9

18.2

75.6

78.7

49.9

Smith 1987!. No observations of mating in the species have yet been re-
corded in the wild or in captivity.

It appears that P. gigas females store sperm and the apparent layer-
ing of sperm deposits in spermatheca  C. Gardner, Tasmanian Fisheries,
pers. comm.! suggests that serial mating with several males by a single
female also occurs. The timing of molting, mating, and spawning is hy-
pothesized to follow the sequence: female molts, mates immediately,
then spawns 12 months later. Validation of this pattern will be depen-
dent upon determination of vaginal morphology and recaptures of
tagged individuals. That this pattern occurs in P. gigas is supported by
the fact that clean-shell females have not been observed to carry eggs.
Females appear to spawn more than once, in successive years, without
subsequent molting or mating. This is supported by collection of fe-
males from the wild with remnants of hatched eggs on pleopods and
with ripe ovaries preparatory to spawning; captive females have
spawned in successive years without access to males  C. Gardner, Tas-
manian Fisheries, pers. comm.!.

Based upon field observations in western VIC the proposed repro-
ductive cycle of P. gigas is summarized below:

J F M A M J J A S 0 N D

molting

mating

spawning

incubation

hatching

The dashed line is the period over which animals have been recorded in
each stage of the reproductive cycle, The solid line is the main period
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 in which the largest number of animals is recorded! for each stage of
the reproductive cycle.

Movement of berried females carrying eyed eggs from deeper water,
approximately 270 m, upslope to shallower depths, approximately 210
to 140 m, was apparent as the egg incubation period proceeded. Hatch-
ing occurred in shallower water on the shoulder of the continental shelf
as evidenced by the high proportion of reproductive females with emp-
ty egg casings attached to pleopods at these depths and the low num-
bers of females taken at other depths during October. Catchability of
females increased in October due to increased movement, and the pro-
portion of berried females to non-berried females in catches remained
fairly constant throughout this period.

Female size at the onset of sexual maturity was determined from
plots of percentage carrying eggs against length class. This relationship,
determined in spring 1994, is presented for three populations  SA, west-
ern VIC, and Augusta, WA! in Figure 7. The relationships showed a char-
acteristically flat shape with asymptotes at approximately 40 to 60%
across a wide range of sizes. There is some suggestion of a reduction in
the proportion carrying eggs in larger size classes but this may reflect
variability due to low sample size. The form of the relationship suggests
that once reaching sexual maturity females do not necessarily spawn
each year; that is, a large proportion of females in a given mature size
class are not berried in any given year. Based upon the observations de-
scribed above, both with regard to spawning activity and shell state in
the wild, it is proposed that some female P. gigas may molt only once
every 3 years; in larger animals the intermolt period may be longer.
Comparison of graphs for Augusta and SA showed a decline in the per-
centage carrying eggs from 145 to 180 mm in the SA population. This
probably reflected loss of larger size classes through fishing mortality
and recruitment of newly molted animals into larger size classes  as dis-
cussed below!. Minimum size at the onset of maturity  first berried!
across all sites was Augusta 115 mm, Albany 90 mm, SA 110 mm, west-
ern VIC 115 mrn, and northeastern TAS 115 mm. That is, variation in
size at the onset of maturity was evident.

Figure 7 may also show the effects of fishing as the curves for
spring catches of virgin stock at Augusta and for more heavily fished
stock in South Australia over the same period are quite different. Catch-
es from the fished population in SA  presented in more detail in Figure
8! showed that the proportion of berried females in larger size classes
 above 150 mrn! declined markedly. This appeared to reflect  a! in-
creased abundance of females less than 150 mm due to the introduction
of an ILMS  interim legal minimum size!, and,  b! fishing effort on larger
females over the preceding 18 months which resulted in an influx of
new recruits into 150 mm plus size classes.

To determine the relative contribution of mature female size classes
to reproductive effort the relationship between egg mass and carapace
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Figure 8. Proportion of female P, gigas carrying eggs in l mm carapace length
classes from South Australia in spring 1994.

length was determined by regression analysis. The relationship, up to a
carapace length of 188 mm  the largest female for which egg mass has
been determined!, took the form:

egg mass = 3,179 x length � 296  n = 48, R' = 0.71!.

Egg number also varies as a function of size from approximately
500,000 for a female of 126 rnm carapace length to approximately
1,400,000 for a female of 170 mm carapace length  C. Gardner, Tasma-
nian Fisheries, pers. comm.!. Based upon egg mass as a function of fe-
male length, the number of females in each length class, and the
proportion of females carrying eggs in each length class, cumulative egg
production across all size classes was determined for each population.
From this analysis size to protect 50% of egg production was deter-
mined for each population; the selection of 50YO of egg production for
determination of an ILMS was arbitrary and is conservative for decapod
fisheries U. Prescott, South Australian Fisheries, pers. comm.!. Size at
50% of egg production across all sites was: Augusta 148 mm, Albany 135
mrn, SA 151 mm, western VIC 160 mm, northwestern TAS 149 mm,
northeastern TAS 149 mm. Based upon this analysis an ILMS of 150 mm
has been recommended across all states.

Diet

Forty percent of crabs had food items in their stomachs. Most crab
stotnachs contained a single food item; the mean number of items per
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Tabie 3. Mean percentage composition of the diet of P. gigas from 300
to 420 m depth range, western Victoria, autumn 1995.

Food itema No. of
Aster Brach Carr Anom Cast 1 Gast 2 Osteic UM crabs

Overall
Male
Female

22 8 5 3 24 14 4 21 22
46 0 4 4 18 11 7 11 10

8 12 6 2 28 16 2 26 12

Size < 2.5 kg
Overall
Male
Female

18
44

0

5 7 0 30
0 5 0 30
8 8 0 32

16 2 23 13
17 0 4 4
18 3 32 9

Size > 2.S kg
Overall
Male
Female

33 14 0 10 10
38 0 0 13 0
33 25 0 8 17

10 10 14 9
0 25 25 6
8 0 ' 8 3

Molt Stage
A-B, overall

< 2.5 kg
> 2.5 kg

50 17 6 6 11
36 21 7 7 14

100 0 0 0 0

11 0 0 17
14 0 0 3
0 0 0 2

C, overall
< 2.5 kg
> 2.5 kg

13 5 S 2 28
13 6 6 0 32
14 0 0 14 0

15 5 27 17
17 2 25 10
0 29 43 7

D, overall 0 0 0 0 0 0 0 7

a Food items: Aster = Asteroidea; Brach = P. gtgas, Majidae; Carr = carrion  including equine/bovine
hair and feathers!; Anom = Paguroidea; Cast 1 = Gastropoda species i; Gast 2 = Gastropoda species
2; Osteic = Osteichthyes; UM = unidentified material.

stomach was 2 and the maximum number was 4. Mean percentage corn-
position of food items in the diet of P. gigas is presented in Table 3.

Dominant food items were two species of gastropod mollusks, a sin-
gle species of asteroid echinoderm and decapod  other P. gigas, spider
crabs of the family Majidae, or hermit crabs of the order Paguroidea!
fragments. Carrion comprised less than 5% of diet and stomachs did not
contain sediment or other material inadvertently ingested during feed-
ing. Males consumed more asteroids than females �6% of diet composi-
tion compared to 8%! while females consumed more gastropods than
males  total of 44% of diet composition compared to 29%!. Smaller crabs
 less than 2.5 kg! fed mainly on gastropods while larger crabs  over 2.5
kg! consumed more asteroids and decapods. Large males did not con-
tain gastropod fragments. Larger males consumed a narrower range of
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Figure 9. Wet weight of P. gigas from western Victoria plotted against carapace
length.

food items than comparably sized females. Premolt animals all had
empty stomachs. Postmolt animals consumed mostly asteroids, this be-
ing the only item in larger postmolt animals, Intermolt animals con-
sumed more gastropods with larger animals including significant
proportions of fish and decapods. Diet diversity was very low and was
dominated by slow tnoving benthic forms.

Growth

To date the data available on growth of P. gigas is limited. As discussed
above, the observation that the proportion of clean-shell males  always
greater than 50%! exceeds that of clean-shell females  generally less than
50%! in spring catches suggests that the rate of molting in females is
less than that of males and that not all females molt each year. This is in
spite of the fact that indefinite post puberty molting has been recorded
in xanthids  Hartnoll 1985!. Length-weight relationships for males and
females from western Victoria are presented in Figure 9 and showed di-
vergence in the form of the relationship between the sexes at approxi-
mately 130 mm carapace length. This could reflect reduced growth of
females after the onset of sexual maturity and/or accelerated growth of
the right male cheliped after the onset of maturity.

Molt increment data from the recapture of tagged individuals is lim-
ited; the data available on percent molt increment is plotted against pre-
molt carapace length in Figure 10. The data suggested a decrease in
molt increment with increasing size in males but female molt incre-
ments at a given premolt length were variable. All increments were re-
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Figure 10. Percent molt increment plotted against premolt carapace length for P.
gigas  all increments based upon recaptures within 12 months of tag-
ging!.

corded within 12 months of tagging. Increments were quite large  up to
34%! in P. gigas.

Discussion

1. P. gigas stocks are stratified by depth. In spring smaller males and
females occur in deeper water, medium females on the shoulder of
the continental shelf, large females just inside the shelf break, and
large males in shallow water on the continental shelf. Fishertnen tar-
get the area giving largest yield; in spring this is the shoulder of the
continental slope which yields large numbers of medium-size fe-
males. As animals mature both sexes move from deeper water to

P, gigas appears to consist of a single stock across southern Australia.
Low levels of allozyme variation within and between populations of P.
gigas is consistent with the findings for other large marine crustaceans
 Hedgecock et al. 1982!, However, it needs to be acknowledged that the
failure to find differences atnong stocks on the basis of allozyme elec-
trophoresis does not necessarily mean that stocks are genetically homo-
geneous. It is therefore planned to use more sensitive DNA techniques
to further explore the question of stock structure of the species across
southern Australia.

Based on the data obtained to date, two models relating size distri-
bution and movement to depth, and reproductive stage and movement
to depth can be proposed for P. gigas, The models are:



144 Levings et al. � Fisheries Biology of Giant Crab in Southern Australia

shallower water just inside the shelf break. In autumn the entire dis-
tribution appears to shift downward and results in an influx of larg-
er males and females to deeper water; catchability in shallower
water decreases,

2. Spawning/molting/mating cycles affect distribution with depth. Fe-
males molt in deeper water and subsequently mate with larger
males. Females spawn in deeper water and then berried and non-
berried females migrate upslope in spring, with hatching occurring
just inside the shelf break  near the shoulder!.

These two migratory patterns interrelate growth, mating, and
spawning. Seasonal patterns of movement related to spawning and
molting cycles may partially explain the seasonal change in sex ratio ob-
served in the SA population. The decline in relative abundance of fe-
males in autumn-winter may reflect simultaneous downslope migration
of males and reduced activity of females preparing to molt and/or
spawn. Behavior and depth distribution are important for the fishery;
fishermen target areas where catches are high and this contributes to
the high proportion of females in spring catches, Prior to the introduc-
tion of the ILMS mediutn-size females were targeted on the shoulder of
the continental slope; after the introduction of the ILMS in 1994 fishing
effort shifted to shallower water inside the shelf break. Spring move-
ment of berried females to just inside the shelf break means that a sea-
sonal closure during October-November would protect aggregated
berried female stock during a period of high catchability. For this reason
closure of the crab fishery during the closed period of the rock lobster
season  October and the first two weeks of November! has been recom-
mended.

The reproductive cycle and pattern of movement relative to breed-
ing in P. gigas show similarities to other species. Deeper water is the site
of mating in many deepwater crab species  for example, Hoggarth 1993,
Diesel 1991, Sainte-Marie and Hazel 1992, Stevens et al. 1993!. Upslope
migration of berried females carrying eyed eggs in spring has been re-
corded in other crab species  for example, Jamieson et al. 1990, Diesel
1991! and may be a strategy to take advantage of warmer water to accel-
erate egg development as suggested by Diesel �991!. This movement
often explains the dominance of females in shallow water catches in
spring Uamieson et al. 1990!. Female P. gigas move downslope into
deeper water in autumn; this behavior is also common in brachyurans
prior to mating and spawning  Diesel 1991!.

Molting/mating and spawning cycles are yet to be confirmed for P.
gigas. Preliminary examination of dissected animals suggests that a se-
ries of spawning years is punctuated by one or more years when fe-
males molt without spawning. Female P. gigas may not spawn in all post
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puberty instars, however, the number of spawnings per instar is unde-
termined at this stage.

Variation in size at the onset of sexual maturity between locations,
even those geographically adjacent, has been reported in lobster  Anna-
la et al. 1980! and crabs  Somerton 1981; Dugan et al. 1994!. These stud-
ies have shown that fernale size at maturity is a function of growth rate
and is negatively correlated with temperature and positively correlated
with food availability, Differences in size at maturity evident for P. gigas
are not easily related to temperature; the difference between Augusta
and Albany populations, subject to different patterns of fishing mortali-
ty, warrants further attention as it has been shown in the lobster Panuli-
rus rnarginatus that five to ten years of fishing pressure can reduce size
at onset of sexual maturity  Polovina 1989!.

P. gigas females showed a characteristically flat relationship be-
tween carapace length and proportion carrying eggs with asymptotes at
about 40 to 60%. Asymptotic values at 20 to 40% have been reported in
Panulirus rnarginatus  Polovina 1989!. Hoggarth �993! has reported a
non-sigmoidal relationship between length and proportion in berried fe-
male Paralontis granulosa and, like P. gigas, the proportion of berried fe-
males declined in larger size classes. Hoggarth �993! proposed that this
might reflect breaks from reproduction in females due to molting with-
out spawning or large females being unable to find suitable larger male
partners during the receptive period following molting.

Although the molt increments recorded for P. gigas were quite large,
similar increments have been recorded in other brachyurans  for exam-
ple, Edwards 1965, Warner 1977, Tweedale et al, 1993, Gonzalez-Gurria-
ran et al. 1995!. The data is limited but compares to the mean molt
increment of 18% reported in the oziid Menippe rnercenaria  Tweedale et
al. 1993!. Edwards �965! recorded unusually high increments as 34 to
49% in C. pagurus and noted that all high increments occurred in fe-
males. Variable molt increments in females of the same length class as
observed in the present study may reflect individual state at the time of
molting or may be related to reproductive cycle in that females molting
prior to mating and spawning may show smaller increments than fe-
males molting without spawning. Hartnoll �985! reported that repro-
ductive and non-reproductive brachyurans of the same size may show
different molt increments with nonreproductive females having larger
increments, Determination of the linkage between molting/mating and
spawning is important and will be reliant upon correlation of molt incre-
ment with other information from recaptures, for example, the presence
of spent egg shells on pleopods.

Based upon molt increments of P, gigas observed in the field, the in-
crease in size of males from spring through summer in SA can be inter-
preted as reflecting the molt increment of animals newly recruited to
the fishery. Molt increments across a wide size range approximate 20%
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for males; this is equivalent to an increase of 30 mm for a 150 mm
length animal and would account for the seasonal shift in mean size re-
corded for SA animals. Molt increment in females may vary with repro-
ductive state and the seasonal shift is less clear.

Two pieces of evidence suggest that larger P. gigas males  above 165
mm! may warrant special attention as regards management. First, larger
males may be targeted during fishing; the bycatch from the rock lobster
fishery is largely larger males. This reflects the distribution of larger
males on the harder and shallower substrates, where rock lobster are
targeted. Secondly, sex ratio data from SA in spring of 1993 and 1994
suggests a shift in favor of females. This may reflect reduced catchabili-
ty of females during incubation of eggs with consequent increased ef-
fort on males. This may predispose males to greater fishing mortality.

There is evidence for other crab species that larger males are impor-
tant in mating. Kruse �993! has suggested that low numbers of males in
xanthoid species characterized by male guarding of recently molted fe-
males may increase female mortality post-molting. If, as in other crab
species  for example, Blau 1986, Sainte-Marie and Hazel 1992, Kruse
1993, Stevens et al. 1993! male size is important in mating success of P.
gigas, with females only mating with males larger than themselves and
broods from matings with larger males having a higher percentage of vi-
able eggs, then loss of large males may reduce spawning in, and subse-
quent recruitment from, intermediate-large female size classes. This
factor interacts with female size to influence spawning and recruitment.
It was formerly held that intermediate sized female crabs made the
greatest contribution to egg production due to their greater abundance
and more frequent spawning than larger females  Campbell and Robin-
son 1983, Cobb and Caddy 1989!, However, evidence from lobsters sug-
gests that larger females may contribute relatively more to recruitment
due to the higher energy content and earlier hatching time of their eggs
 Attard and Hudson 1987!. Waddy and Aiken �986! have shown that
consecutive spawning in H. americanus, wherein larger females spawn
without intervening molts, results in larger females spawning more fre-
quently than smaller animals. This combined with their increased fecun-
dity means that very large females may have a greater relative fecundity
than previously assumed. If, as it appears, female P. gigas spawn inter-
mittently then intermediate-targe female size classes may make the larg-
est contribution to reproduction  after Waddy and Aiken 1986!. The loss
of males large enough to mate with these larger female size classes
could impact upon spawning.

The diet of P. gigas was composed of mostly sedentary organisms as
expected for xanthoids which have small eyes and are unable to move
quickly or capture fast moving prey  Warner 1977!. The number of food
items in P. gigas stomachs was very low compared to studies of other
species from similar depths, for example, Parotttola cttvieri �8 items!
and Geryon iongi pcs �7 items!  Cartes 1993!. Crabs from shallower hab-
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itats tend to have more diverse diets  Comoglio et al. 1990, Jewett et al.
1990!. The latter study showed that Paralithodes carntschaticus trawled
from 16-31 m depths consumed similar diet items to P. gigas with bi-
valves, gastropods, brittle stars and brachyurans being most common.
The apparent preference of P. gigas for asteroids has not been recorded
elsewhere in other species; if echinoderms are ingested they are gener-
ally echinoids or holothuroids  jewett et al. 1990, Cartes 1993!.

The low diversity of diet items in P. gigas could reflect one or more
of three situations. P. gigas may feed selectively on the diet items re-
corded as they offer the greatest energy return for the amount of energy
invested in capture. Diet would also be influenced by the body form of
P. gigas and it may be restricted to relatively slow moving prey. The ma-
jority of prey items recorded are slow moving. Seasonal availability of
prey would also be involved in these two hypotheses; stomachs were
sampled during autumn and this may influence food availability. Re-
stricted diet diversity may also reflect reduced food availability in the
crab's habitat, potentially as a result of trawling operations; the natural
diversity of benthic communities in this region is currently being as-
sessed. These alternative hypotheses will be further evaluated by com-
paring inshore diets and evaluation of benthic community diversity
from previous studies.

Female P. gigas consumed more gastropods than males and larger
males had fewer food items in their stomachs than females of similar
size. These differences could be attributable to sexual dimorphism in
cheliped morphology. P. gigas has large crushing chelipeds with round-
ed denticles typical of xanthoids  Warner 1977!. In males the right che-
liped becomes larger than the left after the onset of sexual maturity.
Larger males thus have only one actively mobile cheliped and may be
unable to forage for mollusks, Females may be better able to use their
chelipeds to forage for food. This hypothesis is supported to some de-
gree by the fact that the stomachs of smaller males contained equiva-
lent proportions of mollusks to that of similar sized females. The
absence of food in the stomachs of premolt animals correlates with the
cessation of feeding in preparation for molting which involves the di-
gestive tract,

Some conjecture on the capacity of P. gigas to sustain a fishery can
be offered based upon the limited findings to date. The fishery for P. gi-
gas in southern Australia appears to be the only xanthoid fishery not
based substantially upon the harvest of claws. The life cycle characteris-
tics of P. gigas will determine management requirements for the fishery.
P. gigas is possibly more r-selected than anornuran deep sea crabs but
less so than C. tnagister  after Kruse 1993!. Particular features are that
the species appears to store sperm, and this may mean that consecutive
spawning occurs, the species appears to have high fecundity for crabs
 after Kruse 1993!, and the species appears to have fairly large molt in-
crements. These features would tend to compensate to some degree for
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adverse reproductive effects due to reduced tnale abundance and mor-
tality of spawning stock due to fishing pressure  Kruse 1993!. However,
the population structure of P. gigas from SA shows that length-frequen-
cy distributions are bell-shaped; a long lived species might be expected
to show more than one mode and a gradual decrease in proportion of
the older age classes. This may relate to the frequency of recruitment.
These features will affect harvest strategies and P. gigas may be able to
sustain more liberal harvest than, for example, red king crab or Tanner
crab, but this will be dependent on features such as age at maturity, age
at recruitment, size-dependent molting frequency, and natural mortality
rates. Should P. gigas prove to be more r-selected then natural mortality
could be high and year class strength variable  after Otto 1986!; this is
likely to mean that any stock-recruittnent relationship would be weak.
Differences in size at the onset of female maturity between populations
of P. gigas require investigation and, depending upon their origin, may
require differences in management strategies  e.g., Kruse 1993!.

A deliberately conservative management approach has been adopt-
ed with regard to P, gigas, and legislative constraints on the taking of
berried females, vessel numbers and gear quantity, seasonal fishing,
and minimum size at first capture have been introduced by the Austra-
lian Fisheries Management Authority in collaboration with state fisheries
agencies. Further consideration of the life history of P, gigas and the de-
gree to which it is r-selected must await completion of the study. It is a
significant question as it has implications for the long-term stability of
the fishery; r-selection is likely to increase variability in year class
strength, increase variability in catches, and reduce the strength of the
linkage between active management and the stability of the fishery  af-
ter Jamieson 1986, Otto 1986, Kruse 1993!.
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Abstract

The Norton Sound summer red king crab fishery has recently become
the only federally managed Alaska king crab fishery designated as su-
perexclusive. Under this designation, any vessel that participates in this
fishery is barred from participating in any other federally managed king
crab fishery. The new designation has fundamentally changed the indus-
try structure of the Norton Sound summer red king crab fishery. The
fishery, which was previously dominated by a highly capitalized distant
water fleet, has become a small scale local fishery, Moreover, the local-
ization of the fleet has fostered the development of support industries
in Nome, The down-scaling of the fishery is unique in Alaska's crab in-
dustry. This paper presents a methodological framework for estimating
the economic impacts of this "new" fishery to the Norton Sound region
through input/output analysis.

Introduction

Communities in Alaska are experiencing diverse and significant eco-
nomic changes. The economies of urban Alaska appear to be on a path
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Provide an economic description of the Norton Sound red king crab
fishing industry. This description will clearly detail the primary sec-
tors of the industry: harvesting and processing. Furthermore, the
structures of support industries will be incorporated in the descrip-
tion.

Develop a Norton Sound regional economic model that focuses on
contributions of the summer Norton Sound red king crab fishery to

of expansion and long-term growth. In contrast, a significant portion of
rural Alaskan economies are experiencing stagnation and decline. These
economies are characterized by both high levels of unemployment and
low per capita incomes. If these economies are to be revitalized it is
important that potential economic opportunities be identified and
evaluated.

One potential economic opportunity has emerged in the Norton
Sound region. Recent regulation changes by the North Pacific Fishery
Management Council  Council! to the Norton Sound Summer Red King
Crab  NSSRKC! fishery have profoundly affected the fishery's structure
and links between the fishery and the economies of the Norton Sound
region. In 1993, the fishery was designated superexclusive by the Alaska
Board of Fisheries  Board!. And while this adoption of superexclusive
status for the fishery was initially overturned in 1993 by the U.S. Secre-
tary of Commerce  Secretary!, superexclusive status was reinstated in
1994 by the Council. Under superexclusive status, any vessel that par-
ticipates in the NSSRKC fishery is barred from participating in any other
federally managed king crab fishery. This change in management desig-
nation has fundamentally altered the way the NSSRKC fishery is prose-
cuted. A once distant water, highly capitalized fleet was replaced by
small local vessels primarily from the Nome and Yukon Delta regions.

The localization of the fleet has created direct employment opportu-
nities for local residents. Moreover, economic benefits from the fishery
to the Norton Sound region extend beyond those accruing from the di-
rected harvesting sector. Support industries have emerged, expanding
economic activity throughout the region.

The assessment of the economic impacts of the NSSRKC fishery to
the regional economies of Norton Sound requires that economic benefits
occurring through links between various economic sectors be incorpo-
rated in the evaluation process. In this paper, regional economic model-
ing is presented as the appropriate framework for comprehensive
economic impact analysis of the NSSRKC fishery to the Norton Sound re-
gion. Specifically, a regional economic model is being developed for im-
pact analysis of the 1994 NSSRKC industry to the Norton Sound regional
economies.

The methodology employed in model development is as follows:
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the regional economies. This model will be constructed within an in-
put/output framework.

~ Utilize the developed model to estimate the impacts of the Norton
Sound red king crab fishery to the regional economy.

Proposed Research
Regional economic analysis provides a methodology for describing re-
gional economies, identification of economic opportunities, and impact
assessment. The IMPLAN input/output model  USFS 1993! will be em-
ployed in conjunction with the Fisheries Economic Assessment Model
 FEAM!  jensen 1995! to perform the analysis of economic impacts to the
Norton Sound region associated with the superexclusive fishery desig-
nation. The Norton Sound region for analysis purposes will represent
the Nome V.S. census district. However, the reader should be aware that
localization of the NSSRKC fishery has also had important economic im-
pacts to the Yukon Delta region  Wade Hampton U,S. census district!;
and only due to fiscal and time constraints is the proposed analysis lim-
ited to the Nome census district. This limitation can be mitigated once
the model is constructed through impact analysis � "what if' scenarios
can be developed to estimate economic affects of the fishery to the en-
tire Norton Sound region.

History of Fishery
Until 1977, the only king crab harvested in the Norton Sound was for
subsistence purposes, The commercial fishery was initiated in 1977 on
the basis of a petition to the Board by local subsistence fishers who
wanted to supplement their limited incomes. The Board allowed an ex-
perimental commercial fishery in both the winter and summer of 1977
and an open summer season in 1978. The winter commercial fishery has
been minor in comparison to the summer fishery, with total winter har-
vest ranging from a few crabs to nearly 10,000  ADFG 1993!.

The NSSRKC fishery, the focus of this project, occurs in water close
to Nome, approximately 20-40 miles offshore  see Figure 1!. Historically,
the fishery has operated under an open-access policy and was exploited
on a first come, first serve basis. Similar to numerous fisheries world-
wide, open access management contributed to a "race for fish." Seasons
which once lasted months became seasons lasting a few days. Further-
more, the short duration of the seasons created a fishery which manag-
ers did not believe could be effectively managed  ADFG 1993!. Over and
under harvesting of the resource became common.

Until recently, the NSSRKC fleet was dominated by highly capital-
ized, distant water crab vessels that participated in other Bering Sea



Natcher et al. � Evaluation of Superexciusive King Crab Fishery156

Figure I. Location of Norton Sound summer red king crab fishery, in western
Alaska.

Aleutian Island  BSAI! king and Tanner crab fisheries. Local participation
did not develop, despite apparent interest, because small local boats
were unable to compete with the more effective "outside" vessels. These
outside vessels were attracted to the fishery by its summer opening
when other BSAI crab fisheries are closed.

Beginning in 1979, the fishery experienced a series of fluctuations
in vessel participation as shown in Table 1. The highly variable nature of
this fishery is also apparent by examining average harvest and total
fishery harvest. In general, high average harvests and limited participa-
tion has been followed by Iow average catches and high participation.
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Table 1. Summer red king crab harvest and effort summary, Norton
Sound, 1977-1995

Average Pot Crabs/ Ex-vessel Total Average
Year Days Vessels Pots pots lifts pot Price harvest harvest

1977 60 7

1978 60 8

1979 16 34

1980 16 9

1981 38 36

1982 23 11

1983

1984

1985

3 23

13.6 8

21.7 6

3,583

1,245

1,116

578

156

156

186 13,209 11

193 4,284 38

159 10,258 10

180 2,350 32

256 5,149 15

347 3,172 19

SEASON CLOSED

1986 13 3

1987 11 9 1,430

1988 9.9 2 360

1989 3 10 2,555

1990 4 4 1,388

1991

1992 2 27 2,635

1993 58 14 560

1994 31 34 1,165

1995 67 48 1,778

1.75

1,28

2.02

2.87

0.07

0.33

0.33

0.32

2,593

23,571

10,000

6,666

98 5,746

40 7,063

35 11,729

32 18,782

16

93

5.6

Source: ADFG

White this uncertainty reduced the fishery's attractiveness, the summer
opening continued to attract participants.

Table I also provides average ex-vessel price paid for Norton Sound
summer red king crab. The ex-vessel price is substantially lower than
that for red king crab from other BSAI fisheries because of the crab's
smaller size. For example, the ex-vessel price for Bristol Bay red king
crab was $5.00/lb. in 1992 compared to $1.7S/lb. for Norton Sound red
king crab  ADFG 1994!.

There were several management actions in the early 1980s which af-
fected the fishery's structure. In 1981, the Board enacted a 15 mile clo-
sure along the Norton Sound coast to protect sublegal and female crabs
that congregate near shore  ADFG 1993!. The Board also changed the
fishery's seasonal opener from July I 5 to August 1. These actions pre-
sented further barriers to local participation because small local vessels

5,457 36

10,817 64

34,773 28

11,199 29

33,745 11

11,230 6

11,195 12

9,706 14

.75

95

.75

.75

.85

2.00

1. 50

1.02

1,00

1.25

1.50

N/A

3.00

N/A

0.52

2.09

2.93

1. 19

1.38

0.23

0.37

0.39

0.43

0.48

0.33

0.24

0.25

0.19

16,087

48,750

71,667

160,000

36,667

120,000

2 5,000

47,500
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Superexclusive Designation
In the fall of 1992, local residents requested that the Board reclassify
the fishery as superexclusive. As noted, under superexclusive registra-
tion, vessels participating in the Norton Sound fishery would be ineligi-
ble to participate in any other federally managed king crab fishery. The
Board, noting a range of fishery problems, adopted the superexclusive
designation for the 1993 season. However, a group of vessel owners ap-
pealed the Board's decision. The group cited that under the Fishery Man-
agement Plan  FMP! for the commercial BSAI king and Tanner crab
fisheries  NPFMC 1989!, superexclusive registration could only occur
through a plan amendment approved by the Council. The Secretary up-
held the appeal, overturning superexclusive registration. However, in
1994 the Council voted to reinstate the superexclusive registration.

Even though the superexclusive registration was not formally in
place for the 1993 season, the late date of the Secretary's ruling led to
the 1993 fishery being treated as de facto superexclusive by fishery par-
ticipants. Distant water crab vessel owners who might have participated
in the NSSRKC fishery were unwilling to risk being excluded from more
lucrative BSAI king crab fisheries, Consequently, major changes in the
fishery's structure began in 1993 with the de facto superexclusive regis-
tration. These changes are evident in Table 1 and also Table 2, which
provides the home port and average vessel lengths for 1991-1995
NSSRKC fishery participants.

were unable to safely navigate the Norton Sound in August when the
weather worsens.

Finally, the guideline harvest level  GHL! was reduced in 1982 to as-
sure subsistence availability. The reduction in GHL coupled with inade-
quate local markets caused a shift from a predominantly catcher fleet to
a predominantly catcher/processor fleet. Catcher/processors, on aver-
age had greater fishing capacity than catcher vessels, The combination
of small quotas and a highly capitalized fleet led to seasons too short to
manage effectively  ADFG 1993!. The season's length fell from 21 days
in 198S to 3 days in 1989  see Table 1!.

The fishery was closed in 1991 due to management concerns that
the fishery could not be effectively managed given the excessive fleet
capacity. Management problems continued in 1992, when the season
was closed after 2 days with only 76,000 pounds harvested out of a
300,000 pound GHL. ADFG estimated that the fleet, consisting of 27
catcher/processors fishing in excess of 2,600 pots, could have harvest-
ed the GHL in just a few days  C. Lean, Area Biologist, ADFG, Nome, pers.
comm. 1996!. ADFG closed the fishery after 2 days to evaluate the har-
vest. In spite of the harvest being substantially below the GHL, reopen-
ing the fishery was not considered an option due to the fleet's high level
of fishing power.
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Table 2. Point of origin and average vessel length for vessels par-
ticipating in the Norton Sound summer red king crab
fishery, 1991-1995.

Nome Yukon Alaskan Non- Average
region Delta nonlocal Alaskan Total length

SEASON CLOSED

6 20

6 5

3 4

3 6

1991

1992

1993

1994

1995

27

14

34

48

119

41

31

31

1

2

18

25

1

9

14

Norton Sound
Current participants in the NSSRKC fishery are principally from Western
Alaska communities located on the southern portion of the Seward Pen-
insula and the Northwestern Yukon Delta region. These regions share

In 1992, the fishery season lasted 2 days with only 23% of the GHL
harvested. A total of 27 vessels participated in the season with 20 of the
vessels originating from outside Alaska. The average 1992 vessel was
119 feet and fished 98 pots. In contrast, the 1993 fishery attracted 14
vessels with only 5 originating from outside Alaska. The average vessel
was 41 feet and only fished 40 pots. As a result of the reduced level of
effort, the season lasted 58 days and the GHL was harvested.

The changes, which were noted in conjunction with the 1993 de fac-
to superexclusive registration, have remained in place. In 1994, 34 ves-
sels participated in the fishery with 18 vessels originating from the
Nome region and an additional 9 vessels from the Yukon Delta area.
Only 4 vessels originated from outside Alaska. The average vessel was
31 feet and fished 35 pots. The 1994 fishery season lasted 31 days and
the fishery harvest was 327,858 pounds  ADFG 1994!.

As noted, support industries to the NSSRKC fishery have developed
within the region in response to the localization of the fleet. A signifi-
cant portion of the fleet harvest is being processed in Nome. A Cornmu-
nity Development Quota  CDQ! nonprofit corporation, the Norton Sound
Economic Development Corporation  NSEDC!, has become one of the pri-
mary local processors, through a for-profit company it formed, the
Norton Sound Crab Company. Additional businesses in the Nome area
have benefited from the fishery through the sale of supplies, gear, and
equipment. For example, fuel is now being provided locally to the fleet.
Also, Nome restaurants are now featuring locally caught red king crab.
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Communities
The problems faced by the communities of the Norton Sound are im-
pressive, and all too prevalent in rural Alaska. The superexclusive des-
ignation of the NSSRKC fishery has provided an economic stimulus to
regional economy, creating a new industry and encouraging further de-
velopment of the region's fishing industry, Two Norton Sound communi-
ties in particular experienced significant economic activity from the
localization of the fishery, Unalakleet and Nome.

Unalakleet is the second largest town in the Norton Sound region,
with a 1990 population of 714. The community is predominantly Native
 82%! with a minority white population �7%!. A 1990 study by Northern
Economics estimated that 70% of all full-time jobs were in the public
sector  including schools!. Within the private sector, the Unalakleet Vil-
lage Corporation and the airline industry are the major employers. The
median 1990 per capita income was $12,027 and 11.6% of the residents
had incomes below the poverty level  NPFMC 1994!.

Eleven vessels from Unalakleet participated in the 1994 and 1995
NSSRKC seasons  see Table 2!. The average 1994 gross revenue per ves-

many characteristics with other rural Alaska communities. The region
comprises small villages, with populations under 750, and a single city,
Nome  population 4,559!. The region is the ancestral home of the inupi-
at Eskimos and currently most of the villages have predominately Native
Alaskan populations. The area is isolated due to geographic remoteness
from major urban areas of Alaska and also the absence of surface trans-
portation systems, There are no road or rail corridors that connect the
area to other Alaska regions, and while there is a road system around
the city of Nome, in most villages the road system is strictly local.

The economies of the Norton Sound region are experiencing either
stagnation or in many cases decline, which can be attributed to the lack
of employment opportunities in the cash economy, not atypical of the
circumpolar north  Stabler 1990!. High unemployment rates in the cash
sector reflect the limited number of developed industries throughout
the region, The majority of jobs that do exist are directly related to gov-
ernment agencies and educational services. Most of the residents partic-
ipate in the non-cash subsistence component of the regional economies,
Subsistence is vital both economically and culturally to the residents of
the Norton Sound region, and has been the major industry in rural Alas-
ka for thousands of years, In contrast to local subsistence production,
most manufactured goods are imported into the Norton Sound region.
Many households in rural Alaska engage in a mixed cash-subsistence
economic strategy. Subsistence production supplements or replaces
market purchases, and cash income is used to purchase necessary in-
puts for subsistence production. Subsistence, over time, has become in-
creasingly capital intensive  Geier et al. 1992!.
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sel was $3,350. Prior to the 1994 superexclusive designation, no vessels
from Unalakleet participated in the fishery. In addition to the direct har-
vesting participation, Unalakleet residents also engage in vessel build-
ing and repair, and the town is one of the few places in western Alaska
to provide these services.

Nome has been a principal recipient of economic activity generated
by the superexclusive designation of the NSSRKC fishery. The economic
activity has emanated from several sources. Seven vessels from Nome
participated in the 1994 directed fishery and twelve vessels participated
in the 1995 fishery. As with Unalakleet, no vessel from Nome participat-
ed in the directed fishery prior to superexclusive management.

Nome, as noted, has become the processing center for the NSSRKC
fishery. NSEDC has operated the Norton Sound Crab Company in Nome
since 1994. The Norton Sound Crab Company processed 36% of the
NSSRKC harvest in 1994 and 98% of the harvest in 1995, In 1994 the
company employed approximately 75 local residents. Prior to the super-
exclusive designation of the fishery, virtually all crab harvested in the
NSSRKC were processed either onboard catcher/processors or outside
the region.

Nome's location near the fishing grounds has led to it becoming the
staging area for the fishery. Nome provides lodging, supplies, and dock-
ing facilities for local and non-local vessels. For example, the Yukon Del-
ta fleet docked their vessels in Nome and also purchased many of their
supplies from local merchants. There has been discussion in Nome of
expanding the city's dock to accommodate growth generated by the
NSSRKC fishery  N. Stiles, crab vessel owner, Nome, pers. comm.!. Bene-
fits from the fishery have even extended to the tourist industry, with
many restaurants featuring locally caught crab, and tour operators in-
cluding stops at the dock facilities on their local tours  N. Stiles pers.
comm.!.

Basic input/Output Theory
The economic methodology employed to evaluate the economic impact
of the superexclusive designation is input/output analysis. Input/out-
put  I/O! models are operational analytical tools that have a variety of
uses: measuring the economic interdependence of a region's industrial
structure, providing a set of disaggregated multipliers, calculating the
effects on economic activity in individual regions of changes in final de-
mand, and as a technique for long-run projections and forecasts  Rich-
ardson 1972!. Input/output models were first developed by Wassily W.
Leontief during the 1930s and are constructed from observed economic
data for a particular region  Miller and Blair 1985!, The economic activi-
ty in a region is divided into a number of industry sectors. I/O analysis
is concerned with the flow of products from each industry sector con-
sidered as a producer to each of the sectors considered consumers. The
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flow of products is tracked in monetary terms for a specific period  usu-
ally a year! and tabulated  Miller and IIlair 1985!.

IMPLAN

Two I/O models will be employed in the impact analysis of the NSSRKC
fishery. The first is IMPLAN, which is a standard I/O model originally de-
veloped by the U.S. Forest Service. It was employed as a tool for sup-
porting economic analyses within the land management planning
procedures required of the Forest Service by the National Forest Man-
agement Act of 1976  Cordell et al. 1992!. IMPLAN is a non � survey-based
regional I/O model that consists of 21 economic and demographic vari-
ables at a 528 industrial sector level for all counties  boroughs in the
case of Alaska! of the United States. It is recognized as one of the best
available sources of U.S. secondary economic data. IMPLAN has two ba-
sic functions. First it is used to create regional and national I/O models
along with the corresponding multipliers and response coefficients. Sec-
ond, the model is used to estimate regional economic impacts resulting
from changes in final demand. Impact analysis involves posing a change
in demand for commodities and using the multiplier model to examine
the effects that producing and delivering the commodities may have on
a region's employment, incotne, and production  USFS 1993!.

Limitations of IMPLAN
A limitation of IMPLAN is that it does not provide for support industries
in its estimation of economic impacts. Consequently, IMPLAN in isola-
tion lacks sufficient detail for impact assessment from shocks to the
commercial fishing industry and needs to be augmented by a more de-
tailed representation of the industry. Furthermore, the IMPLAN model is
demand driven. That is, IMPLAN estimates economic impacts based on
changes in final demand. For example, IMPLAN is designed to estimate
the effects on the regional economy if household consumption of com-
mercial fishing output increased by $1 million. IMPLAN is not designed
to estimate the economic impacts from an increase or decrease in indus-
try output. Therefore, IMPLAN is unable to estimate the effects of policy
changes with regard to the output of the commercial fishing industry.

FEAM

The second I/O model utilized in this project, FEAM, not only provides
the additional detail for the commercial fishing industry but also af-
fords a structure for organizing the impact assessment information.
Moreover, this model is production oriented and is therefore able to es-
timate the impacts of policy changes with regard to the commercial fish-
ing industry.
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FEAM is an I/O model developed by Radke and Jensen �995! to as-
sess the impacts of commercial and recreational fishing industries to
regional economies. FEAM utilizes the response coefficients and second-
ary economic data generated by IMPLAN to account for inter linkages in
regional coastal economies, through production and consumption pat-
terns, FEAM, through its I/O framework, explicitly accounts for links in
regional coastal economies between various economic sectors, accord-
ing to production and consumption patterns.

FEAM is referred to as a disaggregated I/O model. IMPLAN, an aggre-
gated model, divides an economy into 528 basic sectors. The sectors are
aggregated national industry composites based on the SIC classification
system. A disaggregated model further divides the basic sectors into nu-
merous supporting sectors, thus providing a greater level of detail in in-
dustry operations. Consequently, disaggregation provides greater detail
in analyzing the economic impact from changes in final demand.

Model Output
The developed Norton Sound I/O model will be utilized for impact anal-
ysis to estimate direct, indirect, and induced effects on income by in-
dustry and aggregated industries using the constructed FEAM model. A
direct effect is the income generated from production changes funda-
mental to the superexclusive designation. The indirect effect is the in-
come generated from changes in inputs in the production process.
Finally, the induced effect is the income generated from changes in
household spending patterns resulting from the direct and indirect in-
come effect.

Model Development
The IMPLAN and FEAM models will be used interdependently in the de-
velopment of the Norton Sound regional model. Both of these models
are being modified to accurately reflect the Norton Sound region, First,
this involves updating IMPLAN's database to accurately portray the re-
gional economy. The process is community intensive and involves pre-
senting the IMPLAN employment estimates to individuals familiar with
the Nome regional economy. The individuals are asked to review the
data to verify its accuracy. Revisions are then made when discrepancies
occur. Once updated, the corrected IMPLAN data relevant to the commer-
cial fishing industry is entered into the FEAM model.

The FEAM model is updated by acquiring the operating costs of the
harvesting and processing sectors. This data is obtained through sur-
veying the fishers and processors that participated in the 1994 NSSRKC
fishery and is subsequently used to estimate the participants' cash
flows, Thereafter, the primary data is entered into the FEAM model and
the economic impact statements are generated





Symposium on High Latitude Crabs 165

References
Alaska Department of Fish and Game. 1977-1995. Alaska commercial fisheries

fish ticket file. Alaska commercial fisheries database. Commercial Fisheries
Management and Development Div�Juneau, AK.

Alaska Department of Fish and Garne. 1977-1995. Alaska commercial fisheries
vessel licensing file. Alaska commercial fisheries database. Commercial Fish-
eries Management and Development Div., Juneau, AK.

Alaska Department of Fish and Game. 1993. Environmental assessment/regulato-
ry impact review initial flexibility analysis: Area registration proposal in the
Norton Sound summer king crab fishery. Prepared by Richard Tremaine, Kim
Spitler, Ken Griffen, Earl Krygier and John McNair, Juneau, AK.

Alaska Department of Fish and Game. 1994. 1994 Fishery management plan for
Norton Sound section, red king crab. Nome, AK.

Cordell, H.K., J.C. Bergstrom, and A.E. Watson. 1992. Economic growth and inter-
dependence effects of state park visitation in local and state parks. Journal
of Leisure Research 24�!:253-268,

Geier, H., J.A. Greenberg, and M. Herrmann. 1994. Subsistence fisheries in Alas-
ka: Conflicts within a multiple use resource, Proceeding of the Sixth Confer-
ence of the International Institute of Fisheries Economic and Trade.
IFREMER, Paris, pp. 1212- 1219.

Jensen, W. 1995. Commercial fisheries economic assessment model. RVI Soft-
ware. Vancouver, WA.

Miller, R.E., and P.D. Blair. 1985. Input-output analysis: Foundations and exten-
sions. Prentice- Hall Inc., Englewood Cliffs, NJ.

North Pacific Fishery Management Council, 1989. Fishery management plan for
the commercial king and Tanner crab fisheries in the Bering Sea/Aleutian Is-
lands. Anchorage, AK.

North Pacific Fishery Management Council. 1994. Faces of the fisheries, western
Alaska. Anchorage, AK.

Richardson, H.W. 1972. input output and regional economics. Wiley and Sons
Inc., New York.

Stabler, J,C, 1990. A utility analysis of activity patterns of Native males in the
Northwest Territories. Economic Development and Cultural Change 39�!:47-
60.

United States Forest Service. 1993. Micro IMPLAN User's Guide, Version 91-F. Land
Managetnent Planning Systems Group, Fort Collins, CO.





High Latitude Crabs: Biology, Management, and Economics

Alaska Sea Grant College Program ~ AK-SG-96-02, 1996

Distribution of Golden King Crabs
by Sex, Size, and Depth Zones in
the Eastern Aleutian Islands,
Alaska

5. Forrest Blau, Douglas Pengilly, and Dorm A. Tracy
Alaska Department of Fish and Game
Kodiak, Alaska

Abstract

In 1991 Alaska Department of Fish and Garne  ADF&G! conducted its
first systematic survey on golden king crabs Lithodes aeqttispinus in
Alaska. It was conducted around three Aleutian Islands  midpoint
52'30'N latitude, 171*W longitude! and encompassed an area of 2,750
km'. Data collected by mandatory observers on three catcher-processor
vessels, which fished in the same area in the ensuing commercial sea-
son, were compared with survey findings. Crabs were captured using
baited pots fished in a longline fashion. Conical pots �94! were fished
on the survey, and larger king crab pots �43! were used on the commer-
cial vessels. There were 12,543 crabs captured on the survey, a catch
per unit of effort  CPUE! of 21,1, and 7,582 crabs sampled by observers,
a CPUE of 53.0. Survey pots had shorter soak times, mean 3.2 days, than
commercial pots, mean 5.9 days. Effort and crab data were grouped into
nine different 91 m depth categories for analysis. The percentage of sur-
vey and commercial pots lifted were within 10% of each other in each of
the seven shallowest depth zones fished. Pots were retrieved from 128
to 853 m  all data!; but no commercial pots were set deeper than 673 m.
Survey pots, on average, were fished 121 m deeper than commercial
pots. Small crabs  < 100 mm CL! were abundant at 103 per pot on the
survey in the deepest depth group fished, 823-913 m, but only 10 pots
were fished. Length frequency distributions of females > 100 were dis-
similar between survey and commercial pots but were remarkably simi-
lar for males > 115 mrn CL. Crabs were captured at all depths fished and
were represented by both sexes and all size categories throughout their

Contribution PP-126 of the Alaska Department of Fish and Game, Commercial Fisheries Management
and Development Division, Juneau.



B/au et a/. � Distribution of Golden King Crabs�8

vertical distribution, except > 548 m which were dominated by small
crabs. Greatest concentrations of juvenile and adult females on ADF&G's
survey were markedly deeper than those reported for British Columbia.
An additional 5,000 pot lifts containing data on 350,000 golden king
crabs has been recorded by observers since 1988 but has not yet been
analyzed in detail. This database will continue to grow and will be
ADF&G's major source of information to estimate relative abundance of
larger sublegal and legal males, and monitor adult female reproductive
condition, and provide new insights into golden king crab life history.

Introduction
Commercial fishing for golden king crabs  Lithodes aetiuispinus! in the
Aleutian Islands is managed by the Alaska Department of Fish and Game
 ADF&G! using two separate management areas: Adak and Dutch Harbor,
which are divided at 171'W longitude  ADF&G 1993a!. Exploratory fish-
ing for golden king crabs in the Aleutian Islands began in 1975, but full
development of the fishery did not start until the 1981/82 season  Mor-
rison and Gish 1996!. From 1981 to 1994, 46,100 tonnes of golden king
crabs, with an ex-vessel value of $307 million, have been landed from
the Aleutian Islands. During 1990-1994, this fishery was the fourth larg-
est shellfish fishery in Alaska; only the snow crab  Chionoecetes opilio!,
red king crab  Paralithodes camtschaticus!, and Tanner crab  C. bairdi!
fisheries of the Bering Sea have been greater in value and tonnage land-
ed  Figure I!.

Despite the value of the fishery, Aleutian Islands golden king crabs
are not regularly surveyed to assess stock status, The first and only sys-
tematic survey of Aleutian Islands golden king crabs performed by the
ADF&G occurred in 1991  Blau and Pengilly 1994!. That survey covered
2-10% of this species' estimated habitat �0,000-80,000 km'! in the Aleu-
tian Islands  Blau 1987!. Due to the vast golden king crab habitat and
distribution in the Aleutian islands, in combination with no ADF&G dedi-
cated funds to survey the area, regular population assessment surveys
are unlikely in the future.

Lacking regular surveys, biologists from ADF&G and National Marine
Fisheries Service  NMFS! have collected biological data on golden king
crabs from trawlers and crab vessels fishing in the Aleutian Islands
 McBride et al. 1982, Ronholt et al. 1982, Otto 1983, Otto et al. 1983,
Otto and Cumminskey 1985, Sommerton and Otto 1986!. Since 1988,
the Alaska Board of Fisheries  BOF! has required mandatory observers
on all catcher-processor vessels participating in Alaska's king, Tanner,
and snow crab fisheries. Biological data collected on Aleutian Islands
golden king crabs under that program have been summarized and re-
ported annually  Beers 1991, 1992; Tracy 1994, 1995a, 1995b!. In 1995,
recognizing that a decrease in catcher-processor participation in the
fishery had resulted in a decrease in biological data collected, the BOF
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Figure 1. Harvest and ex-vessel value of the four largest shell fisheries in
Alaska, 1990-1994  ivlorrison and Gish 1995!.
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Methods

Survey area and design
Selection of the 1991 survey area was based on commercial catch data
from the previous four commercial seasons in each management area
 Blau 1992!. Four of the seven statistical areas with the greatest com-
bined catches of golden king crabs in the Aleutian Islands adjoined at
the 171'W longitude line, which divided the Dutch Harbor and Adak
Management Areas.

Sixty stations for the 1991 survey were drawn on National Oceanic
and Atmospheric Administration charts 16480 and 16500 using a 9.3
km systematic spatial grid pattern. Stations were oriented in an E-W di-
rection within the survey area. Only stations occurring entirely within
the 137-913 m target depth range were selected because that covers the
area inhabited by most golden king crabs  Blau 1990!. The survey area
was located between 52'18' and 52'57'N latitude and 170'17' and
171*50'W longitude  Figure 2!.

Timing of data collections
The 31 m FV Western Viking was chartered by ADF8rG from August 21 to
September 19, 1991. Comparative observer data were gathered from
golden king crab fisheries conducted after the survey: the 1991 Dutch
Harbor fishery  September 1-November 15! and the 1991/92 Adak fish-
ery  November 1, 1991-August 15, 1992!.

Fishing techniques
Golden king crabs were captured using baited pots fished in a longline
fashion. Ten conical pots were fished per station  Blau and Pengilly
1994!. Each pot was baited with 3.8 L of frozen herring and either one
Pacific cod  Gadus macrocephaius! or an equivalent amount of another
bottomfish. Each pot weighed 50 kg and was covered by webbing with a

mandated observer coverage for all vessels fishing golden king crab in
the Aleutian Islands.

Since observers collect data from fishing vessels that target legal-
sized male crabs and use unstandardized gear and methods, inferences
on distribution and sex-size composition based on these data may differ
from those based on data from a standardized systematic survey. This
report compares sex-size composition and depth distribution data of
golden king crabs collected on the 1991 ADFBG survey in the Aleutian
Islands with data collected by mandatory observers stationed on catch-
er-processor vessels fishing in the same area during the ensuing 12
months. Goals of this research were to increase knowledge on this spe-
cies' biology and explore the usefulness of observer data to assess gen-
eral stock status in lieu of regular surveys.
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Figure 2. Location of the 1991 ADF&G golden king crab  Lithodes aequispinus!
pot survey in the eastern Aleutian Islands, Alaska.

stretched mesh size of 9-11 crn. Each pot had two opposing tunnels
with two one-way triggers to prevent crabs from escaping. Pots were
spaced 183 m apart on each longline. A nonbaited king crab pot was at-
tached as an anchor to ends of each longline. Exact time that each pot
was deployed and retrieved were recorded.

King crab pots  approximately 200 x 200 x 84 cm, weighing 295 kg!
were used in the Dutch Harbor and Adak commercial fisheries but exact

specifications and fishing methods were not recorded by observers  i.e.,
mesh size, amount and kind of baits use, distance between longlined
pots!. Observers recorded pot soak time to the nearest whole day. All
pots that soaked for > 21 days were grouped together, Pot soak times
were not used to adjust crab numbers in either data set.

Data collected

SimiIar data were obtained from survey and commercial vessels with ob-
servers. Individual crab pot locations were recorded  longitude, latitude,
depth!. All crabs captured were sexed. Crab exoskeleton ages were cate-
gorized as new shell, old shell, or very old shell based on the amount of
scratches on the ventral side of the coxa and presence of visible epi-
bonts on the exoskeleton  Weber and Miyahara 1962!. Observers fol-
lowed methods described in the ADF&G observer field guide  ADF&G
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1993b!, Measurements on crabs were made with Vernier calipers to the
nearest millimeter. Carapace length  CL! was taken from the right eye or-
bit to the midpoint of the posterior margin of the carapace. Size and
shell condition were recorded for all crabs captured on the survey. Re-
productive condition of females were noted such as clutch size and
state of pleopodal setae  clean or with embryos or empty embryo cases!.
Observers recorded the number of all females, and sublegal and legal
males in sampled pots. Occasionally crabs were subsampled for size,
shell, and reproductive condition.

L.egal size measurement
Minimum legal size of male golden king crabs was 152,4 mm carapace
width  CW!, measured as the greatest straight line distance across the
carapace, including the spines. This measurement is at a right angle to a
line midway between the eyes and the midpoint of the posterior portion
of the carapace. Legal size was confirmed on most males by using a
fixed measuring "stick" having standard width equivalent to minitnum
legal size. Carapace width was also measured with calipers on the sur-
vey to document male length-width relationship  Blau and Pengilly
1994!,

Juvenile/adult female categories
Females were defined as juveniles if they were without embryos or funi-
culi  egg stalks! on their pleopodal setae and were less than the estimat-
ed size  carapace length! at 50% maturity  SM50!. Adult females either
had embryos or empty egg cases and funiculi on their pleopodal setae,
or they were barren but > SM50. Female SM50 was estimated from sur-
vey data using a logistic model  Cox and Snell 1989!. Female SM50 for
the Dutch Harbor and Adak Areas were estimated to be 109 and 107 mm
CL, respectively  Blau and Pengilly 1994!. Female SM50 for the observer
data was not calculated but was estimated to be 108 mm CL by simply
averaging the survey data since the observer data came about equally
frotn both management areas.

Prerecruit/legal male categories
Each male golden king crab sampled was placed into one of four catego-
ries. Prerecruit ones and recruit-sized crabs were based on growth per
molt information  Koeneman and Buchanan 1985; Robert Otto, National
Marine Fisheries Service, Kodiak, AK 99615, Apr. 1992, pers. comm.!.
Prerecruit ones were estimated to be one molt away from reaching legal
size and had carapace lengths from 121 to 137 mm but carapace widths
less than minimum legal size. All other sublegal males < 120 mm CL
were grouped together as prerecruits 2-5  estimated as 2-5 years from
reaching legal size!. Recruits were defined as new-shell males < 153 mm
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Figure 3. Locations of the 60 stations fished  squares! during the 1991 ADFd'rG
golden king crab  iithodes aequispinus! survey and of 143 commer-
cial pots sampled  X! by observers within the survey area.

CL that had reached legal width. Postrecruit males were > 154 mm CL, as
well as all legal-sized anexuviants  old and very old-shell crabs!.

Depth zones defined
Catch per unit of effort  CPUE! for male and female groups were calculat-
ed for nine different depth zones. Each depth group spanned 91 m �0
fathoms!, except the shallowest zone had a vertical range of 45.5 m �5
fathoms!.

Results

The 1991 golden king crab survey encompassed 2,750 km' and included
Amutka, Chagulak, and Yunaska Islands  Figure 3!. Sixty stations were
fished, 594 pots were retrieved, and 12,543 golden king crabs were cap-
tured. Mean CPUE was 21.1 crabs per pot, Observers sampled the con-
tents of 143 pots from three commercial vessels fishing within the
survey area. These pots captured 7,582 golden king crabs of which
81.6% were measured. Mean CPUE was 53.0 crabs per pot. Most commer-
cial pots sampled were clustered either south of Yunaska island or north
of Chagulak and Amutka Islands  Figure 3!. Survey pots were fished in
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August and September; 74% of the commercial pots were fished in Sep-
tember-December. The remaining commercial pots were fished up to 12
months later than survey pots.

Soak times and distribution of pots by depth
Mean soak time of pots was 3.2 days from survey stations and 5.9 days
from commercial pots  excluding four pots sampled that were soaked
> 21 days!  Figure 4a!, Pot soak times ranged from 1.1 to 7.7 days per
station on the survey and from I to 21 days or > 21 days for pots sam-
pled by observers. Soak times for survey pots were generally shorter
than observed for commercial pots. Sixty-six percent of survey pots
were soaked for 2-3 days, while 56% of commercial pots which were
sampled soaked 3-5 days, Survey pots were fished an average of 121 m
deeper than the commercial pots. Mean depth fished was 460 m for sur-
vey pots and 339 m for commercial pots. Survey fishing ranged from
137 m to 852 m and from 128 m to 673 m for sampled commercial pots.
ln each of the seven shallowest depth zones, the percentage of survey
and commercial pots fished were within 10% of each other, except in the
two deepest depth zones  > 731 m! where no commercial pots were
sampled  Figure 4b!. The greatest effort in both the survey and commer-
cial fishery occurred in the 274-364 m depth range where 24% of the
survey and 31% of the observed commercial pots were deployed. Eighty-
three percent of the survey and 97% of the observed commercial pots
were fished in depths < 548 m. Commercial pot samples were taken ev-
ery month from September 1991 to August 1992 although, most �06,
74%! were sampled from September to December 1991, which encom-
passed the start of the fishery in each management area.

CPUT by sex-size groups
Overall golden king crab CPUE by sex-size groups for survey/commer-
cial pots were: juvenile females 5.6/4.9, adult females 5.3/20,7, prere-
cruits twos-fives 6.1/6.1, prerecruit ones 2.0/6.1, legal males 2.1/10.2,
recruit males 1.6/8.3 and postrecruit males 0.5/1.9. Golden king crab
sex ratios, female/male, were 51.7%/48.3% for the survey catch, and
48,3%/51.7% from sampled commercial catch.

Length frequencies
Female length frequencies were dissimilar between survey and commer-
cial data < 120 mm CL, and most similar at lengths > 135 mm CL  Figure
5a!. Dominant carapace length mode for females captured on the survey
was 115-120 mm compared to 130-140 mm from observer sampled pots.
Male carapace length frequencies were dissimilar < 115 mm, but remark-
ably similar for sizes above 115 mm  Figure Sb!. Small crabs  < 100 mm
CL! made up a much larger proportion of the catch on the survey at
depths > 730 m compared to observer measured crabs  Figure 5!.
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Figure 4. Comparison of pot soak times  a! and depths fished  b! from 594
potlifts from the 1991 ADF&G golden king crab survey and from
143 pots sampled by observers during the 1991 Dutch Harbor and
1991/9Z Adak Management Areas golden king crab fisheries.
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quencies from the 1991 ADF@G golden king crab survey and from
commercial vessels fishing golden king crabs in the survey area dur-
ing the 1991 Dutch Harbor and 1991/92 Adak Management Areas
fisheries.

0.

O
Q.

g 0.1
0

0.05

I 0.1

0

5 0,0
O
~~ 0,06

c8 0.04

80 100 120 140 160 180 20
Carapace Length  mm!

0.8 g

0.7 o.

0.6 ~

0-5 m

0.4 a!

0.3 I

020



Symposium on High Latitude Crabs 177

Female categories by CPUE and depth zone
CPUE increased with depth for juvenile females  < 1 in depths < 183 m
but > S2 at depths > 822 m!  Figure 7a!. Commercial fishery CPUE for ju-
venile females was lower than obtained during the survey with no juve-
nile females captured at depths > 547 m in the observer sampled pots
 Figure 7b!. Low CPUE for juvenile females occurred in shallower depths
 < 274 m! during the survey and commercial fisheries. CPUE for adult fe-
males captured on the survey was greatest abundance  8.8 to 9.0 CPUE!
in depths between 274 and 456 m, while adults captured during the
commercial fishery had higher CPUEs  > 15! over a larger depth range
�28 to 547 m!. No adult females were captured at depths > 730 m on
the survey or at depths > 639 m during the observed commercial fish-
ery.

Rank correlation with legal males
There are similarities between the survey and observer data in the asso-
ciation of catch of legal males with catch of the sublegal male and fe-
rnale size classes. Rank correlations of catch of legals with other
sex-size classes is highest for prerecruit ones in both the survey and
commercial fishery data  Table 1!. Although somewhat lower, the associ-
ation of legal males with adult females is also similar in the survey and
observer gathered data. Prerecruits 2-5 and juvenile females had the
poorest association with legals in both the survey and commercial sam-
pled data. Similarities between the survey and commercial fishery data
in the association of catch of legals with catch of the sublegal male and
female size classes are increased when survey stations > 730 m were ex-
cluded from the comparison  Table 1!. Survey stations > 730 m were
produced the highest catches of small males and juvenile females, but
no commercial catch was sampled from those depths.

Male categories by CPUE and depth zone
There was little similarity in the overall CPUE distribution by depth
among the three male categories  Figure 6a and 6b!. CPUE for prerecruits
2-5, prerecruit ones, and legals was greater for observed commercial
catch data than survey data for every depth zone except those at which
no commercial pots were sampled  > 620 m; Figure 6!. CPUE for prere-
cruits 2-5 increased with depth on the survey, but was similar through-
out most of the depths commercially fished. CPUE was low for legal
crabs  < 4! on the survey, generally half as great as observer data in each
depth zone sampled. CPUE for legal crabs was very low at < 1 at depths
> 640 m on the survey  Figure 6a!. Legals were captured from 148 to
725 m on the survey and from 128 to 549 m in observer sampled pots.
CPUE for legal crabs from commercial sampled pots was greatest in
depths < 183 m, although effort was greater in the adjacent deeper
three depth categories  Figure 6b!.
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Survey Data; lvlale CPUE by Depth Zone
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Figure 6. Comparison of male golden king crab catch per unit of effort
 CPUE! by depth zones and pot li fts from  a! the 1991 ADFkG
golden king crab survey, and from  b! commercial vessels fishing
golden king crabs in the survey area during the 1991 Dutch Har-
bor and 1991/92 Adak Management Areas fisheries.
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Figure 7. Comparison of female golden king crab catch per unit of effort
 CPUE! by depth zones and pot h fts from  a! the 1991 ADF&G
golden king crab survey, and from  b! commercial vessels fishing
golden king crabs in the survey area during the 1991 Dutch Har-
bor and 1991/92 Adak hfanagement Areas fisheries.

16

14
a U

12

10
L
cL 8
O

6
U

4

LU
a 20
O

~o 15
IeQ.
o 10
e
O

Survey Data: Female CPUE by Depth Zone

182 273 364 456 547 639 730 822 913
Upper Limit of 91 meter Depth Zone

Observer Data:Female CPUE by Depth Zone

30 e

o
25

0
20

15 z



Blau et al. � Distribution of Golden King CrabsI BO

Table 1. Spearman rank correlations for catches of legal golden king
crabs, and snblegal male and female size classes in 1991 snr-
vey and observer data.

Male prerecruits Females
Juveniles AdultsTwas-Fives Ones

0.220"

0.304*

0.349'

Total survey

Survey < 730 m

Commercial fishery data

0.70*

0,676*

0.589"

0.479*

0.429'

0.416*

0.167
0.259'

0.297*

'Totai survey" correlations are for data from aii 60 stations and "Survey < 730 m" correlations are for
the 58 survey stations with mean depth < 730 m  * = rank correiation significant at P < 0.0Sh

Discussion
A stock assessment survey should be designed to provide an estimate
or standardized index of species density over the range of the stock, as
weII as provide information on stock distribution  Hilborn and Walters
1992!. Data from commercial fisheries can provide misleading informa-
tion because fishing effort is usually concentrated in areas supporting
high abundance of the targeted species. Several features of the Aleutian
Islands golden king crab fisheries can cause problems in using these
data for stock assessment. In Alaska only male crabs that exceed a mini-
mum size are allowed to be harvested. Therefore commercial fishing ef-
fort targets areas where legal-sized males are abundant. In the Aleutian
Islands golden king crab fisheries, fishermen often attempt to minimize
capture of nonlegal crabs by using escape rings to reduce bycatch with
the long soak times typically employed. In addition, because golden
king crabs occur in deep water, fishing effort may be concentrated at
depths that support densities that can be efficiently fished, rather than
at depths that support the highest densities of legal-sized crabs. Prob-
lems with using data collected from commercial fisheries for biological
and stock assessment purposes must be weighed against costs of per-
forming standardized stock assessment surveys. Conducting surveys
that would provide information throughout the vast distribution of
Aleutian Islands golden king crabs is not feasible with existing manage-
rnent agency resources.

Although golden king crabs were nearly ubiquitous over the survey
area, occurring at 90% of the survey stations, locations of commercial
fishing pots sampled by observers were concentrated only south and
north of Chagulak, Amutka, and Yunaska Islands  Figure 3!. Observer
data were rarely collected from pots fished > 547 m and no pots were
fished > 673 m, the depth at which the greatest CPUE of crabs were ob-
tained during the survey.
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Differences between survey and observer data reflect dissimilarity
in fishing goals, effort distribution, soak times, and fishing gear  i.e.,
presence or absence of escape mechanisms!. CPUE in observer-sampled
pots was 2.5 times greater than that from survey pots. Prerecruits 2-5
were the most common size class of males captured in the survey and
dominated the survey catch of males at depths > 547 m. That size class
was the most poorly represented male size class in all depth zones for
observer-sampled pots, Similarly, juvenile females were less abundant
in observer samples than in survey data. This was the only sex-size
class for which CPUE was greater in the survey than in the commercial
fishery.

Because of escape mechanisms used in commercial pots, long soak
times, and limited range of depths at which pots are fished, the com-
mercial fishery data does not provide information of the same detail or
quality as does survey data. Survey data allowed us to examine the
depth distribution of golden king crabs during August and September.
The general pattern of increasing CPUE with increasing depth shown in
survey data was principally due to increasing CPUE for prerecruits 2-5
males and juvenile females. That trend is of particular interest because
it contrasts sharply with findings on golden king crabs in Portland Inlet,
British Columbia. Portland inlet data show the greatest concentrations
of juvenile females were in relatively shallow waters  < 150 m in depth!
 Sloan 1985!. Also, in contrast to the results from the 1991 golden king
crab survey in the Aleutian Islands, where greatest densities of adult fe-
males occur at moderate depths �74-364 m!, the greatest concentra-
tions of adult females in Portland Inlet were found at much shallower

depths �51-250 m!.
Despite differences between survey and observer data, results from

both sources did reveal important areas of agreement, Both data sets
show similar CPUE trends for legal and prerecruit ones in relation to
depth. Legal males occur over a wide range of depths  spanning 644 m
vertically! and coexist with all sex-size classes of golden king crabs.
CPUE for legal males varied little among the four depth zones between
274 m and 639 m. Where commercial effort was poorly represented in
the observer data, at depths > 639 m, survey data showed a sharp de-
crease in legal male CPUE. It is only for the shallowest depth zone that
survey and observer data show different trends for legal male CPUE,
CPUE for this size-sex category was greatest at depths < 182 m in the
commercial fishery observed, but relatively low at similar depths in the
survey. Both data sets also showed that increasing CPUE for prerecruit
ones over the four depth zones between 274 m and 639 m.

Effort by depth zone seen for commercial vessels was consistent
with expectation based on the survey depth distribution by sex-size
class. From a commercial fisher's perspective it would be wise to fish
pots as shallow as possible while maintaining an acceptable CPVE of le-
gal crabs. In addition to using gear with escape mechanisms, commer-
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cial fishers would also be expected to decrease time spent to sorting out
small females and sublegal males by concentrating effort where densi-
ties of nonlegal sex-size classes are lowest. The survey showed: �!
greatest CPUE for legal males between 274 m and 639 m, �! low CPUE
for legals captured > 639 m, �! and an increase in CPUE of sublegal
males and juvenile females at depths greater than 364 rn.

Composition of males > 120 mm CL from both data sets were simi-
lar. Legal crabs in both data sets were dominated by the recruit class. Al-
though the ratio of prerecuit ones to legal crabs in the survey were
higher than that observed in the fishery, prerecruit ones were still well
represented in the observer data. Relative size frequencies for males
> 120 mm CL from the two data sets were very similar. The association
of prerecruit ones with legals in both data sets indicates that reasonable
information on relative abundance of prerecruit ones can be gained
from sampled commercial pots targeting on legals.

Amendment I to the Bering Sea/Aleutian Islands King and Tanner
Crab Fishery Management Plan  FMP! of the North Pacific Fishery Man-
agement Council  McKean 1991, NPFMC 1989! defines overfishing of
golden king crabs in the Aleutian Islands as an annual fishing mortality
rate on mature male crabs in excess of 0.3. ADFAG does not conduct
regular stock assessment surveys in the Aleutians for golden king crabs;
therefore we cannot estimate fishing mortality or set preseason harvest
guideline levels based on estimates of stock abundance. The present
study does suggest, however that observer data from the commercial
fishery can serve as a proxy for survey data in determining trends in rel-
ative abundance of prerecruit ones, recruits, and postrecruits. This in-
forrnation can show trends in the relative abundance of legal-sized
crabs and the prospects for future recruitment into the fishery. Observ-
er data may also provide the means for setting preseason guideline har-
vest levels and avoiding overfishing  as defined in the FMP!, if it can be
incorporated into catch-length models  e.g., Zheng et al. 1996!.

In this paper we have only considered data on composition and
depth distribution of golden king crabs collected from a single survey
and ensuing commercial fishing seasons in a portion of their habitat.
There is much more fishery data available that has not yet been ana-
lyzed. Observers have sampled over 5,000 commercial pot lifts and re-
corded biological data from nearly 350,000 golden king crabs captured
in the Adak and Dutch Harbor fisheries since 1988. Despite problems
using commercial catch data  e.g, unstandardized gear, variable and
long soak times, uncontrolled distribution of effort! observer data from
the Aleutian Islands golden king crab fisheries can provide information
that is not economically feasible for ADM G to obtain through surveys.
Observer data has been collected from locations spanning approximate-
ly 1,500 km across the Aleutians Islands and can provide a broad base
of information on the distribution of golden king crabs. Although ob-
server data cannot be relied on to identify the geographic boundaries of
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a stock or areas where densities of the target species are low, data from
the commercial fishery can be used to identify geographic areas where
densities of legal crabs are high. Data from the two golden king crab
fisheries in the Aleutian Islands are collected nearly year-round by ob-
servers and contain valuable information regarding the crabs' biology,
including temporal changes in their distribution and female reproduc-
tive condition.
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Abstract

Snow crabs  Chionoecetes opilio! are found in the shallow waters of the
Yamato Bank  shallowest depth: 246 m! in the central area of the Sea of
Japan; however, the Japanese Government prohibits their commercial
catch. We have randomly collected snow crabs using longline traps at
depths of 296 to 380 m during 1982 to 1995, Subsequently, we have rec-
ognized several different features of the ecology of this crab and com-
pared them with data from Wakasa Bay, a heavily fished area in the
southwestern waters of the Sea of Japan.

We estimate that the optimal depth of the breeding area �96 to 318
rn! where adult female crabs are densely distributed is approximately 50
rn deeper than that in the southwestern waters. The extent of the patchy
aggregations formed by adult female crabs on the breeding area is larg-
er than that in the southwestern waters. The diameter of the largest
patchy aggregation observed in the Yamato Bank is over 2.6 km. The
mean carapace width of adult female crabs �1.8 to 69.7 mm! is smaller
than the crabs �8.8 to 82.0! in the southwestern waters, with the cara-
pace width on the Yarnato Bank becoming larger year by year. In 1995
3.1% of adult female crabs and 4.2% of male crabs were infected with the

black mat syndrome  BMS!, and 1.2% of adult female crabs and 0.9% of
male crabs had black scars on the surface of the exoskeleton, respec-
tively. Specimens infected with BMS or having black scars are, however,
very rare in the southwestern waters.
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Introduction
Snow crab  Chionoecetes opilio! are found abundantly in the shallow wa-
ters of the Yamato Bank in the central area of the Sea of Japan. The Japa-
nese government, however, prohibits the commercial catch of them,
because they are thought to be a source of recruitment to the stock near
the Japanese archipelago. Fukui Prefectural Fisheries Experimental Sta-
tion have been collecting crabs, mainly adult females, and releasing
them for restocking the resources in the waters off Fukui Prefecture.

The Yamato Bank is over 100 nautical miles both from the Asian
continent and from the Japanese archipelago. Furthermore, the depth of
the sea between the Yamato Bank and the continent or the archipelago is
more than 1,000 m. Therefore, it may be thought there are few direct in-
terchanges between the resources of the Yamato Bank and the resources
nearer the continent or the archipelago. Research on the resources of
the Yamato Bank is sparse  Kobayashi and Yamaguchi 1978, Japan Ma-
rine Fishery Research Center 1989!. We have compared the ecological
data of this isolated, virgin resource on the Yamato Bank with data from
the heavily exploited southwestern waters of the Sea of Japan, which
has been utilized for a long time,

Materials and Methods
At its shallowest depth the Yamato Bank is 246 m, and the area shallow-
er than 500 m in depth extends over about 50 km' Uapan Marine Fishery
Research Center 1989!  Figure I!. Snow crabs are found here in high
densities. We have operated 1-3 times every year using longline traps at
a depth of 298 to 380 m between May and July during 1982 to 1995. We
investigated the number of crabs collected in each trap, carapace
widths, and the presence or absence of the black mat syndrome  BMS!
and scars on the exoskeleton. The data and the results of each operation
is shown in Table l.

The shape of the trap used is a truncated cone  lower diameter
1.5 m and upper diameter 0.8 m, high 0.7 m! and has an entrance 0.3 m
in diameter on the upper surface. Fourteen  minimum! to 100  maxi-
mum! traps were tied to a longline at intervals of 50 m and the longline
was laid in a straight line across the seabed. The maximum mesh size of
the trap was 6.6 cm and mean mesh size of the bottom was 5.0 by
4.4 cm.

Carapace width of adult female crabs collected on the Yamato Bank
were compared with those collected off Wakasa Bay, southwestern wa-
ters of the Sea of Japan. The comparative samples off Wakasa Bay were
collected during 1986 to 1992 with the same longline traps.
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figure 1, Location and depth profiie of the Yamato Bank in the Sea of Japan.

Agg tregtrttBetttt
In all operations the number of male crabs collected in each trap were
less than 40 crabs and were relatively constant, so the relation between
the number caught and the trap number on the longline is not recog-

VettttSiity ASfttibufien
The mean number of adult female crabs collected per trap showed large
fluctuations within the range of 0.2 to 233,0 crabs  Table 1!. The relation
between the numbers of females caught and the depth of each operation
is consistently more than 27.6 crabs per trap when collected in waters
shallower than 378 m; the numbers collected at depths of 321-334 m
fluctuated between 0.2-77.0 crabs; and deeper than 338 m constantly
fewer than 5.5 crabs were taken. Male crabs collected per trap in each
operation showed a smaller fluctuation within 2.0-29.7 crabs, and there
is no relation between the number caught and the depth of each opera-
tion. Although the carapace width of 10th instar female juvenile, prior
instar to adult! is larger than the mesh size of the trap and therefore v ill
be retained in the trap, their numbers collected are extremely few in all
oper'a tlons.
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Table 1. Mean depth and duration of immersion of longline traps and
mean catch per trap of adult female, juvenile female and male
Chionoecetes opilio.

Mean Mean number of crabs per trap
depth Number Adult juvenile

 m! of traps femaie female Male

Duration
traps laidYear

5/19-5/22

5/22-5/27

6/24-6/28

350

323

315

1982 100

95

93

5.5

77.0

100.2

25.3

29.7

27.1

1986

1987 3.7

6.2

7.6

16.8

6/21-6/22

6/22-6/23

6/28-6/29

330

309

321

2.8

28.1

4.4

2.6

0,1

0.6

1988 50

49

53

4.7

8.7

4.4

27.6

3 7.2

6/20-6/21

6/2 7-6/28
311

313
0,4

0.2

1989 49

50
5.7

9,0

6/25-6/26

7/02-7/03
46.6

66.7

298

322
0

0.1

1991 60

59
14.6

6.0

107.0

44.2

6/16-6/1 7

7/07-7/08
305

315

1992 54

60
14.7

12.6

7/1 3-7/20 306 111.81993 51 12.3

6/23-6/24

6/24-6/28

1994 313

318
49

49
38.5

104.6
1.0

0.5
6.2

2.0

7/05-7/06

7/06-7/07

7/07-7/11

319

334

330

19.3

42.5

5 7.0

1995 64

64

64

0.5

0.3

0.5

6.6

15.8

16,3

6/24-6/25

6/24-6/26

6/25-7/02

6/26-7/02

7/02-7/03

7/09-7/10

6/23

7/01-7/02

7/02

7/07-7/08

318

338

311

324

374

314

318

343

318

325

50

50

31

14

50

60

22

50

50

50

65.4

2.4

233.0

0.2

0.4

75,3

40.0

2,3

79.2

40.3

14.0

14,7

13.5

9.3

2.8

10.2
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N=233
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N=235
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Figure 2. Number of snow crabs caught per trap  consecutively numbered
from start to finish of the longline! at a mean depth of 321 m on
June 29, 198B, on the yamato Bank, Sea of Japan.

Carapace width of adult female crabs
The annual mean carapace widths of adult female crabs collected on the
Yamato Bank ranged from 63.9 to 71.0 mm  Figure 6!. As the annual
mean carapace widths off Wakasa Bay in 1986 to 1992 range from 78.8
to 82.3 mm, adult female crabs on the Bank are smaller than that off
Wakasa Bay. The carapace width on the Bank, however, has become larg-
er from year to year in almost the same rate of increase as off Wakasa

nized  Figures 2, 3, 4, 5!. However, in the case of adult female crabs
there are three patterns between the numbers collected in each trap and
the location of the trap along the longline, namely, the first is very few
crabs in any traps  June 29, 1988!  Figure 2!, the second is very few in
the start or the end of the longline but many crabs at either the end or
start of longline  June 26, 1991; July 8, 1992!  Figures 3, 4!, and the last
is many crabs in all traps  June 17, 1992!  Figure 5!. The first pattern is
recognized only in the area deeper than 321 m. On June 17, 1992, at a
mean depth of 305 m each of 54 traps laid straight over a distance of
2.65 km collected high numbers between 67 and 269 individuals. So it
may be concluded that adult female crabs make aggregations, some of
which are in the range of, or larger than, 2.65 km in the breeding area of
the Yamato Bank.
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N=804

20

Figure 3. Number of snow crab caught per trap  consecutively numbered from
start to finish of the longline! at a mean depth of 305 m on June 17,
1992, on the Yamato Bank, Sea of Japan.

N=875

50

0

Figure 4. Number of snow crabs caught per trap  consecutively numbered from
start to finish of the longline! at a mean depth of 315 rn on July 8,
1992, on the Yamato Bank, Sea of Japan.
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Table 2. Rate of snow crabs having black spots  BMS or scars! on
the surface of the exoskeleton collected on the Yamato
Bank, Sea oF Japan.

Number of catch Percentage
Year Operation Adult female Male Adult female Male

' 21.0

9.7

1991 2,798

4,355

875

430
11,2

10.5

6,687

3,005

792

804
27.2

10.7
32.6

14.7

1992

625 18.91993 5,701 20.0

1994 1,887

5,127
306

311
3.0

41.6
6.5

19.3

1995 1,237

2,721

3,518

1,656

1,013

1,046

1.9

4.1

8.3

3.1

5.3

10.0

Total �4.6! �3.3!10 37,036 7,858
  !: Mean,

Yamato Bank: Y= 0.562 X- 1,050.607
 correlation coefficient: 0.836, 1982 < X<1995!

Wakasa Bay: Y= 0.278 X-472.889
 correlation coefficient: 0.941, 1954 < X < 1992!

BMS and scars

It is reported that many crabs collected on the Yarnato Bank have black
material on the surface of the exoskeleton  Kobayashi and Yamaguchi
1978!. In 1986 the black materials were clarified  Hatai et al. 1986! as
BMS encrusting fungus, Trichomaris invadens, which was first reported
by Hibbits et al. in 1981. Furthermore, we have found since our first col-
lection in 1982 that some crabs have many black scars on the surface of
the exoskeleton  Figure 7!, It is presumed that some of the scars on the
females' legs are caused by the mating embrace of the male, and some
of the scars on the abdomen are by scraping along the rocky sea bed.

Bay  Figure 6!. The following formulas are calculated for between the
year  X! and the carapace width  Y: mm! for both Yamato Sank and off
Wakasa Bay  including the data of carapace widths in 1954 and 1955 [Mi-
namizawa 1955] and in 1966 [Kon et al. 1968J!  Figure 6!.
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Figure 7. Adult female crabs ~ith many black scars on the legs, collected on the
yamato P>ank, S'ea of japan.
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Many of these scars are not merely scars but have festered and some-
times lack a part of the exoskeleton. The rate of crabs having black
spots  BMS or scars! on each operation shows a large fluctuation which
ranges from 1.9 to 41.6% in adult females and from 3.1 to 32.6% in
males  Table 2!. In 1995, 3.1% of adult females and 4.2% of male crabs
were infected with BMS, and 1.2% of adult females and 0.9% of male
crabs had black scars.

Discussion
It is well known that the depth distribution of snow crab is limited by
temperature. In the southwestern waters of the Sea of Japan, they are
found at depths ranging from 200 to 450 m, and especially adult female
crabs are distributing at a 240-260 m depth stratum  Ito 1968! which is
called the breeding area. On the Yamato Bank, adult female crabs are
constantly caught more than 27.6 crabs per trap at 296-318 m depth. So
it is presumed that the breeding area on the Bank occurs in this depth
stratum, and this depth stratum is approximately 50 m deeper than that
in the southwestern waters.

In the southwestern waters of the Sea of Japan, it is also reported
that adult female crabs occur as a large aggregation over 1,500 m in di-
ameter  depth: 242-244 m!  Yamasaki and Kuwahara 1991!. As a general
pattern of distribution, adult female crabs make aggregations in a
breeding area, but size in distance of the aggregations may differ with
the density of the female crabs.

For the southwestern waters of the Sea of Japan, the molt stage of
adult female crab has been estimated to be the 11th instar  Kon et al.
1968!, or most adult female crabs are the 11th instar but some are the
10th and the 12th instar  Ito 1970!. In the southeastern Gulf of St.
Lawrence, it is reported that the molt stage of adult female is the 10th
instar  Robichaud et al. 1989!, and the mean carapace width is 68.7 mm
which is similar to that of the 10th instar �6.2 mm! of the southwestern
waters of the Sea of Japan  Kon et al. 1968!. It is presumed that the
mean carapace width of adult female crabs distributed in waters which
have not been exploited or recently have begun to be exploited are
smaller than those in waters which have been exploited for many years
and the resource has decreased markedly. The density distribution of
adult female crabs may affect the size and/or molt stage.

We believe that for the two areas, an intense, long-term crab fishery
is responsible for the differences in snow crab ecology, such as the ex-
tent of patchy aggregation formed by aduit female crabs, mean carapace
width of adult female crabs, and the percent of crabs infected with BMS
or having black scars.
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Introduction

Three species of Chionoecetes, C. opilio, C. japonicus, and C. bairdi, in-
habit the waters around Japan. C. opiiio and C. japonicus are mainly
found in the Sea of Japan and their bathymetric distributions are known
to be different  e.g. Yosho and Hayashi 1993!. C. opilio lives at depths of
about 200-500 m, and is mainly fished by Danish seine in waters shal-
lower than 350 m  e.g. Sinoda 1982, Yosho and Hayashi 1993!. It mainly
occurred in the western area, where the continental shelf is well devel-
oped, unlike the northern area in the Sea of Japan. But the annual catch
in the western area has recently decreased drastically to less than that
of the northern area, Some projects have been started to catch live C.
opiiio from Yamato Bank or the Maritime Provinces, and release them in
the coastal water along Honshu, aiming at fisheries enhancement. It be-
comes more important to clarify larval transport and the process of dis-
persal because genetic exchange between these areas has not been
determined.

The other species, C. japonicus, has been found in waters between
400 and 2,700 m deep, and fished by baited traps at the bottom deeper
than 800 m  e.g. Sinoda 1980, Yosho and Hayashi 1993!. C. japonicus
has been regarded, without any well-grounded arguments, as one popu-
lation whenever its management was discussed. So far, there have been
some studies using mark and recapture methods to estimate their
movement after settlement  unpublished!. AII those results suggested
that adult crabs move within 50 km, which is a very short distance con-
sidering the size of their range.

The dispersal of C. opiiio and C. japonicus in pelagic stages, during
which they are expected to disperse most widely, has hardly been stud-
ied. Few studies on larval distribution and vertical migration of Chiono-
ecetes have been done, with distinction of both species  Fukataki 1969,
Ito and Ikehara 1971, Kon 1982!. Moreover, although there are some
studies on distribution pattern and vertical migration, very little is
known about horizontal transport and dispersal and not at all about the
distance they travel during the period from hatching to settlement. In
this study, we sampled larvae and juveniles of Chionoecetes around the
Sado Strait in the Sea of Japan, to get information on their dispersal and
settlement.

Materials and Methods

Sampling area
The Sado Strait is located between Sado Island and the Honshu coast in
the Sea of Japan  Figure 1!. Sado Basin, the deepest part of the strait, is
530 m at the center. In the west part of the basin, the deep-sea bottom
 deeper than 1,000 m! comes close to the shore, penetrating into Toya-
ma Bay. In the west, there is a shallow area where the continental shelf
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Figure 1. Maps of the Sado Strait area.

is well developed. C. opiiio and C. japonicus live mainly in the center of
the Sado Basin and in the western area because in the demersal stage
they are known to live in the depth of 200-500 m and 400-2,700 m, re-
spectively  e.g. Sinoda 1982, Yosho and Hayashi 1993!. The water
around the study area flows from the southwest to northeast under the
strong influence of the Tsushima Warm Current.

Sampling of larvae
Planktonic Chionoecetes larvae were collected monthly by oblique tows
from 100 m deep to the surface with a Bongo net, at 52 stations in and
around the Sado Strait in the Sea of Japan, during a cruise of the R/V Mi-
zuho-Maru of the Japan Sea National Fisheries Research Institute, from
March to May 1993  Figure 2!. Water temperature and salinity were mea-
sured by CTD at all the stations.

Sampled larvae were fixed in 5% neutralized formalin seawater, and
then taken into the laboratory and Chionoecetes larvae were sorted out.
Only for zoea 1 was it possible to separate C. opiiio from C. japonicus,
by the number of spinules on the long posterolateral spines of the third
abdominal somite  Konishi and Yosho in prep.!. Both zoea 2 and megalo-
pa were treated as Chionoecetes larvae. The number of larvae per 1,000
m' seawater at each station was estimated by the amount of water pass-
ing through the sampling net, which was measured with a flow meter.
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Figure 2. Map of the study area; closed circles are the stations where larvae were
collected, and closed stars are the stations where juvenile crabs were
sampled.

Sampling of juveniles
Juveniles of Chionoecetes were collected from nine stations on the bot-
tom at the depth of between 200 and 700 m in the northwest off Awa Is-
land by the T/V Tanshu-Naru, the Kasumi High School, Hyogo Prefecture
 Figure 2!. The sledge net with a 2.3 m span, which is the same type of
gear as used by Ito �984!, was used for sampling. The collected crabs
were fixed in 10% neutralized formalin seawater. In the laboratory, they
were identified to species and their carapace width  CW! was measured
by a caliper to the nearest 0.1 mm. For convenience, we refer to small
crabs less than 10 mm in CW as juveniles, which corresponds to the
fourth instar of both crabs as reported by Ito �970!, Kon �980!, and
Watanabe and Suzuuchi �982!. These juveniles were difficult to distin-
guish between male and female. The density was calculated from the
width of the sledge net and the distance it traveled in order to compare
crab abundance among sampling stations. Because the hauls were, as a
rule, operated for 10 minutes, during which they traveled the distance
ranging from 370 to 722 m with a mean of about 574 m, the density was
expressed by the number of individuals per 1,300 m' for convenience.
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Figure 3. The distribution of zoea 1 of C, opiiio and C. japonicus in March and
April.

Results

Physicai environment
The vertical profile of both temperature and salinity showed almost the
same pattern in March and April. The temperature was 10-11'C and
hardly changed vertically and horizontally in the study area, except 8-
9'C at the coastal stations on the most eastern transect, into which cold
water seemed to flow. However, suck cold, fresh water affected the
physical environment of the water above 20 m deep at most. In May, it
was 12-13'C at the surface and 10-11'C at a depth of 100 m, The effects
of fresh water in this period was much less than in April.

Occurrence of Larvae
Zoea 1 and zoea 2

In March, only zoea 1 occurred in the study area. Zoeae of both C. opil-
io and C. japonicus were found at the stations around the Sado Basin,
which was the upstream region of the Tsushima Warm Current and deep
enough for adult crabs to live at the bottom  Figure 3a, b!. However,
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Figure 4. The distribution of zoea 2 and megalopa of Chionoecetes in April and
May.

none was collected from the stations on any of the farther eastern
transect. Among the total of 206 zoea 1 collected, 137 and 10 samples
were identified into C. japonicus and C. opilio, respectively. The highest
density of 59.1 ind./1,000 m' was recorded for C. japonicus, which was
collected at more stations than C. opilio.

In April, in addition to zoea 1, many zoea 2 larvae appeared. Two
hundred and forty-three zoea 1 were collected; many concentrated near
the Sado Basin, and some occurred in the shallow and coastal area,
where adult crabs hardly live  Figure 3c, d!. C. japonicus zoea 1 was also
dominant in this month; the mean densities for all the station were 6.0
and 2.4 for C. japonicus and C. opilio respectively. For zoea 2, 422 larvae
were collected from the study area. They were abundant at the stations
near the Sado Basin and not a few in the eastern part of the study area
as found for zoea 1 in this month  Figure 4a!.

In May, no zoea 1 were collected. Few zoea 2 were sampled and the
mean density of all the stations was 0.7, which was only 4.3% of that in
April. They did not occur inshore along the Honshu coast other than at
Sado Island  Figure 4b!.
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Figure 5. The bathymetric distribution ofjuveniles of C. opiiio and C japonicus,

Megaiopa
Megalopae were collected in April and May  Figure 4c, d!; mean densi-
ties were much lower than that of zoea 2 in April but almost the same as
in May. The highest density was recorded at 7.9 and 3.9/1,000 m' in
April and May respectively. Megalopae occurred only offshore in these
months, like zoea 2 in May. The distributional pattern of megalopae did
not change between April and May.

Occurrence off uveniles
The bathymetric distribution of juveniles is shown in Figure 5, Because
we did not conduct any samplings on the bottom shallower than 200 m
and deeper than 700 m, it was not possible to determine the entire
bathymetric range of juveniles of C. opilio and C. japonicus. However,
bathymetric separation between the species was obvious; C. opilio were
collected from the bottom shallower than 300 m with the highest densi-
ty of 2.4 ind./1,300 m' at 278 m, while C. japonicus were from deeper
than 500 m, and the density recorded 7.0 ind./1,300 m' at the depth of
583 m, which was higher than that of C. opilio.
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Discussion
Both C. opilio and C. japonicus at a zoea 1 stage occurred in the wider
area than those in the demersal stage. In particular, many zoea 1 of C.
japonicus, which is one of the deepest species, were found in very shal-
low coastal waters, where the adult crabs do not live. More larvae of C.
japonicus were found than those of C. opilio in all the samples collected.
However, many previous studies on the distribution of Chionoecetes lar-
vae have been made without identification of the two species  e,g.
Fukataki 1967, Ito and Ikehara 1971!. These suggest that the two spe-
cies, which show the apparent difference in their bathymetric distribu-
tion at a demersal stage, should be treated separately in studying larval
distribution.

Zoea 1 of both C. opilio and C. japonicus co-occurred in March and
April. This may mean that they come near the surface a short time after
hatching because the presence of zoea 1 coincided with their hatching
period from February to April in the Sea of Japan  e.g, Ito 1976, Kon
1980, Kobayashi 1989!. Generally, crabs at zoea 1 are known to show
negative geotaxis and swim up near the surface  Sulkin 1984!. The
speeds of upward migration have been measured in the laboratory; for
some intertidal and brackish crabs the speed was 0.1-0.3 cm/sec  Sulkin
1984!, and for species of Geryon, which is one of the deep-sea crabs, the
speed was 1.5-2.0 cm/sec in various temperatures  Kelly et al. 1982!.
The calculation for the time taken for upward migration was made by
referring the lowest value of 0.1 cm/sec because it has not been report-
ed for Chiortoecetes, and taking into account the main depth at which
the adults live  Yosho and Hayashi 1993 !. From this, the hatching larvae
would only take 4.6 days from 400 m deep and 11.6 days from 1,000 m
deep for C. opilio and C. japonicus, respectively. This supports quick lar-
val migration to the surface after hatching.

Both zoea 1 and zoea 2 showed a much wider distribution than
adults in April. This could be explained by the Tsushima Warm Current
carrying and dispersing these larvae downstream. But it is not clear
from this study how long and how far they are dispersed passively in
their zoeal stage. No larvae were collected in the coastal water on the
most eastern transect, into which cold, fresh water flowed. The cold,
fresh water might affect survival of larvae.

Two possible reasons can be considered why the densities of zoea 2
in May and megalopa in April and May were quite low. One is the high
mortality when zoea 2 molt to megalopa. The other is the offshore mi-
gration beyond the study area, and vertical migration beyond the survey
depth; Kon �982! reported downward migration of C. opilio larvae ac-
cording to ages. Because megalopae would be capable of moving active-
ly in comparison with zoeae  Shanks 1994!, they might migrate to the
bottom where they molt to juveniles. For Chionoecetes, the process from
the pelagic stage to settlement has hardly been studied. The juveniles of
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Abstract
Patterns of micro- to mesoscale distribution of Dungeness crabs  Cancer
magister! in nearshore habitats at five locations in and near Glacier Say
National Park were revealed using subtidal transects. Sampling was con-
ducted in April and September 1992 and 1993 and April 1994, Divers
censused crabs by sex and reproductive status  ovigerous/nonovigerous
females! along belt transects � m x 100 m! perpendicular to shore in
the depth range 0 m  mean lower low water! to 18 m. A sample estima-
tor of Morisita's index  I,'! was used to quantify crab dispersion at 10
scales of measurement ranging from 20 m' to 200 m' at each location
during each sampling period.

Values of I,' in ovigerous female C. magister deviated significantly
 P < 0.05! from 1.0  random distribution! toward contagion more fre-
quently than did I," for nonovigerous female and male crabs. Ovigerous
crabs also usually had higher I, than did nonovigerous female and male
crabs, especially at smaller measurement scales �0-80 m'!. Morisita's
index for all three groups of crabs decreased more frequently than it in-
creased with an increase in measurement scale. We observed no rela-

tionship between I; and crab density in nonovigerous female and male
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crabs, whereas I," was positively correlated with the density of oviger-
ous crabs. A total of 13 dense aggregations of ovigerous C. magister
were observed nearshore  depth range 0-10 m! at the five study loca-
tions. About half of these were repeatedly observed at the same micro-
site over the course of this study. Ovigerous Dungeness crabs at Glacier
Bay were usually aggregated, often forming dense aggregations with
high site fidelity. These dense aggregations may concentrate a signifi-
cant proportion of the brood stock of this species in a limited number of
patches of optimal brooding habitat at Glacier Bay.

Introduction

The micro- to mesoscale dispersion  i.e., the positions of individuals rel-
ative to one another; Ricklefs 1979! of members of a population is fun-
damentally important to the study of population biology because it
provides valuable clues to the behavioral and ecological influences on
the population. Knowledge of the spatial distribution of individuals in a
population is also of great practical significance in designing sampling
programs for estimating species abundance in benthic ecology and is
useful in developing some stock assessment models in fishery science
 Downing 1979, Mangel and Smith 1990!. The precision of estimates of
stock size depends heavily on the pattern of spacing of individuals in
the population and how realistically the design of a sampling program
to assess stock size accounts for that spatial pattern.

The dispersion of marine benthic organisms ranges from uniform
through random to highly aggregated. Although many marine benthic
invertebrates display aggregated distributions, some  including some
decapod Crustacea! are randomly or uniformly distributed  Clark and
Milne 1955, Connell 1963, Kosler 1968, Gage and Geekie 1973!. Among
the decapod Crustacea, several authors have reported dense aggrega-
tions  pods, heaps, or mounds! of lobsters or crabs associated with mat-
ing, molting, egg extrusion, or brooding  see Stevens et al. 1994 for
review!. Because most of the observations on these aggregations have
been short-term and small-scale, we do not know how widespread, per-
sistent, or predictable the aggregations are in these species. Where long-
er-term studies have been conducted the degree of dispersion varies
over space and time  Dew 1990, Stone et al. 1993!. Aggregations of
ovigerous Dungeness crabs  Cancer magister Dana 1852! have been ob-
served in Washington and Alaska  Armstrong et al. 1987, Dinnel et al.
1987, O'Clair et al. 1990!, but hitherto, no attempt has been made to
systematically quantify dispersion in C. magisier.

Here we present results of a study of the spatial distribution of
adult male, and ovigerous and nonovigerous female C. magister at Gla-
cier Bay, Alaska. Our objectives were to: �! determine whether differ-
ences exist in the degree of dispersion of crabs depending on sex and
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female reproductive status, �! determine the extent to which dispersion
changes with increasing spatial scale of measurement and crab abun-
dance, �! to compare the degree of dispersion of crabs between study
locations at Glacier Bay, and �! to characterize dense ovigerous crab ag-
gregations at Glacier Bay.

Methods
Five locations in or adjacent to Glacier Bay National Park were chosen
for study  Figure 1!. Four study sites  North and South Beardslee islands,
Berg Bay, and Bartlett Cove! were located within the park, One site
 Gustavus Flats! was outside and adjacent to the park.

Divers censused Dungeness crabs on 2 m x 100 m belt transects in
the depth range 0  mean lower low water! to 18 m. Because the transects
did not extend below 18 m some transects were less than 100 m long.
 Divers were prevented from going deeper than 18 m to avoid excessive
buildup of nitrogen in their blood from many repetitive dives each day.!
The transects, positioned randomly  with the aid of a random number
generator on a computer!, were laid perpendicular to shore and divided
into quadrats 2 m x 10 m in size within which crabs were counted. We
recorded the depth range of each quadrat. Usually, 15 transects were
laid at each site during each sampling period. The number of quadrats
per site per sampling period ranged from 107 to 150  Table 1!. A total of
369 transects and 3,408 quadrats were searched for crabs.

Adult crabs  carapace width [CW] > 116 mm for males; CW > 100
mtn for females! were counted separately by sex and female reproduc-
tive status  ovigerous or nonovigerous!. A crab was considered to be
ovigerous if she bore an egg clutch beneath her abdominal flap. Virtual-
ly all Dungeness crab egg clutches can be observed without lifting the
abdominal flap. Because of limited dive time, nonovigerous females
were not examined further for matted pleopodal setae  a sign of recent
larval hatching!, sperm plugs, or other indications of female reproduc-
tive status beyond the two categories identified above.

We sampled all sites in April 1992-1994 and September 1992 and
1993  Table 1!. These periods were chosen, in part, to iimit sampling to
the period when ovigerous crabs would be available for study. In south-
eastern Alaska most females extrude their eggs from August to October;
larval hatching usually occurs from April to June  Shirley et al. 1987,
O'Clair unpublished data!. Sample periods were further restricted to
avoid the commercial Dungeness crab fishery and thereby preclude mu-
tual interference between our sampling activities and the fishery and
avoid compromising diver safety.  The commercial fishery was open in
the part of southeastern Alaska that includes Glacier Bay between 15
June and 15 August and between 1 October and 30 November [Alaska
Department of Fish and Game 1994]!.
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Figure I, Study locations in and adjacent to Glacier Bay National Park. Num-
bered locations are  I! iVorth Beardslee Islands, �! South Beardslee Is-
lands, �! Berg Bay, �! Bartlett Cove, and �! Gustavus Flats, The
dashed line marks the border of the park; dotted line marks the border
of the wilderness area within the park,
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Table 1. Number of transects and quadrats sampled at five locations at
Glacier Lty, Alaska.

Number of Nutnber of
transects quad ratsDateLocation

North Beardslee Island s

South Beardslee Islands

Berg Bay

Bartlett Cove

Custavus Flats

4/7-8/92

9/17/92

4/20/93

9/24/93

4/22/94

4/8-9/92

9/18/92

4/19-20/93

9/23/93

4/23/94

4/9-10/92

9/19/92

4/21/93

9/25/93

4/24/94

4/11/92

9/20/92

4/22/93

9/26/93

4/25/94

4/12/92

9/21/92

4/25/93

9/27/93

4/21/94

14

15

15

15

15

15

15

15

15

15

14

15

15

15

15

15

15

15

15

15

11

15

15

15

15

140

145

1SO

142

148

114

107

137

122

112

129

141

136

147

139

141

148

137

150

149

109

131

145

146

143
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Dispersion was quantified by Morisita's �959! index:

where q = total samples, x, = number of individuals in the ith sample,
and N= the total number of individuals in all samples. The value of I,
approaches 0 when the distribution is uniform, equals 1 when the distri-
bution is random, and exceeds 1 when the distribution is contagious
 i.e., aggregated!. Morisita's index was chosen because it is not apprecia-
bly influenced by sample size, whereas such indices of dispersion as
Green's �966! and the standardized Morisita coefficient of Stnith-Gill
�975! are strongly influenced by sample size  Hurlbert 1990!, When
evaluated under the criterion of "effect of random death," I,, unlike most
other indices, is independent of population density  Pielou 1969, Hurl-
bert 1990!. This does not exclude the possibility that the degree of
aggregation may correlate with population density in nature as a conse-
quence of the biology of the species under study  Hurlbert 1990!.

The sample estimator of the population dispersion index  I,'! used
here is that of Morisita �971!:

"* S � X
I," =,+1 x!' � s,'-

where 9 and x are the variance and mean, respectively, of the number
of individuals per sample. The index I,' was calculated at 10 measure-
ment scales, increasing from 20 m' to 200 m' in 20 m' increments. Sam-
ple surface was increased from 20 m' by randomly combining from 2 to
10 adjacent 20 m' quadrats depending on the intended measurement
scale.

We tested the significance of the departure of I,' from 1 with a two-
tailed F-test, comparing

I,' N � 1!+ q- N
q � 1

with the critical vaiue in the F-table where v, = q � 1 and v, = when
I, > 1  Southwood 1966!. The reciprocal of F, with v, = and v, = q � 1
degrees of freedom was compared with the critical value of F when
I,' < 1. The index I," was judged significantly different from 1 if P < 0.05.

Because of the irregular relationship of the mean I," to its variance
when we compared I,' between groups of crabs  averaged at each mea-
surement scale over all study locations and sample periods!, variance-
stabilizing transformations could not be employed. We therefore used
the Kruskal-Wallis test to test for differences between values of I,' for
male, nonovigerous, and ovigerous female crabs. The significance of the
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relationship of I' to measurement area was determined with regression
analysis; that of I, to crab density with correlation analysis. The rela-
tionship of I, to measurement area was judged to be linear, logarithmic,
or exponential based on the value of the coefficient of determination
 r'!. The regression model with the highest r' was considered to be the
"best fit."

Results

Frequency and degree of aggregation
ln general, ovigerous Dungeness crabs were more frequently and more
strongly aggregated than were males or nonovigerous females. The fre-
quency  expressed as a percentage of the total number of significance
tests on ovigerous crabs! with which Morisita's index  I,"! for ovigerous
crabs significantly exceeded 1  F-test, P < 0.05! ranged from 50% to 94%,
depending on the scale of measurement  Figure 2!. The average frequen-
cy of aggregation in ovigerous crabs exceeded that of both males and
nonovigerous females at all measurement scales except 160 m' where
the frequency of nonovigerous females exceeded that of ovigerous fe-
males. Ovigerous crabs tended to be more frequently aggregated at
smaller scales than at larger scales  Figure 2!.

Although males and nonovigerous females were frequently aggre-
gated at the spatial scales studied  range of frequency, 44-69% and 53-
73%, respectively!, in general, they were randomly distributed more
frequently than ovigerous crabs, Depending on measurement scale, I,"
did not differ significantly from 1  Ftest, P! 0.05! for 31-56% of the sta-
tistical tests in males and for 27-47% of the statistical tests in nonoviger-
ous females. In ovigerous crabs, I,' did not differ significantly from 1 in
6-44% of the statistical tests. None of the three groups of crabs exhibited
a significant tendency toward a uniform distribution  i.e., I,' significant-
ly < 1!. We observed no consistent differences in the frequency of aggre-
gation between males and nonovigerous females  Figure 2!.

Ovigerous crabs were usually more strongly aggregated than males
and nonovigerous females  Figure 3!. Average values of I," for ovigerous
crabs  range of mean I,", 14-21.8, depending on scale of measurement!
were significantly  Kruskal-Wallis test, P < 0.05! greater than those for
males  range, 2.4-4.5! and nonovigerous females  range, 4.4-31.9! at all
scales of measurement less than 120 m', At scales > 120 m' the average
I,' for ovigerous crabs  range of mean I,', 6.9-13.6! was usually greater
than that for males  range, 2.1-2.6! or nonovigerous females  range, 6.1-
24.8! or both. Only at 160 m' did we observe no significant difference in
the value of I," between all three groups of crabs.  Extremely high values
of I, were obtained for ovigerous crabs at 140 rn', 160 m', and 200 m'
at Gustavus Flats in September 1993. To not obscure the generally de-
creasing trend in the values of I,' for ovigerous crabs with increasing
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Figure 2. Frequency  %! of aggregation  Morisita's index of dispersion ll J signifi-
cantly greater than I.O! of male  M!, and nonovigerous  FN! and oviger-
ous  OV! female Dungeness crabs at IO measurement scales. Indices for
five locations in and near Glacier Bay sampled during five sampling pe-
riods were combined at each measurement scale.

sample area in Figure 3, these extreme values were excluded from calcu-
lations of the means shown in Figure 3. Results of significance tests
were identical whether the extreme values were included or not.! Oviger-
ous crabs tended to be more strongly aggregated at smaller spatial
scales �0-80 m'! than at larger scales  Figure 3!. Values of I,' for males
and nonovigerous females did not differ significantly at any measure-
ment scale  Figure 3!.

When values of I," were averaged over all spatial scales and sam-
pling periods ovigerous females were more strongly aggregated  P <
0.05, Kruskal-Wallis test! than males and nonovigerous females at all lo-
cations except Berg Bay  Figure 4!, At Berg Bay there was no significant
difference between the values of l,' for the three groups of crabs. A sin-
gle large value of I, for nonovigerous crabs and the absence of oviger-
ous crabs from the transects at Berg Bay during two sampling periods,
by reducing sample size, may have been responsible for this result. At
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Figure 3. Mean vaiues of Morisita's index of dispersion �~! for male  M!, oviger-
ous  OV! and nonovigerous female  NF! Dungeness crabs at 10 mea-
surement scales at Glacier Bay, Alaska. Indices for five locations in and
near Glacier Bay sampled during five sampling periods were averaged
at each measurement scale. Bars are one standard error of the mean.
Letters above each cluster of bars summarize statistical tests of I, be-
tween crab groups: A, OV> M 4 FN; B, OV> M only; C, OV> FN only.
Outlier I, values  I, = 1-2 x 10"! not used in the calculation of index
means for ovigerous crabs at 140, 160, and 200 m' are depicted by ar-
rows. See text for a discussion of the treatment of these outliers.

Gustavus Flats the mean value of I," for nonovigerous females appeared
greater than that for ovigerous crabs, but the rank sum I,' of the latter
significantly exceeded that of the former  P < 0.001, Kruskal-Wallis test;
Figure 4!.

Dispersion and spatial scale
The relationship of dispersion and spatial scale showed several patterns
when I, was regressed against sample area. The most common pattern
observed was an exponential or logarithmic decrease in I,' with increas-
ing sampling area, depending on sex and female reproductive class
 Figure 5, Table 2!. Male and ovigerous female crabs more frequently ex-
hibited a logarithmic decrease with increasing area. Nonovigerous fe-
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Figure 4. Mean values of Morisita's index of dispeision  I, ! for male  M!, oviger-
ous  OV! and nonovigerous female  NF! Dungeness crabs at five loca-
tions  NB, North Beardslee Islands; SB, South Beardslee Islands; BB, Berg
Bay; BC, Bartlett Cove; GF, Gustavus Flats! at Glacier Bay, Alaska, aver-
aged over five sampling periods and 10 measurement scales. Bars are
one standard error of the mean. Letters above each cluster of bars
summarize statistical tests of1*between crab groups  A, OV> M & FN!,

males more frequently exhibited an exponential decrease with increas-
ing area  Table 2!. Linear decreases in I," with increasing area were less
frequent as were increases in I,' with increasing area  Table 2!. For all
three groups of crabs the greatest proportion of the total variation ex-
plained by the regression  as measured by the coefficient of determina-
tion, r'! of I,' on area occurred when I,' decreased exponentially with
increasing measurement area  Table 2!.

Dispersion and density
Ovigerous crabs usually exhibited the greatest variability in density
both within  as indicated by the magnitude of the standard error of the
mean density! and between sample periods, depending on sample
location  Table 3!. Because ovigerous crabs at Berg Bay were confined
chiefly to two small, discrete areas, none were observed on the random
transects in April and September 1993, By contrast, high densities of
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Figure 5. Representative curves showing the types of relationships between
Morisita's index of dispersion  l~! and sample area obtained for male
and nonovigerous and ovigerous female Dungeness crabs in April  A!
and September  B! 1992 at Bartlett Cove, Glacier Bay.
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Table 2. Dependence of Morisita's index  I ! on measurement scale
 ma! for tdree groups of Dungeness crabs at Glacier Lgy,
Alaska.

Positive regression
Crab lin exp log
group % r' % r' % r'

Negative regression
iin

r'
exp log

r' % r'

M 12 040 � � 12 047 19 062 19 082 38 067

OV � � 7 028 7 012 7 036 33 069 47 053

FN � � 6 0.26 12 0.12 � � 50 0.59 31 0.34

lin = linear; exp = exponential; log = logarithmic. Males  M! and ovigerous  OV! and nonovigerous  FN!
females. Frequency of occurrence  s! and mean coefficient of determination  rr! by type of "best fit"
regression are shown for each direction of regression. The index increased with Increasing scale when
the regression was positive.

Ovigeroas crab aggregatioffs
Distinct aggregations of ovigerous crabs occurred at all study locations
over the course of this study. These aggregations were characterized by
a high density of crabs distributed over areas of a few m'. Dense aggre-
gations occurred at 13 sites at the five study locations. Most of these ag-
gregations �7%! occurred more than once. On all but one occasion
virtually all of the crabs in the aggregation were partially to completely
buried in the sediment, Often the crabs would be stacked one on top of
the other in the sediment. Although the aggregations occasionally oc-
curred in substrates cotnposed primarily of silt and finer sediments, the
highest densities of ovigerous crabs usually occurred in sand. The
depth of the aggregations extended from just below mean lower low wa-
ter to a depth of about 10 m on gently to steeply sloping bottoms. Four

ovigerous crabs were observed at Bartlett Cove  BC! and Gustavus Flats
 GF!, especially in April. Average density at these locations ranged up to
1,858 ovigerous crabs/ha  BC! and 1,177 ovigerous crabs/ha  GF!, in
April 1993  Table 3!. The density of male and nonovigerous female crabs
exhibited less extreme variation than did ovigerous crabs over the
course of the study. Average male density ranged from 0 to 207
crabs/ha; that for nonovigerous fernale crabs ranged from 7 to 228
crabs/ha  Table 3!.

The value of I,' tended to increase  P < 0.01! with increasing crab
density in ovigerous crabs  Figure 6A!. However, the proportion of the
variation of I,' explained by the variation in density was small  r'= 0.40!.
Variation in crab density accounted for even less of the variation in I,' in
males  r' = 0.11! and nonovigerous females  r' = 0.10!, No significant
relationship was observed between I,' and density in males and nonovi-
gerous females  P> 0.05; Figure 6B!.
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Mean  x! and standard error of the mean  se! of the density
 individuals/ha! of adult male  M!, ovigerous female  OV!, and
nonovigerous female  FN! Dungeness crabs at five locations in
or adjacent to Glacier gay, Alaska from April 1992 to April
1994.

Table 3.

Density
OV FN

x use x usex+ seDateLocation

North Beardslee

Islands

South Beardslee

Islands

Berg Bay

Bartlett Cove

Gustavus Flats
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Apr 1992

Sep 1992

Apr 1993

Sep 1993

Apr 1994

Apr 1992

Sep 1992

Apr 1993

Sep 1993

Apr 1994

Apr 1992

Sep 1992

Apr 1993

Sep 1993

Apr 1994

Apr 1992

Sep 1992

Apr 1993

Sep 1993

Apr 1994

Apr 1992

Sep 1992

Apr 1993

Sep 1993

Apr 1994

168 a 53

129+ 33

130+ 34

40+ 14

104+ 22

65+ 24

63+ 22

102+ 29

110+ 39

147 k 45

67K 16

167 X 99

85* 32

121 + 71

73+ 49

53+ 20

207% 83

42+ 13

100+ 38

51 + 12

0

45+ 17

3+ 3

302 18

172 8

46+ 21

37+ 30

220 k 188

102 5

402 28

70* 30

159+ 105

130+ 46

91 + 73

146+ 41

23+ 10

27+ 13

0

0

297+ 282

305 x 215
20+ 12

1858 + 1517

313

442 k 310

45+ 27

107+ 48

1177 + 1085

23+ 23

412+ 200

107+ 28

122+ 34

60+ 46

71+ 21

73+ 21

63+ 25

51 + 17

77* 28

93m 33

79+ 29

87+ 26

15+ 9

19+ 7

1S+ 7

228+ 225

94+ 44

125+ 61

112+ 46

73+ 25

30+ 14

331 16

187 E 48

20+ 10

41 2 15

7+4
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Figure 6. Correlation of Morisita's index of dispersion and crab density for  A!
ovigerous and  8! male  M! and nonovigerous female  FN! Dungeness
crabs sampled during five periods at five locations in and near Gla-
cier Bay.
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Discussion
The distribution of Cancer magister in or near Glacier Bay, Alaska, was
usually contagious. This is a frequently observed and weH-documented
distributional pattern in benthic invertebrates  Kosler 1968, Gage and
Geekie 1973, Downing 1979!. Less well documented are the differences
that we observed in the distributional patterns of subpopulational
groups of C. magister, specificaHy differences between the distribution-
al patterns of males, nonovigerous females, and ovigerous crabs.
Ovigerous crabs were clearly more frequently and more strongly aggre-
gated at most measurement scales we examined than were male and
nonovigerous female crabs. Males and nonovigerous females were also
frequently aggregated but were more likely to be randomly distributed
than were ovigerous crabs.

Ovigerous crabs were often in dense aggregations in shaHow water
�-10 m! at Glacier Bay. Over one-half of these aggregations were ob-
served repeatedly at the same sites over the course of this study. Others
have reported aggregations of ovigerous cancroid crabs at depths rang-
ing from 1 to 40 m in England, Washington, and Alaska  Howard 1982,
Armstrong et al. 1987, Dinnel et al. 1987, O'Clair et al. 1990!. None of
these authors offered explanations of the function of these aggregations
or why they occurred where they did. McKoy and Leachman �982!
found aggregations of ovigerous female rock lobsters, Jasus edwardsii,
in circular formations, on open sheHy-sand bottom, in New Zealand.
They suggested that the function of these aggregations was defensive.
The sites of these aggregations were in areas of strong tidal water move-
ments. Newly hatched lobster larvae at these sites would be rapidly dis-
persed by the water movements. As a result, predation on the larvae
may be minimized  McKoy and Leachman 1982!. Campbell �990! found
aggregations of ovigerous lobsters  Homarus americanus! in shaHow wa-
ters off Grand Manan, eastern Canada. He did not ascribe a function to

aggregations �1%! were located near the mouths of streams emptying
into bays. Over one-half �4%! of the aggregations repeatedly occurred
at the same micro-site. One of us  CEO! collected ovigerous crabs for an-
other project from these aggregations during each sampling period of
this study, and therefore confirmed the location of the aggregations dur-
ing each sample period. The distribution of aggregations of ovigerous
Dungeness crabs observed in the present study was also evident in crab
pot collections made synoptically in the same bays. Ovigerous crabs
were uncommon in pots, but, when present, usually occurred in pots
nearest the aggregation sites recorded by divers  Schultz et al. 1996!. Al-
though male and nonovigerous female Dungeness crabs occasionally oc-
curred in discrete aggregations, these aggregations invariably contained
fewer crabs and were much less predictable than were the aggregations
of ovigerous crabs.
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these aggregations, but considered the question of habitat selection by
the lobsters. He suggested that some areas may be preferred by oviger-
ous lobsters. The aggregations occurred in areas relatively sheltered
from major storm surges and with a soft sand-clay substrate into which
the lobsters "bulldozed" depressions. In these areas, lobsters would be
exposed to warm surface waters which would increase the rate of egg
development and hatching in a region where waters are generally cold
for most of the year. The areas harboring aggregations of ovigerous lob-
sters were characterized by strong tidal currents which would promote
rapid dispersal of newly hatched larvae  Campbell 1990!.

in the present study Morisita's index of dispersion for ovigerous
crabs tended to decrease in value with increasing sample area, Because
smaller measurement scales more likely encompass areas within the
same habitat type than do larger scales, aggregation in ovigerous C.
magister probably does not reflect differences in habitat quality be-
tween broad habitat types. However, differences in habitat patch quality
at the micro-scale level may promote the establishment of dense aggre-
gations of ovigerous crabs similar to those at some sites at Glacier Bay.

Sediment type probably plays an important role in determining hab-
itat quality for ovigerous C. tttagister. Female C. magister that do not
have suitable substrate into which to burrow suffer high losses of fresh-
ly extruded eggs  Fisher 1976!. Uncompacted fine sediments may be the
easiest to burrow into, but a large silt-clay fraction may interfere with
oxygenation of the eggs. Considering the sediment type associated with
the dense aggregations of ovigerous crabs that one of us  CEO! has ob-
served in Glacier Bay, sand may be the preferred substrate for ovigerous
crabs. Particles finer than sand may be more likely to foul crab egg
clutches; coarser substrates may be more difficult for crabs to pene-
trate. Increased interstitial water flow in sand may enhance oxygenation
of crab eggs and remove crab waste products such as ammonia.

In a glacial fjord system like Glacier Bay with a high rate of sedimen-
tation of fine  silt-clay! particles, most bottom sediments are probably
composed of fine particles, Areas of sand may be limited. The sediment
sorting that takes place on the alluvial fans of rivers and streams may
provide patches of sand for ovigerous crabs. At least a one-third of the
dense aggregations observed in our study were on or near alluvial fans.
However, dense aggregations also occurred in sandy substrates that
were not near afluvial fans.

One function of the dense ovigerous aggregations at Glacier Bay
may be mutual enhancement of the brooding  interstitial! environment.
Small movements of the legs and abdominal flaps of large numbers of
densely packed crabs may prevent sediment compaction around egg
clutches and may induce resuspension of fine particles which then
become subject to export from the site of the aggregation by bottom
currents.
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Abstract
The responses of the first zoeal stage of the deepwater crab Pseudo-
carcinus gigas  Lamarck! to stimuli affecting vertical migration were de-
termined. Larvae are negatively buoyant and sink passively at 0.61 cm/s
at 35 ppt salinity. Negative geotactic response was weak in larvae imme-
diately after hatching; however, larvae exhibited strong negative geotax-
is in tests at 15 and 20 hours. This pattern was less evident in
subsequent samples up to day 13, It is suggested that a strong negative
geotactic response is important initially to induce upward migration of
larvae from the site of release, at approximately 350 m depth, to the
surface. Light-adapted larvae were sensitive to change in light intensity
from overhead lighting with both decreases and increases in intensity
inducing downward migration; this negative phototactic response was
only induced at lower light intensities  below 230 lux!. It is suggested
that this may be a shadow response which has not been previously re-
ported for increases in intensity. Distributions of larvae in angled test-
ing columns suggest that the larvae are actively swimming away from
the light source when negative phototaxis occurs. Where positive photo-
taxis occurred, larvae appeared to orient with gravity while light provid-
ed the stimulus for increased locomotory activity. Larvae did not appear
to respond to small changes in pressure �.24-2.70 cm water/s, at sur-
face! of a similar magnitude to that which they would experience by ver-
tical swimming. They appeared to detect currents and most larvae could
maintain position in currents of 1.12 cm/s.
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Introduction
Giant crabs Pseudocarcinus gigas are distributed along the southern
coast of Australia and have recently begun to be commercially harvest-
ed. They are a large, deepwater species with ovigerous females captured
at greatest density along the edge of the continental shelf, at approxi-
mately 350 m. Ovigerous females appear to migrate up the shelf before
hatching of the eggs occurs, so that larval release may take place in
shallower depths of 160-240 m  Andrew Levings, Deakin University, War-
rnambool, Austl., pers. comm., Sept. 1995!.

Development of the larvae of giant crabs consists of a prezoea, 5
zoeal stages, and a megalopa  Gardner 1996!. The vertical migration of
these larvae and their response to currents may be an important behav-
ioral mechanism in larval dispersal, survival, and growth. The mecha-
nism controlling migration in planktonic crustaceans is highly complex
and can be influenced by a range of stimuli including pressure, polariza-
tion of light, gravity, absolute light intensity, salinity, change in light in-
tensity, predator fields, prey fields, and temperature  Knight-Jones and
Morgan 1966, Umminger 1969, Latz and Forward 1977, Forward et al.
1984, Gliwicz and Pijanowska 1988, and Forward 1990!. While many
stimuli may be perceived by brachyuran larvae, and contribute to verti-
cal migration, it appears that migration is predominantly controlled by
phototaxis in the presence of light  Thorson 1964!, and geotaxis  gravi-
ty! and barokinesis  pressure! in the absence of light  Sulkin 1973!.

The response to external stimuli varies between species so that
widely different migration strategies exist in relation to depth and diel
cycle. Plankton, including decapod larvae, do not show a clear general
diel pattern in oceanic water off Tasmania; some species exhibit noctur-
nal upward migration while others are found on the surface during day-
light hours  Barry Bruce, Div. Mar. Sci., CSIRO, Hobart, Austl., pers.
comm., Sept. 1995!. Consequently, no assumptions can be made on the
general pattern of larval movement in P. gigas. Further, it is not possible
to predict larval movements of the giant crab based on other studies as
deepwater crabs, or those with oceanic larval stages, have received
scant attention in behavioral research. Most other studies on brachyu-
ran larval behavior have focused on estuarine species with only one oth-
er deepwater species, Geryon quinquedens, having been studied  Kelly et
al. 1982!.

The aim of this research was to provide behavioral information to
assist with understanding movement of giant crab larvae and to contrib-
ute to research on deepwater crabs in general. An additional aim was to
identify larval environmental preferences to assist with small-scale pro-
duction of juveniles, The responses of stage 1 larvae to several stimuli
influencing vertical migration were assessed; gravity, spectral sensitivi-
ty, absolute light intensity, change in light intensity, orientation of light,
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and change in pressure. Larvae were also tested for their response to
lateral current movement.

Methods

Sinking and swimming rates
Sinking rates were determined for 30 stage 1 zoeae collected from each
of the two holding tanks and narcotized until immobile in a solution of
0.05% 2-phenoxyethanol in seawater. The larvae were then allowed to
sink through a seawater-filled Plexiglas column and their rate of descent
measured for 25 cm after an initial decent of 25 cm.

Swimming rate was measured for 30 larvae which were introduced
to a clear, horizontal Plexiglas column with illumination from one end
�00 lux!. The time required for larvae to swim 15 cm without stopping
or turning was measured.

General experimental procedures for geotaxis,
phototaxis, and barokinesis experiments
Zoeae were discarded after use in an experiment and were replaced if
held for more than four hours after collection before use in a behavioral

trial  with the exception of geotaxis experiments where zoeae up to 13
days old were used!.

All experiments were replicated four times with each replicate stag-
gered between other treatment levels, For instance, the behavioral re-
sponses of zoeae to each level of light intensity were tested with a
single trial at each level and then the entire set of trials was repeated to

Source of larvae
Thirty ovigerous females were collected from depths of 300 � 380 m off
the east coast of Tasmania �1'15'S; 148'40'E! in May 1994 by a commer-
cial fisher. These females ranged in size from 2.2 to 3.5 kg and were
held in two 4 m' tanks with flow-through, unfiltered water supply. Crabs
were fed twice weekly with abalone  Haliotis spp.! or mackerel  Trachu-
rus sp.! and food remains were removed after 48 hours.

Hatching of larvae commenced in November 1994 and continued for
three weeks. Stage 1 zoeae were collected for behavioral experiments by
first flushing the system of any zoeae present in the tanks, and then re-
ducing flow so that only newly hatched larvae could be drawn from the
tanks. Zoeae were mixed by drawing samples from each of the two hold-
ing tanks, so that no female contributed more than 50% of the larvae in
any trial. Further mixing of larvae was achieved within tanks, as daily
monitoring of the egg masses indicated that on any day where larvae
were collected, hatching occurred in the egg masses of at least three fe-
males.
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a total of four times. Trials were conducted at 13'C in a temperature
controlled room. All water used was 0.2 p.m filtered seawater of consis-
tently 35 ppt salinity.

The movement of larvae was measured by placing approximately 30
larvae into a clear Plexiglas column divided into eleven 5 cm segtnents
�0 mm internal diameter x 550 mm length! and recording their position
after subjecting to a stimulus. Larvae were introduced into the middle of
the column with a transparent 60 ml syringe. The light intensity that lar-
vae are adapted to has been shown to influence their behavior in re-
sponse to light stimulus  Forward 1974!, To prevent confounding of
experiments from previous light exposure, larvae were acclimatized to
the lighting for 10 min within the transparent syringe. Preliminary trials
established suitable duration of trials to be 2 min. Longer periods than
this resulted in all the larvae gathering at either end of the testing cham-
ber. Also, no change in the nature of the larval response occurred in tri-
als of 15 min compared to 2 min trials. Barokinesis trials were reduced
to 1.5 min due to constraints on the apparatus used to alter pressure.

Injection of larvae into the testing column caused currents which
tended to move the larvae vertically upward. To compensate for this ef-
fect, the initial position of the larvae was determined by repeatedly in-
troducing larvae into the testing column and recording their position
immediately �33 zoeae in the angled column, 394 in the vertical col-
umn!. The mean column position of these larvae was used as the point
of origin in all trials.

Significant difference between treatments was determined using the
method outlined by Sulkin et al. �980!. "Mean position value" was calcu-
lated by assigning weights from 1 to 11 for each of the sections along
the testing chamber, multiplying the weights by the number of larvae in
each section, and dividing the product by the total number of larvae.
The mean position value was calculated for each replicate and these val-
ues were then used to compare treatments with the non-parametric
Mann-Whitney V test  Zar 1974!. Differences in means were considered
significant at P < 0.05.

Geotaxis

Significant upward movement of the larvae in the absence of light or
pressure changes was attributed to negative geotaxis. The apparatus
used to study geotactic response is illustrated in Figure 1. Geotactic re-
sponse of larvae was tested at: immediately post-hatch, 15 h, 20 h, 2 d,
6 d, 9 d, and 13 d. Larvae were maintained in a 1,000 L tank on a recir-
culating water system with VV sterilization and biofiltration. Larvae
were fed Artemia salina nauplii enriched with Protein Selco"; they molt-
ed to second stage zoeae after 7 days. At the culmination of the geotaxis
trials �3 d!, larvae were still at second stage zoea.
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Figure 1. Detail of testing chamber and experimental apparatus
used to measure larval response in darkness and also
to light of 61 7 nm and 478 nm. Wavelength and light
intensity was altered with optical filters held in a rack
between the light source  quartz halogen floodlight!
and the testing chamber. Larvae were introduced
through the entry port and water and air bubbles dis-
placed through the exit port.
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Phototaxis

Several aspects of phototactic response were investigated: spectral sen-
sitivity, response to constant light intensity, response to change in light
intensity, and the effect of incident angle of light source, All lighting
was from quartz halogen globes which was diffused through neutral
density optical filters. Generally, intensity of lighting was altered be-
tween treatments by changing the wattage of the globe or the neutral
density filter although, for change in light intensity trials, the intensity
was altered by moving the light source away or toward the testing
chamber. Light intensity was measured in lux with a Gossen Profisix
plan-diffuser light meter.

The apparatus used to study spectral sensitivity is illustrated in Fig-
ure 1. Lighting was from beneath and wavelength was altered with red
 Kodak ¹25, dominant wavelength = 617 nm! and blue  Kodak ¹47A,
dominant wavelength = 478 nm! gelatin filters,

Response to constant light intensity, response to change in light in-
tensity, and the effect of incident angle of light source were determined
with the apparatus illustrated in Figure 2. Natural underwater distribu-
tion of light was approximated by submerging the testing chamber in a
400 L tank, using angled light and diffusing the light source with neutral
density filters. The walls of the outer tank were blackened walls and the
tank was filled with 0.2 pm filtered seawater. All trials with constant
light intensity were conducted with the light source in the lower posi-
tion. Test intensities ranged from 3 lux to 40,000 Iux, recorded from the
top of the testing chamber.

To test the effect of change in light intensity, the light source was
moved toward or away from the testing chamber by a variable speed 12
V electric motor  Figure 2!, The change in intensity commenced as the
larvae were introduced to the column, and continued for the duration of
each trial, The effect of change in light intensity was examined for both
increasing and decreasing intensities for intensities between 6 and
2,000 lux, The range of intensities experienced by larvae for each treat-
ment is given in Figure 8. Rates of change in light intensity, under natu-
ral conditions at sunset, were determined by measuring decline in light
intensity on two days in September. Readings were taken every two min-
utes and rates of change averaged for the two days. Simulated declines
in intensity were considerably faster than that which occurs at sunset
 Table 1!.

The effect of incident angle of light source was tested by comparing
larval distributions in a testing chamber angled directly toward the an-
gled light source with a testing chamber oriented vertically  Figure 2!.
The angle of light incident on the testing chambers was 45'to vertical
after refraction through the water surface. Trials conducted to compare
the effect of incident angle of light source were conducted simulta-
neously for the vertical and angled testing chambers,
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Figure 2. Experimental apparatus used to measure larval response to
fixed intensity whi te light and change in light intensity. The
light source was moved up or down the track to adjust inten-
sity with a variable speed, l2 V elect.ric motor connected to a
gearbox to reduce speed of revolution and increase torque. Ini-
tial light intensity was adjusted with neutral density filters or
by changing the wattage of the quartz halogen globe.
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Table l. Change of light intensity during natural sunset
compared with experisnental rates of intensity
decline.

Irtltlal Natural' Simulated change in intensity
intensity  lux!  lux/min! Slow  lux/min! Rapid  lux/min!

15

230

900

2,000

2.8 3 4.5

20.9 60 95

57.5 175 395

103.9 450 875

Values for natural change in intensity at sunset are derived From a regression
fitting recorded intensity changes.

Barokirfesis

As with phototaxis experiments, the testing chamber was submerged in
a water-fiHed, blackened tank  Figure 3!. The testing chamber was ori-
ented vertically and the response of larvae to change in pressure was
measured in darkness and also with 800 lux lighting, angled at 45'. Lar-
vae were introduced to the testing chamber through a ball valve which
could be closed to seal the chamber. Silicon tubing was connected to the
testing chamber and filled with seawater so that the water was continu-
ous with that in the testing chamber. Pressure was then altered by rais-
ing or lowering this tubing with a variable speed electric motor and the
rate of pressure change recorded as vertical cm per second. This meth-
od of recording change in pressure allowed pressure change to be di-
rectly related to potential larval movement in surface waters.

Rheotaxis experimental method
Rheotactic responses of individual zoeae were measured within a
10 mm internal diameter glass tube connected to a peristaltic pump to
provide current  Figure 4!. Larvae were introduced to the apparatus with
a 60 ml syringe and pulsation was largely removed by constricting the
1.5 m length of expandable silicon tubing, feeding from the pump, with
a screw valve. Current speed was adjusted with the peristaltic pump and
measured by recording the speed of passage of bubbles through the ap-
paratus. The rheotactic responses of larvae were tested for current
speeds from 0,35 to 1.87 cm/s. Lighting was at 90'to the current flow
and oriented horizontally to produce an intensity of 80 lux incident on
the testing chamber, A positive rheotaxis response was recorded when
larvae actively oriented themselves and swam into the current or main-
tained position; a negative response was recorded if the larvae were
swept along the testing chamber or swam indifferently to the current. At
least thirty larvae were used for each current speed tested.
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Figure 3, Experimental apparatus used to measure larval response to rate of
change in pressure. Pressure in the testing chamber was regulated by
the height of the silicon tubing, as the water in the tubing was continu-
ous with that in the testing chamber. Change in pressure was achieved
by raising or lowering the silicon tubing at different rates with a vari-
able speed, 12 V electric motor. Lighting was with a 50 W quartz halo-
gen floodlight. The ball valve was opened to introduce larvae into the
testing chamber with the syringe, and then sealed for pressure trials.
The syringe and testing chamber supports were oriented away from
the light source to prevent shadowing.
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LIGHT

SOURCE ~itli~

CLEAR SYRINGE

RESERVOIR

Figure 4, Apparatus used for rheotaxis experiments. Pulsationin flow from the
peristaltic pump was reduced by including I.5 m of silicon tubing be-
tween the pump and the glass testing chamber and then constricting
tubing immediately before the testing vessel. This caused the silicon
tubing to expand and contract, which removed pulsation, Lighting was
from a 50 W quartz halogen floodlight, 2.5 m distant and angled at 90'
to the testing chamber to produce 80 lux incident on testing chamber.

Results

Swimming and sinking speeds
The mean vertical upward swimming speed of larvae, without pausing,
was 1.61  + 0.382 s.d., n = 30! cm/s. Assuming that larvae did not pause
in swimming and also chose to swim verticaIIy upward, this rate of
swimming would enable larvae released at 350 m depth to reach the sur-
face waters in about 6 hours. Larvae swam with the dorsal spine fore-
most and sank in the opposite manner, with the dorsal spine trailing.
The average sinking rate for anesthetized larvae was 0.61  + 0.084 s.d.,
n = 30! cm/s.



Symposium on High Latitude Crabs 239

INT.POS. 15 HOUR 20 HOURHATCH

225 225 225225

175

125

75

125 125 125

25 2525

-75 -75 -75

-175-175-175

-275 -275 -275-275

0 25 50 75 100

13 DAYS

0 10 20 30 40

6 DAYS

0 25 5075100

9 DAYS

0 25 50 75

2 DAYS

225225 225225

175

125

75

125125 125

252525

-75-75 -75

-175-175 175

-275275-275-275

Figure $. Ontogenic change in geotactic response of stage I and 2 zoeae. "Int

0

0 C 0
U

0 0 6 0
U

25

-25

-75

-125

-175

-225

25

-25

-75

-125

-175

-225

0 10 20 30 0 5 10152025 0 5 10152025 0 10 20 30 40

Pos."is the distribution of larvae immediately after introduction to the
testing column; the mean of this distribution was used to define the
zero position of column heightin the subsequent geotactic response
plots. "Hatch" plotis for larvae collected and tested within 10 minutes
of release.
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Figure 6. Vertical migration of Zl larvae in response to white, red �17nm!, and
biue �78 nm! light directed from below the vertical testing column.
The response of larvae in darkness was measured and has been plotted
as the lowest intensity reading for the white light series. This point has
been artificially allocated an intensity of 0.5 lux so that lightintensity
could be plotted on a logarithmic scale. !Vegative values indicate posi-
tive phototaxis, i.e., movement toward the light below the testing cham-
ber  see Figure. !!.

Geotaxis

There was a tendency for stage 1 zoeae to be negatively geotactic but
this appeared to be influenced by the age of the larvae, or possibly time
of day  Figure 5!. Itnmediately after hatching the larvae did not exhibit
any clear geotactic response. Larvae exhibited strong negative geotaxis
in tests at 15 h and 20 h but the strength of response declined in older
larvae. The mean response of larvae tested at 2 d and 13 d was positive-
ly geotactic although the pattern of movement for all larvae tested was
not clear with some larvae moving upward in the column and others
downward.

Phototaxis

Fixed intensity
In the experimental situation shown in Figure 1  results Figure 6.!,
downward movement is positive phototaxis. There was strong phototax-
is to blue light of 2 lux while larvae failed to exhibit a strong phototactic

240 Gardner � Behavior and Depth Regulation in Pseudocarcinus gigas
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18 800 2500 40000Dark 3

Light intensity  lux!

Figure 7. Migration response of Zl larvae, in vertical and angled testing col-
umns, to light of different intensities. Means have been artificially
displaced sideways to prevent overlap of error bars. Significant dif-
ferences between distributions of angled and vertical tests are denoted
by *at P < 0.05. Solid lines = angled column, dashed line = vertically
oriented column. Positive values indicate positive phototaxis, i.e., move-
ment toward the light above the testing chamber  see Figure 2!.

response when exposed to red light of 11 lux  Figure 6!. In the experi-
tnental situation shown in Figure 2  results Figure 7!, a positive
phototactic response will result in upward movement. Larvae were
phototactic to ail intensities tested for white light �-40,000 lux, Figure
7! and at no intensity were larvae induced to swim or sink downward.
There were no significant differences between larval responses to any
intensities tested  P < 0.05!, in both the angled and the vertical columns.

Effect of change in intensity
There was a significant  P < 0.01! effect of change in light intensity on
column position of larvae  Table 2!. This was tnost apparent at lower
light intensities; downward movement  negative phototaxis, Figure 2!
was most evident in larvae exposed to changes in intensity between 9-
15 lux and 6-15 lux  Figures 8 to 10!. In the vertical column, there was a
significantly greater movement away from the light source at slow rates

~ 300

+I

o 200
8

100
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Intensity range  lux!Treatment N

Rapidly increasing
intensity  angled!

6-15 40-230 250-2,000 1 10-900 1,098

Rapidly decreasing
intensity  angled!

15-6 230-40 900-110 2,000-250 728

Slowly increasing
intensity  angled!

9-15 130-230 5 50-900 I, 100-2,000 838

Slowly decreasing
intensity  angled!

15-9 230-130 2,000-1,100 900-550 938

Rapidly increasing
intensity  vertical!

6-15 40-230 110-900 2 50-2,000 1,001

Rapidly decreasing
intensity  vertical!

2,000-25015-6 230-40 900-110 1,012

Slowly increasing
intensity  vertical!

9-15 130-230 550-900 1,100-2,000 985

Slowly decreasing
intensity  vertical!

15-9 230-130 2,000-1,100 900-550 860

Light intensity changes are ranked from lowest to most positive phototactic response, left to right re-
spectively. Bars beneath intensity ranges denote significance by joining non-significant tests IP < 0.01!.
See Figure 2 for experimental apparatus. N - number of larvae per treatment level.

of changes in intensity than at faster rates  P < 0.05; Figure 8!. There ap-
peared to be no effect of direction of light change  increasing or de-
creasing intensity! on larval movement  Figure 9!.

Effect of orientation of light source
The effect of orientation of light source was investigated by exposing
the larvae to an angled light source and comparing the distribution of
larvae in a vertical and an angled testing chamber  Figure 2!. This was
trialed with larvae exposed to white light of fixed intensity  Figure 7!
and also with varying intensity  Figure 10!. In the fixed light experi-
ments, there was significantly greater movement of larvae along the col-
umn in the vertically oriented column than in the column angled
directly toward the light source  P < 0.05; Figure 7!. This trend was not
significant at the higher light intensities measured, 2,500 and 40,000
lux, or in darkness  P >. 0.05!.

Table 2. Statistical comparisons oi' the effect of different light intensi-
ty changes under different regimes of: rate of change; increas-
ing or decreasing intensity; and angled or vertical testing
column.
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Figure 8. Effect of rate of change of light intensity on vertical migration in Zl
larvae exposed to different varying light intensities. The effect of fast
and slow rates of change were tested in combinations of decreasing/
increasing intensity and with the testing column oriented directly to-
ward the angled light source  angled! or else oriented vertically  verti-
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overlap of error bars. Positive values indicate positive phototaxis  see
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a. Angled column, rapid change in intensi

6-15/15-6

9-15/15-9

6-15/15-6

Figure 9. Effect of direction of change  increasing or decreasing! of light intensity
on vertical migration in Zl larvae exposed to different varying light in-
tensities. The effect of direction of change was tested in combinations
of rapid/slow change in intensity and with the testing column oriented
directly toward the angled light source  angled! or else oriented verti-
cally  vertical!, Plot symbols have been artificially displaced sideways to
prevent overlap of error bars. Positive values indicate positive photo-
taxis  see Figure 2!. *indicates significance at P �.05.
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Figure l0. Effect of orientation of testing column to light source on vertical mi-
gration in ZI larvae exposed to different varying light intensities. The
effect of orientation was tested in combinations of decreasing/in-
creasing intensity, at rapid/slow rates. Plot symbols have been arti fi-
cially displaced sideways to prevent overlap of error bars. Positive
valuesindicate positive phototaxis  see Figure 2!, *indicates signifi-
cance at P < 0.05.
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In the varying light intensity experiments, significantly different
movement between the vertical and angled columns occurred only when
larvae exhibited negative geotaxis in response to rapidly changing light
intensity  P < 0.05; Figure 10!.

Barokinesis

Larvae did not clearly respond differently to increasing or decreasing
pressure under conditions of total darkness or with 800 lux overhead
lighting  Figure 11!. There was no clear effect of the rate of change of
pressure on larval movement. However, the mean upward movement of
larvae when exposed to overhead lighting was smallest, although still
upward, when the water column was lowered  decreasing pressure! at
1.85 cm/s  Figure 11b!. This rate of change was the rate closest to the
observed swimming speed of stage 1 zoeae, 1.61 crn/s.

Rheotaxis

Larvae exhibited positive rheotaxis with the greatest proportion of lar-
vae responding at a current speed of 1,12 cm/s  Figure 12!. At lower cur-
rent speeds �.35 & 0.59 cm/s!, many larvae appeared to be unaware of
the current and swam back and forth along the testing column appar-
ently in response to the lighting. At current speeds greater than 1.12
cm/s �.4 and 1.87 cm/s! larvae tended to swim into the current but
failed to maintain position.

Discussion

The pattern of vertical swimming resulting in upward movement was
the same as that described by Sulkin �984!; larvae are negatively buoy-
ant which is countered by upward orientation and locomotion to pro-
duce upward swimming. Passive sinking rates of P. gigas  x = 0.61 cm/s!
were similar to that of stage 1 zoeae of several other brachyuran spe-
cies: Cancer magister, 0.64 cm/s  jacoby 1982!; Ebalia tuberosa, 0.60
cm/s  Schembri 1982!; and Henrigrapsus oregonensis, 0.67 cm/s  Arana
and Sulkin 1993!. The upward locomotory force of these species is suffi-
cient to counter sinking and produces similar mean upward swimming
speed to that of P. gigas �.61 cm/s!: Cancer rnagister, 0.95 cm/s  jacoby
1982!; Ebaiia tuberosa, 0,96 cm/s  Schernbri 1982!; and Henrigrapsus or-
egonensis, 1,78 cm/s  Arana and Sulkin 1993!. As discussed by Sulkin
�984!, depth regulation relies on the interaction between passive sink-
ing, active swimming, and orientation. Orientation and the speed of
swimming are then adjusted in response to external stimuli, such as
gravity, light, and pressure, to induce depth regulatory response.
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different rates on the vertical migration of Zl larvae held in dark-
ness  a! or with 800 lux overhead lighting  b!. Means have been dis-
placed sideways to prevent overlap of error bars. Solid line =
increasing pressure, dashed line = decreasing pressure.
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figure 12. Rheotactic response of stage i larvae to current velocities of 0.35-1.87
cm/s. Values represent percentage of total larvae responding to stimuli
so no measure of error is presented.

Geotuxis

The observed pattern of geotaxis suggests that larval swimming is not
clearly affected by gravity immediately after hatching. After this initial
period the larvae exhibit strong negatively geotaxis which would sug-
gest that larvae migrate upward to the surface waters. The speed of lar-
val swimming suggests that this would be accomplished in a period of
around 6 hours if the larvae were released at 350 m and did not rest. A
negative geotactic response was also observed in the first zoeal stage of
the deep sea crab, Geryon quinquedens  Kelly et al. 1982!.

The strong negative geotactic response observed for P. gigas de-
creased in older larvae and it may be that the primary function of the
geotactic response is to induce upward migration from the deepwater
site of release to the prey-rich surface layers. An ontogenic change in
geotactic behavior between instars has also been reported for shallow
water species Leptodius floridanus and Panopeus herbstii  Sulkin 1973!,
Caliinectes sapidus  Sulkin et al. 1980!, and Ebaiia tuberosa  Schembri
1982!, However, the changes in geotaxis observed in P. gigas differ from
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these reports as there was a decline in geotactic response within stage
1, rather than between instars.

Although the pattern of geotactic response up to 20 hours appears
clear, the results of trials from 2 to 13 days are more difficult to inter-
pret and they may be confounded by at least two factors, Diel cycles
have been shown to persist in the laboratory which may have influenced
results from these trials  Cronin and Forward 1986!. Attempts were
made to only test healthy larvae by selecting active larvae; however, less
fit larvae may have been selected for testing and may have compro-
mised results.

Phototaxis

The spectral sensitivity of larvae in this study was essentially the same
as that described for several other species in more detail by Forward
�987!, and Forward and Cronin �979!. Larvae were more sensitive to
shorter blue wavelengths, which have better penetration, than red wave-
lengths.

Light adapted larvae were not induced to descend in response to
overhead white light of any intensity tested. The experimental design
used in this study was intended to demonstrate the approximate field
conditions where sinking may have been induced by light. Consequent-
ly, the testing chamber was oriented vertically so that negative photo-
taxis would be required to counter negative geotaxis in order to produce
net downward movement  light-induced positive geotaxis!. Comparisons
between other studies where phototactic response was examined with
horizontally oriented columns should be made cautiously.

Where phototaxis has been examined independently of geotaxis by
the use of horizontal testing columns, larvae tend to exhibit negative
geotaxis at low intensities and positive phototaxis at high intensities,
This pattern has been observed in: Rhithropanopeus harrisii  Forward et
al. 1984!; Cancer gracilis, Lophopanopeus bellus bellus, Hernigrapsus ore-
gonensis  Forward 1987!; and Paralithodes carntschaticus  Shirley and
Shirley 1988!. Forward �987! attributed this pattern to predator avoid-
ance.

Avoidance behavior, or negative phototaxis at low light intensity, is
not clearly demonstrated in vertically oriented columns where the natu-
ral behavior of negative geotaxis is incorporated. Both Schembri �982,
Ebalia tuberosa! and Jacoby �982, Cancer rnagister! tested the response
of crab larvae to different light intensities in vertical columns and ob-
served only upward movement. It is tempting to infer that the positive
phototactic response of P. gigas  Figure 7! indicates that the larvae con-
gregate at the surface during the day. However, Forward �985 and
1988! considers the absence of negative phototaxis in vertically orient-
ed columns to be a laboratory artifact in most studies. For example,
Stearns and Forward �984! found that the copepod Acartia tonsa was
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positively phototactic to all light intensities although the natural migra-
tion pattern is nocturnal. Simulated natural underwater lighting distri-
bution is difficult to achieve, so the observed response of P. gigas may
be nothing more than a laboratory artifact despite attempted simulation
of natural light distribution.

Larvae exposed to change in intensity at low light levels responded
by downward movement. Conversely, larvae exposed to change in inten-
sity at higher light levels were unaffected. This response was more pro-
nounced at slower rates of change in intensity  in the vertical column
only! but was not affected by the sign of intensity change  increasing or
decreasing!.

Light-induced downward movement in response to change in light
intensity, regardless of whether intensity is increasing or decreasing,
has not been previously reported. This response may be a variation of
the predator avoidance or shadow response proposed by Forward
�986! where negative phototaxis was induced by a rapid decrease in in-
tensity. The shadow response proposed by Forward �986! was only ini-
tiated by rapid decreases in intensity and not increases as was observed
in this study. Forward �986! noted that the change in intensities which
resulted in negative phototaxis were too rapid to simulate dusk or
dawn. Because of this, he believed that the larval responses did not rep-
resent a typical behavior relevant to diel vertical migration. The simulat-
ed rates of intensity changes in this study were also greater than that at
dawn or dusk  Table 1!, suggesting the response in P gigas was a preda-
tor avoidance, shadow response. The response of stage 1 P. gigas zoeae
to change in light intensity, only at low light levels, suggests that the lar-
vae are adapted to respond to low levels; this supports the dismissal of
the results of fixed light intensity trials as a laboratory artifact.

There was significantly greater  P < 0.05! upward movement of lar-
vae in the vertically oriented column exposed to fixed intensity of light,
compared to the column angled directly toward the light source �5'!.
This suggests that geotaxis is the orienting cue while photokinesis con-
trols locomotory activity. Forward �985! observed this same interaction
In larvae of the xanthid crab Rhithropanopeus harrisii. Geotaxis ap-
peared to be less important in the larval response to changes in light in-
tensity at low light levels. When downward movement occurred in
response to rapidly changing intensity, the larval distribution was far-
ther from the origin in the angled column. This suggests that larvae
were actively swimming from the light, rather than passively sinking. In
this case, the response is a true negative geotaxis rather than light-in-
duced, positive geotaxis.

Barokinesis

Larval detection and response to small changes in pressure have been
used to explain vertical migration patterns, as it is considered that pres-
sure response provides a negative feedback on vertical movement
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 Knight-Jones and Morgan 1966!. Stage 1 zoeae of P. gigas did not ap-
pear to respond to small pressure changes; this has been reported else-
where for species where the larvae occupy water of considerable depth:
Callinectes sapidus  Sulkin et al. 1980!; Geryon quinquedens  Kelly et al.
1982!; and Hernigrapsus oregonensis  Arana and Sulkin 1993!. Barokine-
sis has been shown to change dramatically with ontogeny  Bentley and
Sulkin 1977; Wheeler and Epifanio 1978! so older larvae of P. gigas may
possess greater pressure sensitivity.

Conclusions
Based on observed negative geotaxis, first stage zoeae of giant crab
probably ascend to the surface waters after hatching. This initial up-
ward migration is probably the main function of the initially strong
geotactic response of larvae. As the gravity-initiated strong upward
swimming declines with age, the role of geotaxis may be to orient larvae
rather than to induce migration. This would produce vertical movement
in response to angled light stimuli as appeared to occur in this study.
The observed negative phototaxis of larvae to increases and decreases
in low light intensities has not been observed in estuarine species and
may be a variation of the previously reported shadow response. Howev-
er, assigning function to this unusual response is speculative and fur-
ther research is required if the function is to be clarified. Sensitivity of
larvae to intensity changes at only low light levels suggests that larvae
are adapted for low light conditions. The presence of a rheotactic re-
sponse is surprising in an oceanic species and may affect the dispersion
of larvae by currents. Although rheotaxis may affect dispersal, the bio-
logical function of the response is likely to be otherwise in an oceanic
environment, perhaps predator avoidance or prey capture,

Rheotaxis

Stage 1 zoeae of P. gigas were able to detect currents and actively swam
against them, Larvae appeared to be unable to detect slight currents be-
low 1.12 cm/s and they were swept along by currents slower than their
maximum swimming speed �.4 and 1.61 cm/s respectively!. The combi-
nation of the ability of larvae to detect currents, and then to swim
against them, resulted in a narrow window within which larvae could
maintain position. This suggests that rheotaxis may not be important in
larval dispersal. Rheotaxis has also been observed in estuarine species
such as the megalopae of Cancer magister  Fernandez et al. 1994! and is
thought to assist in movement to and from the estuary. With open ocean
species, the function of rheotaxis is less obvious as the environment is
more homogenous. Shirley and Shirley �988! also observed rheotaxis in
an oceanic species, Paralithodes camtschaticus, and suggested that the
function of rheotaxis in the oceanic environment may be important for
zoeal feeding and predator avoidance.
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Behavioral responses of oceanic, deepwater species have been in-
vestigated in only a few studies. Understanding the nature of these re-
sponses to oceanic conditions may assist in understanding other
mechanisms such as survival and dispersal.

Acknowledgments
Assistance with experimental design and preparation of this article was
kindly offered by Dr. Greg Maguire and Dr. Howel Williams. Thanks also
go to Stuart Frusher for additional assistance with manuscript prepara-
tion and to Theo Hairon and St. Helens Aquaculture for providing fe-
male crabs. Financial backing for this project was provided through the
Australian Postgraduate Awards and the University of Tasmania. Labora-
tory and hatchery facilities were made available by the Division of Ma-
rine Resources, Tasmanian Department of Primary Industry and
Fisheries.

References
Arana, M., and S. Sulkin, 1993. Behavioral basis of depth regulation in the first

zoeal stage of the Pacific shore crab, Hemi grapsus oregonensis  Brachyura:
Grapsidae!. Pacif. Sci. 47:256-262.

Bentley, E�and S.D. Sulkin. 1977. The ontogeny of barokinesis during the zoeal
development of the xanthid crab Rhithropanopeus harrisii  Gould!. Mar. Be-
hav. Physiol. 4:275-282.

Cronin, TW., and R.B, Forward Jr. 1986. Vertical migration cycles of crab larvae
and their role in larval dispersal. Bull. Mar. Sci. 39�!:192-201.

Fernandez, M., O. Iribarne, and D. Armstrong. 1994. Swimming behavior of
Dungeness crab, Cancer magister Dana, megalopae in still and moving wa-
ter. Estuaries 17:271-275.

Forward, R,B., Jr. 1974. Negative phototaxis in crustacean larvae: Possible func-
tional significance. J. Exp. Mar. Biol. Ecol. 16:11-17,

Forward, R.B�Jr. 1985. Behavioral responses of larvae of the crab Rhithropan-
opeus harrisii  Brachyura: Xanthidae! during diei vertical migration. Mar.
Bio!. 90:9-18.

Forward, R.B., Jr. 1986. A reconsideration of the shadow response of a larval
crustacean. Mar. Behav. Physiol. 12:99-113,

Forward, R.B., Jr. 1987. Comparative study of crustacean larval photoresponses.
Mar. Biol. 94:589-595.

Forward, R.B., Jr. 1988. Diel vertical migration: Zooplankton photobiology and
behavior. Oceanogr. Mar. Biol. Ann. Rev. 26:361-393.

Forward, R.B., Jr. 1990. Behavioral responses of crustacean larvae to rates of tem-
perature change, Biol. Hull. 178:19S-204.



Symposium on High Latitude Crabs 253

Forward, R.B., Jr., and T,W. Cronin. 1979. Spectral sensitivity of larvae from inter-
tidal crustaceans. J. Comp. Physiol. 133:311-315.

Forward, R.B., Jr., T.W. Cronin, and D,E. Stearns. 1984. Control of diel migration:
Photoresponses of a larval crustacean. Limnol. Oceanogr. 29:146-154.

Gardner, N.C. 1996. The complete larval development of the giant crab
Pseudocarcinus gigas Brachyura: Oziidae! in the laboratory. In prep.

Gliwicz, M.Z., and J. Pijanowska. 1988. Effect of predation and resource depth
distribution on vertical migration of zooplankton. Bull. Mar. Sci. 43�!:695-
709,

Jacoby, C.A. 1982. Behavioral responses of the larvae of Cancer magister Dana
�852! to light, pressure, and gravity. Mar. Behav. Physiol. 8:267-283.

Kelly, P., S.D. Sulkin, and W.F. Van Heukelem. 1982. A dispersal model for larvae
of the deep sea red crab Geryon quinquedens based upon behavioral regula-
tion of vertical migration in the hatching stage. Mar. Biol. 72:35-43.

Knight-Jones, E.W�and E. Morgan. 1966. Responses of marine animals to changes
in hydrostatic pressure. Oceanogr. Mar. Biol. Ann. Rev. 4:267-299.

Latz, M.I., and R.B. Forward Jr. 1977. The effect of salinity upon phototaxis and
geotaxis in a larval crustacean. Biol. Bull. 153:163-179.

Schembri, PJ. 1982. Locotnotion, feeding, grooming and the behavioral respons-
es to gravity, light and hydrostatic pressure in the stage 1 zoea larvae of
Ebalia tuberosa  Crustacea: Decapoda: Leucosiidae!. Mar. Biol. 72:125-134.

Shirley, S.M., and T.C. Shirley. 1988. Behavior of red king crab larvae: Phototaxis,
geotaxis and rheotaxis. Mar. Behav, Physiol. 13:369-388.

Stearns, D.E., and R.B. Forward Jr. 1984. Photosensitivity of the calanoid copepod
Acartia tonsa. Mar. Biol. 82:85-89.

Sulkin, S.D. 1973. Depth regulation of crab larvae in the absence of light. J. Exp.
Mar. Biol. Ecol. 13:73-82.

Sulkin, S.D. 1984. Behavioral basis of depth regulation in the larvae of brachyu-
ran crabs. Mar. Ecol. Prog. Ser. 15:181-205.

Sulkin, S.D., W.F. Van Heukelem, P. Kelly, and L. Van Heukelem. 1980. The behav-
ioral basis of larval recruitment in the crab Callinectes sapidus Rathbun: A
laboratory investigation of ontogenic changes in geotaxis and barokinesis.
Biol, Buii. 159:402-417.

Thorson, G. 1964. Light as an ecological factor in the dispersal and settlement of
larvae of marine bottom invertebrates. Ophelia 1�!:167-208.

Umminger, B.I. 1969. Polarotaxis in copepods, III. A light contrast reaction in Di-
aptomus shoshone Forbes. Crustaceana 16:202-204.

Wheeler, D.E., and C.E. Epifanio. 1978. Behavioral response to hydrostatic pres-
sure in larvae of two species of xanthid crabs. Mar. Biol. 46:167-174.

Zar, J.H. 1974. Biostatistical analysis. Prentice-Hall, lnc., Englewood Cliffs, NJ,
620 pp.





High Latitude Crabs: Biology, Management, and Economics

Alaska Sea Grant College Program ~ AK-SG-96-02, l996

Application of Kriging Trawl
Survey Data to Estimate Red King
Crab Distribution and Abundance
in Bristol Bay, Alaska
Ivan Vining and Leslie J. Watson
Alaska Department of Fish and Game
Kodiak, Alaska

Abstract
Annual abundance of legally harvestable male red king crabs  Paralith-
odes camtschaticus! in Bristol Bay, Alaska, has historically been estimat-
ed using an "area-swept" technique applied to catch data from annual
National Marine Fisheries Service  NMFS! eastern Bering Sea trawl sur-
veys. The area-swept estimation method does not fully utilize the spa-
tial nature of the survey data in estimation of either abundance or the
variance of the abundance estimate. "Krigingv is a geostatistical tech-
nique for prediction when spatial dependencies are present in data. We
investigated the utility of kriging in estimating Bristol Bay legal red king
crab abundance and density from the NMFS trawl survey data, and com-
pare abundance estimates based on kriging to those based on the area-
swept technique. Problems encountered in applying kriging to the red
king crab data include the non-Gaussian statistical distribution of catch
numbers in the trawl survey, the wide spacing �0 nautical miles! of tow
locations in the NMFS trawl survey grid relative to the highly aggregated
spatial distribution of red king crabs; and large-scale spatial trends in
the data that are indicative of non-stationarity. A closer look is given by
investigating a pot survey and comparing the results of the spatial vari-
ability to those found in the trawl survey.

Introduction
The National Marine Fisheries Service  NMFS! has conducted demersal
trawl surveys of the eastern Bering Sea  EBS!, excluding 1962-1965, an-

Contribution PP-128 of the Alaska Department of Fish and Game, Commercial Fisheries Management
and Development Division, Juneau.
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nually since 1955  Figure la!. The purpose of these trawl surveys was to
estimate stock abundance of commercially itnportant fish and crab.
Abundance estimates were calculated using the area-swept method, in
which average catch-per-unit-effort  CPUE! from individual survey tows
is expanded for a prespecified strata of the Bering Sea  Bakkala et al.
1985, Wakabayashi et al. 1985!. This methodology, however, does not
account for possible spatial correlation that may exist between the CPUE
of different tows, in which case the population estimate variances would
be overestimated, if autocorrelation existed.

Geostatistics, specifically kriging  a linear estimator which accounts
for autocorrelation!, were developed within the mining discipline to es-
timate ore-grade distributions  Matheron 1963!. Geostatistic techniques
have now been employed in several fields not directly related to mining,
such as agriculture  Vieira et al. 1982!, entomology  Kemp et al. 1989!,
soil deposition  Haas 1990!, fish stock abundance  Petitgas and Poulard
1989!, and shellfish stock abundance  Simard et al. 1992!. However, due
to the theory and assumptions associated with kriging, the results of
these studies have sometimes yielded estimates without increased accu-
racy. Thus, kriging has not always provided significant benefits to the
researcher or manager. This paper will investigate the use of kriging in
assessing legal male red king crab  Paralithodes camtschaticus! stock
distribution and abundance in Bristol Bay.

Methods
Data coilection and conversion

Trawl survey data were collected by NMFS during annual EBS trawl sur-
veys. The stratified systematic survey was designed to assess a large
portion of the EBS  Figure la!. In this paper, only trawl data from 1979,
1983, 1993, 1994, and 1995 surveys within Area T, the Bristol Bay King
Crab Registration Area  ADF&G 1994!, were used in the analysis. The
1979 trawl survey data was used because it had the largest catch of le-
gal red king crab in the years available for study, whereas the 1983 trawl
survey had the lowest catch. The 1993, 1994, and 1995 trawl surveys
were used because they were the most recent surveys, and data from
these years were most comparable to the 1994 ADF&G pot survey. A
more detailed analysis of a subarea within Area T  Figure 1b! was con-
ducted using 1993, 1994, and 1995 data sets, Selection of the subarea
was based on the highest commercial production of legal crabs from
1990 to 1993 commercial fisheries, as documented in the ADF&G fisher
sales  fish ticket! database.

For each tow, trawl location, distance towed, width of net opening,
abundance, and catch composition were recorded. Estimated area fished
by the trawl, recorded in square nautical miles  nmi'!, was calculated by
multiplying the distance towed by the width of the net opening. From
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Statistical analysis
Assumptions of spatial stationarity and distribution of the variable are
necessary when performing certain geostatistic techniques, i.e., kriging.
Statistical stationarity, as used in this paper, describes the variability be-
tween points as a function of distance, not location. To address these
assumptions, a histogram for each year was made, along with a plot of
CPUE at sample locations, Departures from spatial stationarity and the
variables distribution can lead to bias, mostly in the variance estima-
tion.

To visualize and estimate the spatial autocorrelation, sample semi-
variograms were calculated for each data set. Semivariograms are a
measure of variability between points and can be used to estimate co-
variances between different points. Sample semivariograms were calcu-
lated using both the "standard" estimator  Matheron 1963! and the
"robust" estimator  Cressie 1994!. The robust estimator for the sample
semivariogram is not influenced by outliers to the degree that the stan-
dard estimator is. Sample semivariograms were also calculated when
data sets were sufficiently large to consider anisotropy, i.e., different
spatial autocorrelation depending on the direction. The 1993-1995 sam-
ple semivariograms were fit to an exponential semivariogram model us-
ing weighted least squares,

Ordinary kriging  which we will refer to as simply "kriging"! was per-
formed on the 1993, 1994, and 199S trawl survey data within a subarea
of Area T. Point estimates using kriging and associated variances were
calculated at regular intervals within the area. A global estimate of the

catch composition sampling, the number of legal red king crabs caught
per tow was recorded. CPUE was calculated and recorded at each loca-
tion in number of legal red king crabs per hectare  ha!. Estimates of pop-
ulation size were based on Area T and the subarea  high-harvest area!,
with no further stratification.

Tow locations were recorded in degrees longitude and latitude but
were converted to a Cartesian coordinate system, distance between
points being measured in kilometers  km!, because distance between lo-
cations was needed for the statistical analysis, A projection equation
was used to accomplish the conversion  Snyder 1983!.

in addition to the trawl survey, a pot survey was performed within a
limited portion of Area T in fall 1994  Figure 1b!, Four pots were de-
ployed at each of 20 sites within a systematic grid, CPUE was calculated
by dividing the total number of legal red king crabs caught at a station
by the number of pots fished at that station  usually 4!. Longitude and
latitude locations were converted to a Cartesian coordinate system as
described above.



Symposium on High Latitude Crabs 259

mean number of legal red king crab per hectare  ha! and its variance was
also calculated for the subarea using kriging methodology  e.g. Isaaks
and Srivastava 1989, Journel and Huijbregts 1989, Cressie 1994!.

All statistical analyses were performed using Splus  Statsci 1994!.
Preprogrammed functions were used when available. Many of the calcu-
lations, such as the sample semivariogram estimates, were performed
from functions written by the authors. All maps were created in Maplnfo
 Maplnfo 1994!.

Results

1983 data set

No extra samples were taken in 1983  Figure 5!, and the CPUE distribu-
tion was neither Gaussian nor lognormal  Figure 6!. Furthermore, with so
few legal red king crabs caught, it is hard to tell whether CPUE was sta-
tionary. There was little variability in the north but virtually no variabili-
ty in the southwest sections, indicating a lack of stationarity  Figure 5!.

The isotropic sample semivariograms  Figure 7a! indicate outliers;
however this is more an artifact of the large number of zero values than
true outliers. There was little difference between the north-south direc-
tion and the east-west sample semivariograms  Figure 7b!. No kriging
estimates were made for 1983 because the CPUE distribution was highly
skewed and the CPUE lacked stationarity.

Trawl smrvey in Area T
1979 data set

In 1979, three survey vessels were used to conduct additional tows
within Area T  Figure 2a!; however, due to differences in average catch
per tow in similar areas, data from one vessel was not used in the analy-
sis  Figure 2b!. The histograms for the CPVE and the log of CPUE in 1979
indicated that the distribution of CPUE was neither Gaussian nor log-
normal  Figure 3!. There seems to be greater variability in the mid-
section of Area T than in the borders  Figure 2b!, indicating a lack of
stationarity.

The difference in the isotropic sample semivariograms and the asso-
ciated model  Figure 4a!, especially the sills  the upper limit of the vario-
gram or semivariogram model!, indicates a strong influence by outliers.
The anisotropic sample semivariogram  robust estimator only! reveals a
shorter range  distance between points where 90%-100% of sill is
reached! in the north-south direction than the east-west direction  Fig-
ure 4b!. No kriging estimates were made for 1979 as the CPUE distribu-
tion was highly skewed and the CPUE lacked stationarity.
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 a!

 b!

Figure 2. Catch of legal male red king crabs per hectare in the l979 EBS trawl
survey at all tow locations  a! and at tow locations used in the statisti-
cal analysis  b!.
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Figure 3. Histograms of legal red king crabs per hectare t'a! and log of legal red
king crabs per hectare  b! caught in the 1979 EBS trawl survey.
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Figure 4. Sample semivariograms of legal red king crab per hectare caught in
the 1979 FBS trawl survey. Semivariograms were estimated using the
standard method  ! and the robust method  @! and assuming isotropy
 a!; semivariogramsin  b! were estimated using the robust methodin
the east-west direction  e!, and in the north-south direction  n!.

I 60

40

20

E
10

O'L

E
V3

Vining 4 Watson � Application of Kriging Trawl Survey Data



Z63Symposium on High l.atitude Crabs

Figure S. Catch of legal red king crab per hectare from the 1983 EBS trawl sur-
vey at all tow locations in Area T.

1993-1995 data sets

The reason we investigated a subarea of Area T was to lower the number
of CPUE values equal to zero, and to increase the chance of spatial sta-
tionarity. The subarea of Area T chosen encompasses approximately
50,35 5 km'  Figure 1b!.

Extra samples were rarely taken in 1993 or 1994  Figure 8!, and
though extra samples were taken within a select area in 1995  Figure 9!,
they were not incorporated in this study  even those within the subar-
ea!, because of a significantly higher CPUE between the two ships em-
ployed in the 1995 survey. As can be seen by the histograms for each
year  Figure 10!, none of the CPVE distributions are Gaussian or lognor-
mal. However, the distributions of the CPUE within the subarea were not
nearly as positively skewed  Figures 10d, 10e and IOf!. Although the
1993 and 1995 data sets each had one value much higher than the rest,
overall there was no strong evidence to suggest a lack of stationarity
 Figures 8 and 9!.

Mawl survey in subarea of Area T
1993 data set

Due to a single high value, the two sample semivariograms are different
 Figure 11a!. An exponential model was fit to the robust sample semivar-
iogram values, with an estimated nugget  the vertical jump from the



264

 a!

 b!

20

-3,0 -2.5 -2.0 -1.5 -1.0

log Legal per ha!
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Figure 7. Sample semivariograms of legal red king crab per hectare caughtin
the 1983 EBS trawl survey. Semi variograms were estimated using the
standard method  .! and the robust method  @! and assuming isotropy
 a!; semivariograms in  b! were estimated using the robust method in
the east-west direction  e!, and in the north-south direction  n!.
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Figure 8. Catch of legal red king crab per hectare from the 1 993  a! and 1994  b!
EBS trawl surveys at all iow locations in Area T.
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 a!

Figure 9. Catch of legal red king crab per hectare from the 1995 EBS trawl sur-
veys at all tow locations  a! and the standard tow locations  b! in Area
T.
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Figure 10. Histograms of legal red king crab per hectare from the EBS trawl sur-
vey in Area T in 1993  a!, 1994  b!, and 1995  c! and in the subarea of
Area Tin 1993  d!, 1994  e!, and 1995  f!.
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Figure Il. Sample semivariograms of legal red king crab per hectare caughtin
the ! 993 EBS trawl survey within the subarea of Area T  a! and in the
subarea of Area T excluding the highest value  b!. Semivariograms
were estimated using the standard method  ! and the robust method
 @! and assuming isotropy. An exponential model was fit to the robust
sample semivariogram   � ! in each case  a and b!.
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value of 0 at the origin to the value of the variogram at extremely small
separation distances! of approximately zero, a sill of 1.4131, and a
range of 24.9977 km  Figure 11a!. Removing the high value from the cal-
culations, two more sample semivariograms were estimated; this time
there was little difference between the two semivariograms  Figure 11b!.
This exponential model fit resulted in a nugget of approximately zero, a
sill of 0.9361, and a range of 35.5008 km  Figure 11b!. Point estimates
using kriging were calculated on a regular grid within the subarea using
both models. A surface plot of the estimates using the first semivario-
gram model was constructed  Figure 12a!, along with a surface plot of
the associated variance  Figure 12b!. A plot of points estitnated by krig-
ing using the other semivariogram model would be very similar, the
variance plot being slightly lower. In addition to the point estimates, an
overall average and variance was estimated for each of the two models
 Table 1!. The two kriging estimates of abundance and area-swept esti-
mate of abundance are all similar; the variances are different, however.

1995 data set

As in the 1993 data analysis, a single high value in the 1995 data result-
ed in different sample semivariograms  Figure 15a!; however, neither in-
dicate autocorrelation. Using the robust sample semivariogram values
and ignoring the lowest sample semivariogram value, the exponential
model had an estimated nugget of approximately zero, a sill of 0.9556,
and a range of only 5.1884 km. Removing the high value from the calcu-
lations improves the autocorrelation only slightly. The two additional
sample semivariograms were estimated and produced quite different re-
sults  Figure 15b!. Ignoring the lowest sample semivariogram value, the
exponential model resulted in a nugget of approximately zero, a sill of
0.5012, and a range of 21.0265 km  Figure 15b!.

Using the two semivariogram models, point estimates using kriging
were calculated on a regular grid. Using the first semivariogram model,

1994 data set

Only two sample semivariogram were estimated in 1994  Figure 13!. The
robust sample semivariogram and the standard sample semivariogram
are similar due to a lack of outliers. Secause there was little difference
between the two sample semivariogratns, an exponential semivariogram
model was fit to the standard sample semivariogram resulting in a nug-
get of 0.0002, a sill of 0.6527, and a range of 49.5788 km  Figure 13!.
Point estitnates using kriging were calculated on the satne regular grid
used for the 1993 data. Surface plots of the estimates  Figure 14a! and
the associated variances  Figure 14b! were constructed. An overall aver-
age, including the variance was estimated  Table 1!. The kriging estimate
of abundance and the area-swept estimate of abundance are similar, as
are the variances.
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 b!

lO

Figure 12., Kriging estimates of legal red king crab per hectare  a! and the associ-
ated variances  b! from the 1993 EBS trawl survey in the subarea of
Area T. Longitude and latitude are in kilometers.
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Table 1. Kriging and NMFS area-sweyt estimates of average number and
associated variance of legal red king crab yer hectare, and
abundance estimates and standard error of legal red king crab
in the subarea of Area T, for 1993, 1994, and 1995.

Average Abundance
Average variance Abundance standard error

 number/ha!  number/ha!'  in millions!  in millions!

1993 kriging 1st'
variogram model

1.2966 0.0309 6.5291 0.8853

1993 kriging 2nd
variogram model

0.01641.2882 6.4868 0.6457

1993 NMFS, area swept

1993 NMFS, area swept
minus highest value

1994 kriging 0.8954

1994 NMFS, area swept 0.8686

.1995 kriging 1st'
variogram model

1.1240

1995 kriging 2nd
variogram model

0.54960.0119 5.60381.1128

0,1324 5.3523

0.01765 3.6390

199S NMFS, area swept

1995 NMFS, area swept
minus highest value

' Semivariogram using all data to estimate the model semivariogram.
a Semivariogram using all data, excluding the highest value, to estimate the model semivariogram.

1.2509

1,0199

1.0629

0.7227

0.0864

0.0349

0. 0090

0.0151

0.0292

6.2988

5.1357

4.5088

4.3741

5.6601

1.4797

0. 9407

0.4780

0.6183

0.8610

1.8325

0.6691
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the i 994 EBS trawl survey within the subarea of Area T, The sample
semivariogram was estimated using the standard method  ! and the
robust method  @! and assuming isotropy. An exponential model was fit
to the standard sample semivariogram   � !.
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Figure 14. Kriging estimates of legal red king crab per hectare  a! and
the associated variances  b! from the 1994 EBS traw! survey
in the subarea of Area T. Longitude and latitude are in kiio-
meters.
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Figure 15. Sample semivariograms of legal red king crab per hectare caught in
the 1995 EBS trawl survey within the subarea of Area T  a! and in the
subarea of Area T excluding the highest value  b!. Semivariograms
were estimated using the standard method  .! and the robust method
 8! and assuming isotropy. An exponential model was fit to the robust
sample semivariogram   � ! in each case  a and b! but did not include
the point marked by a square.
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surface plots of the estimates  Figures 16a!, and the associated variance
 Figure 16b! were constructed. A plot of points estimated by kriging
using the other semivariogram model was different because of large dif-
ference in the two ranges  Figures 16c and 16d!. An overall average and
its variance for the two models were also estimated  Table 1!. The two
kriging estimates of abundance, and the area-swept estimate of abun-
dance were all similar, as was the case in 1993 and 1994. However, the
variances are quite different, as noted in the 1993 analysis.

1 994 pot survey
The histograms of the number of legal red king crabs per pot and the
log of the number of legal red king crabs per pot indicate that the pot
survey CPUE distribution reflected both Gaussian and lognormal distri-
bution patterns  Figure 17!. A surface plot of the catch per pot at each
station and the catch per station contains some high values; however,
the high values were distributed throughout much of the area  Figure
18!. The isotropic sample semivariogram for the pot survey had a simi-
lar shape to the 1994 trawl survey satnple semivariogram  Figures 13!.
The robust sample semivariogram and the standard sample semivario-
gram are very similar due to a lack of outliers  Figure 19a!. An exponen-
tial semivariogratn model was fit to the robust sample semivariogram
and standard semivariogram, the robust exponential model having a
nugget of approximately zero, a sill of 67.8343, and a range of 21.2260
km; the standard exponential model had a nugget of approximately
zero, a sill of 68.9963, and a range of 16.0745 km. No kriging estimates
were generated from this data,

Discussion
A few important points can be made from this analysis. Estimates of
abundance using kriging for legal male red king crabs in Area T were not
calculated from the trawl survey because of the large number of zero
values affecting the distribution, and the lack of stationarity. In all cas-
es, the histograms indicate a highly and positively skewed distribution
that is neither Gaussian nor lognormal  Figures 3, 6, and 10!. Even if the
bias associated with the distributions was estimated, the lack of station-
arity  i.e., the large differences in variability between regions!, would
bias the results.

The kriging-estimated density and abundance variances were always
less than the area-swept variances. The lower variance is in part an arti-
fact of the robust sample semivariogram estimator, which is less affect-
ed by outliers than is the standard method  Cressie 1994!, The variance
of the NMFS area-swept abundance estimator decreases considerably if
the highest value is not used when calculating the variance  Table 1!.
However, when the assumptions are met and there are no large outliers
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Figure 16. Kriging estimates of legal red king crab per hectare, using the robust
semivariogram, in the subarea of Area T from the 1995 EBS trawl sur-
vey. Estimate  a! and associated variances  b! depict the semivariogram
that included the highest value of legal red king crab; estimate  c! and
associated variances  d! depict the semivariogram that excluded the
highest value of legal red king crab. Latitude and longitude are in kilo-
meters.
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Figure 17. Histograms of legal red king crab per pot  a! and log of legal red king
crab per pot  b! caught in the 1994 ADF@C pot survey i n a portion of
Area T.
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Figure 18. Surface plot of legal red king crab per pot caught in the 1994 ADF&G
pot surveyin a portion of Area T. Longitude and latitude are in kilome-
ters.

 as in the 1994 trawl survey!, kriging is a more precise estimator  lower
variance! than the area-swept method. When there are outliers, caution
should be taken in evaluating the estimates and their variances.

Though it is possible to use kriging as an estimator, even when
there is little autocorrelation, it can give tnisleading results. In the anal-
ysis of the 1995 data, the first sample semivariogram indicated a ran-
dom process with little or no autocorrelation. This is indicated by the
short range  < 6 km! of the sample semivariogram  Figure 15a!. We note
that point kriging estimates smoothed the surface and obscured the
high values within the area. This indicates that kriging should not be
used blindly as a "black-box" for making surface plots.

Finally, the distance between trawl stations seems too great to cap-
ture the true autocorrelation within Area T or the subarea. Only in the
kriging analysis of the 1994 trawl survey was the range greater than the
shortest distance between trawls, 37,4 km, and the range in 1994  ap-
proximately 50 km! was less than the next grid point �4.8 km!. In con-
trast, the pot survey has a maximum range of 22 km, which is much less
than 37.4 km. Also, from both the 1994 pot survey and the 1979 trawl
survey analysis  Figures 4b and 19b!, the autocorrelation in the north-
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Figure 19. Sample semivariograms of legal red king crab per pot caught in the
1994 ADF&G pot survey in a portion of Area T. Semivariograms were
estimated using the standard method  ! and the robust method  @! and
assuming isotropy  a!; semivariogramsin  b! were estimated using the
robust method in the east-west direction  e! and in the north-south di-
rection  n!.
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south direction may have a shorter range than the autocorrelation in the
east-west direction. At best, the trawl survey encompasses the basic
area in which legal male red king crabs are located but does not identify
any spatial correlation between tows. Appropriate evaluation of future
pot survey data may be useful in identifying red king crab spatial distri-
bution in Bristol Bay and help to provide more accurate abundance esti-
mates.
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Abstract
We compared legal male abundances of red king crabs, Paralithodes
camtschaticus, in Bristol Bay and off Kodiak Island. For Bristol Bay, we
compared estimates from area-swept analyses of annual trawl surveys,
catch-survey analysis  CSA!, length-based analysis  LBA!, and catch-
length analysis  CLA!. For the Kodiak area, we compared estimates ob-
tained from annual pot surveys, CSA, and CLA. Abundances estimated
within each area were similar among methods. The LBA, CSA, and CLA
were able to filter out measurement error and produced a smoother
time series of abundance estimates than did those obtained directly
from the survey. The survey data were generally fitted better by the LBA
than by the CSA, which outperformed the CLA. For a given population,
the choice of abundance estimation methods depends on data availabili-
ty, level of desired precision, and intended use of the results. Each
method has its own data requirements and output that result in a
unique set of advantages, disadvantages, and potential applications.

Introduction
Many crab stocks in Alaska have been assessed by trawl or pot surveys
for over two decades. Population abundances can be directly estimated
by these surveys, but year-to-year estimates fluctuate greatly with mea-
surement error, confusing actual changes in stock abundances. In addi-
tion, several commercial crab stocks in Alaska remain unsurveyed. To
address those problems, several methods that fit data from multiple

Contribution PP-125 of the Alaska Department of Fish and Game, Commercial Fisheries Management
and Development Division, Juneau.
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Abundance Estimation Methods
Direct survey
Annual trawl surveys have been conducted for Bristol Bay RKC since
1968. The survey employed a systematic design in which a grid, 20 x 20
nautical miles, was overlaid on Bristol Bay, and one trawl tow was typi-
cally made per 400 square miles. Occasionally, multiple trawl tows were
made within a grid. Crab abundances were calculated by the National
Marine Fisheries Service  NMFS! using an area-swept method from the
number of crabs caught, the width of the trawl opening, and the dis-
tance towed  Stevens et al. 1994!.

Pot surveys were conducted for Kodiak RKC by Alaska Department
of Fish and Came from 1973 to 1986. Standardized catch per unit effort
 CPUE! from pot surveys and tag and recovery data for legal male crabs
were provided by Peterson et al. �986!. Mean catchability of the Kodiak
pot survey was estimated using the Petersen mark-recapture equation
and annual commercial catch, tag, and recovery data from 1973 to 1979
 Zheng et al. 1996!, from which annual legal male abundances were esti-
mated by dividing relative abundance  standardized survey CPUE! by
the catchabili ty.

Catch-survey analysis
Collie and Kruse  in press! constructed a CSA for crab populations and
used it to estimate legal male RKC abundances in Bristol Bay and Kodi-
ak. The model consists of two components; recruits to the legal male
population and post-recruits. Post-recruits in year t + 1 are the sum of

years of survey or fishery data have been developed to estimate crab
abundances in Alaska. A catch-survey analysis  CSA! utilizing catch and
survey data was used to smooth out measurement error in abundance
estimates of legal male crabs comprised of two groups: recruits and
post-recruits  Collie and Kruse in press!, The expanded version of the
CSA is a length-based population analysis  LBA! that incorporates vari-
able growth and gradual recruitment over length and estimates abun-
dances of mature crabs of both sexes  Zheng et al. 199Sa, 1995b!. In
cases where no surveys are conducted, the LBA can be modified as a
catch-length analysis  CLA! to use only catch-at-length and fishery effort
data to assess stock abundances  Zheng et al. 1996!.

In this study we applied the above four methods  direct survey, CSA,
LBA, and CLA! to red king crabs  RKC! in Bristol Bay and three methods
 direct survey, CSA, and CLA! to RKC off Kodiak Island and compared the
abundance estimates. For comparisons, only abundance estimates for
legal male crabs > 134 mm carapace length  CL! for Bristol Bay and
> 146 rnm CL for Kodiak are presented. The advantages and disadvan-
tages of each method are summarized and discussed.
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X.ength-based analysis
Zheng et al. �995a! developed a LBA for Bristol Bay RKC, and Zheng et
al. �995b! revised and updated the model with new data, The LBA is an
expanded version of the CSA. Instead of grouping crabs into recruit and
post-recruit components, the LBA models male and female crab abun-
dances by 5 mm CL intervals and two shell conditions: newshell and
oldshell. The annual abundance of crabs in a length group is the com-
bined result of growth, molting probability, catch, natural mortality, and
recruitment. Each year a length group of newshell crabs is formed from
�! new recruits to the model, �! addition of some smaller crabs
through growth, and �! the loss of crabs that molt to larger-size length
groups. There is a proportion of crabs that do not molt in a given year,
and these non-molting crabs will move into oldshell crab groups of the
same CL. Natural mortality takes away some crabs from each length
group independent of shell condition, and fishing mortality subtracts
crabs from legal-size length groups.

recruits and post-recruits in year t adjusted by natural mortality minus
the commercial catch. Relative abundances are assumed proportional to
absolute abundance with a constant survey catchability coefficient. Ob-
served abundances are assumed equal to the true abundances multi-
plied by a lognormally distributed measurement error. Measurement
error is minimized through a non-linear least squares approach to esti-
mate model parameters.

Data required for the CSA include annual survey abundance esti-
mates for recruits and post-recruits, annual commercial catch, and natu-
ral mortality  Table 1!. For Bristol Bay RKC, recruits are newshell crabs
> 134 rnm CL and < 150 mm CL; the area-swept method was used to cal-
culate relative abundance estimates from the survey data. For Kodiak
RKC, recruits are newshell crabs > 144 mm CL and < 165 mm CL; pot
survey CPUE data were used as relative abundances. Note that the mini-
mum CL for legal male crabs defined by Collie and Kruse  in press! is 2
mm smaller than that defined in the other two abundance estimation
methods. This small difference has a negligible effect on abundance es-
timates. For both stocks, post-recruits are legal crabs minus recruits,
and natural mortality was set equal to 0.36.

The CSA estimates the survey catchability coefficient, annual mea-
surement errors, and recruits  except for the last year!, and post-recruits
 Table 1!. Legal crab abundances are derived from the model parame-
ters. Collie and Kruse  in press! included Pribilof RKC in their Bristol Bay
RKC abundances. Abundances of Pribilof RKC are very low compared to
Bristol Bay RKC except in recent years. For our comparison with other
methods, Bristol Bay RKC abundances estimated by Collie and Kruse  in
press! with the CSA were reduced by 25,5% in 1993 and 26.7% in 1994.
These percentages were estimated from the survey data.
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Table l. Summary of data requirements, assumptions, output, advan-
tages, disadvantages, and potential applications of the catch-
survey analysis.

Data requirement

1. Relative abundances of recruits and post-recruits estimated from survey
data.

2. Total annual catch.

3. Natural mortality.

Output

1. Abundances of recruits and post-recruits.
2, Cate hability of survey gear.

Advantages

1. Simple to implement.

2. Small data requirements.

Disadvantages

1. Limited output.

2. Cannot estimate female and sublegal male abundance.

Potential applications

1. Modeling error structures.

2. Estimating unknown survey catchability coefficients.
3. For stocks without catch by length data.
4. For small stocks or limited sampling effort.

Assumptions

1. A lognormal distribution of measurement error for recruits and post-
recruits.

2. Relative abundance is linearly proportional to absolute abundance.
3. Legal crabs can be approximately separated as recruits and post-recruits;

shell condition data are reliable.
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Growth of RKC is modeled by mean growth increment per molt de-
scribed by a linear function of pre-molt CL and variation in growth in-
crement per molt as described by a gamma distribution. The molting
probability for a given length group and time is modeled by an inverse
logistic function. Three logistic functions were used to describe the
molting probability of Bristol Bay male RKC during different periods: a
very high period �972-1979!, low periods �980-1984 and 1992-1993!,
and a high period �985-1991!.

Natural mortality was assumed constant over length and two levels
over time: low periods �972-1979 and 1985-1993! and a high period
�980-1984! for Bristol Bay RKC. Recruitment into the modeled popula-
tion is a function of two parameters: the number of recruits entering the
modeled population for a given year and the proportion of recruits be-
longing to each length group, as described by a gamma distribution.

Required data and parameters for the LBA include mean growth in-
crement over length and annual catch and survey abundance by length
and shell condition  Table 2!. Survey abundances were estimated using
the area-swept method. A non-linear least squares approach was used to
estimate parameters which include recruits to the modeled population
for each year except the first year, total abundance in the first year, two
parameters for growth and recruitment distribution over length, two
natural mortality parameters, and six molting probability parameters
 Table 2!. Legal crab abundances are derived from these parameters and
input data.

Catch-length analysis
Zheng et al. �996! developed a CLA for crab populations and applied
the CLA to Bristol Bay and Kodiak RKC. The CLA is similar to the LBA ex-
cept that no survey data are input, and it can only be applied to legal
male crabs. A catchability coefficient for pots is used in the CLA to ex-
pand the relative abundance to absolute abundance, and both observa-
tions of catches by length and shell condition and fishing efforts are
equally weighted.

Annual length-frequencies from commercial catches by shell condi-
tion, total annual fishing effort, the mean and variance in growth incre-
ment per tnolt, and natural mortality are required for the CLA  Table 3!.
The catch-length frequencies were summarized by 5-mm intervals; the
largest length groups were > 165 mm CL for Bristol Bay and > 182 rnm
CL for Kodiak. Zheng et al. �996! defined fishing effort as total annual
pot lifts in the commercial fishery. The mean and variation in growth in-
crement per molt were estimated from tagging data for Bristol Bay and
Kodiak stocks, and natural mortality was assumed as 0.4 for both
stocks.

Like the CSA and LBA, the CLA employs a non-linear least squares
approach to estimate parameters. The following model parameters were
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Table 2. Summary of data requirements, assumptions, output, advan-
tages, disadvantages, and potential applications of the length-
based analysis.

Data requirement

1. Survey abundance by length, shell, sex, and year.
2. Catch by length, shell, and year.
3. Mean growth increment per molt.
4. Catchability of survey gear.

Output

l. Abundance of mature crabs by length, shell, sex, and year.
2. Stock-recruitment data.

3. Molting probability,
4. Natural mortality.

Advantages

1. Most complete output.

2. More precise abundance estimates.

3. Can estimate both males and females.

Disadvantages

1. Large data requirements.

2. Difficult to implement.

Potential applications

1. For stocks meeting the data requirement.
2. Studying stock-recruitment relationships.
3. Evaluating harvest strategies.

Assumptions

l. A lognormal distribution of measurement error for survey abundances by
length, shell, sex, and year.

2. Shell condition data are reliable.

3. Distribution of growth increment per molt is constant over time for a
given length.
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Table 3. Summary of data requirements, assumptions, output, advan-
tages, disadvantages, and potential applications of the catch-
length analysis.

Data requirement
1. Time series of fishery catches by length and shell.

2. Time series of fishing efforts.

3. Mean and variance of growth increment per molt.

4. Natural mortality.

Output
1. Time series of legal male abundances by length and shell.
2. Time series of recruitment to legal male abundances.

3. Catchability of fishing gear.

4. Molting probability for legal male crabs.

Advantages

1. Reduced data requirements.

Disadvantages
1. Estimates may not be as accurate as those by the catch-survey analysis

and length-based analysis, especially during the recent years.
2. Cannot estimate female and sublegal male abundance.

Potential applications

1. For stocks without survey data.

Assumptions
1. A lognormal distribution of measurement error for catches by length and

shell condition.

2. Shell condition data are reliable.

3. Distribution of growth increment per molt is constant over time for a
given length.
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figure l. Comparison of estimated legal male red king crab abundances in
Bristol Bay by the direct survey by MMFS  boxes!, catch-survey analysis
by Collie and Kruse  in press!  dotted line!, length-based analysis by
Zheng et al. �995b!  dashed line!, and catch-length analysis by Zheng
et al. �996!  solid line!. The centered line is the total annual catch.

estimated for each stock: recruits for each year except the first year, to-
tal abundance in the first year, two recruitment parameters, four molt-
ing probability parameters, four selectivity parameters, and the
catchability coefficient of fishing gear iTable 3!.

Results

Legal male abundances of Sristol Bay RKC were estimated by the four
methods  Figure 1!. The direct survey estimate of legal crab abundance
by NMFS in 1972 was close to the total catch and apparently was signifi-
cantly underestimated. The survey abundance was fitted very well by
both the LBA and CSA from 1975 to 1994. The crab abundance estimat-
ed by the CLA was similar to the estimates by the other three methods.
The LSA estimates were lower than the other tnethods in the mid-1970s
and very close to the direct survey estimates from 1978 to 1994. Soth
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3

Figure 2. Comparison of estimated legal male red king crab abundances in Kodi-
ak by the direct survey by Zheng et al.  ! 996!  boxes!, catch-survey
analysis by Collie and Kruse  in press!  dotted line!, and catch-length
analysis by Zheng et al, �996!  solid line!. The centered line is the tota!
annual catch.

the CSA and CLA estimates were lower than the direct survey estimates
in the late 1970s and early 1980s. This is partially due to the use of a
constant natural mortality for these two methods. The direct survey es-
timates fluctuated much more than the other three estimates on a year-
by-year basis.

Overall, all four estimates have the same trend and indicate that the
legal male abundance of Bristol Bay RKC increased dramatically in the
mid- and late 1970s and decreased precipitously in the early 1980s  Fig-
ure 1!, After a moderate recovery occurred in the late 1980s and early
1990s, the legal crab abundance reversed the upward trend and de-
clined again in recent years, The catch followed the general trend of the
legal crab abundance  Figure 1!.

Survey data were not available for Kodiak RKC until 1973  Peterson
et al. 1986!, and the LBA has not been conducted, Thus, we compared
the legal male abundances estimated by the direct survey, CSA, and CLA
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after 1972  Figure 2!, The CSA estimates were closer to the direct survey
estimates than the CLA estimates because the CSA was fitted to the sur-
vey data, whereas the CLA estimated abundance independent of survey
data. Overall, the three estimates have a similar trend, but the direct
survey abundances were not as smooth as the CSA and CLA estimates.

Using catch and fishing effort data in the CLA, we estimated the le-
gal male abundance of Kodiak RKC back to 1964. The estimated abun-
dances peaked in 1965 and fell to low levels in the late 1960s  Figure 2!.
The population recovered moderately in the early and mid-1970s; how-
ever, it declined again in the late 1970s and completely collapsed after
1982. The high estimated abundances in the early 1960s may partly re-
flect expansion of the fleet to new fishing grounds  Spalinger 1994!. The
catch was very high in the 1960s and fairly stable in the 1970s  Figure
2!. No fishery has been allowed for Kodiak RKC since 1982 due to low
population abundances.

Discussion
The four methods applied to Bristol Bay RKC and the three methods ap-
plied to Kodiak RKC produced close estimates of legal male abundances.
The LBA, CSA, and CLA filtered out measurement error and resulted in
smoother time series of estimates than the direct survey abundances.
The survey data were generally fitted better by the LBA than by the CSA,
which outperformed the CLA. For a given population, the choice of
abundance estimation method depends on data availability, level of de-
sired precision, and intended use of the results, Each method has its
own data requirements and output, giving each advantages, disadvan-
tages, and potential applications  Tables 1, 2, and 3!.

The CSA requires limited data and produces relatively consistent es-
timates of time series of legal male abundances  Table 1!. One difficulty
in applying the CSA is its required estimate of natural mortality, which
is not available for many crab populations. If the catchability of the sur-
vey gear is known or if it can be assumed to be approximately one, natu-
ral mortality can be estimated by the CSA. The main disadvantage of the
CSA is that the results are limited to abundance estimates of recruit and
post-recruit males, Because fishery data are required to scale the survey
relative abundance, female crab abundance cannot be estimated. Future
CSA should include sublegal crabs as a third component. Such an exten-
sion not only expands the output results, but also increases the robust-
ness of abundance estimates because of an increase in the amount of
data used to filter out measurement error. The CSA is very useful for
modeling error structures in the survey data because it is easily imple-
mented  Table 1!. The CSA can also be used to estimate unknown survey
catchability coefficients. Another potential application is to estimate le-
gal crab abundances for stocks without catch-by-length data and for
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stocks with limited satnpling effort such that not enough crabs are
caught to satisfy the more data-intensive LBA method.

The LBA must be used when female abundances are needed and
when it is necessary to study stock-recruitment relationships and to
evaluate harvest strategies. The LBA produces the most complete results
among the three model approaches, but it also requires more data than
either the CSA or CLA. Because of its large data requirements  Table 2!,
application of the LBA is limited to only some crab stocks for which ex-
tensive data have been collected. In addition to providing abundance es-
timates by sex, length and shell condition, natural mortality, and
molting probability, another main advantage of the LBA is its capability
to filter out measurement error to produce consistent time series of
abundance estimates owing to its large number of length groups  Table
2!.

The CLA is a simplified version of the LBA applicable to crab popula-
tions with no survey effort. The CLA incorporated with fishing effort
data generally provides accurate estimates of trends in relative popula-
tion abundance. In cases where natural mortality can be approximated,
reasonable estimates of absolute abundance can be obtained  Zheng et
al. 1996!. Like the CSA, a drawback of using a CLA for crab stocks is the
lack of natural mortality estimates. The main disadvantage of the CLA is
that its abundance estimates are generally not as robust as CSA and LBA
estimates, especially in the terminal year  Table 3!. The accuracy of esti-
mated absolute abundance in the terminal year depends on how accu-
rately we can estimate fishing mortality, However, by incorporating
fishing effort data, relative abundance trends of legal male RKC can be
estimated rather well in the most recent years for Bristol Bay and Kodiak
 Zheng et al. 1996!.

Besides direct survey, CSA, LBA, and CLA, at least three other analyt-
ical methods have been applied to the Bristol Bay RKC trawl survey data:
kriging  Vining and Watson 1996!, delta distribution  Jerry Reeves, pers.
comm.!, and recursive age-structured model  Matulich et al. 1988,
Greenberg et al. 1991!. The kriging and delta distribution approaches
have the same disadvantages as the direct survey estimates: they do not
link multiple-year data together to smooth out measurement error. How-
ever, they may be able to partially filter out measurement error caused
by outliers, and it may be useful to treat the raw survey data with either
of these methods prior to conducting a LBA or CSA. The recursive age-
structured model takes advantage of the age-structured approach, but it
assumes a one-to-one relationship between age and length that is not
true for RKC, for which size groups are broadly overlapping mixtures of
ages. However, in the situation where shell condition data are unavail-
able and a one-to-one relationship between age and length is an accept-
able assumption, then only the age-structured model can be applied to
track crab cohorts over time.
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Extended Abstract

Alaskan red king crabs, Paralithodes camtschaticus, provide a striking
example of collapse of one of the world's most valuable crustacean fish-
eries. During 1960-1994, domestic landings averaged 27,736 t annually.
Conservation concerns were raised when landings from Gulf of Alaska
fisheries declined sharply in the late 1960s. Concurrently, tnean crab
size and commercial catch per unit effort decreased on established fish-
ing grounds and fleets shifted to new areas striving to maintain catches
 Royce 1969!. Statewide landings peaked at 86,555 t in 1980 composed
largely of a record harvest from Bristol Bay in the eastern Bering Sea,
but by 1983 virtually all red king crab fisheries crashed decisively. Many
have been closed ever since because the depressed stocks have not re-
covered. In 1994, landings were the lowest �,019 t! since the fishery be-
gan, and only a few small commercial fisheries were conducted in
remote areas.

To examine whether red king crabs were overfished we calculated
biological reference points for three red king crab stocks and estimated
sustainable harvest rates and overfishing levels based on stock produc-
tivity. Biological reference points are fishing mortality rates  F! that pro-
vide useful stock-specific benchmarks for considering appropriate
harvest rates. Although rarely cakulated for Alaskan crab species, they
have been applied to many groundfish fisheries for decades  e.g., Gul-
land and Boerema 1973!. Here, we summarize some of our preliminary
findings  complete and final results will appear in a forthcoming journal
publication!.

We examined biological reference points for three stocks � Norton
Sound, Bristol Bay, and Kodiak � because they cover most of the geo-

Contribution PP-131 of the Alaska Department of Fish and Game, Commercial Fisheries Management
and Development Division, Juneau.
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Stock

Norton Sound 23.6 20.7

Bristol Bay 42.2 34,7

Kodiak 41.1 33.8

So, were red king crab stocks overfished? It appears they were. Com-
parison of benchmark rates to the harvest history of red king crabs in
these three fisheries reveals a periodic history of overfishing. Harvest

graphic range of red king crabs in Alaska and because growth data are
available. Because Alaskan fisheries retain only male king crabs, we ana-
lyzed exploitation rates only for the male proportion of the population.
We developed a length-based cohort model of male crabs to estimate
abundance and size distributions over 5-mm size intervals. For each
stock we specified an initial abundance and size distribution of the co-
hort. Initial mean size was set at approximately two molt increments be-
low legal size, and the standard deviation was set to give a dispersion of
cohort size consistent with field observations. Because this quasi cohort
was composed of crabs of multiple ages  McCaughran and Powell 1977,
Stevens 1990!, we kept track of relative, not absolute, cohort age start-
ing with relative age 0. As with our other recent work  e.g., Zheng et al.
1995a, 1995b!, we separated growth of male red king crabs into two
components: molting probability and growth increment. We modeled
growth increment as a linear function  Weber and Miyahara 1962! of pre-
molt size and molting probability as a reverse logistic function of pre-
molt size  Balsiger 1974!. To model cohort abundance, we set
instantaneous natural mortality  M! at 0.3  Zheng 1995a, 1995b!, and we
applied M, F, and handling mortality  H! annually. We applied F to legal-
sized crabs and H to sublegal-sized crabs. The exact level of H experi-
enced during the history of the fishery is unknown, but we set H at 10%
annually for purposes of our analysis.

We calculated two biological reference points with commonly used
procedures  Gabriel et al. 1989!: F, and F,, which reduce spawning
stock biomass per recruit  SSB/R! to 30%  Clark 1991! and 40% of the un-
fished level  Clark 1993, Mace 1994!, respectively. We considered F, as
a proxy measure of recruitment overfishing based on Sissenwine and
Shepherd's �987! redefinition of recruitment overfishing, Clark's �991!
findings, and precedence by the North Pacific Fishery Management
Council for some groundfish stocks. We considered F, as a potential
target exploitation rate based on advice of Clark �993! and Mace �994!.
Because crab harvests are managed in terms of exploitation rate  E! rath-
er than instantaneous fishing mortality rate  F!, we calculated the exploi-
tation rate equivalent of each reference point as: E = 1 - e ' Ricker 1975!.
Our estimates are as follows:
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rates for the Norton Sound fishery exceeded 21% during 1978-1981 with
rates in excess of 50% during 1978 and 1979. For the Kodiak fishery, har-
vest rates exceeded 41% during 1966-1968 and 1980-1982 and harvest
rate peaked at 80% in 1982. In Bristol Bay, harvest rates exceeded 42% in
1972-1974, 1980-1981, and 1985-1986 and peaked at 56% in 1981.

Population declines are associated with most of these periods of
overfishing. In Norton Sound, the legal crab abundance declined precipi-
tously from 1976 through 1982 while overfishing occurred. Since then,
harvest rates have averaged about 12%, and the population has in-
creased through 1991, the year of the last survey. In Kodiak, legal abun-
dance declined coincident with overfishing from about 30 million crabs
in 1964-1965 to 6 million in the late 1960s. Harvest rates were held to

14-33% annually during 1969-1972, and the legal population rebounded
to 14 million in 1972. However, the stock fell to < 1 million in 1983 after
severe overfishing in the early 1980s, This pattern was not mirrored in
Bristol Bay where the population increased after a period of higher har-
vest rates from 1972 through 1974, which was due to the extremely
strong 1968-1972 year classes being recruited to the fishery. Overfish-
ing during 1980-1981 did coincide with a crash of this fishery and sub-
sequent closure in 1983, but overfishing during 1985-1986 was
followed by modest increases in legal abundance through 1990. The
lower correspondence between overfishing periods and stock declines
for Bristol Bay may, in part, be attributed to more modest rates of over-
fishing than occurred in Kodiak and Norton Sound where peak harvest
rates were double the F, overfishing criterion.

Though we have identified periods of overfishing, red king crab
population dynamics are complex and cannot be explained by fishing
mortality alone. Population changes are due to gains from recruitment
and growth and losses from natural and fishing mortalities. It is still not
clear what factors were primarily responsible for the collapse of red
king crab stocks. In a comprehensive analysis, Zheng et al. �995a,
1995b! found evidence for large shifts in mortality and recruitment.
High apparent natural mortality rates were coincident with high harvest
rates during the period of sharp decline in the early 1980s. More impor-
tant, strong recruitment in the late 1960s and early 1970s increased the
stock from moderate to high levels, and subsequent recruitment failures
led to its decline. Two alternative stock-recruit relationships were con-
sistent with the historical record: �! strong dependence of recruitment
on spawning stock density, or �! recruitment is driven by highly auto-
correlated environmental factors. Although stock-recruit relationships
have not yet been developed for Kodiak and Norton Sound stocks, it is
very clear that depressed king crab stocks generally produce poor year
classes. For this reason, regardless of the relative roles of stock and en-
vironment on recruitment, recruitment overfishing must be avoided to
maintain healthy stocks.
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Abstract
In this study data were analyzed from 13-16 year time series of research
trapping surveys in each of three Newfoundland crab management areas
toward developing indices of commercial crab biomass. Data were col-
lected using both cornmerciaHy used  large-meshed! traps and special
research  smaH-meshed! traps. Survey timing varied, from spring to fall,
among the three areas, For aH areas, however, the survey catch rate of
legal-sized crabs, including soft crabs not yet recruited to the fishery,
provided a significant predictor of commercial CPUE in the foHowing
year. The catch rate index based on smaH-meshed traps represented a
more reliable predictor than that based on large-meshed traps. Survey
catch rates of size-specific groupings of sub-legal sized crabs  prere-
cruits! may indicate future recruitment trends but it is uncertain wheth-
er baited traps adequately sample inter-molt prerecruit crabs.

Introduction
The purpose of this study was to examine time series of research survey
data toward developing prospective biomass indices based on survey
catch rates of legaHy harvestable crabs as well as crabs not yet recruited
to the fishery. Few crustacean resources are managed on the basis of
such predictive models  Caputi and Brown 1986, Phillips 1986! because
suitable data are seldom coHected over a sufficiently Iong time period.

Biological variables which affect crab recruitment are initially re-
viewed to provide the basis of the analysis. Then, data series from trap-
ping surveys in each of three fishery areas are analyzed toward
developing a model which provides an index of commercial biomass for
predicting fishery performance.
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Methods
Research suweys
Surveys were first conducted in two crab management areas  Figure 1!
in 1979 and in a third area beginning in 1981  Table 1!. Initial surveys
used only baited commercial Japanese-style conical crab traps. Special
small-meshed traps were first used in one area, Conception Bay, in 1981
and in the other areas in 1982. Small-meshed traps are similar to com-
merciafly used large-meshed traps except that the netting is of 2.5 cm
stretched mesh, rather than the 13.3 cm stretched mesh of commercial
traps. Smafl-meshed traps were usuaHy deployed 1-2 per fleet within
each fleet of 8 or 12 traps  mostly large-meshed!. Traps were separated
by 45 m within each fleet and were baited using squid and/or mackerel.
Soak time was usually about one day, depending on weather conditions.
Within each crab management area surveyed, the depth range and actual
area sampled corresponded approximately to the commercial fishing
area. Minimum depth for sampling was 170 m for aH survey areas.

Surveys were carried out annually since 1980 in aH three areas, with
the exception of Conception Bay, for which there were no surveys in
three of the years  Table 1!. The timing of surveys varied annually both
in the absolute sense, as well as in relation to the time of the fisheries.

Data collected

AH crabs from each trap catch were enumerated by sex. For each male,
or for representative subsamples, carapace width  CW! was determined
to the nearest whole mm, using vernier calipers. Carapace condition was
assigned one of four categories  MiHer and O'Keefe 1981! with respect to
relative age and hardness, to reflect time since molting;

1. Claw easily bent with thumb pressure, claw iridescent on the outer
edge, shell without calcareous growths and brightly colored.

2. Claw not easily bent by thumb pressure, claw iridescent on the out-
er edge, shell brightly colored, and shell usuafly with calcareous
growths.

3, As in �! but shell less brightly colored and claw edge not iridescent.

4. Shell black and soft from decay at some joints, sheH colors duH.

Beginning in 1988, individual catches were further subsampled for
determination of chela aflometry, Height of the right chela  CH!, if
present and not deformed, was estimated �.1 mm! using dial calipers.
The ratio of chela height to carapace width was subsequently used to as-
sign crabs to one of two distinct groups with respect to chela aHometry;
smaH-clawed or large-clawed.
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Figure i. Snow crab management areas; those three which represent the sur-
vey areas are identified by dark arrows.
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Table X. Details pertaining to research surveys aud fisheries, by year
aud survey area.

No. of trap hauls
No. Large Small

Period stations meshed meshed
Fishery

Period Catch  t!Year

Conception Bay

13

16

143 24

170 24

375 12

235 44

264 20

249 45

85 18

382 42

247 24

271 24

266 103

32

23

24

25

9

23Nov. 2-161992

Oct. 11-22 251993

Sept. 27-Oct. 71994 31

Bonavista Bay

29Aug. 1-15 May 14-June 10

Apr. 15-May 12
Sept. 9-25*

1989 317

Aug. 2-141990 24 260

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

Sept, 25-30
Nov. 4-17

NO SURVEY
Oct. 2-11

Nov. 5-14

Oct. 31-Nov. 6

NO SURVEY
Oct. 3-14

Oct. 9-13

NO SURVEY
Nov. 2-13

June 15-July 4

Mar. 24-Apr. 15

May 5-18

May 3-14

Aug. 10-26

Aug. 6-20

Aug. 5-18

Aug. 4-14

Aug. 4-19

Aug. 8-24

41

16

27

25

25

33

31

22

30
22

327

188

325

253

264

361

316

249

329

277

0 0 0
48

44

37

51

15

25

30

34

26

Feb. 22-Nov. 28

Mar. 22-July 17

Jan. 3-Dec. 3

]an, 22-Nov, 17

Apr. 21-Oct. 26

Apr. 20-Dec. 6

May 3-June 13

Apr. 24-May 21
Sept. 3-Oct. 14*

Sept. 9-Oct. 6*

May 19-June 22/
Aug. 18-Sept. 14*

May 17-June 27/
Sept. I-Oct. 3*

June 5-8/
Aug. 1-13"

May 30-June 3/
Sept. 6-9*

May 7-Nov. 24

Apr. 7-Nov. 30

Mar. 2-Dec, 5

Apr. 5-Nov. 20

Apr, 24-Dec. 3

May 13-Dec. 15

May 5-Nov. 9

Apr. 27-Aug. 2

May 3-June 20

May 2-June 5

502

694

564

333

139

193

227

499
*476

*314

*383

*304

*309

*416

1586

1905

1376

905

1101

1327

728

648

602

735
*109

639
*320

656
"416
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Table 1.  Continued.!

Fishery
Period Catch  t!

1991 Aug. 5-16

1992 Aug. 3-15

1993 Aug. 2-25

1994 Aug, 8-19

30 329 32

332 28

291 34

234 112

May 12-June I

Aug. 11-24*

May 17-June 6

Sept. 1-10*

May 15-June 25
Aug. 1-6*

Apr, 25-May 3

May 30-June/
Sept, 6-9*

623
*479

692
*468

905
*526

566

30

27

29

*984

Northeast Avalon

1979 Apr. 9-May 9

1980 Mar. 24-Apr, 15

1981 Mar. 23-Apr. 15

1982 Mar. 31-Apr. 20

1983 May 4-12

1984 May 26-31

1985 June 11-15

1986 May 29-June 12

1987 July 15-24

1988 June 2-22

1989 May 1-10

1990 June 7-18

260

162

142

187

144

129

103

129

256

203

211

266

32

14

12

20

13

12

10

13

23

26

20

27

0

0 0
47

10

20

17

20

16

60

22

63

1991 June 3-17 25924 26

"391

6501992 June 1-12 26 278 29

*428
1993 May 4-14 12 126 15

702

*839

6331994 May 11-20 11916 70

* Indicates period of, and landings from, supplementary as opposed to full-t/me fisheries.
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No. of trap hauls
No. Large Small

Year Period stations meshed meshed

Apr. 2-Dec. 24

Apr. 7-Dec. 13

Mar. 2-Dec. 19

Apr. I-Dec, 11

May I-Dec. 10

May 22-Nov. 17

May 26-Oct. 5

Aug. 10-Oct. 25

May 3-Aug. 8

May I-July 16

May 7-July I

Apr. I-June 30
Sept. 16-Nov. 10*

May 12-July 6

May 12-June15/
Sept. 1-21*

May 17-June 6

May 17-June 6/
Sept, 1-26*

May 22-July 1/
Aug, 1-20

June 5-18/
Aug. 1-20*

Apr. 25-May 11

Apr. 25-May I/

May 30-June 2/
Sept. 6-9*

7632

5065

7607

3368

801

312

113

144

172

751

661

619
+231

699
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Treatment of data
A schematic model of snow crab recruitment was followed in assigning
individuals to population components for subsequent analysis  Figure
2!. Based on this model, data were grouped into classes for each of three
biological variables:

 i! Carapace Width  CW!: Based on growth per molt data  Moriyasu et al.
1987, Taylor and Hoenig 1990, and Hoenig et al. 1994! groups were
established for crabs which would achieve legal size  95 mm CW! af-
ter one molt �6-94 mm CW! and after two molts �0-75 mm CW!.

 ii! Chela Allometry: Males develop enlarged chelae when they undergo
a final or "terminal" molt, which may occur at any size larger than
50 mm CW. Therefore only males with small chelae will continue to
molt and subsequently recruit to the fishery. A model which sepa-
rates two "clouds" of chela height on carapace width data  CH =
0.0806 CW""'! was applied to classify each individual as either
large-clawed or small-clawed. Data on chela height were available
only since 1988.

 iii! Shell Hardness: Males that undergo their terminal molt in the spring
will remain soft-shelled throughout the fishery season of that year
and will not be fully hardened and retained by the fishery until the
following year. It is assumed that all males with small chelae remain
soft-shelled between molts  Figure 2!. In reality, however, an annual-
ly variable proportion of small-clawed males will not molt in any
given year  "skip molters"! and so will attain hard-shelled condition
between molts. For each year that a crab skips a molt, its eventual
recruitment is delayed by a year.

The schematic model  Figure 2! depicts the progression of a molt
class of small crabs �0-75 mm CW!, with small claws, to eventual re-
cruitment, This component is predominated by a group termed R-3 be-
cause they may recruit to the fishery, at 95-114 mm CW, in three years
 i.e., after two molts and an additional year to harden!. However a more
minor group  R-4! is also represented in this category. This group will
remain small-clawed and soft-shelled after two molts and so will molt a

third time, recruiting to the fishery, in four years, as very large crabs
�15-140 mm!. Of course, these simplified recruitment processes and
numbers of years involved do not take "skip-molting" into account,
which as previously noted will further delay recruitment.

Commercial catch per unit of effort  CPUE; kg/trap haul! was used
as the index of commercial biomass and the dependent variable in lin-
ear regression analysis. CPUE data were subsampled and summarized
from vessels' logbooks, maintained by captains as a condition of access
to the fishery. Soak time was variable and unstandardized, Where both
full-time and supplementary fleet sectors prosecuted the fishery within
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Figure 2. Schematic representation of snow crab population components rel-
evant to recruitment for males > 60 mrn CW  top panel! and depiction
of the recruitment process for the molt class of smallest �0-74 mm CW!
crabs with small claws  all panels!. Arrows represent molting. "P" repre-
sents "Pygmy" crabs � males which have attained large-clawed status at
sub-legal size  < 95 mm CW! and are assumed to have molted for the
last time. R represents hard-shelled males which have recruited to the
fishery, This model does not include skip-molters.
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a management area  i.e., Bonavista Bay and Northeast Avalon, Table I!
only data from the full-time fleet were used to estimate CPUE.

The independent variable in the linear model was the survey catch
rate of all legal-sized crabs in the previous year. The survey catch rate in
kg/trap was calculated from the number of crabs per trap, the mean car-
apace width, and a body weight � carapace width relationship for crabs of
carapace condition 2  Taylor and Warren 1991!. This survey catch rate
inciuded "soft-shelled" and "hard-shelled" crabs, both of which would
provide commercially acceptable meat yield and so be fully recruited
and reflected in the CPUE of the next year's fishery. A survey catch rate
index was developed separately for each of the data sets from large-
meshed and small-meshed traps.

Results and Discussion
For all three survey areas positive relationships were found using the
large-meshed trap data  Figure 3!, but the linear model explained only
46-49% of the variation. In contrast, the model, when applied to the
small-meshed trap data sets, accounted for 70-80% of the variation  Fig-
ure 4!. In both cases, the unexplained variation would likely be due to
various sources, including annual variation in methodological factors
 e.g., sampling intensity, fishing patterns! or biological variables  e.g.,
changes in molting season, proportions molting and other factors which
affect catchability!,

it is surprising that the survey catch rate index based on small-
meshed trap data represents a more reliable predictor of commercial
CPUE than that based on large-meshed trap data, It is recognized that
large-meshed traps are size selective and are biased samples even for le-
gal-sized crabs but, because they are used in the commercial fishery it
has been assumed that they would provide the best predictor of fishery
perfortnance  Xu et al. 1992!. Furthermore, most of the sampling at each ~
station has historically utilized large-meshed traps  Table 1! so catch
rate has probably been more precisely estimated by those traps.

This model, based on each trap type, was first applied to predict
fishery performance for 1995  Figures 3-4!. For both gear types, the sur-
vey catch rate index generally predicted that 1995 catch rates would be
comparable to the high catch rates observed during the most recent
three years. The more reliable index based on small-meshed trap data
predicted record high 1995 catch rates for two of the three areas,
Bonavista Bay and Northeast Avalon  Figure 4!.

Future refinement of this model will focus on standardizing com-
mercial CPUE for effects of annually variable fishing effort. In a refined
model some standardized early-season CPUE would be used as the de-
pendent variable. Also, survey timing in relation to the fishery has var-
ied considerably within and among areas  Table 1!. Therefore survey
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catch rate of legal-sized crabs from large-meshed traps in
the previous year, by survey area. Arrows show projected
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catch rates wiII have to be adjusted for effects of fishery removals with-
in the same year.

The survey catch rate of the immediate prerecruit size group  Prere-
cruit 1; 76-94 mrn! peaked in either 1991  Bonavista Bay! or 1992  Con-
ception Bay and Northeast Avalon! and has been generally declining
since  Figure 5!, Although 1994 catch rates for this size group remain
higher than any prior to 1987, the catch rate of the small-clawed compo-
nent of this group declined especially sharply since 1991 or 1992. Since
only the small-clawed component of this Prerecruit 1 size group will ac-
tually molt and subsequently recruit to the fishery  in as little as two
years! this suggests that recruitment has been declining recently  since
1993 or 1994!.

The small-clawed component of a size group of smaller crabs  Prere-
cruit 2; 60-74 mm CW! has also declined regularly in recent years,
achieving very low catch rates in 1994  Figure 6!. Since this component
requires three years before it begins to recruit to the fishery  as hard-
shelled crabs! it suggests that relatively poor recruitment will persist for
several years.

This interpretation of future recruitment should be considered with
caution, however, because baited traps may not represent good sam-
plers for small-clawed crabs. In comparative sampling, for a given body
size group, large-clawed crabs predominated in trap catches whereas
small-clawed crabs predominated in bottom trawl catches  Hoenig and
Dawe 1991!. Small-clawed males do not feed or enter traps for a rather
extended time period including their molt. Annually molting small-
clawed males are assumed to not harden fully between molts. Therefore
it is possible that the predominantly hard-shelled small-clawed males
sampled in trap surveys may represent the annually variable proportion
which did not molt during the most recent spring  i.e., skip-molters!. It
is not known whether the catch rate of skip-molters provides an indica-
tor of the abundance of all small-clawed crabs for any size group. There-
fore, data should also be collected by bottom trawl to provide an
independent abundance index for sub-legal sized crabs with small
claws.

If catch rates of small-clawed prerecruit crabs do represent declin-
ing recruitment for the future then it is unclear when this would first be
reflected in declining commercial CPUE. Such effects of low recruitment
would not be expected to become evident until the currently high har-
vestable biomass becomes depleted. The rate of such depletion will
probably differ among crab management areas due to variation in spa-
tial distribution of fishing effort.
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Yearly trends in survey catch rate of Prerecrui t 1 crabs �6-94 mm CW!
from small-meshed traps, by survey area. Catch rates are partitioned
by chela morphometry since 1987,
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Introduction
The horsehair crab  Erimacrus isenbeckii [BrandtJ!, is distributed from
Cook Inlet in Alaska and the Pribilof Islands, to Kamchatka and Sakhalin,
the Kurile Islands, northern Japan and the Korean Peninsula  Rathbun
1930!. The crab inhabits sandy and silty bottoms at depths of 30 to 200
m. E. isenbeckii is one of the most important fishery resources in north-
ern Japan. However, its population was severely damaged because of
overharvesting. As a result, effective fisheries management is now need-
ed to preserve this resource.

Biological studies of E isenbeckii, such as the larval morphology
 Marukawa and Yasunari 1931, Marukawa and Zen 1933!, the anatomy
 Kawakami 1934a! and the reproductive ecology  Kawakami 1934b, Hira-
no 1935, 1941, Yoshida 1940, 19S1!, were initiated in the 1930s. Recent-
ly, the spawning season  Domon et al. 19S6, Abe 1984!, growth of larvae
and juveniles  Omi 1971, Orni and Yamashita 1979, Mizushima and Ya-
mashita 1988!, mating behavior  Sasaki 1991!, and mating pair sizes
 Sasaki and Ueda 1992! have been clarified.

Research into the spawning cycle has also been carried out to help
with the management of the crab resource. E. isenbeckii in the Okhotsk
Sea requires 3 years to complete a single spawning cycle, based on the
recapture of a tagged crab  Yamamoto and Maruyama 1978!. From field
research, Abe �984! considered that most crabs in the Pacific Ocean off

eastern Hokkaido took 3 years to complete a spawning cycle, and that a
few required 2 years. Sasaki �990! also suggested that the spawning cy-
cle in that same area took about 3 years, based on seasonal changes of
the gonadosomatic index. Omi and Yamashita �982! observed that a
young female laid eggs again 25 months after spawning under laborato-
ry conditions.

Field research by Hirano �935! suggested that females in Funka
Bay, southern Hokkaido, Japan, spawn in spring, release their larvae dur-
ing the next spring, and then copulate during the winter. Reliable infor-
mation on the spawning cycle of E. isenbeckii was lacking because of
uncertainties about the ovarian maturation cycle, This study was under-
taken to clarify the spawning cycle of E. isenbeckii in Funka Bay from the
histological observations of ovaries and seasonal changes of the gona-
dosomatic index,

Materials and Methods
The 43 female specimens used in this study were collected during 8
sampling trips from August 1993 to November 1994 by trapping at
depths of 79 to 88 m in Funka Bay. The sampling locations are shown in
Figure 1. Specimens were transported to the Usujiri Fisheries Laborato-
ry, Hokkaido University, and kept in a one-ton tank until they were sacri-
ficed for measurement. Seawater flowing in the tank was kept in the
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Figure 1. Sampling locations  hvo lines and a square! in Funka Bay.

range of 4-10'C. The crabs were fed frozen squid  Todarodes paci ficus!
or fish  Coiolabis saira! once or twice a week. Within 2 weeks after col-
lection, 22 crabs were killed for samples. The remaining 21 crabs were
kept as supplemental specimens, to be used in months when crabs from
the sea were caught in low number.

Carapace length  CL! and body weight  BW! were measured after the
removal of all thoracopods and incubating eggs. After removal of the
ovary and the spermatheca, the ovary weight and color were recorded
according to Nippon Shikisai Kenkyujyo Jigyo Inc. 1984. To estimate the
number and the mean diameter of oocytes in an ovary, a 0.02-0.03 g
piece of the ovary was cut from 31 specimens, excluding specimens
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with extremely immature ovaries. Each measurement was repeated 3
times for accuracy. The remaining part of the ovaries and spermathecae
were fixed in Bouin's solution, dehydrated in ethanol, embedded in par-
affin, sectioned into 4-8 pm slices, and then stained with Harris's hema-
toxylin and eosin, or periodic acid-Schiff. The gonadosomatic index  GSI!
was calculated as the ratio of ovary weight x 100/BW.

Results

General morphology of the female genital tract
The genital tract of fernale E. isenbeckii consists of the ovary, a pair of
oviducts, spermathecae, vaginas, and gonopores  Figure 2A, C!. The ova-
ry is surrounded with fibrous connective tissue, and is situated on the
dorsal side of the midgut gland and beneath the heart, whose shape
forms the letter H. The anterior lobes of the ovary extended to both lat-
eral sides of the cephalic region alongside the gastric mill. The posterior
lobes extended to the abdominal segment alongside the intestine. The
oviduct is located on the ventral side of the posterior lobes and is con-
nected with the spermatheca. The sac-like sperrnathecae are located be-
tween the oviduct and cuticular vagina, which opens into the gonopore
near the lateral margin of the sixth sternal plastron where each third
pleopod is articulated. Seven females had copulatory plugs in their go-
nopores  Figure 2B!. The copulatory plug is hard, proteinaceus, and ex-
tends into the vagina and some spermatheca.

Histology of spermatheca
Sperm cells were observed in the spermathecae of all females examined
in this study  Figure 3!, indicating that the crabs had copulated at least
once. In most specimens, the spermatophores had already dehisced,
and were not observed in the spermatheca. In the other specimens, a
few sperrnatophores were observed in the spermatheca near the vagina.
These findings suggest that spermatophores of these crabs are immedi-
ately dehisced after copulating, and that some dehiscent sperm cells re-
main in the spermatheca after spawning.

Oogenesis and ovarian maturation
For describing the criterion of germ cells in oogenesis, histological ob-
servations for Pacygrapsus crassipes by Chiba and Honma �972! and for
Ranina ranina by Minagawa et al. �993! were applied. Oogonia are near-
ly circular, measure 8 to 15 pm in diameter, and increase in number by
mitotic division. The heterochromatin in the nucleus is uniformly dis-
tributed like a net during the resting stage, and the cytoplasm is very
thin. Oogonia and young oocytes form germinal zones, which lie scat-
tered in the ovary throughout the year  Figure 4A!. Young oocytes in-
cluding the germinal zone are in the chromatine nucleolus stage and the
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Figure 2. Reproductive system o j emate Lrimacrus isenbeckti. {'A! Female, ven-
tral view,  8! Copulat'ory plugs in gonopores on the third thoracic stern-
ite  C! Enterior genital tract. 8ar indicates � and C! 3 cm, 58! l cm, aa:
abdominal appendage; cp: copulatory piug; gp: gonopore; o; ovary; od
ovr'duct; st: spermatheca; v: vagina.
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Figure 3. Cross section of spervnatheca. Bar indicates 200 urn. ep: epiihelium;
sp: sperm.

oil globule stage, Oocytes in the chromatine nucleolus stage have a
strongly basophHic chromatin nucleolus near the center of the nucleus,
The oocytes are 15 to 20 p.m in diameter and its cytoplasm is still thin.
Qocytes in the oil globule stage measured 20 to 80 imam in diameter and
the cytoplasm coukl be weakly dyed blue with hematoxylin. Oil globules
are observed in the cytoplasm as vesicles, the center of which was dyed
irregularly by PAS. Oocytes during this stage are also found outside of
the germinal zone throughout the year  Figure 4B!. After the oil globule
stage, oocytes separated from germinal zones and developed synchro-
nously to the yolk granule stage, the primary yolk platelet stage, the
secondary yolk platelet stage, and the premature stage. Oocytes during
the yolk granule stage have many small yolk granules in the cytoplasm,
resembling a honeycomb. The oil globules increased in number and di-
ameter, and moved to the periphery. The oocytes measured 80 to 350
 tm in diameter  Figure 4C!. Qocytes during the primary yolk platelet
stage have eosinophilic yolk platelets, which are stained red-purple with
PA%  Figure 4D, E!. The platelets increased in number in the periphery
of the cytoplasm. The oocytes measured 300 to 450 Um in diameter,
Just before the end of the stage, the karyoplasm can be stained with
eosin. The yolk platelets continued tn grow, the oogenesis stage be-
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l=igure 4. Oogenesis of Erimacvus isenbeckii,  A! Oogonia and oo-
cytes of chromatine nucleolus stage and oil globule
stage in the germinal zone.  8! Oil globule stage.  C! Yolk
granule stage.  D! Pnmary yolk platelet stage. Harriss
hematoxylin and eosin.  E! primary yolk platelet stage,
Periodic acid-Sebi ff.  l ! Secondary yolk platelet stage.  G!
Premature stage,  H! At retie oocytes, Bar indicates  A
and 8! ZOpm;  C and L	00um;  D and FH! 200am.
og.. oil globule; yg: yolk granuie; yp: yolk platelet.
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comes the secondary yolk platelet stage. The nucleus was still found at
the center of the oocytes and the nuclear membrane was distinct, but
only a little cytoplasm was observed around the nucleus. The oocytes
measure 400 to 750 ii,m in diameter  Figure 4E!. Oocytes during the pre-
mature stage measure to 750 p.m in diameter. The fusion of yolk plate-
lets is not seen and the nucleus was not observed  Figure 4F!. We could
not observe more developed oocytes than these during the premature
stage.

Ovarian maturity was divided into 5 stages, based on the oogenesis
stage of the most abundant oocytes in the ovary, and the presence of
follicle cells after ovulation.

Recovery period  Figure 5A!
Most parts of an ovary are occupied by follicle cells after ovulation, and
some atretic oocytes are present  Figure 4G!. The most oocytes are in
the oil globule stages, and these oocytes were observed both outside
and inside of the germinal zones, GSI values are under 2  n = 7!. The
ovaries in this period are ivory in color. Most crabs in this period were
incubating eggs on the ciliae of their abdominal appendages.

Yolk granule period  Figure 5B!
Oocytes in the yolk granule stage are the most prominent oocytes with-
in the ovary during this period. The ovaries contain follicle cells after
ovulation but no atretic oocytes. In comparison with the recovery peri-
od, the ovaries do not change in color. The values of GSI range from 2 to
4  n = 6!. Crabs in this period were collected throughout the year. Some
individuals were incubating the eggs, and others had copulatory plugs.

Primary yolk platelet period  Figure 5C!
Most oocytes are in the primary yolk platelet stage. The ovary color be-
came maize or nepled yellow. The values of GSI range from 2 to 7
 n = 12!. Most crabs in this period had copulatory plugs, and none were
incubating eggs.

Secondary yolk platelet period  Figure 5D!
Most of the oocytes in this period are in the secondary yolk platelet
stage. Each oocyte becomes deformed, due to compaction. The ovaries
increase in volume so that they nearly filled the inside of the carapace.
The color changed to orange or sunlight yellow. The GSI values ranged
from 4 to 28  n = 17!. Crabs in this period were observed throughout the
year.

Ripe period  Figure 5E!

The oogenesis of most oocytes was in the premature period. Only one
female recorded in March reached this stage. The color and shape of the
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Figure 5. O'I~ar!an n'latur ty ol Lrtrnacrus /senbeckfk  8! Recovery period.  8! Yolk
granuie period.  C! Primary yolk platelet period. �! Secondary yolk
platelet period.  L! Ripe period, gar indicates ! rnm.
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ovary was the same as the secondary yolk platelet period. The GSI value
equals 27  n = 1!, No females with ovaries including prominent oocytes
of more advanced oogenetic stages could be observed.

Spawning cycle
The spawning cycle of E isenbeckii in Funka Bay was investigated based
on seasonal changes of ovarian maturity and the GSI value  Figure 6!.
Two females collected in December were in the secondary yolk platelet
period, and their GSI values exceeded 22. One female observed in March
was in the ripe period. Three females spawned in January in the labora-
tory, and 2 females of the crabs collected in February had the eggs in
the blastula stage. These observations indicate that the spawning sea-
son of E. isenbeckr'i in Funka Bay occurs during January to March.

The GSI values of all females incubating eggs were less than 2, and
their maturity was in the recovery period or the yolk granule period. In
addition, hatching of the larvae occurred in March or April in the labora-
tory, and incubating females were collected over a wide time period
Uanuary-July!. It was, therefore, inferred that more than I year is re-
quired for incubation.

One fernale  in the yolk granule period! in September, 5 females  in
the primary yolk platelet period! from October to April, and 1 female
 the secondary yolk platelet period! in February had copulation plugs in
their gonopores. These females had likely copulated 6 to 12 months af-
ter the hatching of larvae. GSI values began to increase with vitellogene-
sis, reaching 22 to 24 in December. Overall, a female E. isenbeckii takes
about 3 years for the completion of a single spawning cycle.

The number of oocytes
The number of oocytes in an ovary ranged from 33,000 to 297,000
 n = 31!. The number was correlated with carapace length  r = 0.907!,
but not with GSI value  r = -0.012!  Figure 7!. The oocytes measured
0.25 to 0.75 mm  n = 31! in diameter, and increased with the value of
GSI  r = 0.936!  Figure 8!. Female with GSI values less than or equal to 4
had 117,000  + 80,000! oocytes. These findings suggest that the chang-
es of GSI were due not to an increase in oocyte number, but to the
growth of oocytes, and that the number of oocytes would not be estab-
lished until the start of viteIIogenesis.

Discussion
The anatomical characters of the ovary and the process of oogenesis of
E. isenbeckii are similar with other crab species, including Potamon de-
haani  Ootsu 1963!, Chionoecetes opilio  Kon and Honma 1970!, Pa-
cygrapsus crassipes  Chiba and Honma 1972!, Geryon ciuincluedens
 Haefner 1977!, Ovalipes punctatus  Du Preeze and Mclachlan 1984!,
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Geryon rnantae  Melville-Smith 1987!, and Ranina ranina  Minagawa et
al. 1993!. However, the distribution of developing oocytes in the ovary
varies by crab species according to the spawning frequency during a
breeding period and the interval between spawning. Following the oil
globule stage in E. isenbeckii, oocytes separated from the germinal
zones and developed synchronously, demonstrating that E. isenbeckii
produce one clutch in a spawning cycle. In other crab species, oocytes
move frotn the germinal zone in the center of the ovary toward the pe-
riphery of the ovary with the growth  Kon and Honma 1970, Chiba and
Honma 1972, Minagawa et al. 1993!.

Hirano �935! suggested that E. isenbeckii in Funka Bay may spawn
during March to April, based on the occurrence of the eggs in early de-
veloping stages on the abdominal appendages. However, we observed
that 5 females  reared for 3-5 months! spawned in January. In addition,
this finding was supported by the seasonal changes of the GSI value.
Hirano might have overestimated the developing rate of eggs in the ear-
ly stages,

Based on the occurrence of larvae, Omi and Yamashita �981! sug-
gested that the hatching season of E. isenbeckii in Funka Bay begins in
the middle of March. Captive females released their larvae during March
to April. Considering the spawning season, crabs require more than 1
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Figure 9. Spawni ng cycle of Erirnacrus isenbeckii in Funka Bay, southern
Hokkaido.

year to incubate their eggs, based on observations of artificially incubat-
ed eggs removed from abdominal appendages  unpubl. data!.

Hirano �935! reported that copulating pairs of crabs were caught
from January to February in Funka Bay. Because female E. isenbeckii had
copulatory plugs in their gonopores deposited by male crabs while cop-
ulating  Hirano 1941, Sasaki 1991!, the occurrence of females with plugs
provides information on the maturity status of copulated females. Most
of the females that had copulatory plugs were in the primary yolk plate-
let period. They were collected from August to February. All females, ex-
cept for one, in the secondary yolk platelet period had lost their plugs,
so the plugs may fall off several months after copulation.

The spawning cycle of E. isenbeckii was divided into 3 phases: a pre-
vitellogenesis phase, vitellogenesis phase, and incubating phase  Figure
9!. The pre-vitellogenesis phase corresponds to the yolk granule period,
and lasts for about 7 months from the hatching season  March to April!
until the beginning of vitellogenesis, Molting and subsequent copulation
occurred between this phase and the vitellogenesis phase, The vitello-
genesis phase consisted of the primary yolk platelet period, the second-
ary yolk platelet period, and the ripe period. This phase lasted for about
15 months and was followed by spawning Uanuary to March!. The incu-
bating phase lasted for about 14 months and included the recovery peri-
od and the yolk granule period. Thus, E isenbeckii needs 3 years for the
completion of one spawning cycle.

For crabs distributed in high latitude habitats, such as Chionoecetes
opilio, Paralithodes camntsChaticu, and E. isenbeckii, a incubating period
of not less than one year is common  Kon 1976, Nakanishi, 1987!, but
the spawning cycle is very different between species. Female C. opilio
undergoes terminal molting before the first spawning. In the following
spawning, they copulate without molting after releasing larvae, so they
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can spawn every year without molting  Yoshida 1941!. P. camtschaticus
molts between the release of larvae and spawning, and most females
produce one clutch in a year  Kurata 1952, Matsuura et al. 1971!. The
short spawning intervals in these crabs, unlike E isenbeckii, are possible
because ovarian maturation occurs simultaneously with egg incubation.
In E. isenbeckii, ovarian maturation begins after the release of larvae,
and the molting occurs before spawning  Sasaki 1991!. Such an alternat-
ing switch from reproduction to growth allows the crabs to invest aII of
their energy into either growth or reproduction. The reproductive strat-
egy of E, isenbeckii may require the female to invest greater energy for
one reproduction or for long-term growth,
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Biology of Lithodids in the Beagle Channel
Biology of I.ithodes santo0a
In late November � early December, the reproductive cycle of L. santolla
begins with female molting. The precopulatory embrace and mating oc-
cur between an oldshell male and a smaller female recently molted. In
the population, mating pairs can be found during approximately one
month. As in other lithodids, fertilization is external and occurs imme-
diately after female oviposition, Eggs are carried by females and em-
bryogenesis lasts approximately 9-10 months. Fecundity  number of
eggs per brood! varies with female size, between 5,500 and 60,000 eggs

king crab or "centolla" and false southern king crab or "centollon," re-
spectively. They are markedly different in their morphology. Maximum
size of L. saniolla is 190 mm carapace length  CL!, and it has a maximum
weight of 8-9 kg. By contrast, P. granulosa maximum size and weight are
110 mm CL and 1.5 kg respectively. Therefore, L. santo/la has been com-
mercially preferred because of its greater meat yield and higher quality.
Consequently, its market value is three times that of P. granulosa.

Since the 1930s, the Argentinean fishery for king crabs has occurred
almost exclusively in an area of the Beagle Channel near the city of Ush-
uaia, This is a mixed fishery, since frequently both species appear si-
multaneously in traps used for fishing. Until the late 1970s, the fishing
was concentrated on L. santo/la while P. granulosa was considered as by-
catch and discarded. In the early 1980s, landings of P. granulosa began
to increase as a response to declining captures of L. santo/la. This is a
modest fishery: so far, less than 10 small boats �0-15 m length! have
fished jointly in the area. This scenario changed in the last 3 years: in
1992, smaHer boats � m length! began to fish for king crabs and in
1994, attained 17% of the total landings of L. santolla. Landings of L.
santo/la and of P. granulosa have varied around 250 mt/yr and 150
mt/yr, respectively. Maximum landings of about 350 mt were attained in
1974 for L. santo/la and in 1995 for P. granulosa.

In 1994, the area that had been fished for more than 6 decades was
closed because of symptoms of over-exploitation of the stock. The den-
sity of L. santo/la had decreased 80% since 1981, average sizes of males
and females decreased significantly, and the proportion of ovigerous fe-
males was 35%  Wyngaard and Iorio 1996!. Thus, the fishery has devel-
oped eastward, about 70 km away from Ushuaia. Unfortunately, fishery
data are difficult to obtain, scarce for L, santo/la and null for P. granu-
losa. Thus, it is difficult to predict when the fishery will recover, or to
state precise rules to protect the stock. In this paper we suggest an alter-
native and complementary management tool for the fishery, strictly
based on the reproductive strategies of both lithodid species and on the
fishing effort of each fraction of the fleet.
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 Table 1!. In some areas intensively harvested, females carry fewer eggs
and total fecundity is reduced. Larval hatching occurs between mid-Sep-
tember and October, without significant annual variation. However, in
other areas of the distribution of L. santo1la, larval hatching is depen-
dent on seawater temperature and varies considerably  Hernandez
1985, Vinuesa 1985!, Larvae pass through three zoeal and one glauco-
thoe stage, and metamorphose to the first benthic crab stage, which is
about 3 mm CL.

During the first year, crab molt 6-7 times, during the second year, 4-
5 times, and during the third year, 3 times. Crabs of 3 years old are
about 50 mm CL. Thereafter, males molt twice a year until they reach
morphometric maturity  defined as the change in the allometric rela-
tionship between carapace and claw size!, i.e., at 5 years old, at 90-99
mm CL. In the fourth year, females begin ovary maturation and thus, to
molt annually. Gonadal maturity  defined in males as the presence of
spermatozoa in the testicles, and in females as the presence of embryos
in the incubation chamber! is reached at 60-75 mm CL in males, and at
66-87 mm CL in females. In females, oogenesis lasts 24 months  Vinuesa
and Labal, unpublished results!. After gonadal maturity and after mor-
phometric tnaturity, respectively, females and males continue to molt
annually. Males enter the fishery at 110 mm CL and it is suspected that
males > 150 mm CL molt biennially  Geaghan 1973!.

Biology of Paralomis granmlosa
During November, the reproductive cycle begins with courtship and
mating, supposedly between an oldshell male and a recently molted fe-
male. Fertilization is external and the female keeps the embryos in her
incubation chamber between 18 and 22 months  Table 1!, Fecundity var-
ies between 800 and 10,000 eggs, depending on female size. However,
about 50% of the females > 80 mm CL do not carry eggs though their
ovaries are well developed  Hoggarth 1993, Lovrich and Vinuesa 1993!.
Larval hatching occurs mainly during winter Uune to August!, almost
two years after mating. For each individual, larval development  through
zoeal and one megalopa stages! lasts approximately 40 days  Cam-
podonico and Guzman 1982!. However, there is no information about
larval duration in the natural environment. There is also no information
on growth from the first crab stage  of about 3 mm CL! to the stage of
about 10 mm CL. During the immature phase, growth is slow. The small-
er crabs  < 40 mm CL! molt twice a year, in winter and summer, while
crabs > 40 mm CL molt only in summer. During the immature phase,
percentage of growth per molt is constant and of 12.4%. At this rate of
growth, we suspect that gonadal maturity would be reached at about 10
yrs old,

Males attain gonadal maturity at 50.2 mm CL, and females at 60.6
mm CL  Table 1!. Morphometric maturity is reached at 57 mm CL in
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males and at 66.5 mm CL in females. By molting once after gonadal ma-
turity, males attain morphometric maturity. Males enter the fishery at-
taining a commercial size of 80 mm CL. Male molting is assumed to be
annual, and biennial when males are older  Hoggarth 1993, Lovrich per-
sonal observations!. However, there is no information about growth
rates in mature crabs; the time required to attain legal size remains un-
known. Moreover, at mating, crab size and maturity condition is un-
known; thus it is difficult to evaluate the role of each category of crabs
 gonadal or morphometric maturity, commercial size! in the reproduc-
tive process and recruitment.

Discussion
For other crustaceans, the reproductive potential has been previously
quantified in terms of fecundity, age at maturity, fishing mortality, pro-
portion of females in each size class, and growth of individuals in a
population  Campbell and Robinson 1983, Shields 1991!. Evidently, both
sympatric species of the Beagle Channel markedly differ in their repro-
ductive potential, thus in the time of replacement of the final "product":
crabs of commercial size. Data at hand provide evidence that reproduc-
tive potential of P. granulosa is constrained morphometrically. As in
brachyurans, female body size of anomurans is the determinant of the
reproductive output  Hines 1982, Jensen and Armstrong 1989, Lovrich
1991!. For the two species, the volumes of developing oocytes in the
ovary and extruded eggs are similar  Table 1!, Hence, the body size con-
strains the volume of the ovary, and thus the number of eggs that a fe-
male can carry. Size range of mature females in P, granulosa is between
60 and 90 mm CL, and in L. santolla between 75 and 160 mm CL. This
difference in size determines the number of eggs per brood. For exam-
ple, female L. santolla and P. granulosa carry similar quantities of eggs,
5,300, at 78 mm CL  Vinuesa 1982, Lovrich and Vinuesa 1993!.

Except for the number of zoeal stages, the other larval features are
very similar in both species  Table 1!. Larvae of both species are leci-
thotrophic with ability to feed at some time during development  Co-
moglio and Vinuesa 1991!. Therefore, we assume that larval survival in
the natural environment is similar in the two species, and does not
cause major variations in recruitment to the benthic fraction of each
population.

Due to very slow growth of the immature phase, the age at gonadal
maturity, and thus the generational time of P. granulosa, duplicate those
of L. santolla. Therefore, two generations of L. santolla pass through the
fishery while only one of P. granulosa does. Slow growth of P. granulosa
is evidenced also in mature phases. Females molt biennially and their
gonadic development lasts about 3 years. Male P. granulosa begin to
skip the annual molt before reaching commercial size at 75-80 mm CL,
while male L. santolla smaller than legal size molt annually  Boschi et al.
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Table 1. Life-history traits ef sympatric species Lithodes santolla and
Puraiomis grannlosa in the Beagle Channel, Argentina.

Lithodes santoiia Paraiomis granuiosaTrait

Mating frequency

Fecundity  eggs/female!

Annual, Decetnber'

5,500-60,000'4

9-10 mo.'

2.1 mms

2.0 mm CL'

Biennial, November'

800-10 000z

18-22 mo.'

1.9 mm'

2.1 mm CL'

Embryogenesis

Maximum egg size  diameter!

Zoeal size at hatching

Number of zoeal stages

Larval development

Larval hatching

Age at gonadal maturity

Size at gonadal maturity

27

23-26 d'

September-October'

5 yl sto, tt

75 lnm CL'

2 yrs'

17-22 d'

June-August'

9-10 yrs  ?!t?

50-60 mm CL'

> 3 yrs.  ?!"Duration of gametogenesis,
female

Duration of gametogenesis,
male

various/year  ?!"60-90 d'

Legal size 110 mm CL 80 mm CL

1. Vinuesa 1984; 2. Lovrich and Vinuesa 1993; 3. Vinuesa 1982; 4. Lovrich unpublished data; 5. Vinuesa
1987; 6. Campodonico 1971; 7. Campodonico and Guzman 1981; 8-11. Vinuesa et ai. 1985, 1989, 1991,
1990, respectively; 12. Lovrich and Vinuesa 1995; 15. Lovrich 1991.  ?! indicates uncertain informa-
tion. CL: carapace length.

1984, Lovrich unpublished data!. This implies that in P. granulosa, re-
cruitment to the fishery may be retarded by the molting frequency of
adult males. Hence, in fishery terms, P. granulosa is much less produc-
tive than L. santolla. Lithodes santolla grows faster and has half the gen-
erational time of P. granulosa. Female Lithodes santolla reach a larger
size and spawn annually. Therefore, overall fecundity of L, santolla, and
thus the rate of replacement of new individuals to the population  if lar-
val survival is similar! is higher than in P. granulosa.

Regulations to the fishery were put in place based on the biology of
L. santolla, They were designed to preserve the reproductive potential of
the species, These are: �! exclusively male landing. �! Minimum size
limit of 110 mm CL for L. santolla and 80 mm CL for P. granulosa  the
latter in force since 1993!. �! Fishing season between January and Octo-
ber  this effectively preserves the mating season of L. santolla!. �! Maxi-
mum of 1,000 traps in the zone near the city of Ushuaia. The fishery
was characterized by frequent violations of the regulations. Moreover,
violations of the first two rules tnade the fishery for L santolla collapse
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because of overfishing of the reproductive stock  Wyngaard and Iorio
1996!. Consequently, in 1994 the area near Ushuaia was closed to fish-
ing for both king crab species. However, for this area, there is no data
which support that P. granulosa stock is overexploited. Detailed fishing
logs have never been required, and will be difficult to obtain because of
fishers' reluctance. Scientific surveys are scarce, discontinuous, and ex-
clusive for L. santolla  Boschi et al. 1984, Bertuche et al. 1990!. There-
fore, the fishery does not have data that allow prediction of its
evolution.

The scenario of the fishery in the Beagle Channel has changed in the
last 3 years. Formerly, only medium-size boats �2-15 m length; crew of
3! fished in the area. They can manage about 120-150 traps/day and
navigate 100 km off Ushuaia, Thus, they easily move out of the closed
fishing area. Their owners are the fishing companies who also own the
factories that process crab landings. This part of the fleet is called "in-
dustrial." In 1995, they concentrated their fishing effort on P. granulosa
and reached a record of 350 mt landings. Three years ago, artisan fish-
ers began to appear in the area near Ushuaia. They have smaller boats �
m length; crew of 1! which can manage only 20-30 traps/day. Their
movements are restricted to near the port, i.e� the closed fishing area,
and thus their fishing is impeded.

Given the difficulty of obtaining conclusive data from the fishery,
the difficulty of effectively controlling the regulations of the fishery,
and the reproductive biology of the species we suggest a new, preven-
tive and complementary tool of management for the fishery of the Bea-
gle Channel. We suggest ruling the fishing based on the productivity of
each species and to the fishing effort that each fraction of the fleet can
develop. Industrial fishers, who can apply heavy fishing efforts and are
more able to expand geographically, should be encouraged to fish for L.
santolla, preferably in areas never exploited. As occurred so far, Lithodes
saniolla will probably support a heavier, but still modest, rate of fishing
than P. granulosa. Artisan fishers, who are restricted to operate near the
city, are less capable of managing several gear types, and thus less capa-
ble of applying a heavy fishing effort, should be encouraged to exploit P.
granulosa at very low rates.
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Timing and Duration of the
Mating and Molting Season for
Shallow Water Tanner Crab
 Chionoecetes bai rdi !
J. Eric Munk, Susan A. Payne, and Bradley G. Stevens
National Marine Fisheries Service
Kodiak, Alaska

Abstract
We monitored abundance of various categories of Tanner crabs  Chiono-
ecetes bairdi! through three breeding seasons �993-1995! to define titn-
ing and duration of the mating season in a shallow water habitat. Divers
estimated abundance along measured transects at 4 depths �, 5, 10,
and 15 m! at a site in Womens Bay, Kodiak Island, Alaska. Crab catego-
ries included males > 75 mm carapace width  CW!, pubescent females
> 75 mm CW, primiparous females, multiparous females, and primipa-
rous and multiparous grasping pairs. Exoskeletons of the first two cate-
gories were also tabulated. Primiparous pairs were encountered from
mid- January through mid-July. Multiparous pairs, however, were seen
only during May. A majority of males molted during the fall with lesser
amounts through winter and spring. Females molted primarily during
winter and spring. The primiparous mating for female Tanner crabs oc-
curs over a period of 6 months, whereas mating activity for multiparous
females is limited to a brief period in the spring.
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A Note on Mortality and Injury
Rates of Male Chionoecetes baircfi
 Decapoda, Niajidae! Competing
for Multiparous Mates
J.M. Paul and AJ. Paul
University of Alaska Fairbanks, institute of Marine Science
Seward Marine Center, Seward, Alaska

Abstract
Carapace damage, limb loss, and frequency of death in mature male
Chionoecetes bairdi incurred while competing for multiparous mates
was examined in laboratory tanks. Males, whose carapace width was
> 140 mm, commonly crushed their opponents' limbs and perforated
carapaces during combat. Many of the wounded males died. These ob-
servations may reflect laboratory conditions, but do show that big male
Tanner crabs have the power to mortally wound their rivals when com-
peting for mates.

Introduction
In the genus Chionoecetes, females reach a terminal size with their ma-
turity molt. They first copulate while their carapace is soft and again as
hardshell individuals in following years. Females producing their sec-
ond and subsequent egg clutches are called multiparous crabs. During
the breeding period males compete for females using their chela to
grasp the female and to ward off competing males. This note provides
information on the extent of damage competing legal-size males  > 140
mm! incur during fights over multiparous mates.

Materials and Methods
Multiparous fernale and adult male Tanner crabs were captured near
Homer, Alaska, and held at the University of Alaska Seward Marine Cen-
ter Laboratory. The males used in the experiment were legal size, cara-
pace width  CW! > 140 mm and chela height  CH! > 31 mm. None of the
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males used in the study had apparent carapace injuries such as broken
limbs or perforations that went all the way through the shell.

After capture the females were held together without any males in
1,000 L tanks. This was the standard tank size for all observations in
this report. These running seawater tanks had a water exchange rate
> 100% per hour. During the experiments the water temperature ranged
from 3,0'to 5.0'C. The salinity ranged between 32 and 34 ppt, All crabs
were fed a surplus of Pacific herring tissue every Monday and Thursday.

While larvae were hatching, males were put in with the females. The
sex ratio in all the mixed sex groups was either 5 or 3 females to one
male  Table 1!. The number of males, plus male size data  CW and CH!
occur in Table 1. All the male parents had a hard carapace with oldshell
status.

The experimental animals were held in their mixed sex groups from
1 April until 15 July. During that time rates of mortality and limb dam-
age resulting from fights between males were noted. In the summary ta-
ble the term perforated carapace is used. That term refers to a condition
where body tissues were exposed because the punctures incurred while
fighting went completely through the carapace.

Two groups, each containing 5 males, were held under the same
conditions as the mixed sex test groups, and for the satne duration, but
without any females present. These two groups acted as controls to
show mortality levels not associated with male fights for mates.

Results
In all the mixed sex groups of C. bairdi there was almost continual fight-
ing among the males for possession of females. Usually when a male
grasping a female was challenged he would hold her as far away from
his body as possible on one side and grasp the attacking male with the
other claw. The attacking male would try to maneuver toward the fernale
while counterattacking with his chela. Not enough observations were
made to tell if the original male or the attacker consistently won these
battles. Both day and night observation would have been required and
nearly continual observation or filming to quantify the behavioral as-
pects of fights. This effort was a preliminary low budget study. Several
copulations were observed. During copulation the maie would move
about with the female underneath him. She used her legs to maintain
position while he avoided other males and used his chela to fight if nec-
essary. Very few fights were seen once copulation started since the male
in possession of the female usually retreated when any crab approached
him. During these retreats the female remained in the copulatory posi-
tion.

The grappling by competing males commonly resulted in perfora-
tions of the carapace on the legs and even the chela of fighting males
 Table 1, Figure 1!. Between 60 and 100% of the males held with females
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Table 1. Deaths and injuries to male Chionoecetes bairdi > 140 mm car-
apace width  CW! competing for multiparous mates in compari-
son to males held without any i'emales.

No. of Mean CW range Mean CH CH range % with
males/ CW mm mm mm mrn perforated dropping
females males males males males limbs limbs dying

10/50 159 142-171 38 34-42 100 30 100
5/25 160 150-168 39 37-42 100 60 100
5/25 157 150-165 37 34-39 100 25 100
4/12 145 141-149 34 31-37 75 0 50
3/9 154 149-170 34 31-34 100 0 0
5/0 145 140-149 33 31-34 100 20 0
5/0 152 145-165 36 31-41 60 0 20

CH = chela height.

had fighting injures that broke through the carapace. The carapace
breaks soon took on a black color. These may have been colonies of
chitin-dissolving bacteria which are fatal to C. bairdi when introduced to
internal systems  Grischkowsky and Follett 1982!. In the groups with 5
females per male, all the males died. In one group with a 3:1 sex ratio
50% of the males died while in another group no males died. However,
some of those males still alive had deteriorating blackened carapace
around the fighting wounds that might cause death at a later date.
Deaths happened between 1 May and 5 July. In the groups with S:1 sex
ratios, limb loss was common for the males. When there were fewer fe-
tnales to fight over �:1 sex ratio! no limb loss was seen  Table 1!.

Males were commonly seen fighting in the control groups without
females, with 100% of the males in one group and 60% in the other hav-
ing crushed limbs with carapace breaks. One male with severe fighting
injuries died. This experiment quantified a phenomenon we have seen
often; captive Tanner crab males frequently fight even when females are
not present.

Discussion
Only one study provides the in situ sex ratio of Tanner crabs during the
mating period. That report showed that tnultiparous females formed
dense aggregations and there was only one male for every 10 females
 Stevens et al. 1994!. Perhaps with such low sex ratios males seldom
fight for mates and mortal cornbat wounds are avoided. If males com-
monly fight with each other, even when females are absent, perhaps
they avoid each other as a survival strategy.
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l:igure 1. Photographs o  typical carapace injuries incurred by adult male
Chionoecetes bairdi when two males > 140 mm carapace width fight
over which male will copulate with a ripe multiparous fernale. The inj u-
ries are marked by arrows.
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Our females that were fought over by males often received severe
carapace wounds from being grasped. Perhaps female aggregation prior
to egg extrusion alters the sex ratio so there are several females for ev-
ery local male  Stevens et al. 1993!. This might reduce the likelihood of
a female being injured by competing males. Also, some females have
stored sperm and don't need to breed, and minimizing the likelihood of
grasping injuries might increase the chances for survival and successful
reproduction.

This is the first time that mortalities have been reported for male C.
bairdi due to injuries incurred while fighting for mates. Male Tanner
crabs seen grasping multiparous females in nature range in size from
110 to 170 mm CW and have an average of 134 mm CW  Stevens et al.
1993!. Thus, the males we included in the experiments were the larger
sizes that are involved in mating. Experiments with smaller males need
to be done. Because these observations were done in the laboratory they
cannot be directly extrapolated to in situ conditions. However, they do
prove that legal size C. bairdi are capable of crushing the carapace of
other males and competing for a mate is potentially fatal. Obviously in
situ studies need to be carried out to determine if fights for mates com-
monly result in limb loss or death. These surveys should be done just
after the breeding season since our male combatants often died shortly
after injury. Trawling or submarine surveys, rather than pot samples,
would be the best method to sample since damaged males might not go
into pots.
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150 m depth in Chiniak Bay, Kodiak, Alaska, and observed at the same
site annually through 1995. Other females have been observed mating
as isolated pairs in the shallow  < 20 m! water of Womens Bay, Kodiak
 Stevens et al. 1993, includes map of sites; Munk et al. 1996!. This study
was undertaken to compare the reproductive status of pre-spawning
multiparous females between shallow and deep water.

Methods

Results
There was no significant difference in width between multiparous fe-
males from Chiniak Bay in Spring94 and Fall94, or WomBay females  Fig-
ure 1!. However, Spring95 females  97.8 mm CW! were significantly
larger than WomBay females  91.2 mm CW!. Mean clutch volume for mul-
tiparous females in Spring94 �5.4 ml; Figure I! was not significantly dif-
ferent from that in Spring95 �4.5 ml!. Mean clutch volume in Fall94
females �0.5 ml! was not significantly larger than that of WomBay fe-
males �1.9 ml!, and both were significantly lower than Spring94 or

Crabs were collected from the deep waters of Chiniak Bay in spring
1994  April 21-27; coded as Spring94; n = 108 crabs! and again from 23
April to 2 May, 1995  Spring95; n = 158!, using the 2-person submersible
Delta. These samples were collected approximately 2 weeks before
hatching in each year. A random sample of multiparous females  n =
131! was also collected from Chiniak Bay on 4 October 1994  Fall94! by
trawling. Seven multiparous females were collected from shallow water
in Womens Bay by scuba on 10 November and 1 December 1995, and
two in April 1995; all are combined as sample WomBay.

Carapace width  CW!, and width of the 6th abdominal segment were
measured to the nearest mm. Females were categorized as multiparous
if they had large abdomens and old shells. Crabs were frozen until dis-
section, usually within two weeks of capture. After slow thawing, vol-
ume of the egg clutch  attached to pleopods! was measured by
itnmersion in tap water in a graduated cylinder. Ovaries were retnoved
and placed in pre-weighed pans for drying. Spermathecae were removed
with the vagina and the sternal opening intact, and preserved in 10'
buffered formalin; within a week, they were opened, and their contents
rinsed into a pre-weighed pan for drying. Stomachs were cut open and
contents rinsed into a pre-weighed pan. Pans containing ovaries, sper-
mathecal or stomach contents were dried to constant weight at 60-70'C
 dw = dry weight!, and re-weighed to the nearest 0,1 mg on an electronic
balance. Comparisons of width or dry weight between groups were con-
ducted with a one-way ANOVA, and individual comparisons between
pairs of groups were made by Tukeys HSD method  Zar 1984!. Differenc-
es were considered significant if p was < 0.05.
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Figure 1. Mean values of carapace width  mm!, external egg clutch volume  ml!,

and ovary dry weight  in dg, for convenience of scale! for multi parous
female C. bairdi. Spring94, Fall94 and Spring95 crabs were collected
from Chiniak Bay. WomBay crabs were collected from Womens Bay. See
text for dates. Numbers �-4! identify samples which are not signifi-
cantly different.

Spring95 females. Mean ovary dw of multiparous females from Spring94
�.95g! was significantly less than that of Spring95 �0.48 g!. Mean dw of
developing ovaries in Fa1194 females �.12 g!, approximately 5 months
post-spawning, was not significantly different from that of WomBay fe-
males �.21 g!, but both were significantly less than mean dw in
Spring94 or Spring95. Dry weight of spermathecal contents  ejaculate!
was extretnely low, and there was no significant difference between sam-
ples  Figure 2!. Mean weight of all samples was 0.054 g. The largest was
1.5 g, but 99% weighed less than 0.15 g. Mean dw of stomach contents of
Fa1194 females �75 mg! and WomBay females �86 mg! were not signifi-
cantly different, but both were significantly greater than stomach con-
tents of Spring95 crab �2 mg!. Contents of Spring94 crab were only
liquid and considered empty, so were not weighed, These data suggest
that female crabs do not feed for several weeks prior to spawning.
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Figure 2. Mean values for dry weight ofspermathecal contents  ejaculate! and
stomach contents, in mg, for multiparous female C. bairdi. Sample
names as in Figure 1. Numbers �-2! identify samples which are not sig-
nificantly different. is significantly different from adjacent samples.

Discussion
Multiparous females collected from Chiniak bay in Spring94 and
Spring95 were essentially identical in mean CW, egg volume, spermathe-
cal contents, and  presumably! stomach contents, as both groups con-
sisted of ovigerous females collected just prior to mating and hatching,
during a time period when they were not feeding. By fall, 5 months after
spawning, ovaries were only about 50% of full size, and egg clutches
about 67% of fully developed size. Fall94 crab and WomBay multiparous
crab were essentially identical in mean CW, egg volume, ovary dry
weight, spermathecal contents, and stomach contents, probably because
7 of the 9 WomBay crab were collected in winter. These two samples rep-
resent multiparous crabs during mid-winter feeding and non-breeding
periods, and no differences were apparent due to location or depth.

Mean ejaculate weight in Kodiak females was Iow, compared to val-
ues of 1-2 g for recently mated C. bairdi in the Bering Sea U. Orensanz,

150

Q!
E

.P 100

D

Stevens et al. � Reproductive Conditions of Female Tanner Crabs



353Symposium on High Latitude Crabs

Univ. of Washington, Sept. 1995, pers. comm.!. Ejaculate weights de-
crease over time in C. opiiio  Sainte-Marie 1993!, but whether this would
account for the observed values is unknown. Perhaps Kodiak females
are not being provided with large quantities of sperm, or are not being
inseminated after the maturity molt, due to low numbers of males.
Male:female ratios at the Chiniak Bay site range from 0.1 to 0.01
 Stevens et al. 1993, 1994!. Commercial fishing in this area has been
closed since 1994 due to low male abundance. Paul �984! reported that
the proportion of eggs fertilized declines with age of stored sperm, and
Paul and Paul �992! suggested that "a single insemination at the maturi-
ty molt typically did not provide sufficient stored sperm to fertilize sub-
sequent egg clutches in C. bairdi." If multiparous females are relying on
stored sperm to fertilize their egg clutches, it could result in a de-
creased reproductive capacity for this population.
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Abstract
Measurements of the energy costs of molting and egg production for
mature female red king crab, Paralithodes carntschaticus, were made. In-
creases in carapace length at molting, exuvia dry weights, and their en-
ergy content were all described by linear equations. The number of
eggs, clutch dry weight, and clutch energy content tended to increase
with corresponding growth in carapace length  CL! until females reached
130-140 mm. However, there was considerable variation in the number
of eggs extruded by the females relative to their CL. Whole body energy
content increased linearly with CL. Exuvia, newly extruded egg clutches,
and postmolt whole body samples had average energy contents of 180
kcal  sd = 25.8!, 256 kcal  sd = 106!, and 508 kcal  sd = 278! per individ-
ual, respectively.

At 110 mm CL the energy allocated to exuvia and egg production by
female red king crab was about 108 kcal for a 100 mrn exuvia and 184
kcal for the eggs. Females 150 mm CL allocated 203 and 252 kcal to the
corresponding tissues.

Introduction
The red king crab  ParaIithodes carntschaticus Tilesius! is an important
commercial species in Alaska. Stocks of this species are in low abun-
dance and there is considerable interest in understanding the various
aspects of their basic biology. Previously, the authors studied red king
crab reproductive biology  Paul and Paul 1990!. That endeavor provided
the opportunity to determine whole body energy content and energy
costs of molting and ovulation for females of this species. Crabs are
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most subject to predation when they are softshell and this data could be
used to model energy flow to predators. The energetic measures pro-
vide the ability to compare the costs of molting and ovulation in king
crabs to other species.

Materials and Methods
Multiparous fernale king crab captured in late winter were held in
1,000 L seawater tanks at the Seward Marine Center Laboratory. During
the three months that the females were held the water temperature was
4' to 6'C and salinity 31-32 ppt. There were 84 females from which pre-
molt and postmolt carapace length  CL! was measured from eye notch to
the middle of the dorsal carapace. The postmolt CL for all females aver-
aged 136 mm  sd = 13! with a range of 110 to 161 mm. The smallest
premolt CL was 100 mm.

Females were held with males and after molting the exuvia were col-
lected immediately and dried in a convection oven to a constant weight
at 60'C and weighed to the nearest 0.1 g. Only exuvia and females with
all the appendages were included in the sample. Dried exuvia were pow-
dered with a mortar and pestle, followed by a grinding mill, All the pow-
dered material from each molted carapace was stirred vigorously and
about 1 g sample taken with a scoop. The 84 1 g samples were pooled
and mixed, and eight subsamples were combusted in a Parr adiabatic
calorimeter. Estitnates of the energy content of the exuvia from all 84 fe-
males were determined by multiplying their individual dry weights by
the average caloric content of the pooled exuvia. To plot the data indi-
vidual values were used, and in addition values were grouped together
based on CL. Ten mm intervals of CL were selected for the grouping of
weight and energy values. Data is plotted using the mean CL for individ-
uals falling within the 10 mm increment.

About one week after egg extrusion, the eggs were removed from
the pleopods of the females  n = 115! and dried at 60'C as above. The
number of eggs per clutch was determined by dividing clutch weight by
the average weight of one dried egg. The dried weight of an egg was de-
termined by weighing 20 dried eggs from each of the pleopods from the
separate clutches with an electrobalance.

The caloric content of clutches was determined by pooling about 1 g
of dried and powdered eggs  using a mortar and pestle! from each fe-
male, mixing the material, and combusting triplicate subsamples in the
calorimeter, Estimates of the energy content of the eggs of all the females
were determined by multiplying their egg clutch dry weight by the aver-
age caloric content of the eggs. The egg clutch weight and energy content
information was also organized in 10 mm CL groups for plotting.

The body energy content of newly molted females was measured
for 20 individuals. The eggs were removed from the pleopods, the cara-
pace length measured to the nearest mm, each individual dried for 24 h
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in a freeze dryer, and then dried to a constant weight in a convection
oven at 60'C, Dried crab were weighed to the nearest gram, powdered in
a blender, the material mixed, and 20 g samples from each of the 20 in-
dividuals were then combined. Six subsamples of pooled whole body
tissues were combusted in the calorimeter. Estimates of individual body
energy content were determined by multiplying individual dry body
weights by the average energy content of body tissue.

The energy content of eggs, carapace, and body is derived by multi-
plying the dry weight of each component by a pooled energetic constant
for that component. Thus, the variance associated with the energetic
constants is not considered.

Most of the size and energy relationships were fitted to log, power,
exponential, and linear models and the relationship with the highest co-
efficient of determination  r'! adopted. A polynomial least squares pro-
gram was used to fit mean estimates for egg energy and abundance
data.

Results
Females with postmolt carapace lengths of 110 to 161 mm had an aver-
age energy expenditure of 180.2 kcal per individual  sd = 25.8! allocated
to the exuvia  Figures 1 and 2, Table 1!. The exuvia from female red king
crabs had an average moisture content of 54%  sd = 2! and contained an
average of 1.6 kcal per g dry wt.

The increase in female carapace length associated with the annual
molt was about 4%  Table 1!. The energy content of recently molted
female king crab bodies averaged 472 kcal per individual. The relation-
ships of CL  mm! to body dry weight based on the mean values for fe-
males put into 10 mm cohorts  Table 1!, and energy content  Figure 2!,
were linear  r' = 0.88!. Mean whole body energy content increased lin-
early with CL; a 110 mm body had 388 kcal vs. 862 kcal for a 150 mm
newly molted female. The average energy content of dried crab was
3.5 kcal per g. Moisture accounted for an average of 89%  sd = 1%! of the
live weight of these females.

The number of eggs in newly extruded clutches ranged frotn 20,000
to 348,000 eggs per individual Figure 3! with an average of 179,000
 sd = 97,000!. There were large variations in the number of eggs that fe-
males carried  Figure 3!, relative to CL, as would be expected with a pop-
ulation of various ages and nutritional history, The average energy
content of an egg clutch was 256 kcal. The relationship of carapace
length  mm! to clutch caloric content, using mean values for females
grouped in 10 mm intervals, is illustrated in Figure 2  see Table 1 for
polynomial equation!. The energy content of newly extruded dried eggs
averaged 6.3 kcal per g.

If a female molted to 110 mm  body energy = 388 kcal!, the 100 tnm
exuvium  equation 1 in Table 1! would contain 108 kcal and at 110 mm
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Figure l. Exuvia dry weight  g! relative to carapace length for newly molted fe-
male red king crab, Paralithodes camtschaticus.



Symposium on High latitude Crabs 359

220

160

100
100 160140120

400

O Q
100 140120

800

600

200

a

R 0
100 140120

CARAPACE LENGTH  mm!

Figure 2, Energy content for: exuvia  mean, sd; A!, egg clutches  mean, sd; B!,
and whole bodies  C! of newly molted female red king crab, Paralith-
odes camtschaticus.  See Table ! for equations!. Note standard devia-
tions reflect variations in weight, not energy content.
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Table 1. Growth, size-weight, and energy relationships for newiy molt-
ed mature female king crab, Paralithodes cumtschuticars, and
their egg clutches relative to carapace length  CL! in mm.

Growth carapace length  mm!
Postmolt CL = 0.863  premoit CL! + 23.6; r~ = 0.96.

Size-weight relations

Exuvium dry wt,  g per indiv! = 1.187  CL! � 50.1; r~ = 0.98
 based on mean values!

Body wet wt.  g per indiv! = 27.889 CL! � 2148; r' = 0.90

Body dry wt.  g per indiv! = 2.666 CL! � 187.4; r2 = 0.88

No. eggs  per clutch! = -4.3267940393E+07 + 1346581.7960  CL! +
� 15699.780826  CL ! + 81,516180746  CL ! + � 0.1587688886  CL !
standard deviation of Y =+ 6360  based on mean values!

Energy content measurements

Exuvia energy  kcal per crab! = 1.9  CL! � 81.8; r' = 0.98
 Figure 2!

Egg clutch energy  kcal per clutch! = -28586.529482 + 886.91517294  CL! +
� 10.367831426  CL2! + 0.05444590809  CL~! + � 0.0001079623077  CL4!
standard deviation of Y =+ 5.4  Figure 2!

Body energy  kcal per crab! = 9.486  CL! � 655.5; r' = 0.88

the egg clutch energy content would be 184 kcal. Thus, these three corn-
ponents would account for 57%, 16%, and 27% of their summed energy,
respectively. In an old female of 150 mm CL, increase in length would
only be 3 mm, the somatic tissue would have 796 kcal �4%!, exuvium
203 kcal �6%!, and eggs 252 kcal �0%!.

Discussion
For red king crab estimates of energy content of dried exuvia �,65 kcal
per g! and eggs �.28 kcal per g! are similar to those of other large deca-
pods. Other published values for dried exuvia energy content  kcal per
g! include: Chionoecetes bairdi 1.3  Paul and Fuji 1989!; H! as araneus
1.2  Anger 1984!; and Hornarus americanus 1.2  Logan and Epifanio
1978!. Examples of decapod egg energy content  kcal per g! include: C.
bairdi eggs 6,4  Paul and Fuji 1989!; Crangon crangon 5.5  Pandian
1967!; and Pandalus borealis 5.5  Clarke 1987!.

The body energy content of newly molted dried king crab �.5 kcal
per g! is comparable to that of other large decapods. For primiparous C.
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Figure 3. The number of eggs in clutches of newly molted female red king crab,
Paralithodes camtschaticus, in relation to carapace length  mm!.

bairdi postmolt dried body energy content is on the order of 3.7 kcal
per g  Paul and Fuji 1989!. Newly molted Carcinus maenas have energy
contents of 4.3 kcal per g  Klein Breteler 1975!. In decapods body energy
content changes throughout the molt cycle  Anger 1984!. Body energy
measurements of red king crab will have to be made during other molt
stages, and for males and immature crabs, to fully describe the somatic
energy cycle.

No other studies concerning the relative energy expenditures for
molting and egg clutches in the North Pacific's large anomurans were lo-
cated by the authors. However, this information is available for C. bair-
di, the brachyuran Tanner crab. The reproductive strategy of Tanner and
king crab are quite different. In Tanner crab the females' maturity molt
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is their final molt  Paul 1984!. Thereafter, consumed energy is directed
to metabolic needs and the annual egg clutch. In mature female king
crab molting occurs annually in the spring. While in the softshell state
eggs are extruded. Generally female body size increases with the molt,
so this pattern of reproduction calls for the annual expenditure of ener-
gy incorporated in the exuvia and new body tissue.

Mature king crab are larger than Tanner crab so relative energy allo-
cation herein is expressed as a percentage of energy in body tissue, exu-
via, and eggs. In primiparous Tanner crab  CW = 90 mm!, egg clutch,
body tissue and exuvia account for 32%, 48%, and 18% of the combined
energy of these components respectively  Paul and Fuji 1989! vs. 48%
for eggs and 28% for body of recently matured red king crabs. For non-
molting multiparous Tanner crab nearly all available energy could be al-
located to egg production since there are no exuvium or increase in
body size  Paul and Fuji 1989!, although some seasonal somatic energy
changes undoubtedly occur.

Cast exuvia are degraded and used as energy sources by bacteria
and king crab exuvia are consumed by Tealia crassicornis, a large sea
anemone  Powell 1976!. With an energy content of 1.6 kcal per g for
dried exuvia it would not appear to be a high energy food. Also, most
metazoans do not have the capability of digesting chitin. Comparative
values for whole copepods which an anemone might consume would be
5.2 kcal per g dry wt  Laurence 1976! and small fishes like pollock  Ther-
agra chaicogramrna! 4.6 kcal per g dry wt  Harris et al. 1986!. While exu-
via are low in energy they are locally abundant during the molting
period  Powell 1976! and may represent concentrations of salt and min-
erals.

Reproduction is only one aspect of the bioenergetic budget for king
crab and considerably more work will need to be done before a reason-
able energy flow model involving this species can be constructed.
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Introduction

Conservation and rational exploitation of bioresources are impossible
without knowing the nature of reproductive processes, reproductive po-
tential of populations, and the factors limiting abundance. Scientific re-
search of this kind should be aimed at:

~ Identifying a general mechanism that determines reproductive strat-
egy for species groups.

~ Working out criteria to estimate biological status of the species
groups.

~ Finding a way to use this system for long-term forecasting.

The studies in these directions are essential to plan further research
into biological features of the far-eastern commercial crab species and
improving the reliability and accuracy of the yield forecasts  Fedoseev
and Rodin 1986; Fedoseev and Slizkin 1986, 1988; Fedoseev et. al,
1988!. Enough information has been collected on biological features of
crabs to identify common trends of their reproductive strategy. This in-
forrnation enabled us to analyze the main stages of the reproductive
process in far-eastern crabs and put forward a hypothesis describing the
critical stages of brood formation. We think the hypothesis can be taken
as a basis for further research. To shed more light upon this problem of
critical stages investigations are required on cellular, individual, and
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population levels, using laboratory experiments and modern proce-
dures. We emphasize that our paper doesn't offer solutions to the prob-
lem; its goal is to propose concrete research tasks.

Reproductive Features of Crab Species
Abundance fluctuations affecting populations are associated mainly
with alternation of abundant and non-abundant broods and the rate at
which they are harvested by fishing fleets. Abundance of broods or gen-
erations is determined by the impact of limiting factors in the process
of their formation. Impacts on developing broods vary at different re-
productive stages and are not the same even for populations belonging
to the same species. This is probably a distinctive feature of reproduc-
tive strategy of closely related species, singular species, and even indi-
vidual populations. Fedoseev and Rodin �986! listed the following
reproductive stages in crab: gametogenesis, embryo development, post-
embryo development as larvae, and development of the juveniles into
mature individuals. We thought it reasonable to add an adult stage,
starting at maturation of crab individuals and lasting to the end of their
life to characterize the whole life cycle of a brood. We also considered
identifying a senile substage within the adult one. This substage would
be characterized by the period during which individuals lose their re-
productive functions. But as we don't have convincing evidence in favor
of existence of the aging substage, we excluded it from our discussion.

The foundations of brood abundance are laid down at the gametoge-
nesis stage, thus forming initial reproductive stock of a population. This
stock represents a sum of oocytes to be carried by all the mature fe-
males, i.e., maximum number of potential mature individuals. But in the
process of brood development a gradual abundance reduction occurs,
therefore actual recruitment is provided by individuals that survive.

Stage of Abundance Reduction
Process of abundance reduction is in a close relationship with reproduc-
tive strategy developed by a given species. Ignoring some details, one
can identify common abundance reduction trends in closely related spe-
cies. In our paper we examine this phenomenon based on crabs inhabit-
ing the seas of the Far East of Russia. Two abundant species groups are
found there, represented by Lithodidae  Lithodes, Paralithodes, Paralo-
rnis! and Majidae  Chionoecetes!. In our opinion of all these crabs repro-
ductive strategy is most fully studied for lithodids. Therefore in
examining a nature of abundance reduction we took lithodid crabs as an
example, Then we compared a nature of abundance reduction in Lithod-
idae with that in Tanner crabs.

The first considerable decrease in reproductive potential may occur
at the end of the gametogenesis stage due to the impact of abnormal en-
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vironmental conditions  Nizyaev and Fedoseev 1990!. Some females
may temporarily lose an ability to molt and become nonbreeding be-
cause of resorption of oocytes. This phenomenon was found to be sig-
nificant in Paralithodes platypus, Paralithodes carntschaticus, and
Lithodes aeciuispina. Mature females having an old unmolted  unshed!
carapace and whitish gonads  or whitish spots! are nonbreeding. These
features are indicators of oocyte resorption. The number of whitish
spots is an indicator of a specific resorption stage. While the nonbreed-
ing phenomenon was observed frequently enough, the mechanism caus-
ing appearance of nonbreeding females is still unknown. The portion of
nonbreeding females in catches was observed to be very small in most
cases. It appears that the nonbreeding phenomenon in crab females is
abnormal. We think that disorders making females nonbreeding affect
specific individuals, and there is no protection mechanism at the popu-
lation level. Nonbreeding females are unable to participate in reproduc-
tive processes until their gonads get clear of the remnants of resorbed
oocytes. Large numbers of nonbreeding females in a crab population
may cause a long-term abundance decrease. The duration of the period
for which females stay nonbreeding is not known. According to expert
estimates based on trawl surveys data for the western Kamchatka shelf,
in 1988 nonbreeding P. platypus females constituted up to 10% with no
such females observed in 1989. It seems possible that disorders in the
organs of females, influenced by their nonbreeding state, might lead to
their death. It appears that first females become unable to lay eggs,
probably due to disorders in spawning-molting processes, and then
pathological transformations in their reproductive systems occur.

It is necessary to note that decreases in population abundance may
take place throughout each of the reproductive stages discussed, and
during transitional phases between the stages  spawning, larvae set-
tling!. Decrease in abundance occurring at the spawning stage, during
which a transition from gametogenesis to embryo development occurs,
may have two causes. One is the appearance of the so-called pseudo-
nonbreeding females whose eggs were not fertilized and fell off females
because no males were around  Nizyaev and Fedoseev 1990!, Pseudo-
nonbreeding females may have a new carapace  i.e., undergo molting!
and normal oocytes; such females may have either no outside eggs on
their pleopods, or a very small number that fall off easily when touched.
Abundance of such females depends largely on specific spawning condi-
tions and the structure of the spawning centers. A sharp increase in the
pseudo-nonbreeding female portion in the catches of P. camtschaticus
 up to 32.8%!, recorded off western Kamchatka in 1987, was observed
for those western Kamchatka shelf areas where mass-scale male molting
was observed during spawning. In the years to follow, when no such ab-
normality was observed, numbers of pseudo-nonbreeding females were
low. Appearance of pseudo-nonbreeding females in the above-men-
tioned case was caused, in our opinion, by intensive harvesting of males
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during spawning, when first spawning centers had already been formed
and finding new male partners became impossible for females. Accord-
ing to Paul and Paul �990! P. catntschaticus males with carapace length
less than 140 mm could successfully fertilize an average of 2-3 females
 maximum 6! under lab conditions. According to our experimental data,
obtained in 1989-1992 at the Popov Island biological station  Peter the
Great Bay!, one male with carapace 140 rnm in length could fertilize
from 1 to 4 females under lab conditions. According to Fedoseev and
Rodin �986!, males do not excrete all the reproductive products during
spawning � a portion is stored until the next year. This portion of repro-
ductive products probably serves as a reserve for spawning males.
When the sex ratio deviates from optimum, males may use at least a
portion, if not all, of non-excreted reproductive products, thus signifi-
cantly reducing the number of pseudo-nonbreeding females. With 30%
of commercial P. carntschaticus crab being harvested during spawning
on the western Kamchatka shelf, an abundance of pseudo-nonbreeding
females was found to be stable and amounted to 4% on the average,
with annual fluctuations ranging from 3 to 5% of the total mature female
abundance. It is interesting to note that pseudo-nonbreeding females
were seldom observed in regions where no intensive crab fisheries were
conducted. According to 1989 trawl survey data, pseudo-nonbreeding
females of deepwater lithodid crabs were observed in extretnely low
quantity in the Okhotsk Sea bathial zone. We consider an appearance of
pseudo-nonbreeding females as a natural reaction to disorders in the
spawning processes. It seems that females probably learned to lay eggs
even with no males around to prevent over-ripening and resorption of
oocytes. In addition, there appear to exist the strong population-level
mechanisms that protects females from becoming pseudo-nonbreeding.
These protective mechanisms are represented mainly by spawning mi-
grations during which the spawning centers with an optimum sex struc-
ture may form. Furthermore, as was mentioned earlier, males probably
use part of reproductive products, stored previously, whenever a sex-ra-
tio in spawning centers is changed beyond normal. It should be men-
tioned that spawning migrations in deepwater lithodid crabs are
probably of somewhat different nature as compared with lithodids liv-
ing at shallower depths. Population groups of deepwater lithodids in
most cases live within the areas of stationery gyre, and because of it
their reproduction and growth occur in the same territory  Nizyaev
1990!, Therefore contrary to spawning migrations in shelf-zone litho-
dids, which may cover great distances, deepwater lithodids probably
form nuclei of spawning centers. This suggestion is supported by the
observed increased schooling of females soon after laying their eggs
 Nizyaev 1990!.

Females that became pseudo-nonbreeding are excluded from the re-
productive process for only one year and may reduce the abundance in
only one year class. We have already mentioned that in one of the fish-
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ery regions a portion of pseudo-nonbreeding females reached up to 10%
when there was an abnormal spawning situation  Nizyaev et al. 1990!.
The next year, however, the situation with spawning normalized and the
fraction of nonbreeding females dropped to the usual 3%.

The second reason for brood abundance reduction during spawning
time may be that females lose a portion of oocytes when mating. This
was supported by experiments on multiple mating of males and females
under laboratory conditions  Paul and Paul 1990!. The authors observed
that with every repeated contact between males and females the per-
centage of fertilized oocytes tended to be less. We admit the possibility
that a portion of oocytes is lost during mating judging from the varia-
tion in individual fecundity in crabs of the same size  Agafonkin 1982!.
Here an important role is played by the probability of spermatozoa and
oocytes getting into contact.

Spawning in crabs is followed by a prolonged period of embryo car-
rying by females during which they migrate for considerable distances
 Rodin 1985!. In the course of such migrations females may also lose a
portion of embryos due to such factors as:

~ Abdomen rubbing against the sea bottom,

~ Predation.

~ Parasites or some other reasons.

It was observed that for crabs of the same size the number of eggs
with developed embryos on the average is considerably lower than that
of newly laid eggs  Jewett et al. 1985!. Because of that not all the excret-
ed and fertilized oocytes develop into larvae. The postembryonal devel-
opment stage is characterized by the progeny leaving their parents.
Hatched larvae began to be transported by currents. At postembryonal
stage, strong differences emerge in groups of lithodids. These differen-
ces influence abundance reduction throughout the postembryonal de-
velopment period up to juvenile stage. Lithodids found in the seas of
the Far East can be easily divided into two subgroups in terms of fecun-
dity and egg size. Females of the first subgroup  P. camtschaticus, P.
platypus! have high fecundity and small egg size  Table 1!. Females of
the second group  Lithodes couesi, L. aequispina, Paralithodes brevipes!
are characterized by an order of magnitude lower fecundity, but at the
same time greater egg size than in the former group. The same can be
said about Paralomis verrilli and P. multispina  both species live in the
far-eastern seas! even through visual inspection. With the exception of P.
brevipes, all species with low fecundity and large eggs inhabit great wa-
ter depths. Size of the hatched crab larvae is similar to that of eggs  Ta-
ble 2!. Somerton �981!, based on more developed yolk-sac in larvae of
L. couesi as compared with those of P. carntschaticus, doubted that the
former should migrate into the photic zone.
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Table 1. Fecundity and egg size in some Uthodidae crab species of the
North Pacific.

Species
 depth range!*

Fecundity,
thou. ind,

Length of eggs,
mm

P. brevi pcs

�-100 m!
No data2.2-68.6

 Agafonkin 1982!

P. camtshaticus

�-200 m!

60-220

 Rodin 1985!

1.0

 Haynes 1968!

P. platypus
�0-200 m!

1.2120

 Sasakawa 1975!

10.6-27.0 2.1-2.4

 Sornerton and Otto 1985; Jewett et ai. 1985!

L. aequispina

�00-800 m!

2.1-2.4L. couesi

�00-1,200 m!

2.6-5.5

 Somerton 1981!

* Depth range information waa taken from Vinogradov  f950!.

A few years later, Somerton, in a paper written with Otto �986!,
suggested a hypothesis  apparently to develop further the above-men-
tioned presumption! that larger size of L. aequispirfa larvae compared
with that of P. camtschaticus would enable the former to endure pro-
longed starvation and feed on relatively large food organisms. Therefore
it is possible that after hatching these larvae continue to stay at great
depth. Pears �969!, having reviewed literature on the development of
marine bottom invertebrates at larva stage, came to a conclusion that
for the species living in high latitude seas and at bathial-abyssal levels
pelagic development  or demersal development by his terminology!
would be more common. According to Ochelman �965!, with depth, the
percentage of species with lecithotrophic development increases and
that of species with planktotrophic development decreases. Data by
Thorson �950! indicate that direct development type, vivipary, reduced
the duration of the pelagic stage, and development via lecithotrophic
larvae are characterized by higher fecundity than that found in plank-
totrophic larvae, noted for a long plankton stage. These observations
support a possibility that larvae of deepwater Iithodids enjoy leci-
thotrophic feeding and demersal development type throughout their life
as a larvae, while larvae of shelf lithodids are characterized by plank-
totrophic development. It seems that with depletion of yolk sac, leci-
thotrophic feeding of larvae of deepwater crabs is replaced with
planktotrophic, with larvae getting food from "plankton rain." The fact
that larvae of deepwater lithodids have not been observed in nature so
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Table 2. Larva size of some Lithodidae crabs of the North Pacific at dif-
ferent development stages.

Development stage
Zoea I Zoea Ii Zoea III Zoea IV GlaucotoeSpecies

P. brevi pcs 1,4 1,5 1.7 1.6
 Kurata 1956!

Lc

5,7 6.1 5.9 3.6
 derived from H. Kttrata drawings, 1956!

Lb

P. camtschaticus Lc 1.81.2 1.4 1.5
 Sato 1958!

1.5

P. platypus 1.3 1.6 2.0
5.2 5.5 6,8

 Hoffman 1968!

Lc 12
Lb 4.9

2.3 2.9 2.9 2.2
 derived from E.B. Haynes drawings, 1982!

L. aequispina Lc

Lb 7,3 8,0 7.6 6.8
 Haynes 1982!

5.9

Hyphen   � l means either no data available, or absence of that stage in the development cycle of the
larvae; Lc = carapace length; Lb = body length. Measurements in mm.

far, while larvae of P. camtschaticus and P. platypus are known to be dis-
tributed in the surface layers and were often observed there  Marukawa
1933, Takeuchi 1962, Kurata 1964, Hoffman 1968!, may serve as indi-
rect evidence in favor of Somerset and Otto's hypothesis. Transport of
deepwater lithodid larvae to the settling areas is performed apparently
by bottom currents, rather than surface currents.

Predation by plankton-eaters is the main cause of brood abundance
reduction at the larvae stage. However this type of predation seems to
be an abundance reducing factor only for the larvae distributed in the
surface layers. The nutnber of plankton eaters sharply drops with depth.
Predation appears to be factor number one for P. camtschaticus and P.
platypus larvae, for which mass-scale hatching occurs simultaneously
with a peak of plankton bloom. Higher fecundity of these species en-
ables thetn to sacrifice a portion of their broods to provide the remain-
ing part with guaranteed food � phytoplankton; also, the small size of
the larvae in these species enables them to remain unrecognized by
predators. According to Somerton and Otto, predation on larvae of
deepwater crabs is less severe than on larvae of shelf zone crabs; other-
wise these larvae would be exterminated by plankton-eaters when they
move up to the photic zone, due to their low fecundity and compara-
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tively large larva size. One of the other abundance limiting factors at
that stage of development is probably availability of food. Paul et al.
1989 conducted research on P. camtschaticus and established the rela-
tionship between success of transition of crab larvae to zoea 11 and phy-
toplankton species composition. Mass-scale hatching and bloom peak
occurring at different times may result in limited growth and even death
of a portion of the broods. For the larvae of the deepwater species, the
lack of phytoplankton, at least for some period, is compensated by a
large yolk sac. However, at subsequent development stages in these lar-
vae, availability of food appears to play a more important role in their
survival.

Transport of crab larvae by currents is also an important abundance
reducing factor, along with predation and availability of food. According
to Thorson �9SO!, being carried by currents out to open sea causes
death to many larvae. Lithodid crab larvae thrive when they are trans-
ported by currents to areas with abundant epifauna which protect them
from predation and at the same time serve as food  Rodin 1985!. Rodin
and Lavrentiev �974! suggested that mortality of some P. camtschaticus
larvae from western Kamchatka was caused by current transport into re-
gions with adverse environmental conditions. The system of currents
off western Kamchatka divides the reproductive area into a number of
bathymetric zones with different intensity of larvae scattering or dis-
persal. That's why the larva mortality rate may depend on the hatching
areas. This suggests a relationship between larva abundance and spawn-
ing migrations in mature individuals  Nizyaev et al. 1990!. The situation
is somewhat different for lithodid crabs. Population groups of these
species concentrate within the stationary gyres which prevent the larvae
from being carried away to other areas. Long-distance dispersal of deep-
water lithodid crab larvae has not been properly studied so far, but it
might be possible only in cases of deviations of marine gyres from tra-
ditional gyre routes and movement of the larvae outside the marine cir-
culation zones.

After settling, crab larvae grow rapidly. According to Marukawa
�933!, during the first year of life P. camtschaticus juveniles may molt
11-12 times, with 6-7 molts during the second year. Small body size and
frequent molts make the crab at this development stage extremely vul-
nerable to predation. Therefore P. camtschaticus juveniles tend to hide
among epifauna and inside rock crevices and carcasses of dead animals,
such as sponge, Bryozoa, and polychaetes  Feder et al. 1980!. That's why
lithodid crab juveniles are found in higher numbers on rocky and peb-
ble substrates with diverse epifauna  Bukin et al. 1988, Rodin 1990!. As
larvae cannot resist currents, location of substrates onto which they
might settle is determined by the direction and velocity of currents. Lar-
vae that settle onto a substrate that provides no shelter usually don' t
survive. This is supported by the absence of larvae on sand and silt sub-
strates. In addition to using various shelters, juvenile lithodid crabs pro-
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Features of Formation of Tanner Crab Broods
The features of reproductive biology in Tanner crabs are similar  Slizkin
1982!. The features of the reproductive system in females  internal sem-
inal receptacles, internal fertilization! and the nature of its functioning
enable them not to be dependent on males. This makes it possible to
avoid high mortality rates at initial stages of reproduction. We don' t
know of cases of Tanner crab females being nonbreeding and although
we occasionally observed females without eggs and mature oocytes, we
think that the number of larvae produced by females is practically equal
to the number of eggs. Small abundance decrease at this stage may be
caused by loss of eggs due to the abdomen rubbing against the sub-
strate and natural mortality. Therefore it seems that even with equal ini-
tial reproductive potential, abundance of Tanner crab larvae will exceed
that of lithodid crabs. Abundance decrease at the larva stage has the
same causes in Tanner and lithodid crabs, Decrease at larvae stage is
caused by their floating up to the photic zone  Pereira 1967, Takeuti
1972, Fedoseev and Slizkin 1988!, where they are exposed to predation
by plankton eaters.

In contrast to juveniles of lithodid crabs, forming assemblages on
rocky-pebble substrates among epifauna, aggregations of Tanner crab

tect themselves with their hard carapace with lots of spines. This fea-
ture is characteristic of nearly all lithodid species. When carapace width
reaches 5 cm and more, the number of molts drops to 2-3 per year, pre-
dation reduces, and juveniles leave their shelter. With maturation of ju-
veniles toward the senile stage, the abundance of broods stabilizes.
Abundance reduction in this period is considered to be caused by fish-
eries mortality  if it is a commercially harvestable population! and pre-
dation on small-size individuals during molting.

Therefore, reduction of brood abundance in lithodid crabs may have
several stages, determined by concrete biological processes, and is re-
lated to abiotic environmental conditions. Most important in regulating
abundance of a new generation are factors that reduce abundance at ini-
tial stages of the reproductive process. These factors may take effect
during spawning migrations. These factors determine spawning condi-
tions that are characterized by larvae dispersal and exclusion of some
mature females from reproduction. Abundance reductions due to these
causes are in direct relationship with the functioning of the parental
part of a population. Mortality caused by spawning area conditions may
be great and comparable with predation-related abundance reduction at
the larva stage. High mortality level in lithodid crabs at the initial stages
of reproduction, up to formation of juvenile stock, can be explained, in
our opinion, by exterior fertilization common to them  Fedoseev and Ro-
din 1986!. This suggests a need in spawning migrations and high level
of dependence upon abiotic environmental conditions.
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juveniles are found on fine-grain sediments  Fedoseev and Slizkin 1988!
with scarce or no epifauna shelter. Most Tanner crab juveniles form as-
semblages within areas of stationary gyres, although single juveniles
can be found throughout the species range  Slizkin 1982, Nizyaev 1992!.
Taking this into account we inferred that dispersal is not a mortality fac-
tor for Tanner crab larvae. Survival of these larvae is apparently deter-
mined by the abundance of benthic fauna predators at larva-settling
locations and probably by availability of fine-grain substrates, into
which they dig to avoid predation. However, high predator-related mor-
tality observed in Tanner crab juveniles suggests that this kind of shel-
ter is not reliable. Moreover, wide occurrence of fine-grain substrates
within shelf areas and continental slopes of far-eastern seas  Leonov
1962! significantly reduces the probability of Tanner crab larvae getting
into regions with other substrate types.

Therefore abundance decrease in Tanner crab broods prior to juve-
nile assemblage formation is limited to mortality at larvae stage, while
in lithodid crabs significant abundance reduction may take place even
preceding reproductive stages. While preserving abundance at initial
stages of the reproductive process, Tanner crabs lose a large portion of
their broods at the juvenile stage. Since Tanner crab juveniles are cov-
ered by a relatively fragile carapace with few spines, they are easy prey
for predator fishes like cod, halibut, scate, Macruridae, sculpins, etc. Ac-
cording to preliminary data by Zgurovsky et al. �990! for the western
Bering Sea, predator-related mortality in Chionoecetes opilio juveniles
may be as high as 300,000 t during summer. Due to the fragile carapace,
Tanner crab juveniles suffer from pressure by benthos eaters for a long-
er period than lithodid juveniles. After several molts, Tanner crab fe-
males stop growing  Fedoseev and Slizkin 1982! and they remain
potential prey throughout their lives because they are smail.

Comparison of Reproductive Strategies in
Lithodidae and Tanner Crabs
Simply put, reproductive strategy is a complex of adaptive reactions,
worked out in the course of evolutionary process to attain optitnum
conformity between reproductive processes and environmental condi-
tions where any negative impact is compensated with proper alternative
protective response. That's why when speaking about weak survival-re-
lated links in reproductive strategy, attention should be paid to positive
traits acquired by broods through making forced concessions to nature,
Let us take spawning migrations in lithodid crabs as an example. On one
hand, migrations in these crabs increase dependence of parental stock
on environmental conditions and may cause mortality of a significant
portion of the broods during early reproductive stages. On the other
hand, however, they enable low abundance populations to function nor-
mally.
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Appearance of a new brood in the crabs is guaranteed by instinctive
obligation to produce spawning centers, which is inherent in reproduc-
tive strategy of parental stock. It means that a probability of severe
abundance declines in this case is compensated by high stability of re-
productive process of a population. The absence of pronounced spawn-
ing migrations in Tanner crab, on the contrary, suggests that there
should be some critical abundance level below which it becomes impos-
sible for males and females to have enough mating sessions. But the
ability of Tanner crab females to produce larvae for a number of years
without male assistance, coupled with no significant brood mortality at
early reproductive stages, make spawning migrations practically unnec-
essary for this crab species.

The dynamics of abundance decrease in crab broods is determined
by the type of habitat conditions for juveniles. In lithodid crabs repro-
ductive strategy is based on selecting only those habitats that provide
good opportunities for juvenile rearing. Such strategy determines local
nature of juvenile rearing areas and sets limits for abundance  amount!
of juvenile stock. Major abundance reductions here occur prior to juve-
nile stock formation. Therefore, survival of lithodid crab individuals
sharply increases upon reaching the juvenile stage. In Tanner crab sig-
nificant abundance reduction is observed at the juvenile stage, due to a
great number of individuals attaining the juvenile stage and their high
vulnerability. But despite severe predation, initial high abundance of
newly hatched broods enables a relatively high number of Tanner crab
individuals to reach maturation stage and participate in the reproduc-
tive process. Preliminary data suggest that there is a relationship be-
tween the rate of predation on juvenile Tanner crabs and the size of
first-matured females; the higher predation rate is, the smaller the size
of first-spawning females.

In our opinion, the reproductive strategy of Tanner crabs is more
suitable for individual settling than that of lithodids because this strate-
gy is based on such features as:

~ Dispersal of larvae over great distances.

~ High abundance of larvae.

~ High tolerance of juveniles to rearing habitat conditions.

~ Lack of need in spawning migrations which suggests unavailability
of local reproductive centers.

Tanner crabs may join the reproductive process at any new marine
areas they have been transported to. This phenomenon contributes to
permanent distribution of these crabs throughout the northern Pacific,
and makes it impossible to identify clearly the boundaries of the areas
occupied by different populations or population groups  Slizkin 1982!.
Lithodid crabs in contrast form several clearly differentiated popula-
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tions or population groups, which is due to their attachment to local ju-
venile rearing areas. Local nature and limited size of the rearing areas
act as a brake preventing rapid abundance increase in lithodid crab pop-
ulations and probably determining the upper abundance limit. Under fa-
vorable conditions, abundance of some populations may exceed this
limit and cause the range to expand. Expansion of the range of specific
lithodid populations occurs by means of their settling or distribution
over adjacent areas where migrating groups form, similar to the Ozer-
noy group of the western Kamchatka population  Rodin 1990!. Due to
the remoteness of such groups from juvenile rearing areas individuals
of the groups become functionally barren, i.e., lose the opportunity to
mate, etc., and are considered pseudopopulations according to Seklemi-
shev �960!. We believe that availability and abundance of such groups
may serve as indicators of abundance level and status of a whole popu-
lation.

A System of Monitoring Crab Population
Abundance

it was demonstrated that reproductive strategies in lithodid and Tanner
crab species considerably differ. While lithodid crabs perform recruit-
ment by means of generating the more protected and viable but compar-
atively fewer juvenile stocks, Tanner crabs reproduce well due to high
abundance. There are vulnerable stages in the reproductive process in
both crab species that determine brood abundance. For rational fishery
management of these two groups, the fishery should be taken under
control. We think that monitoring the fisheries for harvested crab popu-
lations should have two parts.

First of all monitoring of the current population status should be
carried out. In this case one should take into account abundance of the
fishery portion of the population and possible recruitment rate for the
two nearest years. The importance of these two criteria for lithodid and
Tanner crabs is obvious. However, using only these criteria as a basis for
either short- or long-term harvest forecasts are considered to be not
enough.

Second, biological status of the harvested population should also be
taken into account as an important component of general monitoring.
This would enable to detect and prevent possible abundance declines by
introducing partial or overall moratoriums on the fisheries. IIecause re-
productive strategies in Iithodid and Tanner crabs are different, moni-
toring should take into account vulnerable reproductive stages. That' s
why for each of the crab species in question specific criteria for biologi-
cal status estimation should be worked out.
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Below, we propose some monitoring criteria that we consider impor-
tant, These criteria can be estimated after procedures which are either
already in use, or can be worked out based on the data available.

Monitoring criteria for litho@id crab species
1. Juvenile rearing habitat conditions
Normal functioning of lithodid crab populations depends on habitat
conditions within the juvenile rearing localities. These localities should
possess appropriate environmental parameters; their change may cause
death to the population. We propose to include monitoring of such fac-
tors as:

~ Epifauna composition within juvenile rearing localities.

~ Area of the juvenile rearing localities.

~ The type of bottom scraping and other operations that are conduct-
ed within the localities or in their vicinity which might adversely
change the bottom habitat conditions.

3. Recruitment

This estimation criteria is intended for additional monitoring and fore-
casting of a parental stock abundance for a spawning season. Monitor-
ing of this kind consists of:

~ Taking account of recruitment of the mature portion of the popula-
tion for several year classes.

~ Comparing recruitment data with spawning conditions giving rise to
a specific recruitment.

2. Spawning conditions
The abundance of new broods depends greatly on mortality losses in
early reproductive stages. Furthermore, for lithodid crabs mortality rate
at these stages is highly variable due to their reproductive strategy, and
appears to be a reason for severe fluctuations in brood abundance. To
perform an estimation of a spawning situation, one should possess data
on initial reproductive potential, parental stock abundance, and the ra-
tio of nonbreeding and pseudo-nonbreeding females. Also, larvae dis-
persal rate is an essential component of successful spawning.
Unfortunately, the latter can be estimated only by indirect data, i.e., by
hatching area. Yet for populations with stable abundance level spawn-
ing, monitoring may be conducted based on only such parameters as
the ratio of nonbreeding and pseudo-nonbreeding females and larva dis-
persal rate.
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Monitorilg criteria for Tanner crab species groups
1. Initial reproductive potential
Reproductive strategy in Tanner crabs is characterized by a nearly direct
relationship between brood strength at the late stages of their formation
and abundance of mature females in a population, or to be more pre-
cise � the initial reproductive potential of this population. That's why the
abundance of tnature females of Tanner crab, in our opinion, should be
a main biological estimation criterion for the Tanner crab species.

2. Predation rate

While there is a general relationship between brood abundance and
abundance of females, the nature of the relationship might be broken by
predation. That's why predation rate should be monitored as one of the
most vulnerable links in the reproductive process in Tanner crabs.

3. Recruitment

This third estimation criterion is practically identical to that for lithodid
crabs. However, for Tanner crabs, species recruitment monitoring is
more difficult than for the lithodids, due to features of spatial structure
in Tanner crabs, which do not form well-defined local population
groups.
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Knowledge of the reproductive cycle and its hormonal control is impera-
tive for the development of successful management strategies for majid
crab populations important to the fisheries.

Libinia emarginata, a Western Atlantic spider crab, serves as our
model system for investigating majid reproduction and development.
Libinia has several distinct advantages as an experimental model, be-
cause it is relatively abundant on the North Atlantic coast of the United
States and is easy to maintain under laboratory conditions. Since this
species is from temperate waters, females produce a brood of eggs ev-
ery 20 days from spring to fail, while cold-water species of Chionoecetes
produce a clutch of eggs once a year or every second year. Libinia also
appears to display many of the same reproductive behavioral character-
istics reported for Chionoecetes, such as aggregation and podding, mate
carrying by males, display of male aggression toward other males, etc.

We have found what we believe to be a reproductive hormone, me-
thyl farnesoate  MF!, in Crustacea  Laufer et al. 1987!, MF is synthesized
by the mandibular organs  MOs!, and has been found in the hemolymph
of more than 25 species, including Chionoecetes opilio and C. bairdi. In
female L. emarginata, the levels of MF in the hemolymph and the rates
of synthesis in vitro by the MOs are correlated with the ovarian cycle
 Laufer et al. 1986, 1987!. Indeed, we believe the relationship to be caus-
al since MF can be fed to shrimp to increase nauplius production  Laufer
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et al. 1996!. Also, Hinsch �980! implanted MOs from large males into
juvenile females and observed ovarian growth. We have found that MO
activity is lowest in prematurational-molt juvenile females and previtel-
logenic adult females. The MO is most active during vitellogenesis, and
its synthesis of MF declines prior to oviposition. In male L. emarginata
elevated levels of MF in the hemolymph are found only in those crabs
that exhibit reproductive behavior and have large gonad indexes �-6%
body wt!, These males typically have old  abraded! shells, and can be
large-bodied with enlarged and elongated claws, or they can be small-
bodied with small claws. The MF concentrations in old  abraded! shell
males are 2-3 times higher than males with new  unabraded! shells,
which have small reproductive indices and are non-reproductive  Homo-
la et al. 1991; Sagi et al. 1993, 1994!.

We have found a long interval of 8-12 months, following the last
molt before new  unabraded! shell males lose the velvety epicuticle  be-
come abraded! covering the exoskeleton, and are then recognized as be-
ing old shell  abraded! males. During the abrading process, males have
low concentrations of MF in their blood, and their reproductive indices
are quite small  < 1% body wt!  Ahl et al. 1994!. These males are consid-
ered to be in a state of reproductive diapause as they do not exhibit
mating behavior  Sagi et al. 1994!.

Mature reproductively active males can be distinguished by being
abraded  old shell!, that is, their epicuticle is worn. They have under-
gone a differentiational molt to a large-clawed form, and such males
subsequently become the dominant primary reproductives. They ag-
gressively compete with other males for females, and carry and guard
these females with which they also mate, These males have high con-
centrations of MF in their blood. Surprisingly, smaller, less differentiated
males with smaller carapaces and smaller claws, if abraded, also have
high MF concentrations in their blood. However, these smaller males
only attempt mating with females in isolation, and do not compete with
the large-clawed larger-bodied abraded males  Sagi et al. 1994!. They
will, however, attempt "sneak mating" with a receptive female when the
primary reproductives are distracted.

ln addition to describing the relationship of MF to reproduction, we
have also found specific binding proteins for MF in the blood, the
hepatopancreas, and the reproductive tissues. One of these proteins is
an inducible esterase that binds and degrades MF  Takac et al. 1996!.

We have examined MF levels in the blood, and reproductive indices
of 156 C. bairdi, which included six coupling pairs, during the breeding
season of 1994-1995, and the data are summarized in Table 1. Repro-
ductively active females had significantly  p < 0.05! elevated levels of
MF in the hemolymph  mean = 6.073 ng/ml! compared to females that
were not mating  mean = 0.140 ng/ml!. However, the reproductive indi-
ces of these females were similar. The active females had indices that
averaged 8.77% of the body weight, while those of inactive females were
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Table I. Comparison of hemolymph levels of methyl farnesoate  MF!
and reproductive indices  RI! in coupling compared to non-
coupling males and females of Chionoecetes bairdi.

MF  ng/ml! Rl  9' body wt!
 N!  mean x SE!  N!  mean + SE!

Coupled

females

males

Non-coupled

females

males

�! 6.073 X 5.104 �! 8.77+ 0.21

�! 1.080 + 0.681 �! 0.89+ 0.21

�6! 0.140+ 0.043 �6! 7.86 k 0.14

�1! 0.184 + 0.033 �9! 1.02 + 0.08

7.86%. This trend was repeated in the males. Active males had signifi-
cantly  p < 0.05! elevated levels of MF in the hemolymph  mean = 1.08
ng/ml! compared to the inactive males  ave. = 0.184 ng/ml!, which were
nearly five-fold less. The reproductive indices of both groups were simi-
lar with an average of 0.89% for the active males and 1.02% for the inac-
tive ones.

It is possible that the Ris of active and inactive old shell females are
similar because the latter may still become reproductively active in the
near future. Further, development of large gonads in both males and fe-
males, especially in cold water, is a long-term process, some parts of
which may be MF independent without subsequent regression. Then, it
is possible to have part of the process of gonadal growth be MF depen-
dent resulting in stimulated gonads.

As in Libinia, MF blood levels and the reproductive indices of C.
bairdi appeared to differ according to the condition of the carapace  Ta-
ble 2!. Newsheli animals had lower average levels of MF �.163 ng/ml in
females and 0.223 ng/ml in males! compared to oldshell animals �.227
ng/ml in females and 0.415 ng/ml in males!. The reproductive indices
in new shell females were significantly smaller  p < 0.05!, averaging
1.68% of the body weight, compared to 7.95% in oldshell females. New-
shell males also had significantly smaller reproductive indices  p <
0.05!, averaging 0.31% of the body weight, compared to those of old-
shell males, which averaged 1.08%.

The major advantage of comparative endocrine studies in Crustacea
is that many of the conclusions reached in an easily studied'species
such as Libinia emargirtata may be applicable to species that are more
difficult to study. While direct experiments will always be needed to
confirm understanding gained from our model species, the results on
new species may conform to an already known and understood pattern.
Thus, in such cases, fewer samples will have to be obtained and assayed
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Table 2. Comparison of hemolymph levels of methyl farnesoate  MF!
and reproductive indices  Ri! of Chionoecetes bairagi with new
shells and old shells.

to draw conclusions. Furthermore, such studies are needed to gain new
insights in order to devise rational management strategies for our ma-
jor crab resources.

Since we find similar patterns in the MF levels and relative increases
in the size of the gonad in reproductively active individuals within a
population when investigating other species, such as C. bairdi, we are
assured that Libinia emarginata is a useful model for reproductive stud-
ies of crustaceans. Furthermore, confirmation of our findings in Libinia
with other species, such as C. bairdi, supports the accumulating evi-
dence that MF is indeed a reproductive hormone in Crustacea.
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Abstract
Shell Condition Indices  SCIs! are routinely collected in Alaska for Tan-
ner and snow crab in the course of surveys, and as part of observer
programs. These data are important in stock assessment and, if inter-
pretable in terms of shell age, could be used to model growth. Assump-
tions about correspondence between SCls and shell age remain
untested. Here we present preliminary results on the use of radiometric
techniques to estimate shell age  time since last molt! in Tanner and
snow crab from the eastern Bering Sea. Uncertainty about shell age is
greatest for "very old" shells  SCI 4 and 5 in-the scale utilized by the Na-
tional Marine Fisheries Service!. Our results for three specimens in SCI
category 4 indicate shell ages ranging from 4 to 7 years. The method ap-
pears promising for the interpretation of large amounts of information
on SCI collected over more than two decades of surveys.
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Introduction

Crabs, as other crustaceans, grow by molting; as a consequence they do
not have hard structures that could be used for absolute age determina-
tion. In the absence of such structures, time-since-last-molt  " shell age"!,
combined with other data  for example sequential size frequency distri-
butions!, could possibly provide the information needed to assess
growth and production.

The only correlates of shell age that can be practically recorded for
large samples of crab  trawl surveys, commercial landings! are subjec-
tive shell condition indices, SCIs, which incorporate observations of
hardness, fouling, and deterioration. In Alaska, SCIs have been regularly
recorded in surveys of Tanner and snow crabs  Chionoecetes spp.! con-
ducted by the National Marine Fisheries Service  NMFS! and the Alaska
Department of Fish and Game  ADF&G! over the past two decades  Beers
1991, NMFS 1993!, Assumptions about the correspondence between
shell age and SCI are largely untested, so there is no valid basis for the
use of existing SCI data in the assessment and modeling of Tanner and
snow crab stock dynamics.

Two techniques have been suggested in the past to calibrate SCIs:
tagging, and aging of epibionts. To calibrate SCI by means of tagging it
would be necessary to tag and release a large number of recently molted
crabs, and recover them over a period of several years. Such an ap-
proach would be expensive and requires a long-term study with highly
uncertain chances of success, particularly for high  old! SCI categories.
The epibiont method is based on the use of epibiotic barnacles as "living
tags," since growth marks  corresponding to growth seasons! can be
counted in barnacle shells  Paul and Paul 1986!. This technique can pro-
vide only a minimum shell age, because the time of barnacle settlement
after the crab molted cannot be determined.

A third approach is to use radiometric techniques, which have been
employed before in several studies of age and growth in mollusks
 Turekian et al. 1979, 1983; Turekian and Cochran 1981!, fish  Bennett et
al. 1982; Campana et al, 1990, 1993; Fenton et al. 1990; Kastelle et al.
1994!, and crab  Bennett and Turekian 1984, Le Foll et al. 1989!. Here we
report measurements of concentration of naturally occurring radionu-
clides, and discuss the estimation of Tanner and snow crab shell age by
means of radiometric techniques,

Radiometric Technique
The measurements are based on the determination of naturally occur-
ring "'Th/"'Ra and other isotopic ratios. The basic assumptions for ra-
diometric age determination are that �! during molting virtually all the
calcium and associated nuclides are lost by the animal; �! the new cara-



Symposium on High Latitude Crabs 39i

pace is calcified rapidly enough after molting, so that �! addition or re-
moval of radionuclides during the intermolt period is negligible. When
the new carapace is formed, radium is incorporated with calcium into
the exoskeleton, and with time decays to thorium:

P P a
22BRa ~ 22BAc ~ 226Th ~ 224Ra

5.76yr 6.13h 1.91yr

"'Th accumulates with time and the activity ratio of "'Th to "'Ra will
lead to an age estimate according to the equation

A�,""" =1 492S�-e<~"44o!
A22BR,

�!

Materials and Methods
A preliminary sample of adult males was collected during the 1992 crab
and groundfish survey in the eastern Bering Sea conducted by the NMFS

where t is time expressed in years.
The measurement of thorium and radium activities can be conduct-

ed by two different methods: radiochemical separation and u-spectro-
scopy  which is a slow process!, and yspectroscopy  which is a
relatively fast process!.

In the measurement of "'Th and "'Ra by radiochemical separation
and a-spectroscopy, when "'Ra activity is too low it can be measured in-
directly from the ingrowth of "'Th in purified radium fraction. This re-
quires storing the sample from six months to one year to allow "'Th to
grow toward equilibrium. This approach was used by Bennett and
Turekian �984! for aging the shells of crabs from hydrothermal vents,
and by us in the present study,

Measurement of "'Ra activity by y-spectroscopy can be deduced
from a combination of the count rates at 338.7, 911.2 and 968.8 KeV
peaks due to the short half-life  t~= 6.13 h! of '"Ac. This method re-
quires the use of a large, 140 cm', well-type germanium detector with
low background  less than 10% of the sample activity!. Le Foll et al.
�989! used this approach and counted each sample for 3-4 days to
measure "'Ra activity; "'Th activity was measured by n-spectroscopy.

Recently, Talidec and Reyss �993! reported measurements of both
'"Th and "'Ra by yspectroscopy using a much larger germanium crys-
tal, 440 cm'. They reported an accuracy of the thorium/radium ratio of
about 15% for a 24-hour counting of a one-gram sample. It should be
noted that this type of y-spectroscopy requires elaborate and expensive
instruments and special laboratory facilities to reduce cosmic ray back-
ground  e.g. built deeply underground!, which were not available for
this study.
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 Stevens et al. 1992!, onboard the FRV Alaska. A more comprehensive
collection, consisting of 105 adult male specimens, was obtained during
the 1993 survey  Stevens et al. 1993! onboard the FV Arcturus. In both
cases the samples included specimens of Chionoecetes bairdi  Tanner
crab! and C. opilio  snow crab! representative  in each case! of the five
SCI categories routinely utilized by the NMFS �993!:

1. "Softshell"  NMFS! or "new/soft shell"  ADF&G!. Carapace soft and pli-
able.

2. "New hardshell"  NMFS! or "new shell"  ADF&G!. Carapace firm to
hard, clean, brick red to yellow brown on topside.

3. "Old shell." Carapace hard; topside usually yellowish brown; thorac-
ic sternum and underside of legs yellow with numerous scratches;
pterygostomial and branchial spines worn and polished; dactyli on
meri and rnetabranchial region rounded; epifauna  barnacles and
leech cases! usually  but not always! present.

4. Carapace hard, topside yellowish-brown to dark brown; thoracic
sternum and undersides of legs yellow with many scratches and
dark stains; pterygostomial and branchial spines rounded with tips
sometimes worn off; dactyli very worn, sometimes flattened on tips;
spines on meri and metabranchial region worn smooth, sometimes
completely gone; epifauna most always present  large barnacles and
bryozoans!.

5. Conditions observed in �! above much advanced; large epifauna al-
most completely covers crab; carapace is worn through in
metabranchial regions, along pterygostomial branchial spin'es, or on
meri; dactyli flattened, sometimes worn through, mouth parts and
eyes sometimes immobilized by barnacles.

Categories �! and �! are collectively labeled as "very old shell," and
sometimes subsumed under the "oldshell" category for reporting.

Assignment of specimens to each category followed consultation
with the NMFS expert on board. In some cases a finer scale was used,
splitting each category into � and + subcategories to indicate, respec-
tively, an early or advanced condition. All specimens were placed indi-
vidually in plastic bags and frozen immediately after the catch was
sorted.

Once in the laboratory, specimens were defrosted and photo-
graphed individually. Measurements included carapace width, height of
the propodus  both claws!, durometer readings of different parts of the
carapace, and basal diameter of the largest barnacle  whose shell was
saved!. All epibionts  including the basal plates of barnacles! were then
removed, and the external surface of the carapace was carefully cleaned
with an electric toothbrush. The shell was opened, all meats removed,
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Table 1. Results of radiometric age determination in Chiossoecetes spls.

Latitude N/ Station Radiometric age in years
Species SCI Longitude W' Haul'  at time of capture!

opilio 1- 59.355667 N-23
171.814333 135

2+ 56.990000 G-01
167.709667 80

4 57.342167 H-01
167.739167 81

4 58.345833 K-23
171.647000 138

4 56.990000 G-01
167.709667 80

0.11+ 0.19

bairdi 0.85+ 0.27

opilio 4.43+ 0.33

opilio 4.89+ 0.37

bairdi 6.60+ 0.33

' Station and haul numbers correspond to the NMFS survey of 1993 lstevens et al. 1993h
All specimens were obtained onboard FRY Arctuius.

t Latitudes and longitudes given in decimal degrees.

and the exoskeleton was placed in 15% hydrogen peroxide, dried at
80'C, and stored in airtight plastic bags for radiochemical analyses.

For radiochemical determination, 5 to 10 g of exoskeleton material
was digested in hot nitric acid, and the organic mater was decomposed
with hydrogen peroxide. The sample was diluted to 500 ml with water,
and '"Th tracer and barium carrier were added to the sample. Calcium
was partially precipitated  along with thorium! with saturated oxalic
acid, and separated by centrifugation, The sample was dissolved in 8 M
nitric acid and thorium was purified on ion exchange resin. Thorium
was electroplated on stainless steel disc, e-counted, and the activity of
"'Th was calculated from the ratio of the counts of "'Th/"'Th and the

known activity of '"Th added to the sample as tracer.
'"Ra was measured via its progeny '"Th. "'Th grows in initially

pure '"Ra according to Equation �!. The rate of ingrowth is about 20%
in six months, and about 35% one year later. After the first thorium mea-
surement, the sample was stripped from all thorium isotopes and stored
for thorium ingrowth for radium. Radium was coprecipitated with bari-
um, dissolved in perchloric acid/aluminum nitrate, and thorium was
separated by extraction with aliquat-336. Thorium was electroplated
and cc-counted as above. From the activity of "'Th and the ingrowth pe-
riod, the activity of "'Ra was calculated using Equation �!. All the activi-
ties and the corresponding ages were calculated for the time that each
individual sample was analyzed. Then, the time interval between cap-
ture and analysis was subtracted from the calculated ages.
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Results

The results of radiometric age determination obtained so far are shown
in Table 1. As mentioned above, determination of "'Ra by radiochemical
techniques requires a long ingrowth waiting period. Hence, results accu-
mulate slowly. Currently 18 additional specimens are being analyzed by
radiometric methods for both '"Th/"'Ra and "'Pb/"'Ra ratios. Shells
from crab which molted at known dates in captivity have been analyzed
for "'Th and are currently being stored for "'Ra analysis.

Discussion
Interpretation of survey data and modeling of growth require assump-
tions about correspondence between SCIs and shell age. Somerton
�982!, for example, assumed the following scale for C. bairdi from the
eastern Bering Sea:

SCI Shell age

less than 2 weeks

2 weeks to 1 year
1 to 2 years
more than two years

1
2
3
4-5

Yet, such assumed correspondences remain untested. Uncertainty in
the shell age inferred from SCIs increases with time since molting; while
it is not questionable that crabs in SCI category �! molted recently, it is
nearly impossible to guess the age of "very old shells." Our preliminary
results indicate a post-molt time ranging from 4 to 7 years for males in
SC category �!.

Estimation of the age of crustacean shells with radiometric tech-
niques  briefly outlined above! was first conducted on four specimens
of Bythograea thermydron  a brachyuran crab ubiquitous in the Galapa-
gos hydrothermal vents! by Bennett and Turekian �984!. The method
was validated by Le Foll et al �989! using individuals which molted in
aquaria at known dates: five specimens of the European lobster, Hom-
martts gammarus, and four specimens of the spider crab, Maja squi-
nado, More recently, the use of y-spectroscopy  a relatively fast
technique! has allowed the analysis of larger samples of the Norway lob-
ster, Nephrops norvegicus  Talidec and Reyss 1993!. Radiometric tech-

Specimens of C. bairdi which molted on known dates were kept
alive at the Seward Marine Center  Alaska! and sacrificed at various post-
molt times. These were processed as indicated above for sampies from
the field, and the results will be used for calibration of the technique.
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niques are rather involved, either in terms of time or facilities. They are
most useful in the calibration of age estimates based on less costly ob-
servations available for large samples, as is the case of SCls in crabs
 our study! or otolith readings from long-lived fishes  Bennett et al.
1982, Campana et al. 1990, Kastelle et al. 1994!,

Problems with radiometric techniques relate to assumptions made
in the calculation of shell age. If, for example, there is incorporation of
radium into the shells during the intermolt period  as may be the case
for lobsters; J.P. Reyss, pers. comm.!, then radiometric age would under-
estimate true age  i.e., radiometric age should be viewed as a lower
bound for true age!. With more knowledge of nuclide dynamics in calci-
fied animal tissues  which is still poorly understood!, the process could
be modeled to adjust the estimates.

Overall, the method appears promising in allowing a better interpre-
tation of large amounts of information on SCI collected in Alaska in the
course of surveys and observer programs.
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Abstract

Analysis of Dungeness crab data from Clayoquot Sound and the Fraser
River delta, British Columbia, over the past decade has suggested that
many prerecruit male crabs were dying before molting to a size that
would have allowed them to be caught in a commercial fishery  Jamie-
son and Smith 1997!. In part, this was because many mature, prerecruit
male crabs appeared to have a two-year intermolt period. These mature,
prerecruit male crabs accounted for most of the matings that occurred
in the population, but the cost of such behavior may be their shorter life
span. Data interpretation suggests that population size frequency analy-
sis of Dungeness crab may be more complex than previously thought,
and that existing minimum legal size limits may not be optimal for ei-
ther fishers or conservation of the species. All male crabs in a year class
should be given opportunity to breed at least once. Where fisheries
largely remove most recently recruited, newly mature male crabs before
the seasonal period of most female molting, and therefore mating, de-
laying harvest of unmated males until after the female molt is advisable,
Implications of alternative exploitation strategies for Dungeness crab al-
lowing this are considered.

Introduction

It is generally accepted that because Dungeness crab  Cancer magister!
landings have been relatively consistent for most fishing locations over
the past century, current management practices, which rely primarily on
a minimum legal size limit and seasonal fishery closure to minimize ex-
ploitation of softshell crabs, are appropriate, if not optimal. In fisheries
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for this species where landings have fluctuated significantly, there is lit-
tle evidence that fishing has been the cause of recruitment variability.

Fisheries management usually has as its primary goal conservation
of the species, and where a species ranges over a number of political ju-
risdictions, conservation of locally exploited stocks within that jurisdic-
tion. The biology of the Dungeness crab is somewhat unique among
exploited eastern Pacific invertebrates in that this crab has a particularly
Iong pelagic larval period, estimated to be about 4 months under region-
al oceanographic conditions. With water current patterns along the
northeast Pacific coast during the larval period, larvae may be readily
transported distances in the hundreds of kilometers  see Crawford and
Jamieson 1996!. Given this potential substantial mixing of larvae from
different hatching sources, and the subsequent settlement of larvae
from unknown sources on any fishing ground, a management approach
based on classical stock recruitment models has not been used for
Dungeness crab populations. There is little evidence of a lack of larvae,
with Dungeness crab megalopae appearing to be one of the more domi-
nant plankton components when seasonally expected in areas that have
been investigated Uamieson et al. 1989, Hobbs et al. 1992, Wing et al.
1995!. Where crab settlement has been sporadic, such as off the west
coast of Vancouver Island, this has been shown to be primarily the re-
sult of meteorological and oceanographic events and not a lack of larvae
 Jamieson et al. 1989!.

A minimum legal size limit thus seems particularly appropriate as
the primary regulation tool for Dungeness crab. This is the approach
adopted by managers throughout the species' range, but it should be
pointed out that size limits used are not based on optimal yield-per-re-
cruit  YPR! analyses. The optimal size for first exploitation of any spe-
cies is that which allows the maximum biological yield to be obtained
from a year class, while considering species' size-at-maturity to ensure
sufficient population reproductive potential. However, existing Dunge-
ness crab size limits are not based on any known scientific determina-
tion but were rather established in regulation in the early part of this
century on the basis of unknown criteria. The state of Washington based
its regulation on a cursory study in 1926-1927, but to what extent this
evaluation was based on species' biology, which was then largely unde-
scribed, is uncertain  P. LaRiviere, Dept. of Fish and Wildlife, Montesano,
WA, pers, comm.!.

In this paper, I challenge the assumption that existing accepted size
limits �59 mm carapace width [CW], notch-to-notch in the United States
and 165 mm CW, spine-to-spine [= 155 mm CW, notch-to-notch] in Cana-
da! may be most appropriate  all subsequent reference to CW will be
notch-to-notch!. Given the manner in which fisheries are conducted,
with substantial legal male harvest in the time interval between male
and female molting periods, I argue this point on data suggesting:
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1. The fastest growing, largest male crabs have a disproportionately
small mating opportunity relative to slower growing male crabs,
with possible long-term selection implications.

2. Fisheries may be foregoing a substantial potential harvest from each
year class because many male crabs in a year class may never molt
to a size larger than the current legal size limit, and hence become
available to a fishery.

Data in support of the above are provided by Jamieson and Smith
�997!. Their data, based on Clayoquot Sound  Tofino: 1985-1994! and
Fraser River delta �989-1994! Dungeness crab populations, supports
the contention of Smith and Jamieson �991a! that mature, prerecruit
crabs have a high intermolt natural mortality, with relatively few of
these crabs molting to legal size. Postmolt male crabs of the size mature
prerecruit crabs would be expected to molt to are disproportionately
low in abundance in both the commercial catch and the wild population.
They also show that mature, prerecruit male crabs, in contrast to legal-
size crabs, are tnost likely to have mating marks, and that many prere-
cruit crabs appear to retain their mating marks through the next spring
male molting period. This indicates that these crabs did not molt that
spring, since most mating  which creates mating marks! in this popula-
tion occurs in the summer when mature female crabs molt and the pre-
vious year's mating marks were retained through the expected male
molting period. Together, these data argue that in intensively exploited
populations at least, many mature, prerecruit crabs do not molt again,
there is a two-year intermolt period for those crabs which do molt, and
that mature, prerecruit male crabs predominate in mating activity.

Here, then, I discuss management implications and options arising
from these observations. Understanding the dynamics of exploited
Dungeness crab populations is essential if long-term fishery sustainabil-
ity and maximal short-term harvest levels are to be achieved. This as-
sumes particular importance with the Dungeness crab, since all known
significant populations are fully exploited.

It should be noted that because females are not exploited, I am not
arguing here that total population fecundity is negatively affected.
Smith and Jamieson �991b! have previously considered this possibility
because of a suggested relative lack of particularly large females in
heavily exploited Dungeness crab populations.

Crab Versus Other Crustacean Fisheries
Jamieson and Smith �997! discussed implications of size and sex selec-
tion in invertebrates, and note that many crab fisheries are unique in
that only males are exploited. This is in contrast to fisheries for other
crustaceans, where either both sexes are equally exploited, although
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Benthic Crustacean Yield-per Recruit Models
Sreen �994! recently reviewed population dynamics and stock assess-
ment considerations for lobsters, noting that YPR and egg-per-recruit
 EPR! analyses have become a major assessment technique for these
crustaceans in the past decade. However, he points out that while these
models may be adequate for demonstrating that fishing intensity is far
too high, they generally fail to incorporate important considerations
from our current general understanding of crustacean population dy-
namics, Such consideration is essential if optimal harvest advice is to be
provided to managers. Problems arising from discontinuous growth,
density-dependent growth and maturity, reproductive interaction with
growth, and size-related differences in reproductive effectiveness all
need to be addressed. To date, analyses have only specifically ad-
dressed discontinuous growth, although authors may note other con-
cerns. There is no systematic evaluation of consequences of
oversimplifying reality in YPR and EPR models with crustaceans.

There are relatively few published YPR analyses on crabs, with the
most detailed analysis being by Ehrhardt and Restrepo �989! for stone
crab  Menippe rnercenaria! in Florida. They addressed discontinuous
growth but not the other issues identified above, including a likely
change in molting characteristics arising from the declawing aspect of
this particular fishery. Only claws are landed, while live, clawless crabs
are released in the hope that these crabs wiH regenerate new claws for
future harvest.

Male Dungeness Crab Reproduction
The size at which male Dungeness crabs first mate has been determined
from gonad examination  MacKay 1942! and both from observation of
males in mating embraces and, after mating, from exoskeleton abra-
sions on their chelae  Smith and Jamieson 1991b!, referred to as mating
marks. These marks are obtained when a male carries a female around

there may be some seasonal preference for males when females are car-
rying eggs, or in the case of pandalid shrimp, which are protandric her-
maphrodites, females tend to be selected because of their larger size.
This exploitation pattern may explain the general abundance of Dunge-
ness crab larvae, since population fecundity would seem little affected if
most females were mated on first reaching sexual maturity  about 80
mm CW [Smith and Jamieson 1991bj!. However, since no significant un-
exploited populations of Dungeness crab appear to exist, apparent com-
plete removal of most legal-size, and therefore the largest males, would
nevertheless intuitively seem likely to be having some effect on species'
population dynamics.
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Table 1. Estimated means  !J,! and SDs  a,! for carapace widths  notch-to-
notch CW, mm! of successive instars of Tofino Dungeness
crabs > 80 nun CW.

Males Females
Instar
 i!  a,/l1i! o,  cr,l�,!a,

80.5

104.1

129.4

156.3

185.2

9.3 11.6

10,5 10.1

11.7 9.0

12.9 8.3

14.2 7.7

81.7 12.5 15.3

102.9 11.0 10.7

121.3 9.7 8,0

137.1 8.5 6.2

150,8 7.6 5.0

X
X+1

X+2

x+3

x+4

Source: Smith and Jamieson 1989a.

in a premating embrace  Butler 1960!. Premolt female brachyuran crabs
ready to molt and mate typically require a larger hardshell male mating
partner  Butler 1960, Snow and Neilsen 1966, Hartnoll 1969!, as only a
larger male can hold them in a mating embrace. Although not all male
Dungeness crabs that have mated have mating marks, the range of size
frequencies of crabs with mating marks is assumed to be representative
of the size range of the male population that is capable of mating. Pro-
portion varies by size, though, and in the Tofino, British Columbia, pop-
ulation, about 10% of crabs between 130-135 mm CW and a maximum of

=40% above 140 mm CW show mating marks  Smith and Jamieson
1991b!.

Smith and Jamieson �991b! gave percentages of male crabs with
mating marks by size from the Tofino crab population. Smith and Jamie-
son �989a! identified a number of male instars, using maximum likeli-
hood analyses, and using their designations  Table 1!, instar x+3 is the
first instar in which male crabs are sexually mature. This cannot be stat-
ed with absolute certainty, as the smallest instar x+3 crabs overlap in
size with the largest instar x+2 crabs, but based on sexual maturity pat-
terns in other crabs  e.g., majids!, maturity is probably mostly related to
instar stage rather than absolute size or age. lt is impossible to deter-
mine from wild crabs what exact instar the smallest sexually mature
crabs are in, since molting histories of individual crabs from the wild
cannot be accurately determined.

Male instar x+3 crabs from Tofino have an estimated mean size of
156 mm CW, with a 95% confidence range of 130-182 mm CW. With a le-
gal size limit in Canada of 155 mm CW, this means that about half of in-
star x+3 crabs are below the legal size limit and about half are of legal
size  Figure 1A!.
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A. No Fishing

Relative Abundance
500

0
0 90 120 150 180 210 240

Carapace Width  mm!
80 60

Instsr x+2Instsr x+1

Instsr x+4

Instsr x

Inettn xt3

B. Fishing

Relative Abundance
500

200

0 0 80 60 90 120 150 180 210 240

Carapace Width  mm!

Age y+2 ~ Age y+3
Instsr x+3

Age y+I

Age y+5

Ags y

Age y+4

Figure 1. Estimated Dungeness crab size frequency distributions  mm, notch-tt
notch CW! by A. instar and B. age for male Dungeness crab.  Note: ir-
stars match those in Table 1, absolute abundances are arbitrary, an 1
increments in age refer to molts, which may not always be on an att-
nuai basis.! Ages y+3 and y+4  the latter assumed to be 50% of y+3! are
summed to give a size frequency distribution for instar x+3, with at-
tenuation of abundance at size above the legal size of 155 mm CW  the
vertical bar! because of fishing. Most prerecrui t instar x+3 crabs ap-
pear to have a 2-year intermolt period, at least when the population is
fished, and relatively few  here shown as 10% of age y+4! crabs appear
to survive to age y+5  instar x+4!.
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Table 2. Natural mortality  M! estimates by sex aud
size for Duugeuess crab from the published
literature.

Hankin et a!. �985, 1989!:

Tagged females > 140 rnm CW

Tagged females 125-140 mrn CW

2.0-2.5

= 0.7

Smith and Jamieson �991!:

Tagged prerecrttit males  920 of 4,038
recovered, 210 �%! as legal males!

Tagged females 135-171 mm CW

2.5 �.3-2.8!

Note; M = 1.0, 1.5, and 2.0 represent annual survival rates of 36.6, 22.3, and
13.5SS, respectively.

Population Size Frequency Structure
The following assessment of male Dungeness crab size frequency struc-
ture is primarily based on data obtained from Clayoquot Sound. Recent

Smith and Jamieson �991a! tagged male crabs  X= 142 mm CW,
with 95% between 106 and 162 mm CW! around Tofino, with 920 of the
4,038 crabs tagged  May 1985-June 1986! recovered between May 1985
and February 1987. Average annual natural mortality rate  M! of prere-
cruit male crabs was estimated  Table 2! to be 2.5  95% CI of 2.3-2.8!.
Jamieson and Smith �997! then showed that many, if not most, prere-
cruit instar x+3 crabs did not appear to have an annual molt cycle. in
their quarterly monitoring of crab size frequency distribution around
Tofino, the exceptionally large 1983 year class, responsible for above
average landings of instar x+3 crabs in 1986 and 1987  Smith and Jamie-
son 1991b!, did not show up as instar x+4 crabs until 1988, These instar
x+4 crabs represented the molting of only prerecruit instar x+3 crabs
because all legal instar x+3 crabs are considered to be harvested by the
intense Tofino fishery before they have opportunity to molt.

Even just a few months after a male molt, i.e., when females molt,
there are relatively few legal-size, i.e� large, mature male crabs, in the
population. The legal crabs that are present are the result of at least
some crabs molting to legal size every month. Fishery mortality rate  F!
around Tofino was estimated to be 5.1-6.9  Smith and Jamieson 1989b!,
and so all legal-size instar x+3 crabs are likely removed by the fishery
within a few weeks of their becoming hardshelled. Most mating conse-
quently appears to be done by mature male crabs below the legal size
limit  Jamieson and Smith 1997!.
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.study of the Fraser River delta population suggests this assessment is
relevant there as weil, but because of significant, but unquantified, ille-
gal retention of sublegal crabs in that fishery, accurate estimation of
natural mortality rate of mature, prerecruit male crabs in the Fraser Riv-
er delta is proving difficult, with studies still under way. It is assumed
the following assessment of size frequency structure applies to other re-
gional Dungeness crab populations that have a similar size frequency
distribution to the Tofino crab population.

Because of the suggested 2-year intermolt period for sublegal male
instar x+3 crabs, the sublegal male instar x+3 cohort consists of crabs of
different ages Uamieson and Smith 1997!. Presuming male crabs molt to
instar x+3 at age y+3  increments in age refer to molts, which for small-
er crabs may not always be on a strictly annual basis!, this age class
would be most abundant within this instar under constant recruitment
 Figure 1B!. This is because loss to natural mortality is still minimal and
relatively little natural mortality of these crabs appears to be disease re-
lated, Age y+3 crabs are easily recognizable by their clean shells and
lack of epizootic growth.

Crabs one year into the intermolt period, i.e., age y+4, would be the
next most abundant age class in instar x+3  Figure 1B!. These crabs
show the physical consequences of having a longer-than-one-year inter-
molt period  crabs this size appear to have at least a 1-year intermolt
period!. Incidence of old shell  typically shown by epizootic fouling and
bacterial infections of the chitinous exoskeleton! is high, claws or legs
are often missing, tips of legs are often worn away, and crabs are typi-
cally relatively listless and moribund in comparison to age y+3, instar
x+3 crabs. In part, this may be the result of numerous captures and re-
leases by the commercial fishery. With the current Canadian minimum
escape ring requirement of 100 mm, many sublegal crabs are regularly
caught and released a number of times because of high fishing effort
levels. It is not known what effect such captures have on crab survival,
although it is presumed to be negative.

Although estimated M was high �.5! for Tofino prerecruit crabs, this
was estimated for all prerecruit crabs combined by Smith and Jamieson
�991a!. M for mature, sublegal instar x+3 male crabs may not have a
linear rate over time, being significantly higher for age y+4, instar x+3
crabs than for age y+3, instar x+3 crabs  Jamieson and Smith 1997!.

A few age y+4, instar x+3 crabs survive to age y+5  Figure 1!, and
these crabs, two years into the intermolt period, can be identified by ex-
tensive epizootic fouling and sometimes, considerable shell deteriora-
tion. Some of these crabs are so moribund that they do not appear to
have the ability to molt, and it is presumed that these crabs wiII die in
the near future  natural senescence!.

The relatively few sublegal instar x+3 crabs in the Tofino population
that appear to molt to instar x+4 crabs do so mostly at age y+5. All in-
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star x+4 crabs are of legal size, Most instar x+4 crabs may then be two
years older than legal instar x+3 crabs  Figure I!. The unusual situation
thus might arise, depending on relative sizes of adjacent year classes
and timing of fishing, where average age of mature, sublegal male crabs
may exceed that of larger, legal male crabs.

Management Implications
Two issues are raised from the population dynamics described above,
both of which will affect YPR calculations:

First, there is the long-term issue of possible selection by the fish-
ery for slower growing crabs. Slower growth could be the result of selec-
tion for a smaller molt increment, expressed as a percentage of premolt
size, which would increase the probability of an individual being sexual-
ly mature at a size below the legal size limit. Alternatively, it could be
the result of reduced probability of instar x+3 crabs molting to instar
x+4, i.e., selection for a 2-year intermolt period, which would increase
the period available for mating. However, the full effect of fishing on
mating activity of sublegal male crabs is not clear, Mortality rate may be
increased by repeated capture and release of sublegal crabs, thereby de-
creasing opportunity for mating, but removal of larger competitors may
increase mating opportunity,

Evidence for selection will be difficult to compile, as there are few, if
any, discrete and modestly large unexploited Dungeness crab popula-
tions to compare exploited populations against. Selection may even be
the incorrect word to use, as it implies a genetic component. A behavior-
al change in molting pattern of individuals may simply be a non-genetic
response to either a changed crab population structure or a change in
community dynamics arising from magnitude of fishery removal. Given
the intensity of most existing Dungeness crab fisheries, though, and the
decades over which most of the major crab populations on the coast
have been exploited, a possible genetic change in species population dy-
namics over time cannot be ruled out. Butler �960! noted that sublegal
size males also appeared to be doing a disproportionately large amount
of mating in exploited populations, so significant selection may have
been in effect for upwards of at least 9 generations  assuming a 4-year
generation period!. Selection has been shown to occur in fish popula-
tions  Ricker 1969, Vaughan and Burton 1994! and has been hypothe-
sized for invertebrates  Thouseau et al. 1991; Weinberg and Helser
1996!, so appropriate further investigation to determine if fisheries se-
lection is occurring in Dungeness crab would seem warranted.

If the failure of sublegal, mature male crabs to molt to legal size has
a genetic basis, i.e., this failure is related to male crabs in a year class
which are available to mate, the solution might be to give all male crabs
in a year class equal mating opportunity. This can best be done by only
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allowing fishing of males to occur after females molt, which is typically
a few months after recruiting males have molted to legal size. In British
Columbia, this would eliminate year-round fishing and delay most fish-
ing until the fall. On the outer coasts of Washington, Oregon, and Cali-
fornia, where males first molt to legal size in the late fall and females
molt in the spring  P. LaRiviere, Dept, of Fish and Wildlife, Montesano,
WA, pers. comm.!, this would delay the existing legal male fishery, which
currently occurs from about December to May, until late spring-summer.

Second, there is the issue of whether existing size limits are general-
ly appropriate and what an alternative, better minimum legal size limit
might be if they are not. As indicated earlier, the best argument for ex-
isting size limits is the suggested stability in landings over past de-
cades. Argument for a modified size limit tnust be supported by clear
evidence of change in species population dynamics and/or associated
increased benefits to fishers. To date, this evidence is not strong enough
to warrant change, as it is based on detailed study of only one, relatively
small crab population. However, it is nevertheless possible to speculate
on what alternatives would be available to managers if future studies
confirm broader hypothesis relevance.

If the size limit were to be increased to allow only instar x+4 crabs
to be exploited  operationally difficult because of overlapping instar
size ranges!, then all instar x+3 crabs would theoretically be given op-
portunity to mate. However, although this might ensure a whole year
class has opportunity to breed, over the short term, this still might not
result in most instar x+3 crabs molting to instar x+4. As with the current
case with sublegal male instar x+3 crabs which mate, with this scenario,
many, if not most, instar x+3 crabs might never molt to instar x+4, as
most, if not all, crabs would presumably breed as instar x+3 crabs. What
might be achieved would be greater probability of the smallest instar
x+3 crabs to molt, assuming these crabs would have the lowest breeding
success rate. Continual fishery removal of instar x+4 crabs would pre-
vent establishment of a large cohort of breeding instar x+4 crabs, which
is possibly necessary to facilitate a large proportion of instar x+3 crabs
to molt. The overall result could then be even fewer legal size crabs in a
year class than now occurs.

This assumes that propensity of mated male crabs to molt may in
part be determined by the presence and relative abundance of even larg-
er mature male crabs in the population. This seems likely because larger
crabs are better competitors than smaller crabs in aggressive interac-
tions among males for females. Butler �960! noted that invariably larg-
er males were successful in competitions for females about to molt.

Increasing the minimum legal size limit only slightly from the cur-
rent size would also seem to have little beneficial effect from a fisher's
perspective, since again increased molting of breeding, sublegal crabs
cannot be assured. In theory, though, it would allow more of a year class
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to mate and so would be more beneficial from a genetic conservation
perspective.

The best management action would probably be to delay fishing un-
til after the seasonal mating period is over, with the benefit described
above of allowing the whole year class to mate. Then, if supported by
fishers, the size limit could be reduced from the current level to allow
capture of more instar x+3 crabs. An alternative to delaying the fishery
might be to raise the size limit temporarily at the commencement of the
fishery to effectively exclude instar x+3 crabs until after mating oc-
curred, at which time the size limit could be reduced, even if only to ex-
isting levels, to allow exploitation of instar x+3 crabs. This would allow
instar x+4 crabs to be caught and some fishing to continue during the
critical period between male molting and mating. However, unless es-
cape ring size was also adjusted when only instar x+4 crabs were being
harvested, this could result in undesirable high levels of capture and re-
lease of instar x+3 crabs.

Because it is necessary to allow escape of immature, male instar x+2
crabs, and because instars x+2 and x+3 overlap in size range, it would
be advisable to forego exploitation of the smallest instar x+3 crabs in
any fishing scenario. Foregoing catch of some instar x+3 males, and as-
suming these do not molt to legal size, has the additional benefit of
leaving a reserve of the current year's mature males to assist the next
year class's males, in case the next year class is relatively small, in mat-
ing with the population's accumulated year classes of females. Mature
females, being unexploited, are generally expected to be more abundant
than mature males,

This could allow more of any year class to be harvested as instar
x+3 crabs than is now the case, giving a potential greater return to fish-
ers from each year class. However, to minimize capture of instar x+2
crabs  95% of these crabs are within 22 mm [2 SDsl of the tnean instar
size of 129 mm CW!, a maximum size limit reduction after the mating
period to only about 150 mm CW would seem desirable.

I appreciate that these management approaches might have market
implications that would make some suggestions impractical  e.g., con-
sumer resistance or lower price for smaller crabs!. If they are untenable,
then simply delaying the fishery, but retaining existing size limits, until
after the female molt tnay be the preferred option. This would also tnini-
mize female soft-shell mortality.

From a fisher's perspective, decreasing the size limit has the poten-
tial to increase landings, and probably economic return, considerably.
Implications arising from changes in timing of fishery openings and
possibly price need further investigation to determine both what eco-
nomic consequences might accrue to fishers and what fishery manage-
ment approach would be most optimal in meeting specified biological
and harvest objectives.
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Discussion
The ideas presented above may seem radical, particularly for an exploit-
ed species such as Dungeness crab which has seemingly supported via-
ble fisheries in a relatively stable manner for decades. Nevertheless,
from a science perspective, we as researchers and managers should al-
ways be challenging our understanding of a species' population dynam-
ics to ensure that we understand it fully and correctly. Having a partial
understanding of population dynamics can be detrimental and in the
worst situation, possibly result in ultimate fishery closure  e.g., western
Atlantic groundfish and Sritish Columbia abalone!. In this paper, the
conventional understanding of Dungeness crab popuiation size frequen-
cy structure is challenged, and for the first time, Dungeness crab mini-
mum legal size limits are hypothesized as being possibly not optimal.

A consequence of not challenging conventional paradigms is that we
may be unprepared to detect warning signals that all is not right, and
even worse, not have required data to then interpret what these warning
signals mean. An example is how researchers and managers have dealt
with majid crab fisheries over the past decade. Until the mid-1980s, the
biology of commercial majid species was thought to be similar to that of
commercial cancrid and portunid crabs, Management approaches for
majids were thus established along lines traditional to these latter spe-
cies. However, harvestable abundance in some majid stocks, at least, did
not seem to be following expectations, leading Conan and Comeau
�986! to bring forward the idea of a terminal molt and aII its ramifica-
tions. Previous population monitoring had not always included appro-
priate parameters to evaluate this new hypothesis, and the result was
debate, which continues today, as to what the population dynamics of
Chionoecetes really is.

If the molting/mating pattern of Dungeness crab proposed here is
characteristic of the species, I do not have answers to many questions
my hypotheses raise, unlike the majid situation where the biologies of
other non-commercial majid species were well known and in support of
a terminal molt characteristic for Chionoecetes. I do not know why many
mature, breeding, sublegal male Dungeness crabs often do not molt
again. It is probably not because of a terminal molt as with majid crabs,
although the effect may be the same. Jamieson and Smith �997! have
speculated as to some possible explanations. However, explaining an ob-
servation is not a prerequisite to mitigation of an effect. Investigation of
the molting and mating characteristics of newly mature male Dungeness
crabs in additional populations is needed, as such data may significant-
ly influence how we ultimately exploit and manage Dungeness crab on a
regional basis in the future. This may give an immediate economic bene-
fit to fishers, but more important are possible conservation benefits
which might help ensure long-term sustainable harvest of this impor-
tant renewable resource.
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Abstract
The activity and feeding behavior of ovigerous Dungeness crabs, Cancer
rnagister, were examined as part of a long-term study. Part of this study
surveyed Bartlett Cove in Glacier Bay, Alaska, during the spring of 1994
where 50 commercial pots were soaked for 24 hours. Catch per unit ef-
fort  CPUE!, dispersion, and stomach samples of male, nonovigerous fe-
male, and ovigerous female crabs were compared. A laboratory
experiment compared feeding rate, foraging response, and survival be-
tween starved and fed ovigerous and nonovigerous crabs over a six-
month winter period  December 1994-May 1995!.

CPUE differed significantly for crabs of different reproductive
groups caught in pots during the spring 1994 survey in Bartlett Cove
 ANOVA, P < 0.01!. CPUE averaged 3.7+ 0.5  standard error! for males,
1.3+ 0.3 for nonovigerous females, and 0.4+ 0.1 for ovigerous females.
Male and nonovigerous female Dungeness crabs were homogeneously
dispersed throughout the pot transect area; however, ovigerous crabs
were aggregated. A significant difference in dry weight of stomach con-
tents and stomach fullness between reproductive groups existed.

Ovigerous females had significantly lower feeding rates than non-
ovigerous females in the laboratory  two way ANOVA, P < 0.01!. The for-
aging responses of ovigerous crabs were significantly lower in
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comparison to nonovigerous females  Mann-Whitney U test, P < 0.01!.
Seasonal differences were also found for foraging within the two groups
over the course of the study period  Kruskal-Wallis one-way ANOVA, P <
0.01!. No mortality occurred in treatments of fed and starved ovigerous
and nonovigerous crabs over the six-month experiment, demonstrating
Dungeness crabs can survive overwinter without feeding in laboratory
conditions.

Introduction

The Dungeness crab, Cancer magister, has long supported an important
commercial fishery along the northern Pacific coast. Dungeness crabs
inhabit a wide variety of habitats and environmental conditions and
have a range extending from Pt. Conception, California, north to Prince
William Sound, Alaska, and west to Amchitka Island in the Aleutians
Uensen and Armstrong 1987!. Within the northern range of Dungeness
crab, life history events occur later in the year  Shirley et al. 1987, Koen-
eman 1984! and juvenile growth rates are significantly slower  Kondzela
and Shirley 1993!. In southeastern Alaska, fernale Dungeness crabs mate
with males throughout late fall and early winter  Leder et al. in press,
Shirley et al. 1987, Shirley and Shirley 1988!. Females extrude eggs be-
ginning in the fall and carry eggs until hatching occurs from April
through August, with peak hatching events occurring throughout May
and June  Shirley et al. 1987!.

Dungeness crab egg and larval mortalities have been investigated
with reference to environmental parameters such as temperature and
salinity  Shirley et al. 1987, Mayer 1973!, After performing a series of
laboratory experiments, Mayer �973! suggested that the "burying" be-
havior of ovigerous Dungeness crabs in Washington may help prevent
egg mortality. By burying, crabs might avoid temperature changes
around their egg masses, but as a result minimize their own move-
ments.

A biotelemetry study of Dungeness crabs in Glacier Bay, Alaska,
found differences in activity levels, rates of movement, and habitat use
by males and females in different reproductive states  O'Clair et al.
1990!. Female Dungeness crabs, with and without egg masses, had more
restricted movement patterns than males and reduced rates of move-
ment in comparison to males. Also, ovigerous crabs were less active and
used less habitat available to the whole population than nonovigerous
females and males. These results supported diving observations which
indicated that ovigerous crabs aggregate in discrete areas. These dis-
crete areas consisted primarily of coarse sand sediments, perhaps allow-
ing enhanced interstitial water flow and providing a favorable brooding
environment. Selection of brooding habitat may result in enhanced oxy-
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Methods
Field
The study area for this experiment was Bartlett Cove �8'30'N,
135'53'W!, which lies in Glacier Bay National Park and Preserve  see Fig-
ure 1 in O'Clair et al. 1996!.

For this field study only the April 1994 Bartlett Cove data were
used. These data were chosen since stomach samples from each repro-
ductive group were available. The data were collected as part of the
tnuch larger MADS project. During this project, spring  April! and fall
 September! sampling periods were selected to coincide with particular
aspects of the reproductive cycles of Dungeness crabs and to avoid
sampling conflicts with the commercial fishery, which is closed until
june 15 and from August 15 to September 30. During each sampling pe-
riod 50 commercial pots were baited and allowed to soak for 24 hours;
25 pots were set in shallow water depths �-9 m! and 25 pots were set in
deeper depths �0-25 m!. The escape rings of all pots were sealed in or-
der to retain crabs of all sizes.

genation of the egg clutch when optimal habitat is available  O'Clair et
al. 1990!. The tendency for ovigerous Dungeness crabs to limit their
movements may be related to predator avoidance, greater egg protec-
tion  thermal protection, oxygenation, egg predation!, avoidance of bio-
fouling, or combinations of these. Whatever the purpose, activity of
ovigerous crabs appears to be limited, but no study has directly exarn-
ined foraging or feeding activities of ovigerous Dungeness crabs.

During the first few years of the Multi-Agency Dungeness Study
 MADS! in Glacier Bay, Alaska �992-1995!, few ovigerous female Dunge-
ness crabs were collected in pots and the stomachs of these ovigerous
females appeared empty. These observations raised the following ques-
tions: �! do ovigerous crabs have different feeding habits than males
and nonovigerous females, �! can ovigerous crabs overwinter without
feeding, and �! can sampling bias or crab dispersion explain the catch
of few ovigerous crabs in pots? Here we present the results of a study of
the activity and feeding behavior of Dungeness crabs in Glacier Bay,
Alaska, and in the laboratory. Our objectives were to: �! compare male,
nonovigerous female, and ovigerous female stomach contents from in-
dividuals collected from pots; �! compare male, nonovigerous female,
and ovigerous female catch per unit effort, CPUE; �! compare the dis-
persion of male, nonovigerous female, and ovigerous female crabs col-
lected from pots; �! determine if starved ovigerous and nonovigerous
Dungeness crabs can survive a six-month period in the laboratory; �!
compare the feeding rates and foraging responses of fed ovigerous and
nonovigerous Dungeness crabs.
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Dungeness crabs were identified by sex and females were further
classified based on reproductive state  ovigerous or nonovigerous!. A fe-
male was considered ovigerous if she had an egg clutch under her ab-
dominal flap. Carapace width, measured just anterior to the tenth
anterolateral spines, was recorded to the nearest millimeter with a ver-
nier caliper. Ten stomach samples were collected from each reproduc-
tive group in each bay �0 males, 10 nonovigerous females, 10
ovigerous females!.

The number of individual crabs and their reproductive status was
determined for each pot fished in Bartlett Cove in April 1994 and CPUE
was determined. Analysis of variance was used to examine the catch
rate relationship between each reproductive group. The dispersion  pat-
tern of spacing of individuals in a population! of reproductive groups
was quantified by determining the number of pots in which each repro-
ductive group was captured and graphically analyzing their spatial rela-
tionships.

The stomachs collected from Bartlett Cove during April 1994 were
dissected and the contents were examined for food. Dry weight of stom-
ach contents was measured and stomach fullness was estimated  Hein-
zel et al. 1993!. Fullness was determined by visually estimating the
percentage of total stomach volume that contained food using the fol-
lowing index: 0 = empty, 1 = trace, 2 = 25% full, 3 = 50% full, 4 = 75%
full, 5 = 100% full  Stevens et al. 1982, Norman and Jones 1992, Stehilik
1993!. To analyze the dry weights of stomach content the Student's t-
test and analysis of variance were used to examine differences between
reproductive groups. Stomach fullness was analyzed using the nonpara-
metric Kruskal-Wallis one-way ANOVA test.

Luboratory
To determine if ovigerous and nonovigerous Dungeness crabs can sur-
vive a brooding season without feeding, a laboratory experiment was
performed in which 6 ovigerous and 6 nonovigerous crabs were fed and
6 of each group were starved. The 24 crabs were collected during Sep-
tember 24-25, 1994, and held in seawater tanks until the experiment be-
gan. The carapace widths of the crabs used in the experiment ranged
from 111 mm to 159 mm. The same size range of crabs was used for
each treatment.

Crabs were randomly assigned to separate compartments within
each treatment tank. AII crabs were held in flow-through tanks of fil-
tered seawater. A substrate of sand and gravel up to 8 mtn in diameter
was added to mimic the natural habitat. The substrate was collected
from a local site, Eagle Beach, where Dungeness crabs are known to in-
habit the nearshore area. Water entering the tanks was pumped directly
from a depth of 30 m in Auke Bay. The temperature was not controlled;
the maximum temperature recorded over the six-month period was
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8,9'C and the minimum temperature was 5.1'C. Crabs receiving food
were fed squid once a week; food was available to the crabs for two
days, At the end of the second day any remaining food was removed to
help prevent the tanks from fouling. The feeding rate and foraging re-
sponse for crabs in the fed treatment were measured every two weeks
on 12 study dates from December 6, 1994, through May 6, 1995. The
starved crabs received no food throughout the six-month study period.

The feeding rate for each crab in the fed treatment was determined
by weighing each portion of squid prior to feeding the crab. The squid
was placed in seawater for one hour before weighing to allow it to equil-
ibrate in seawater. Squid was also placed in an isolated section  from
which crabs were excluded! of the tank containing fed crabs in order to
determine changes in the weight of the squid placed in seawater for 24
hours. The crabs were monitored over 24 hours and given more food if
the initial supply had been eaten to ensure that each crab had food con-
tinually available when feeding rates were being determined. After 24
hours the remaining squid in each crab compartment was weighed. We
tested the difference in feeding rates between the two groups, ovigerous
and nonovigerous crabs, over the entire six-month period using two-
way analysis of variance.

Foraging response was determined for each crab in the fed treat-
ment by recording when each crab first initiated feeding. Food was
placed in each crab compartment as far from the crab as possible so
that the crab would have to move in order to feed. The crabs were moni-
tored continually for the first hour of the 24-hour study period, Thereaf-
ter, each crab was examined for evidence of feeding activity at six and
24 hours. The foraging response was recorded as follows: 1 = immediate
response, 2 = response within the first fifteen minutes of the observa-
tion period, 3 = response within the first hour of the observation period,
4 = response within the first six hours of the observation period, 5 = re-
sponse within 24 hours, 6 = no response within 24 hours. The nonpara-
metric Kruskal-Wallis and Mann-Whitney U tests were used to test the
difference in foraging response between the ovigerous females and the
nonovigerous females over the course of the study period.

Crabs in the starved treatment were checked periodically for rnortal-
ity. Starved crabs were disturbed as often as the crabs in the fed treat-
ment. Each time the fed group was given squid or uneaten squid was
removed from the tank of fed crabs, tank covers were also removed
from the starved treatment tank to ensure that each treatment group
was disturbed equally. The survivorship over the six-month period was
determined for each treatment,

All data are presented as mean+ standard error of the mean. The
Student's t-test and two-way analysis of variance were used to compare
the means of the different reproductive groups. Values were considered
significant when P < 0.05.



Table 1. CPUE for Dungeness crabs sampled in Bartlett
Cove during the spring of 1994.

Reproductive

groups
Total no. No. pots Average no.

crabs with crabs crabs/pot

Males

Nonovigerous females

Ovigerous females

179 35 3.7+ 0 5

63 24 1.3+ 0.3

21 14 0.4+ 0.1

Average values are reported as mean a one standard error.

Results

CPUT and dispersion
The CPVE differed between reproductive groups during the spring 1994
survey in Bartlett Cove  ANOVA, P < 0.01!. Significantly more male
Dungeness crabs were captured in pots than nonovigerous and oviger-
ous females  ANOVA, P< 0.01!, and significantly more nonovigerous fe-
males were captured than ovigerous females  ANOVA, P < 0.01!. Male
crabs averaged 3.7+ 0.5 crabs per pot and nonovigerous female crabs
averaged 1.3+ 0.3 crabs per pot. The CPVE averaged 0.4 t 0.1 for
ovigerous females.  Table 1!.

Crabs were captured in 45 of the 50 crab pots set in Bartlett Cove.
Males were captured in a total of 35 pots, nonovigerous females were
captured in 24 pots, and ovigerous females were captured in 14 pots.
Both male and nonovigerous female crabs appeared to be homoge-
neously dispersed within the cove; however, the ovigerous females were
caught in just a few areas  Figure 1!.

Stomach contents

Stomach samples collected from Bartlett Cove in April 1994 had signifi-
cant differences in dry weight content between males and ovigerous fe-
males  Student's t-test, P < 0.05!; no significant difference existed
between ovigerous and nonovigerous females  Student's t-test, P = 0.4!.
Two of the females, one ovigerous female and one nonovigerous female,
had eggs in their stomachs. Most likely these eggs were ingested after
the crabs were collected from the pot and placed together in a sampling
bucket. Stomachs were dissected after the last pot was pulled, so sam-
pled crabs may have been held together for more than an hour. If these
two crabs are omitted, significant differences existed between all three
reproductive groups   Figure 2!.

There was a significant difference in the average stomach fullness
index values between each reproductive group, with the ovigerous crabs
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Figure 1, Dispersion of crabs in Bartlett Cove during the spring of 1994. The
numbers of crabs in each pot are shown clustered in the site where
the pot was pulled; each symbol represents one crab.

having the smallest fullness index value  Kruskal-Wallis test, P < 0.01,
Figure 3!.

Laboratory feeding rates and foraging response
In the laboratory, the average daily feeding rate for ovigerous females
was significantly less than nonovigerous females � way ANOVA, P <
0.01, Figure 4!. The average wet weight of food eaten by nonovigerous
crabs was 16.8+ 0.4 grams per day, while ovigerous crabs ate an aver-
age of 9.0+ 1.5 grams per day of squid. Feeding rate did not significant-
ly differ over the six-month period of the experiment within either
group.

The foraging response index was significantly different between the
two groups  Mann-Whitney V test, P < 0.01, Figure 5!. There was also sig-
nificant difference within each group over the course of the study peri-
od  Kruskal-Wallis one-way ANOVA, P < 0.01!. On average an ovigerous
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Figure 4. Average daily feeding rates  wet wt. g/d! for ovigerous and nonoviger-
ous female Dungeness crabs kept in the laboratory for six months. All
values are reported as mean+ one standard error. N = 6 for each treat-
ment, for all dates.
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female began feeding 6 hours after food was placed into the tank, while
nonovigerous crabs responded earlier, within the first fifteen minutes.
No mortality occurred in either fed or starved treatments of ovigerous
and nonovigerous crabs during the experiment.

Discussion

From our pot survey in Bartlett Cove, it appears that collections of
ovigerous crabs occurred in specific sites, suggesting aggregations. Dive
surveys conducted in some of the same areas as our pot locations re-
vealed that the location of one group of pots containing ovigerous fe-
males was near an aggregation of buried, ovigerous crabs  C. O'Clair,
personal observations!. Another group of pots containing ovigerous
crabs was below the depths of the diver transects, but may indicate an-
other aggregation. Results of the dive transect study indicated that
ovigerous Dungeness crabs were usually more frequently and more
strongly aggregated than male and nonovigerous crabs, particularly at
spatial scales from 20 to 100 square meters  O'Clair et al. 1996!. Recent
studies involving other crab species such as Chionoecetes opilio and C.
bairdi  Kon et al. 1996, Stevens and Haaga 1996! have suggested spatial
variability in the dispersion of ovigerous females. Because ovigerous
crabs are more aggregated than males or nonovigerous females, their
spatial heterogeneity may lead to a sampling bias when they are sur-
veyed with pot transects. If the transect does not intersect an ovigerous
female aggregation perhaps no ovigerous females will be captured.
Stevens and Haaga �996! have suggested the use of sampling proce-
dures such as kriging to estimate density distributions of these aggrega-
tions.

The feeding habits of Dungeness and related crab species have been
the subject of many studies  MacKay 1943, Stevens et al. 1982, Asson-
Batres 1986, Wolff and Cerda 1992, Stehlik 1993!. However, little atten-
tion has been given to ovigerous females of the genus Cancer, probably
because of the difficulty in collecting them and because females are not
commercially harvested. Stevens et al. �982! reported food preferences
of Dungeness crabs and feeding habits with reference to the life stage of
the crab, but did not examine relationships based on reproductive sta-
tus. The crab Carcinus maenas has an optimum size of prey at which it
can maximize the energy content while requiring the least amount of
handling time for each crab size; as crab width increased so did the op-
timum prey size  Elner and Hughes 1978!.

Bernard �979! used a stomach fullness index and found larger
Dungeness crabs had a larger mean fullness index. In our field study,
the males had an average carapace width of 156+ 1 mm, the average
carapace width for nonovigerous females was 144+ 2 mm, and the aver-
age carapace width of ovigerous females was 150+ 2 mm. On average,
ovigerous females had smaller carapace widths than males but larger
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carapace widths than nonovigerous females. The ovigerous Dungeness
crab stomach samples contained less food than males and nonovigerous
females. In many cases the ovigerous crab stomachs were empty, both
for ovigerous females of smaller �21 mm! and larger �69 mm! cara-
pace width sizes. These crabs were captured in pots with food available
to them, yet they did not appear to have eaten. Perhaps foraging is not
the reason the ovigerous female Dungeness crabs entered the pots.

In a laboratory study of the crab Cancer polydon, the weight gained
relative to the amount of food ingested was lower for females �.3%!
than for males �0.3%!  Wolff and Cerda 1992!. Wolff and Cerda �992!
suggested that the different growth values between the sexes can be ex-
plained by the fact that females convert a higher percentage of the in-
gested food into egg production instead of growth. In our laboratory
study, ovigerous crabs had significantly lower feeding rates and signifi-
cantly lower foraging responses than did nonovigerous females. In
many cases the ovigerous crabs did not feed at all within the 24-hour
observation period. The ovigerous crabs appeared uninterested in the
food available to them. Perhaps the ovigerous females conserve energy
reserves by reducing their foraging and feeding activities while they are
brooding their eggs.

Environmental effects on feeding and foraging were not the focus of
this study and the effects of variables such as temperature and photope-
riod on feeding rates were not tested. However, in the laboratory, crabs
were held at ambient water temperature and photoperiod and a season-
al change in foraging response was found. We do not have continuous
measurements of field temperatures; however, water column tempera-
tures in the five bays within Glacier Bay were nearly isothermal within
each bay between 6-9'C in September �993! and were isothermal be-
tween 4-6'C in April �993!. Dungeness crabs have five times greater
feeding rates at 15*C than at 5'C  Kondzela and Shirley 1993!.

The foraging activities of Cancer novaezelandiae were influenced by
photoperiod and tidal variables in a field study using pots  Chatterton
and Williams 1994!. The timing of foraging activity of C. novaezelandiae
was based on a direct responsiveness to tidal stimuli. A parallel labora-
tory study subjected crabs to various daylight conditions and most of
the crab activity was during hours of the dark phase with the greatest
activity occurring just after lights were turned off  Chatterton and Will-
iams 1994!. Diel activity of Dungeness crabs was examined in an estua-
rine field study by Stevens et al. �984!. Crabs were found to be more
abundant at night in the intertidal site and this was concluded to be a
response to the availability of their predominant food, a crangonid
shrimp  Stevens et al. 1984!. In our laboratory study, the feeding rate
was determined for a 24-hour period. Food was first placed into the tank
just before dark so that the peak activity time could be monitored. Fu-
ture feeding studies with Cancer magister should examine the effects of
environmental variables. For example, foraging and feeding rates of
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nonovigerous and ovigerous females might converge at lower tempera-
tures, or perhaps the feeding rates of nonovigerous crabs may not be as
affected as those of ovigerous crabs as temperature decreases.

A starvation study has been conducted on Dungeness crabs with
mixed results  Paul et al. 1994!. Paul et al. �994! reported 20% mortality
among continually fed Dungeness crabs and mortality rates up to 80%
for the two treatments starved for 30 and 60 days. They suggested
Dungeness crabs are sensitive to stresses of capture, handling, and cap-
tivity.

Temperature has been found to influence the survival of Dungeness
crabs in the laboratory  Shirley et al. 1987, Kondzela and Shirley 1993!.
Shirley et al. �987! reported almost 100% survival rates for all adult
Dungeness crabs held at temperatures of 5'C and above, with an unex-
pected 100% mortality of adult crabs held at 1'C. In contrast, Kondzela
and Shirley �993! observed higher survival rates of juvenile Dungeness
crabs held at lower temperatures. They had 100% survival of juvenile
Dungeness crabs held at 1'C, but no molting occurred and feeding was
minimal, In our laboratory experiment both fed and starved ovigerous
and nonovigerous female Dungeness crabs survived a six-month over-
wintering period with no mortality. Diver observations indicate that
ovigerous Dungeness crabs are reluctant to leave the sediment  O'Clair
et al. 1996!. This may minimize exposure of ovigerous females to preda-
tion or may protect the egg clutch from other environmental hazards
 Mayer 1973, O'Clair et al. 1990, O'Clair et al. 1994!. Our results indicate
that feeding rates and foraging responses of ovigerous Dungeness crabs
are reduced compared to nonovigerous females and that it is possible
for an ovigerous female to overwinter without feeding in the laboratory.

Ovigerous female crabs are often left out or grouped together with
nonovigerous females in laboratory and field studies. Our research indi-
cates that ovigerous females have different activity and feeding behav-
iors than both nonovigerous females and males. Future studies should
include ovigerous females and treat them separately, because their re-
productive condition may impose different physiological and ecological
requirements than are imposed on nonovigerous females and males.
These requirements can find expression in behaviors that differ in
ovigerous crabs from those of nonovigerous female and male crabs.
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Preliminary Report on Interannual
Variation in Size-specific Molting
Probabilities of Adult Female
Dungeness Crabs  Cancer
magister! in Northern California
David G. Hankin and gian-Li Xue
Department of Fisheries, Humboldt State University
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Abstract
For adult decapod crustaceans for which molting takes place at most an-
nually, an adequate description of growth requires specification of  a!
size-specific molt increments, and  b! size-specific molting probabili-
ties. During 1981, 1982, 1992, 1993, and 1995, we generated molt incre-
ment data from 83 to 178 adult female Dungeness crabs annually. These
data have shown that postmolt carapace widths are tightly related to
premolt carapace widths �.88 < R' < 0.98!; interannual variation in size-
specific molt increments has been relatively small. Using extensive shell
condition observations as post molting season indicators of molting his-
tory, we used simplified methods of Mohr and Hankin �989! to assess
qualitative patterns in annual size-specific molting probabilities. In their
original application to adult female Dungeness crabs in northern Califor-
nia, Mohr and Hankin �989! found that size-specific molting probabili-
ties were close to one for crabs less than 130 mm carapace width, but
then declined rapidly to near zero for crabs with carapace widths ex-
ceeding 155 mm. Preliminary analyses of shell condition data collected
during 1993, 1994, and 1995 have suggested size-dependent declines in
annual molting probabilities that are consistent with these earlier re-
sults. During 1992, however, molting probabilities were close to 100%
for almost all crabs, irrespective of size. In future work, we intend to
collect more data reflective of interannual variation in size-specific
molting probabilities and we hope eventually to determine the environ-
mental basis for such interannual variation.
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Introduction
Development of fishery dynamics models suitable for management of
crustacean fisheries is complicated by the discontinuous nature of crus-
tacean growth. Whereas growth of most finfish takes place in a smooth
and relatively continuous fashion, reasonably modeled by continuous
growth curves such as the von Bertalanffy, Brody, or Gompertz equa-
tions  see Ricker 1975 for a review!, crustacean growth consists of two
components: size increase at molting  molt increment! and time interval
between molts  intermolt interval � a reflection of molting probability!.
Both of these components appear to be environmentally labile  Aiken
1980, Hartnoll 1982!, and both components are known to be size-depen-
dent  i.e., depend on premolt size of crustaceans; e.g., McCaughran and
Powell 1977 � Alaskan king crab, Campbell 1983 � American lobster,
Lipcius 1985 � review for crustaceans in general, Hankin et al. 1989�
Dungeness crab!.

On the basis of the above considerations, Caddy �986, 1987! and
Cobb and Caddy �989! have argued in favor of development of  sto-
chastic! crustacean growth models that incorporate these discrete com-
ponent events of molting and size increase, and in favor of
incorporating such models in crustacean fishery assessment models
 e.g., Fogarty and Murawski 1986, pp. 238-40!. Because many biologists
have asserted  without empirical evidence! that mortality rates of crabs
must be high when animals molt and are in a vulnerable soft-shelled
condition, Cobb and Caddy have also stressed that "research on the rela-
tionship between molt frequency and M [natural mortality] should clear-
ly be a high priority for future work in crustaceans."

Although it has long been recognized that crustacean growth con-
sists of these two distinct components  molt increments and molting
probabilities!, it has proved difficult to obtain reliable estimates of molt-
ing probabilities for crabs. One obvious device used for estimation of
molting probabilities and for generation of molt increments has been
generation of crab tag and recovery data. Analysis of tag recovery data
is, however, fraught with many difficulties including at least  a! commer-
cial fishery size selection biases and  b! tag loss  Diamond and Hankin
1985a!;  c! effects of tagging on growth or recovery  Edwards 1965,
Hartnoll 1982!; and  d! uncertainty in number of molts  or molting op-
portunities! prior to recovery  Conan and Gunderson 1979!. Given these
biases and uncertainties, which have often been ignored, it seems un-
likely that tag recovery data can provide other than a relative or qualita-
tive picture of size-dependent changes in molting probabilities.

For species of crabs that exhibit a relatively well defined molting
season, however, physical appearance or chemical composition of an an-
imal may allow accurate molt classification prior to or shortly after the
molting season. Candidate structures or observations that may allow
molt stage classification can be generally classified as "premolt indica-
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tors" or "postmolt indicators." Premolt indicators allow assessment of
ongoing premolt preparation, whereas postmolt indicators allow assess-
rnent of whether or not a molt has recently taken place. Integumental
structure  Hepper 1965, Aiken 1980!, pleopod regenerative state  Aiken
1973, 1980!, and serum protein concentration  Ennis 1973, Hepper
1977! have all been considered as possible premolt indicators in Homar-
us spp., but only pleopod regenerative state or histological examination
of integumental structure have allowed reliable prediction of molting.
Visual inspection of carapace condition shortly after completion of the
molting season has led to successful classification of animals into those
that have or have not molted for at least Alaskan king crab  Weber and
Miyahara 1962!, American lobster  Ennis 1977!, and Dungeness crab
 Mohr and Hankin 1989!.

Opportunities to observe interannual variation in molting probabili-
ties are especially good for female Dungeness crabs  Cancer magister!
for two reasons. First, commercial harvest of females is prohibited so
that most large adult females, for which molting probabilities are low
when compared to smaller crabs, remain prevalent in the population of
adult females. Second, the molting season is relatively well defined. In
northern California, molting of female Dungeness crabs and mating of
softshell females with hardshell male crabs takes place primarily from
mid-February through mid-May, with a usual peak during early April.
Male crabs apparently can sense when molting of female crabs is immi-
nent and they grasp females in a "premating embrace" several days prior
to female molting  Butler 1960!; when females molt, males grasp fe-
males in the true mating embrace  Snow and Nielsen 1966!. Upon com-
pletion of the molting and mating season, postmolt indicator methods
may be used to estimate annual size-specific molting probabilities. Al-
ternatively, premolt indicator data may be collected prior to initiation of
female molting.

Material and Methods

Size-specific molt increments were generated through recoveries of
tagged female Dungeness crabs �981, 1982!, as reported by Hankin et
al. �989!, or from laboratory molting of female crabs collected from
premating embraces �981, 1982, 1992, 1993, 1995!. Premolt carapace
width  CW, excluding posterolateral spines! of female crabs was mea-
sured  + 0.1 mm! at time of tagging or collection from premating em-
braces; postmolt CW was measured at time of recovery or approximately
5 days after laboratory molting. Most female crabs collected from pre-
mating embraces molted within 1-4 days of collection.

We used experimental small mesh traps to collect adult female
Dungeness crabs in northern California, relying on a contracted com-
mercial crab fisherman to set gear and pull traps, etc. Design of experi-
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mental traps was described previously in detail by Diamond and Hankin
�985b!. Traps were nonselective for female crabs with CW exceeding 85
mm.

During 1982 and 1983, experimental traps were set in approximate-
ly 14 m depth off Clam Beach, 41'00'N, during January-February �982!
and mid-May �983!. Traps were set during two periods  mid-June and
again in mid-July! at two locations  off Clam Beach, 41'00'N, and off Big
Lagoon, 41 10'N! along depth contour lines at approximately 14 m and
28 m, respectively, during 1992, 1993, and 1995. Traps were set at ap-
proximately 14 m depth off Clam Beach only during mid-July 1994.
Traps were typically baited with rockfish carcasses and squid and were
allowed to soak from 2 to 5 days prior to puHing. Numbers of adult fe-
male Dungeness crabs per trap generally ranged from 40 to 90; male
crabs made up less than 2% of total catches. Molting history of female
crabs with respect to the previous molting season was classified into
one of five categories based on visual assessment of shell condition  see
Hankin et al. 1989, Mohr and Hankin 1989!: 1 � definitely molted; 2�
probably molted; 2/3 � uncertain molting history; 3 � probably did not
molt; and 4 � definitely did not molt.

For the preliminary assessments of interannual variation in molting
probabilities that are reported in this paper, we combined all shell con-
dition observations from a given year and we used a simplified version
of the methods proposed by Mohr and Hankin �989!. Given an ob-
served sample frequency distribution of molted  categories 1 and 2! and
nonmolted  categories 3 and 4! crabs, we projected the premolt size dis-
tribution of molted crabs by predicting premolt size from postmolt size
using linear regressions based on year-specific molt increment data. We
then compared the projected premolt size frequency distributions of
molted crabs to the summed size frequencies of these crabs plus those
that did not molt so as to produce a qualitative assessment of size-de-
pendent changes in molting probabilities, as illustrated in Figure 1. We
omitted the small percentage of crabs classified as of uncertain molting
history  category 2/3!,

In contrast to the more formal methods developed by Mohr and
Hankin �989!, we did not �! make any adjustments for the possible dif-
ferential survival of molting as compared to nonmolting crabs, and we
did not �! account for the natural variation in molt increments given
premolt size. Point estimates produced by these simplified methods
should be essentially the same as those for the methods proposed by
Mohr and Hankin for the special case R* = 1,0  i.e., relative survival
through the molting season is the same for molting and nonmolting
crabs!. Methods used in this paper do not, however, allow any assess-
ment of errors of estimation, an important advantage of the methods
developed by Mohr and Hankin �989!.
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Size

Figure i. Simplified representation of the process of estimating size-spe-
cificc molting probabilities from shell condition data, following
Mohr and Hankin �989!. Panels A and B show hypothetical size
frequency distributions of not molted and molted crabs based on
postseason indicator data. If moltincrements are assumed con-
stant, then Panel C shows the premolt size distribution of mo ted
crabs, constructed by shifting the molted frequency distribution
to the left by a fixed factor, delta. Finally, summed frequencies
of not molted crabs and premolt size frequencies of molted
crabs allow estimation ofinterval-specific molting probability as
the proportion of an interval thatis shaded, as in Panel D.
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Results

Discussion
Substantial interannual variation in size-specific molting probabilities
has been previously documented in commercially important crustacean
populations. For example, Balsiger �974, Figures 3.13, 3.14, 3.15! con-
structed graphs suggesting that size-specific molting probabilities of
Alaskan red king crab  Paralithodes carntschaticus! were substantially
less during the period 1966-1969 than during the period 1954-1961,

Observed size frequency distributions of molted and nonmolted adult
female Dungeness crabs collected during 1982 and 1983 were similar to
one another and provided substantial evidence that molting failure was
most prevalent among females with carapace widths in excess of 140
mm  Figures 2 and 3!. When 1983 data were used to estimate size-spe-
cific molting probabilities using the full methods of Mohr and Hankin
�989!, a steep decline in molting probabilities from approximately
100% molting for carapace widths less than 135 mm to effectively 0%
molting for carapace widths greater than 155 mm was noted  Figure 4!.

Size frequency distributions for molted and nonmolted female crabs
collected during 1993, 1994, and 1995  Figures 5, 6 and 7! were similar
to those for 1982 and 1983. Relatively large numbers of nonmolted
crabs were observed in each of these years and most of these crabs ex-
ceeded 135-140 mm carapace width. Very few nonmolted females were
observed during 1992, however, suggesting that most females may have
molted during that year  Figure 8!.

Projection of premolt size frequencies of female crabs during 1992-
1995 required fitting of linear regressions of premolt CW  Y! against
postmolt CW  X! based on laboratory-generated records of premolt and
postmolt sizes  Table 1!. Although estimated intercepts and slopes of re-
gression lines have varied substantially, plots of premolt vs postmolt
CW regression lines have been similar and have suggested that interan-
nual variation in size-specific molt increments has been relatively small
 Figure 9!.

Superimposed size frequency distributions of projected premolt
carapace widths of molted crabs compared to total frequencies of molt-
ed and nonmolted crabs confirmed that data collected during 1993,
1994, and 1995 conformed to the kind of size-dependent decline in
size-specific molting probabilities calculated previously by Mohr and
Hankin �989!. In these three years, almost all crabs with carapace
widths less than about 130 mm were destined to molt, but then propor-
tions of molting crabs declined rapidly to near zero for crabs with pre-
molt carapace widths exceeding 150 mm  Figure 10, 11, 12!. In contrast,
almost all crabs molted during 1992 with the minor exception of crabs
with premolt carapace widths exceeding about 150 mm  Figure 13!.
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Figure 2. Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California, Janu-
ary-March 1982, based on shell condition observations.
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Figure 3. Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California, May
1983, based on shell condition observations.
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Figure 4, Estimated size-specific molting probabilities of adult fernale Dunge-
ness crabs in northern California based on application of the complete
methods of Mohr and Hanki n �989! to shell condition data displayed
in Figure 1. Smooth curve is a fitted logistic model.
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Figure S. Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California, June-
July 1 993, based on shell condition observations.
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Figure 6. Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California,
June-July 1994, based on shell condition observations.
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Figure 7. Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California, June-
July 1995, based on shell condi tion observations,
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Figure 8, Size frequencies of molted and not molted adult female
Dungeness crabs sampled near Trinidad, California, June-
July 1992, based on shell condition observations.
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Summary statistics for fitted linear regressions
of premolt carapace widths  Y! against postmolt
carapace widths  X! for adult female Dungeness
crabs in northern California.

Table l.

Sample size Intercept Slope R'Year

0.9453

0.9504

0.9725

0.9784

0.8824

� 16.4594

-31.1225

� 29.0725

-36.5341

� 9.8010

1981

1982

1992

1993

1995

102

144

178

86

155

1.0178

1.1111

1.1023

1.1635

0.9620

Based on tag recovery data �981, 1982! and/or laboratory generated molt incre-
ments �981, 1982, 1992, 1993, 1995!.

Balsiger �974! and later McCaughran and Powell �977! also proposed
that size-specific molting probabilities were conditioned on prior molt-
ing history: crabs that had previously failed to molt had greater size-
specific molting probabilities than those that had molted during the
most recent molting season, Fogarty �986! presented evidence that an-
nual molting probabilities declined with increasing CW of male and fe-
male American lobsters and he investigated the possible effects of
temperature on fishery yields, in part through alteration of molting
probabilities,

For female Dungeness crabs in northern California, it appears that
interannual variation in size-specific molting probabilities must make a
larger contribution to interannual variation in size at age than does in-
terannual variation in size-specific molt increments. Premolt CW could
be accurately predicted from postmolt CW in each of five years, and in-
terannual variation in location of regression lines  and therefore in size-
specific molt increments! was relatively small. In contrast, interannual
variation in size-specific molting probabilities appears large. Although
size-specific molting probabilities of adult female Dungeness crabs ap-
pear to "typically" exhibit a strong size-dependent decline from approxi-
mately 100% at CW < 130-135 mm to approximately 0% at CW > 155 mm,
it is nevertheless apparent that almost all females molted during 1992.
This suggests to us that some key environmental variable may have
caused unusual levels of molting during that year.

Based on published literature, the single environmental variable
that seems most likely responsible for observed variation in size-specif-
ic molting probabilities appears to be water temperature  Caddy 1987,
Justo et al. 1991!. Unfortunately, the number of years for which we have
estimates of size-specific molting probabilities is still too short � years
total! to justify examination of any correlations between size-specific
molting probabilities and environmental variates. Until we have a longer
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Figure 9. Fitted premolt-postmolt CW regression
lines for adult female Dungeness crabs
near Trinidad, California, in 1981, 1982,
1992, 1993, and 1995. Sample sizes for re-
gressions are indicated on figure.
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Figure 10. Reconstructed premolt size frequencies of
crabs destined to molt superimposed on size
frequencies of crabs that were not molted
based on postmolt shell condition observa-
tions collected near Trinidad, California,
June-July 1993. For Figures 10-13, premolt
sizes are predicted from a regression of pre-
molt CW against postmolt CW. No adjust-
ments are made for the possibility that
surviva! rates for molting crabs may be less
than those for nonmoiting crabs.
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Figure 11. Reconstructed prernolt size frequencies of crabs des-
tined to molt superimposed on size frequencies of
crabs that were not molted based on postmolt shell
condition observations collected near Trinidad, Cali-
fornia, June-July 1994.
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Figure 12. Reconstructed premolt size frequencies of crabs des-
tined to molt superimposed on size frequencies of
crabs that were not molted based on postmolt shell
condition observations collected near Trinidad, Cali-
fornia, June- July 1995.
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Figure l3. Reconstructed premolt size frequencies of crabs destined to molt super-
imposed on size frequencies of crabs that were not molted based on
postmolt shell condition observations collected near Trinidad, Ca!ifor-
nia, june-July l992.

time series of molting probability estimates, we will resist the tempta-
tion to speculate.

Although postseason indicator methods in principle allow estima-
tion of size-specific molting probabilities, the methods of Mohr and
Hankin �989! do require specification of the ratio of survival rates
through the molting season for molting as compared to nonmolting
crabs. Because softshell crabs are more vulnerable to predation than
hardshell crabs, it is reasonable to assume that this ratio has a value
less than one. For the very largest adult female Dungeness crabs that
may be close to physiological senescence, it is not inconceivable that
survival rates through molting are extremely low, If this were the case,
then postseason estimates of molting probabilities, based on assumed
ratios, could be seriously biased due to the discrepancy between true
and assumed survival ratios, In the most extreme situation, for example,
if a large fraction of all females > 155 mm CW molted but all such fe-
males died while molting, no larger molted crabs would be observed
and estimated size-specific molting probabilities would be zero for
crabs > 155 mm CW.
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In our current research we propose to develop a reliable premolt in-
dicator of molting in female Dungeness crabs. Classical molt staging
methods developed by Drach �939! have been applied previously to
various mouth parts of commercially important crustaceans  e.g., Mori-
yasu and Mallet 1986, O'Halloran and O'Dor 1988 � snow crab, Chiono-
ecetes opilio!, but there are no published accounts of application of such
methods to female Dungeness crabs. The most protnising structure for
use as a premolt indicator in Dungeness crab appears to be the branchi-
al epipod of the first maxilliped  Armand Kuris, Univ. Calif., Santa Bar-
bara, CA, pers. comm.!.

If we are successful in our attempt to develop reliable molt staging
methods for female Dungeness crabs, then we will estimate size-specific
molting probabilities from samples of crabs collected prior to the molt-
ing seasons in 1996 and 1997. From such sample data, estimates of
size-specific molting probabilities may be easily calculated as the frac-
tion of crabs within a given CW interval exhibiting late premolt molt
stages  D, or perhaps D, through D,!. Comparison of the preseason esti-
mates of size-specific molting probabilities with corresponding postsea-
son estimates in principle allows estimation of the unknown survival
ratios of molting as compared to nonmolting crabs  Mohr and Hankin
1989, Appendix B, p. 1830!. Finally, in collaboration with E. Chang, Univ.
Calif., Davis, CA, we are currently exploring the possible connections be-
tween size-dependent declines in molting probabilities and production
of molting hormones.
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Reproductive Conditions,
Fecundity, and Size at Maturity
for the Arctic Lyre Crab  Hyas
coarctatus! in the Eastern
Bering Sea
Jan A. Haaga and Bradley G. Stevens
Nationa! Marine Fisheries Service

Kodi ak, Alaska

Abstract
The arctic lyre crab  Hyas coarctatus! is common throughout the eastern
Bering Sea and many shallow water tnarine habitats, but very little litera-
ture exists for this species. Eight hundred ninety-five crabs of both sex-
es and various maturity conditions were collected during the National
Marine Fisheries Service trawl surveys in 1992, with another 132 collect-
ed in 1993 for additional fecundity studies. Carapace lengths and shell
conditions were recorded on all crabs, and chela heights were recorded
for males. Measurements of the fifth abdominal segment, egg condition,
and clutch size were recorded for females. Clutches were removed from
females with newly extruded, uneyed eggs for fecundity detertnination.
Using a cotnputer program developed by Somerton �980! the size at
50% maturity for males was estimated to be 49.8 mm, In our sample 53%
of the mature individuals above 55 mm had new shells indicating that
most of the mature males had recently molted to maturity. Mean size at
maturity for females is 39.7 mm. Fecundity ranged from 692 to 44,148
eggs and is strongly correlated with size, but oldshell females exhibit a
wider range of fecundity. Oldshell females produce 60% more eggs than
newshells of similar size; predicted fecundity for an average-sized fe-
male is 8,615  newshell! or 13,757  oldshell!. Evidence suggests a bien-
nial reproductive cycle for a portion of this population.
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Changes in Carapace and Chela
Measurements of Functionally
Mature Male Chionoecetes bairdi
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AJ. Paul and J.M. Paul
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Abstract
Laboratory observations with functionally mature male Chionoecetes
bairdi proved that they can molt. Forty-six males with carapace widths
 CW! < 119 mm copulated with primiparous mates in the laboratory and
then molted. Seventeen males 110 to 139 mrn CW copulated with multi-
parous females in the laboratory and then molted. This report provides
the measurements of initial and postmolt carapace width and chela
height so other researchers can have access to the data.

Introduction
The ability of functionally mature males of the genus Chionoecetes to
molt, and the relationship of chela size to maturity, are topics about
which there has been much recent discussion  Paul and Paul, in press!.
Conan and Comeau �986! concluded that to be mature, male C. opilio
required "a special molt, which coincides with the differentiation of the
claw for grabbing the female."

Our observations on Tanner crab  Paul and Paul 1995! show males
do not have to be in a terminal instar, or reach their maximum claw size,
to be functionally mature. Those experiments were designed to deter-
tnine if functionally mature tnale C. bairdi could molt, to identify the
changes in chela height  CH ! and CW if growth occurred. This data re-
port provides the measurements of initial and postmolt carapace width
and chela height.
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Materials and Methods
Males with multiparous mates
Males found grasping multiparous mates in nature are typically > 110
mm CW  Stevens et al. 1993!. Males of this size were captured with a
small otter trawl, fished at 30 to 60 m depth in Kachemak Say, lower
Cook Inlet. These males were transferred directly to the Seward Marine
Center laboratory. Seventeen males with CW 110-139 mm from this area
copulated with multiparous mates in the laboratory and later molted.
Their CW and CH measurements were taken to the nearest millimeter.

Male crabs were held communally in running seawater tanks � m x
4 m x 0.5 m deep! with a water exchange rate > 100% per hour. There
were 11 or 12 crabs per tank. The intake for the seawater is at a depth of
80 m, well below the 20 m summer pycnocline in the fjord. Thus, the
laboratory had a temperature and salinity regime suitable for holding
crabs. Salinity ranged between 31 and 34 ppt and the seawater tempera-
ture range was 4-9'C. All captive crabs were fed twice per week, primari-
ly chopped Pacific herring  Clupea harengus pallasi! and other fish
species.

Males with primiparous mates
In the laboratory, we made 46 observations of growth in CW and CH in
male Tanner crab that copulated with primiparous mates. All the crabs
in this experiment with primiparous females were trawled near Homer,
Alaska, in 30 to 60 m of water. This information was gathered over sev-
eral years. The thermal and salinity records under which they were held
were not available.

Results and Discussion
The premolt and postmolt measurements of CW and CH for the 15
males that molted after copulating with multiparous mates is listed in
Table 1. The CW and CH measurements for the small mature males that
fertilized primiparous mates is listed in Table 2.

In situ observations noted that most male C. bairdi grasping multip-
arous mates had CH/CW ratios > 0.17 and their CH > 17 mm  Stevens et
al. 1993!. The researchers concluded that a C. bairdi male with measure-
ments equal to or greater than these values was "morphometrically ma-
ture"  Stevens et al. 1993!. In the laboratory some crabs that copulated
with multiparous mates and then molted had initial CHgCW ratios > 0.17
and 1009' had CH > 17 mm. Thus, by the criterion set forth by Stevens
et al. �993! which assigns morphometric maturity to males with CH/CW
ratios ! 0.17, it appears "morphometrically mature" males molt. How-
ever, it could be argued that using the ratio of CH/CW is not a valid
method to assign morphometric maturity; rather models of CH vs. CW
should be used. Data on the relationship between CH and CW for males
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Changes in carapace width and cheka
height of male Chionoecetes buirdi that
had copulated with multiparous mates
and later molted  mm!.

Table l.

110 132 18 25

119 134 21 26

143 20 31123

146 25 35125

3430126 147

24 34126 147

21129 152

130 150 30 38

149 21 31131

159 24 40132

156 28 37134

29 37155134

159 21 35134

158 27 30135

31 40162139

143 20 31123

21 26134119

Initial
carapace
width

Postmolt
carapace

width

Initial
chela
height

Postmolt
che la
height
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Table 2. Changes in carapace width and chela
height of male Chionoecetes bairdi that
had copulated with primiparous mates
and later molted  mm!.

54 65

55

6857

107159

1059

70 1059

7059

1060 72

1061

1062 74

7664

77

128370

1286 1073

128975

100 1482

104 2084

102 12 1584

12105 1986

104 12 1586

12105 1786

104 12

12109 1889

119 12 2191

12109 1692

14 2094 114

2497 118 14

Initial
carapace
width

Postmolt
carapace

width

Initial
chela
height

Postmolt
che la

height
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Table 2.  Continued.!

11298 15 18

100 115 15 20

100 124 16 23

20104 111 15

104 126 16 25

125 16 22105

105 128 17 27

23105 121 15

106 122 15 23

109 130 16 22

110 132 25

110 132 16 25

112 131 19 25

118 130 18 26

2621119 134

Initial
carapace
width

98

100

101

104

Postmolt
carapace

width

112

116

116

127

Initial
chela
height

15

15

15

15

Postmolt
chela
height

18

21

21

22
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from the Cook Inlet study area needs to be gathered prior to making this
determination. Currently, only CW measurements are available for males
from Cook Inlet. This data report has been prepared so some new CH
growth data would be available to researchers interested in studying
molting and morphometric maturity.
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Abstract
An exploited, coastal population of Chionoecetes opiiio in the northwest
Gulf of Saint Lawrence has been monitored annually since 1988 to re-
solve the nature of recruitment variability. The beam trawl used to sam-
ple the population retains all benthic growth stages and has provided a
clear picture of recruitment patterns. Our time series and prior histori-
cal data indicate that the population alternates groups of strong and
weak year classes, which recur approximately every 8 years. Each year
class impacts the spring fishery about a decade after settlement, which
represents the minimum time to grow to the legal size of 9S mrn cara-
pace width and harden after molting, Year-class strength is determined
soon in ontogeny, suggesting that settlement intensity and/or early sur-
vivorship are critical. The cycle is apparently endogenous and may re-
sult primarily from negative, density-dependent interactions between a
settling age class and age classes established in the preceding 6 years.
Cycles cause striking changes in population features, due to the exist-
ence of a terminal molt to adulthood for both females and males, to
marked intrasexual differences in size/age for recruitment to adult-
hood, and to limited life expectancy after terminal molt. The size, condi-
tion, and maturity composition of both sexes are affected, and marked
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fluctuations occur in adult sex ratio and female spawning biomass. Cy-
cles may be reflected in the fishery by periodic shifts in the maturity
and size composition of legal-sized males and in catch rates and land-
ings. The implications of endogenous population cycling for the re-
source and for fishery management are discussed.

Introduction
The fishery
Snow crab  Chionoecetes opilio! has been fished commercially in eastern
Canada since the late 1960s  Elner and Bailey 1986, Bailey and Elner
1989!. The C. opilio fishery has expanded into a major exploitation, with
199S landings of = 60,000 metric tons valued at = 325 million U.S. dol-
lars U. Boucher, Division des services economiques, Ministere des Pech-
es et des Oceans, Quebec, pers. comm.!. Fishery management is based
on resource conservation and catch allocation measures  Miller 1976, El-
ner and Bailey 1986!. Important conservation measures that have been
enacted over the years are the prohibition to land females, a minimum
size of 95 mm carapace width  CW!, a provision to close the fishery
when the quantity of soft-shelled crabs becomes too high, and total al-
lowable catches  TACs!.

Since the fishery's inception, catch rates and landings of C. opilio in
the Gulf of Saint Lawrence have fluctuated markedly over time, follow-
ing a pattern described as "boom and bust"  Hare and Dunn 1993!. After
an initial exploratory phase from 1965 to 1975, the overall trend was
one of �! increasing catch rates and landings until 1982, �! high catch
rates and landings from 1983-1986, �! a fishery collapse from 1987-
1990 in the southwest Gulf and from 1988-1989 in the north Gulf, fol-
lowed by �! an increase in catch rates and landings until 1994
 Chiasson et al. 1992, Hare and Dunn 1993, Dufour 1995!. The 1976-
1982 increase in landings has been attributed to fishery expansion and
increased effort and efficiency  Chiasson et al. 1992!, while the precipi-
tous decline in catch rates and landings in 1987-1990 has been attribut-
ed to overfishing Uamieson and McKone 1987, Hare and Dunn 1993,
Jamieson 1993!.

The C. opilio fishery collapse prompted major research efforts in the
southwest and north Gulf of Saint Lawrence  Science Branch 1995, Cam-
irand in press!. In the north Gulf, a multidisciplinary research program
entitled GROCRABE  a French acronym for Genetics, Reproduction and
Ontogeny of Snow Crab! was initiated at the Maurice Lamontagne Insti-
tute in 1989. The program's goal was to improve knowledge of growth,
reproduction, and interannual recruitment variability for C. opilio, and
to develop the tools necessary for short- and long-term forecasts of pop-
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ulation trends, in order to implement management strategies which
might promote stock recovery pIus biological and economic stability.

Growth and reproduction
A deeper appreciation of growth and maturation processes in C. opilio
has emerged through these research efforts. In males, complete matura-
tion occurs in three successive developmental stages  Comeau and Con-
an 1992!, which we term immature, adolescent, and adult  Sainte-Marie

et al. 1995!. Immature males are physiologically immature; adolescent
males are physiologically mature but have undifferentiated chelae; and
adult males have acquired all primary and secondary sexual characters
including differentiated chelae. Other investigators have used the terms
"small-clawed," "morphometrically immature," or "juvenile" to designate
immature and/or adolescent males, and "large-clawed," "morphometri-
cally mature," or "mature" to designate adult males. The passage from
the adolescent to the adult stage occurs at a terminal molt  O'Halloran
1985, Conan and Comeau 1986, Yamasaki and Kuwahara 1991, Sainte-
Marie and Hazel 1992, Sainte-Marie et al. 1995!. Adult males belong to
one of six post-settlement instars  IX to XIV! and may vary in size from
40 mm to 162 mrn CW  Sainte-Marie et al. 1995, Sainte-Marie unpubl.
data!. Thus, only a fraction of immature males in a population eventual-
ly reaches the legal size of 95 mm CW and recruits to the fishery. Cara-
pace aging by radioisotopes suggests that males do not survive for more
than 4 years after terminal molt  Comeau et al. 1991!, but an ongoing
tag-recapture study of a commercially unexploited population indicates
that longevity may reach 5-6 years  Sainte-Marie and Dufour 1994,
Sainte-Marie unpubl. data!. It has been estimated that the hard-shelled
adult males with clean or lightly fouled carapaces which are exploited in
spring fisheries are mainly 1-3 years postmolt age; thereafter, the ap-
pearance, overall condition, and catchability of males deteriorate rapid-
ly and they may be lost for the fishery or retain little market value
 Sainte-Marie and Dufour 1994!.

Female C. opilio follow a growth-maturation trajectory similar to
that of males, and can be separated into immature, maturing, and adult
stages  Alunno-Bruscia 1993!. Females undergo a terminal molt before
becoming reproductively active  Watson 1972!, Adult females vary in
size from 39 mm to 85 mm  and exceptionally to 95 mm! CW, and ac-
cording to Alunno-Bruscia �993! belong to one of three post-settlement
instars  IX to XI!. For coastal populations, the maturity molt and first
mating of females occur in shallow waters frotn January to April, while
multiparous females may re-mate in shallow to deep waters from April
to the end of June  Moriyasu et al. 1987, Ennis et al. 1990, Sainte-Marie
and Hazel 1992, Lovrich et al. 1995!. Recent studies have revealed the
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intricacies and plasticity of C. opilio mating, which involve both adoles-
cent and adult males  Elner and Beninger 1995, Sainte-Marie et al. in
press!. Ovaries and egg clutches of adult females may develop synchro-
nously over a period of one  Watson 1969! or two  Kanno 1987, Sainte-
Marie 1993! years, probably depending on temperature  Mallet et al.
1993!. Eggs of primiparous females  first spawning! are = 23% fewer per
clutch, but are = 3% larger each, than those of similar-size multiparous
females  Sainte-Marie 1993!,

Chionoecetes opilio larvae hatch mainly from May to June and devel-
op in the plankton for 3-5 months, settling between late August and the
end of October  Robichaud et al. 1989, Conan et al. 1992, Lovrich et al.
1995!. Subsequently, the molting frequency of C. opilio is approximately
semiannual for instars I  = 3.2 mm CW! through V  = 14 mm CW! and
generally annual for larger immature and adolescent males, as well as
for larger immature and maturing females  Alunno-Bruscia 1993, Sainte-
Marie et al. 1995!. The intermolt period for some adolescent males may
extend to 2-3 years  Comeau et al. 1991, Sainte-Marie et al. 1995!, but
the prevalence and causes of this phenomenon remain undetermined. In
the north Gulf, males that reach the legal size are at least 8.7 years of
post-settlement age, and another year must elapse before they fully re-
cruit to spring fisheries  Sainte-Marie et al. 1995!, Adult females are at
least 5.7-7.7 years of post-settlement age  Alunno-Bruscia 1993!.

Materials and Methods
The corpus of data used in this study comes from an annual beam trawl
survey of the C. opilio population in Baie Sainte-Marguerite  approxi-

Research into recruitment patterns
In 1989, as part of the GROCRABE research program, annual monitoring
was initiated for the C. opilio population in Baie Sainte-Marguerite, north-
west Gulf of Saint Lawrence, to evaluate the magnitude and causes of in-
terannual changes in recruitment. The Baie Sainte-Marguerite population
has been exploited continuously since 1977 and in recent years has sus-
tained some of the highest yields per unit area of the north Gulf of Saint
Lawrence  Sainte-Marie 1993!. Fortuitously, Baie Sainte-Marguerite and
surrounding localities were targeted by sporadic but intensive fisheries
as early as 1968 and by research surveys as early as 1980  Lafleur et al.
1984, Brethes et al. 1987!, so prior historical information exists on the
fishery and population size structure. In this paper, we describe tempo-
ral changes in the abundance, size structure, and maturity composition
of C. opilio in Baie Sainte-Marguerite and relate these to fishery perfor-
mance. Recent and historical data suggest that recruitment to popula-
tion and fishery have followed an = 8-year cycle over the past 25 years.
We briefly discuss the possible causes of cyclic recruitment and empha-
size its implications for the C. opilio resource and fishery.
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mately 50'06'N, 66 35'W!. Information on the study site, sampling and
sorting procedures, measurements, determination of maturity for males
and females, and general terminology is provided in Sainte-Marie �993!
and Sainte-Marie et al. �995!. Brief1y, in late April or early May of each
year since 1989, three or more randomly selected sites were sampled in
each of three depth strata, shallow �-20 m!, intermediate �0-80 m!, and
deep  80-140 m!. In 1988 sampling was conducted during late March
only in the shaHow depth stratum. Sampling was also carried out in Oc-
tober 1991, 1993, and 1994, but it did not follow the regular depth-
stratified sampling scheme. Crabs were collected with a 3-m beam trawl
fitted with heavy tickler chains to dislodge buried animals and with
15-mm mesh netting in the codend. Crabs < 10-15 mm CW were re-
tained once the mesh became occluded with debris and organisms.
Tows lasted 5-20 min at 2.5-3 m/s and positions at start and end of tow
were recorded to determine the surface area sampled by the trawl. Size
frequency data were also available for C. opilio in the Riviere-au-Ton-
nerre district, neighboring Baie Sainte-Marguerite, from a trawl and a
dredge survey conducted in July 1982  Brethes et ai. 1987! and July
1986  Rejean Dufour, Institut Maurice-Lamontagne, unpubl. data!, re-
spectively.

The quality and quantity of information derived from samples of C.
opilio changed over time. In all years, individuals were sexed on the ba-
sis of abdomen shape, except those < 6-7 mm CW which were recorded
of indeterminate sex since they could not be determined by visual ex-
amination alone. From 1982 to 1988 the CW of all crabs was measured
to the nearest 1 mm using a modified vernier caliper, and chela height
was measured for males in 1986. After 1988, the CW of all crabs and the
chela height of males were measured to the nearest 0.1 mm using a non-
modified vernier caliper. Starting in 1991, exoskeleton condition was
scored 1  clean-soft!, 2  clean-hard!, 3  intermediate!, 4  dirty-hard! or 5
 dirty-soft! according to criteria in Sainte-Marie �993!. These scores re-
flect progressive change and deterioration of the exoskeleton with time
elapsed since the last molt  Sainte-Marie and Dufour 1994!. In 1986 and
1989-1995, males > 35 mm CW were classified as adolescent or adult us-
ing CH and CW measurements and a site-appropriate discriminant func-
tion  Sainte-Marie and Hazel 1992!. Similarly, females were classified as
immature/maturing or adult on the basis of the relative width of their
abdomen, Starting in 1991, adult females were designated primiparous
or multiparous based on exoskeleton condition and presence of mating
scars. Primiparous females had a clean-soft, clean-hard, or intermediate
exoskeleton, usually had no or only faint mating scars, and usually car-
ried eggs. Multiparous females had an intermediate, dirty-hard, or dirty-
soft exoskeleton, usually had conspicuous mating scars, and usually
carried eggs. The abdomens of adult females were examined for the
presence of eggs or egg remains, which we classified either as orange
eggs, dark-orange eggs with developing eyespots, purple eggs with well
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developed eyes  i.e., nearly ready to hatch!, degenerating eggs, or egg
shells  Sainte-Marie 1993!.

Size frequency distributions based on log�CW were derived for C.
opilio in each tow sample from the 1989-1995 spring temporal series,
standardized to a constant surface area, and then combined by year to
produce an overall size frequency distribution that was weighted for
sampling effort and total surface for each depth stratum. The resulting
histograms represent the number of million crabs per size class of 0.02
log units and are directly comparable across years. Calculation of mean
CW and mean exoskeleton condition was based on weighted frequency
distributions for CW and exoskeleton condition. Pre-1989 surveys were
qualitative and resulting distributions of Iogyp CW are presented as the
smoothed frequency of crabs per size class of 0.02 log units. Analyses
usually excluded C. opilio of instars I and II  < 5.6 mm CW! as trawl sam-
ples may misrepresent their abundance.

The operational sex ratio  Emlen and Oring 1977! was calculated as
the quotient of abundance of either primiparous or multiparous females
on abundance of adult males. Multiparous females were considered only
when they carried purple eggs or egg shells, because only those females
would be susceptible to tnate in a given year after the spring survey.
Adult males with clean-soft exoskeletons were excluded from calcula-
tion of sex ratio since they reportedly do not participate in mating
 Moriyasu and Conan 1988!. Separation of the two adult female types for
calculation of operational sex ratio is justified by temporal segregation
of breeding for each female type  Moriyasu et al. 1987, Sainte-Marie
1993! and hence, lack of direct competition for male mates. However,
the resulting operational sex ratios are probably slanted in favor of
males because breeding of pubescent-primiparous and multiparous fe-
males occurs on separate and distant grounds  Sainte-Marie and Hazel
1992, Lovrich et al. 1995!, so in effect not all adult males are available
to mate with both types of adult females.

Catch rate and size structure for C. opilio in the commercial fishery
were obtained from logbooks for Bale Sainte-Marguerite or for a larger
management area  zone 16! including our study site. A catch rate was
derived for each of the two most widely used traps  small conical and
large rectangular! by computing the mean of the quotients of known
catch on known effort over the 31 March to 31 July period for soak
times of 1, 2, and 3 days. Total fishing effort with each trap type varied
among years, but over the 1986-1995 period for which reliable data
were available, the two trap types together caught = 83.1% of C, opilio.
Interannual trends in catch rate for individual trap types were similar,
but we present below only the average of the mean catch rate for each
trap type with missing values in years when both traps were not used.
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Results

Popalation dynamics
Conspicuous tnodes were apparent in the size frequency distributions
of C, opilio in all years  Figures 1, 2, and 3!. For figures 1 and 2, size fre-
quencies for non-quantitative surveys conducted from 1982 to 1988
and for quantitative surveys conducted from 1989 to 1995 are present-
ed respectively as the relative frequency of crabs and absolute abun-
dance of crabs per size classes of 0.02 units of log�CW, Numbers
beneath modes represent year classes, occasional numbers above
modes represent maximum frequency or abundance, and the vertical
dashed line represents the minimum legal size of 95 mm carapace
width.

Modes were more pronounced at smaller than larger sizes, and for
pre-adult than adult individuals  Figures 1 and 2!. Adult males occurred
in at least 5 modes while adult females were concentrated essentially in
1-3 modes, depending on year. For sublegal C. opilio we assigned indi-
vidual modes to an instar and a year class using the growth model in
Sainte-Marie et al. �995!, assuming that the fraction of individuals that
does not molt annually is negligible. For C. opilio < 20 rnm CW, modes to
which no year class was assigned may be composed of individuals be-
longing to either or both of the year classes assigned to flanking modes.
Obviously, adults from several consecutive year classes may accumulate
in a given size class.

There were marked variations in the strength of successive year
classes represented in the population from 1989 to 1995. The 1985-
1987 year classes were the weakest, each with at least one order of mag-
nitude fewer individuals than each of the year classes in the 1981-1984
and 1988-1992 periods  Figures 1 and 2!. The 1988 partial survey of
Sale Sainte-Marguerite also showed the 1985-1986 year classes to be
weak. The 1982 and 1986 surveys for grounds neighboring Baie Sainte-
Marguerite further revealed that the 1977-1979 year classes were rela-
tively weak  Figures 1 and 2!. Successive weak year classes form a
"recruitment trough," while the interspersed year classes of moderate to
strong importance represent a "recruitment wave"  Sainte-Marie and Du-
four 1995!.

Upon reaching instar VI  = 20 mm CW!, year classes in both the
1985-1987 trough and 1988-1992 wave progressed toward larger sizes
at a tempo of one molt per year  Figures 1 and 2!. The spring time series
indicated that the strength of a year class with respect to other year
classes was established before the end of the second year of benthic life
and was subsequently conserved until recruitment to adulthood was ini-
tiated. The 1993 and 1994 fail surveys  Figure 3! showing a paucity of C.
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population from l 988 to i 995 and in the neighboring Riviere-au-
Tonnerre population in 1982  Brethes et al. 1987! and 1986  R. Dufour,
Institut Maurice-Lamontagne, unpubl. data!. Hatched areas represent
males of unspecified maturity, gray areas represent immature and
adolescent males, and black areas represent adult males. Refer to text
for further details,
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guerite population from l988 to 1995 and in the neighboring Riviere-
au-Tonnerre population in 1 982 and 1986. Hatched areas represent
females of unspecified maturity, gray areas represent immature and
maturing females, and black areas represent adult females. Refer to
text for further details.
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ber 1991, 1993, and 1994. Size frequencies are
presented as the relative frequency of crabs per
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above modes represent year classes.
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opiiio < 4 mm and < 8 mm CW, respectively, suggest that the 1993 and
1994 year classes were also weak and that the relative strength of a year
class may be determined before, at, or soon after settlement.

As the 1985-1987 trough progressed toward larger sizes, the com-
position of the C. opilio population changed dramatically with respect to
sexual maturity  Figures 1 and 2!. Numerical dominance of the popula-
tion by adult females and adolescent and adult males in 1989-1990 was
completely reversed in favor of immature females and males in 1993-
1995. The recruitment trough had particularly striking effects on adult
females, as their numbers plummeted from 8.3 million in 1990 to 0.9
million in 1994. The decrease in the abundance of adult females can be
attributed to die-off from natural mortality, those adult females recruit-
ed massively around 1986-1988  i.e., the strong 1980-1982 year classes!
having reached their life expectancy after terminal molt, and to weak re-
cruitment from the 1985-1987 year classes. A reduction in the number
of adult males also occurred, from approximately 11.5 million in 1990
to 2.8 million in 1994, but the impact of the 1985-1987 trough was less
pronounced due to males recruiting to adulthood over a greater number
of instars and over a longer time period than do females. The slight re-
surgence in adult recruitment that occurred in 1994 was followed by a
burst in adult recruitment in 1995, as the first two year classes of the
1988-1992 wave contributed adult females and small adult males.

Recruitment waves and troughs caused the size structure of adult
females and males to change over time. The mean CW of multiparous fe-
males remained approximately constant from 1991 to 1994, varying be-
tween 54.4 mm and 56.1 mm, but decreased to 52.7 mm in 1995 after
recruitment of adult females resumed in 1994. The trend was more ob-
vious for primiparous females, whose mean CW decreased from 57.1
mm in 1991 to 50.3 mm in 1995. Mean CW of all adult males was rather
constant from 1989 to 1994, but in 1995 it dropped sharply  Figure 4!
as recruitment of small adult males resumed. However, over the same

time period, there was a regular and significant increase  r = 0.98,
P < 0.001! in the mean CW of legal-sized males  Figure 4!.

The condition of populations of adult females and males also
changed in response to varying levels of recruitment. The mean exoskel-
eton condition of adult females deteriorated through the 1991-1993 pe-
riod of weak recruitment, but ameliorated in 1994 as primiparous
females entered the population  Table 1!. The process of senescence was
most remarkable in multiparous females  Figure 5!, many of which were
barren or carrying few or degenerating eggs in 1993-1995. Mean exo-
skeleton condition of adult males < 95 mm CW also changed over the
years, decreasing from 1993 to 1995, but variation was more attenuated
than that seen in adult females  Table 1!. Changes were asynchronous
between two arbitrary size classes of sublegal adult males: mean exo-
skeleton condition peaked at 4.1 in 1992 for those of 40-67.5 mm CW
and at 3,6 in 1994 for those of 67.5-95 mm CW. This two-year lag proba-
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Figure 4. Mean carapace width for adult male Chionoecetes opilio in spring
beam trawl surveys conducted in Bale Sainte-Marguerite from
1989 to 1995.

bly reflects the fact that the smaller adult males recruited en masse to
the population before the intermediate-sized adult males. The exo-
skeleton condition of legal-sized adult males was less variable than that
of sublegal adult males and adult females, and showed no particular
trend, probably due to the fishery removing many terminally molted
males before they could age.

Qualitative and quantitative changes in the population of C. opilio
had at least four effects on reproductive processes. First, the burden of
reproduction shifted from young multiparous females in 1991 to primi-
parous females and senescing multiparous females in 1994-1995  Table
1, Figure 5!. Thus, the conclusion that primiparous females contribute
40% of larvae annually for populations with females having a biannual
reproductive cycle  Sainte-Marie 1993!, which was implicitly based on
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Mean ezoskeleton condition of adult males and females, ratio
of abundance of primiparous to multiyarous females, and
abundance of adult femaies hatching larvae for Chionoecetes
opilio in Baie Sainte-Marguerite from 1991 to l995.

Table l.

Adult males Adult females
Mean exoskeleton Mean Ratio of Number

condition exoskeleton primiparous  millions!
Year < 95 mm > 95 mm condition to multiparous producing larvae

1991 3.4 3 0 3.2 0.14 1.5

1992 3.5 2.6 3.7 0 0.4

1993 3.4 3,0 3,9 0.03 0.1

1994 2.7 2.8 2.6 2.69 0.2

1995 2.5 2,6 2.3 8.05 0.6

Mean exoakeleton condition: 2 = clean-hard, 3 = intermediate, 4 = dirty-hard,

the assumption that adult female recruitment is constant, must be cor-
rected, It is now clear that the relative contribution to reproduction of
both types of adult females cycles over the years, as inferred elsewhere
 Sainte-Marie et al, 1995, Elner and Beninger 1995!. Second, annual lar-
val production certainly fluctuated extensively and probably was at
least one order of magnitude less in 1993-1994 than in 1989-1991, ow-
ing mainly to a drastic reduction in the number of adult females contrib-
uting to the larval stock  Table 1!. The temporal change in the
composition of the female breeding stock, from young multiparous
 high individual fecundity! in 1991 to primiparous or senescing multipa-
rous  both have lower individual fecundity! in 1993-1994, would also
have contributed to reduce larval production even more. In this respect,
it is noteworthy that the failure of 1993-1994 year classes coincided
with the lowest female spawning stocks recorded over the 1989-1995
period  Table 1, Figure 2!. Third, the size composition of males in mat-
ing pairs can be inferred to have changed over the years, as has been
observed directly in Bonne Bay  Ennis et al. 1990, Comeau et al. 1991,
Conan et al. 1992!, in relation to the passing of troughs and waves of re-
cruitment. Fourth, marked changes in the operational sex ratio were
manifest for both primiparous and multiparous females. However, the
pattern of change in the operational sex ratio was dephased for primipa-
rous and multiparous females. For primiparous females the ratio shifted
from male- to female-dominated from 1991 to 1995  Figure 5!, while for
multiparous females it decreased from 0.85 in 1991 to 0.09 in 1994 and
then increased to 0.15 in 1995. Changes in the operational sex ratio and
size structure of breeding males imply that the levels of male competi-
tion for mates will vary considerably across the years, which may affect
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Figure 5. %tean exoskeleton condition � =intermediate, 4 = dirty-hard,
5 = dirty-soft! of multiparous females and operational sex ratio for
primiparous females  ratio abundance of primiparous females to
abundance of adult males excluding those soft-shelled! of Chiono-
ecetes opilio in spring beam trawl surveys conducted in Baie Sainte-
Marguerite from 1991 to 1995.

the quantity and quality of sperm that pritniparous females can acquire
for storage and future use in fertilizing egg clutches  Sainte-Marie and
Carriere 1995, Sainte-Marie et al. in press!. Over the 1996-1997 period,
the predictable rarefication of large adult males, much greater abun-
dance of adolescent and small adult males, and sharply female-biased
operational sex ratios, should favor breeding of small adult and adoles-
cent males with primiparous females and increase the proportion of
multiparous females relying on stored sperm to fertilize a new clutch of
eggs.
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Fishery
Changes in the abundance and size structure of the C. opilio population
were reflected in the Baie Sainte-Marguerite fishery. The impact of the
1977-1979 recruitment trough on the fishery was record low catch rates,
landings, and mean CW from 1987 to 1989  Figure 6A!. On the other
hand, the 1980-1984 recruitment wave caused catch rates, landings and
mean CW to increase markedly from 1990 to 1994, while the sharp de-
cline in catch rates which occurred as predicted in 1995  Sainte-Marie
and Dufour 1994, 1995! marked the entry to the fishery of the 1985-
1987 recruitment trough. The decrease in mean CW from 1986 to 1987
can be attributed to a decline in the abundance of the largest adult
males due to the combined effects of reduced recruitment, fishing, and
natural mortality. Consequently, from 1987 to 1988, the fishery depend-
ed on a trickle of yearly recruitment and in 1989 was closed premature-
ly owing to a massive entry of soft-shelled crabs that signaled a
resumption of fishery recruitment associated with the 1980-1984 wave
 Sainte-Marie and Dufour 1994, 1995!. The progression in mean CW of
adult males from 1990 to 1995  Figures 4 and 6B! may be explained by
growth of adolescents and recruitment of adults to increasingly larger
sizes in a context of relatively low exploitation rates and a heeded 1993
recommendation that legal-sized adolescent males be returned to the
sea  Sainte-Marie and Dufour 1994!. The progression in mean CW result-
ed in mean individual body weight increasing by 50.2% from 1990 to
1995  Figure 6B!. Over the 1986-1994 period, there was a significant cor-
relation between the mean CW of landed crabs and of crabs in fishery
trap samples  r = 0.74, P = 0.022!. Thus, interannual trends in catch rate
and landings reflect fluctuations both in the abundance and in the size
structure of legal-sized males.

Discussion

Pattern and geographical extent of recruitment
variability
The idea that recruitment to the C. opilio population and fishery follows
a cyclic pattern is not new  Somerton 1981, Coulombe and Nadeau 1985,
Comeau et al. 1991!. However, hitherto no population had been studied
across all body sizes sufficiently long in time to resolve the period for
cyclicity and provide insight into the underlying factors. Our present
data indicate that the C. opilio population in Baie Sainte-Marguerite has
been influenced by an = 8-year cycle with recruitment troughs for the
1977-1979, 1985-1987 and 1993-1994 year classes, and by recruitment
waves for the 1980-1984 and 1988-1992 year classes  Figures 1, 2, and
3!. Moreover, historical data provide evidence of a much longer record
of cyclic recruitment in the northwest Gulf of Saint Lawrence  Sainte-
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Figure 6. Chionoecetes opilioin management zone 16, which includes Baie
Sainte-Marguerite. A. Commercial catch rate and landings from
1986 to 199S. B. Mean carapace width and estimated mean indi-
vidual weight for males in commercial traps  at-sea sampling! from
1986 to 1994. Individual weight was estimated from the weight-
width relationship for males with new-hard shells given by Taylor
and Warren �991!.
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Marie and Dufour 1995!. After a period of intense exploitation in 1969-
1970 the fishery collapsed in 1971-1972 and was abandoned, and it was
thought that populations of C. opilio could not sustain intensive fishing
 Lafleur et al. 1984!. Exploitation resumed at very modest levels in 1977,
but catch rates and landings again slumped in 1981. These observations
suggest the existence of two other recruitment troughs �961-1963 and
1969-1971! which impacted the fishery 10 years later.

There is ample direct evidence to support the view that the alternat-
ing pattern of periods of weak and strong year classes is a widespread
phenomenon for C. opilio populations. In eastern Canada, trawl or trap
surveys have shown that coastal populations in Baie des Chaleurs  Cou-
lombe et al. 1985!, off northwest Cape Breton  Robichaud et al. 1989!, in
Bonne Bay  Comeau et al. 1991!, in the Estuary and northeast Gulf of the
Saint Lawrence  Sainte-Marie and Dufour 1994, 1995, Dufour 1995!, and
in the Saguenay Fjord  Sainte-Marie unpubl. data! all had none or very
few individuals in a size range representing a few specific and consecu-
tive year classes. Troughs in the size distribution of C. opilio are also
seen in the offshore population of the southwest Gulf of Saint Lawrence
 Loch et al. 1995!. In the eastern Bering Sea, trawl surveys have shown
extended troughs in the CW frequency distributions for both Chiorto-
ecetes bairdi and C, opilio  Somerton 1981!.

Indirect evidence for the existence of alternating groups of weak
and strong year classes may also come from commercial fishery data.
For example, C. opilio fisheries in the eastern Bering Sea  Somerton
1981, Otto 1990, Morrisson and Gish 1994, Stevens et al. 1994! and off
eastern Cape Breton Island  Tremblay et al. 1994! have long traditions of
fluctuating landings which have been related to periodic or sporadic re-
cruitment. Perhaps the most striking example comes from the seine
fishery in the Sea of Japan, where landings from 1973 to 1991 have os-
cillated with a period of about 8 years  Kon et al. 1993!. However, with-
out corroborating trawl surveys the connection between variation in
catch and year-class strength can only be conjectural. Alternative expla-
nations might exist; for example, Taylor et al. �994! attributed the
1982-1985 fishery coflapse off the Avalon Peninsula of Newfoundland to
a reduction in recruitment to legal size due to cold water inhibiting the
molting of sublegal males for several consecutive years.

Cycling populations of C. opilio appear to be in synchrony over
much of the Gulf of Saint Lawrence. In any given year and in most sites
where extensive CW frequency distributions are available for compari-
son with Baie Sainte-Marguerite, a good coincidence is seen in the range
of CWs and of presumed year classes for recruitment troughs and
waves. This can be inferred from examination of CW frequency distribu-
tions for coastal populations along the south and north shore of the
Saint Lawrence Estuary and all across the north Gulf  Dufour 1995; J.-C.
Brethes, Departement d'oceanographic, Universite du Quebec a Rimous-
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ki, Rimouski, Quebec, pers. comm.!, for the offshore population in the
southwest Gulf  Loch et al. 1995!, and even for the supposedly isolated
Bonne Bay population  Comeau et al. 1991!.

Possible causes

Predation and density-dependent processes have been invoked to ex-
plain missing size classes and changes in the abundance of C. opilio
populations. Although none of these hypotheses was developed to ac-
count for recruitment failure of early benthic stages, but rather empha-
sized population control in the late fishery pre-recruit stages, we briefly
review them before considering two other hypotheses which could ex-
plain recruitment failure early in ontogeny.

Early analyses by Bailey �982! suggested a negative relationship be-
tween abundance of cod  Gadus morhua!, a known predator of C. opilio
 Waiwood and Elner 1982, Robichaud et al. 1991!, and recruitment of C.
opilio to the fishery 3-6 years later. However, as the time series length-
ened it became apparent that changes in cod abundance were inconsis-
tent with major fluctuations of the C. opilio fishery  Elner and Bailey
1986!. The failure of 1993 and 1994 year classes of C. opilio reported
herein certainly cannot be explained by predation, as cod populations
 along with other groundfish! reached historical lows and have re-
mained depressed since the early 1990s  Chouinard and Frechet 1994!.
Nevertheless, this does not preclude a regulatory role for groundfish,
which in the past may have contributed to dampen fluctuations in fish-
ery recruitment or reduce populations of C. opilio by preying selectively
on the strongest year classes in a recruitment wave.

Large adult males of C. opilio have been suggested to regulate fish-
ery recruitment. Waiwood and Elner �982! proposed that prior to the
fishery populations of C. opilio were maintained in a stagnant phase by
larger males which monopolized niche space and restricted resources
available to pre-recruits. By removing large males, the fishery presum-
ably relaxed competition and allowed greater survival and/or faster
growth of pre-recruits, thereby contributing to increase stock productiv-
ity  also see Elner and Bailey 1986, Conan et al. 1992, Tremblay et al.
1994!. However, although this hypothesis may explain skip-molting  see
below!, it seems unable to account for the fact that year-class strength is
determined close to settlement time because large adult males are spa-
tially segregated from the early benthic stages  Lovrich et al. 1995!.
Comeau and Conan �992! suggested that the level of male recruitment
into the largest size classes is regulated by the abundance of large hard-
shelled adult males, through cannibalism of adolescent males at molt-
ing. This hypothesis cannot explain changes in the abundance of instar I
and, for coastal populations at least, is inconsistent with the fact that
premolt adolescent males segregate from large adult males by moving
to marginal grounds presumably for refuge from predation and canni-
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balism at molting  Comeau et al, 1991, Sainte-Marie and Hazel 1992,
Lovrich et al. 1995!.

Two nonexclusive density-dependent recruitment processes have
been proposed to explain the establishment of recruitment troughs for
C. opilio  Sainte-Marie and Dufour 1994, 1995, Sainte-Marie et al. 1995!.
The first emphasizes a role for cannibalism and resource limitation
 space and/or food! at or soon after settlement. Lovrich et al. �995! pro-
vided evidence that instars I-V are cryptic and tend to concentrate in a
narrow segment of the overall C. opilio habitat where, moreover, they
may depend on microhabitat offering refuge from predators. According
to this hypothesis, the limiting cryptic habitat becomes saturated
through successive settlements and subsequent settlers are cannibal-
ized by larger immature crabs or forced to use inhospitable grounds
where they are subject to high mortality rates. Successful recruitment to
the population would not occur again until the older year classes have
at least partially vacated the settlement grounds, through the onset at
instars VII-IX of annual migratory behavior and dispersal to deeper
grounds. Cannibalism on settlers has been suggested to regulate recruit-
ment in some decapod crustaceans  Botsford and Wickham 1978,
Stevens et al. 1982, Kurihara and Okamoto 1987, Zeldis 1989, Fernandez
et al. 1993!.

The second hypothesis is that recruitment troughs result from a
marked reduction in the supply of postlarvae, as they appear to be gen-
erated in years when female spawning biomass is at a minimum. Incze
et al. �987! found a positive correlation between the abundance of
adult females and larvae for C. opilio in 2 of 3 sub-areas in the southeast
Bering Sea over a period of 4 years. Using CW-fecundity relationships in
Sainte-Marie �993! and assuming local retention of larvae with a conser-
vative 99.9% mortality rate  Sale 1990!, we calculated that the 1993-1994
female spawning biomasses would have been largely insufficient to ac-
count for any of the strongest year classes which recruited to Baie
Sainte-Marguerite. However, in spite of that fact, we surmise that chang-
es in the female spawning biomass are mainly a consequence rather
than a cause of population cycles, Nevertheless, it is conceivable that
fluctuations in larval abundance reinforce cycling  positive feedback! of
major subpopulations, generate cycling in marginal populations depen-
dent on allopatric recruitment, and contribute to the phasing of subpop-
ulations within the Gulf of Saint Lawrence. These two last hypotheses
stem from the possibility that the geographic extent and intensity of lar-
val dispersal away from production zones may vary in proportion to lar-
val abundance, as suggested for some fish species  Frank 1992!.

The cycling of C. opiiio populations agrees with predictions of popu-
lation dynamic theory for iteroparous invertebrates subject to density-
dependent recruitment  Botsford and Wickham 1978, McKelvey et al.
1980, Botsford 1995 and references therein!. Endogenous cycles can
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Impiications for fishery management
Endogenous population cycling for C. opilio causes the number, size,
and quality of males to fluctuate over time  Sainte-Marie and Dufour
1994, 1995!. The imminence of a recruitment trough may be signaled by
a decline in the abundance of sublegal adolescent and adult males in the
fishery. As year classes in a trough recruit to legal size and there occurs
a depletion of accumulated commercial biomass through exploitation
and natural mortality, the fishery becomes increasingly dependent on
annual recruitment and this results in a reduction of the number and
mean CW of exploitable crabs and an increase in the proportion of soft-
shelled crabs at sea. When a recruitment wave approaches the legal size
the abundance of sublegal males both adolescent and adult increases
markedly, and as consecutive year classes in the wave recruit to legal
size there may occur an increase in the abundance and mean CW of le-

arise in populations if recruitment and/or abundance of one age group
declines in response to increasing abundance of older age groups. Popu-
lations where this occurs will cycle in abundance with a period of about
twice the difference in mean age between the age group being affected
and the age groups causing the effect. If the first post-settlement instar
�+ age group! represents the most vulnerable benthic life stage in C,
opilio  I ovrich et al. 1995!, and cannibalism on instar I is caused by sym-
patric instars III �+ age group! to IX �+ age group!, as observed by
Sainte-Marie and Sevigny  unpubl. data!, one would expect the popula-
tion to cycle with a period of = 7 years. However, in laboratory experi-
ments the mortality rate of first instar scales exponentially to cannibal
CW  Sainte-Marie and Sevigny unpubl. data!, so the relative contribution
of larger cannibals to population cycling could be more important than
that of small cannibals, thereby lengthening the cycle's period.

We have discounted the possibility that the environment plays a
role in generating cyclicity for C. opilio populations. It has been suggest-
ed that C. opilio year-class strength is related to varying levels of larval
survivorship resulting either from interactions between ice cover, inten-
sity of phytoplankton bloom, and success of match between larval re-
lease and bloom  Somerton 1982, but see Starr et al. 1994! or from
interactions between thickness and stability of the mixed layer and
availability of food resources at time of larval release  Incze et al. 1987!.
In our opinion, none of these effects could explain both the cyclic be-
havior of C. opilio populations and the convergence toward an 8-year pe-
riod for populations as distant as those of the Gulf of Saint Lawrence
and Sea of Japan. However, on the West Coast of the United States,
which is rather uniformly subjected to common environmental phenom-
ena  e.g., dominant winds and Davidson current!, wind forcing is con-
sidered to be one factor contributing to the cyclic fluctuations of Cancer
magister populations  Johnson et al. 1986, Hobbs et al. 1992, Botsford
and Hobbs 1995!.



Symposium on High Latitude Crabs 471

gal-sized males. If the exploitation rate is low as a wave fully recruits to
legal size, the increase in commercial biomass will be accompanied by
an increase in the proportion of legal-sized adult males with aged exo-
skeletons.

The extent to which symptoms of population cycles become mani-
fest to fishers and managers will depend on the cotnmercial biomass,
exploitation rate, and behavior of fishers. Low exploitation rates and
fishers' propensity to avoid areas with lesser quality crabs may all con-
tribute to mask the underlying cycles in C. opilio abundance and quality.
In this context, changes in catch rates and in the mean CW may be more
informative of real population trends than total landings and condition
of crabs  Tremblay et al. 1994!.

Recognition of the cyclic nature of C. opilio populations allows a dif-
ferent interpretation of historic fishery events than has been presented
so far. Hence, the decrease from 1979 to 1981 of the mean CW for males
landed in the southwest Gulf of Saint Lawrence  Bouchard et al. 1986!,
which was first attributed to intensive exploitation  Larnoureux and
Lafleur 1982!, probably reflected the impact of the presumed 1969-1971
recruitment trough. The subsequent increase in mean CW from 1982 to
1984  Coulombe and Nadeau 1985, Bouchard et al. 1986! is consistent
with the entry of a recruitment wave to the fishery. Finally, the fishery
collapse of 1987-1990 probably resulted mainly from the passing of the
1977-1979 recruitment trough, not from overfishing or mismanage-
ment, and the subsequent increase in commercial biomass primarily re-
flected recruitment to the fishery of the 1980-1984 recruitment wave.
The bottom line is that even in the absence of exploitation the biomass
of legal-sized male C. opilio will fluctuate extensively due to natural
mortality and changes in recruitment intensity and size structure, as is
the case for the unexploited adult females.

More important, our recent understanding of population dynamics
for C. opilio has permitted long-term prediction  = 10 years! of overall
fishery trends and provided new insight into the ways the resource
should be managed. Medium- to long-term prediction has afforded man-
agement and industry stakeholders the opportunity to plan investments
and develop exploitation strategies. For example, in 1994, while the ac-
cumulated commercial biomass was high but rapidly aging, and certain-
ly would be lost if not exploited, the prediction of a decline both in the
resource and in market value for 1996-1997 led representatives of the
north Gulf industry to request an increase in TACs in order to maximize
revenues before market prices and resource decreased. The finding that
populations fluctuate cyclically and that adult crabs cannot be "banked"
indefinitely, owing to degradation of their condition after terminal molt,
has generated new paradigms and guidelines for population assessment
and management. First is the recognition that biological and economic
stability probably cannot be achieved for the C. opilio fishery, at least at
moderate to high exploitation rates, so that industry and management
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must learn to adjust their strategies to the cyclic nature of the resource.
Second, in order to protect the resource and optimize its utilization the
prediction of short-term fluctuations of commercial biomass is essen-
tial, either through direct surveys of biomass where this is possible
 Loch et al. 1995! or through the monitoring of catch rates and develop-
ment of fishery pre-recruit indices using data from commercial fishery
or trap surveys  Tremblay et al. 1994! where bottom topography pre-
cludes direct assessment by trawl. For the purpose of long-term predic-
tion, which necessarily involves labor-intensive sorting of benthic
samples, monitoring of a few judiciously selected subpopulations prob-
ably suffices given the apparently phased cyclicity of Gulf of Saint
Lawrence subpopulations. Third, post-season estimates of exploitable
biomass must take into account exoskeleton condition of standing
stocks, as crabs with exoskeleton conditions 4 or 5 either will not be of
commercial value or will not survive to the next fishing season  Sainte-
Marie and Dufour 1994, 1995!. Fourth, the protection of legal-sized ado-
lescent males and the preferential removal of males with older shells
over males with younger shells during the last two years that a wave re-
cruits to the fishery would contribute to maximize yield per recruit and,
to some extent, might even dampen the impact of a recruitment trough.
Indeed, if legal-sized adolescent males from the last year classes of a re-
cruitment wave are allowed to grow, they may undergo their terminal
molt shortly before or during the first year of a recruitment trough and
contribute by their very large size and high individual biomass to com-
pensate the reduction in the number of legal-sized crabs  Sainte-Marie
and Dufour 1994, 1995!. Last, managers must keep in mind the fact that
exploitable biomass fluctuates as a function of both number and size of
males. Hence, for a constant TAC, fishing mortality will increase mark-
edly when a recruitment trough enters the fishery owing to a reduction
both in the number and size of exploitable males, while the reverse will
occur when a recruitment wave enters the fishery.

Although we have dismissed the fishery as a direct cause of C. opil-
io population cycling, based on pre-fishery evidence for cyclic behavior
in currently exploited populations and on recent evidence of cyclic be-
havior for commercially unexploited populations  see above!, it is con-
ceivable that exploitation could perturb cycles. It has been predicted
from population dynamic theory that exploitation can destabilize cycles
and lead to greater variability in recruitment for C. magister, by modify-
ing the size/age structure of one of the population components respon-
sible for population cycles  Berryman 1991, Botsford 1995!. However, in
the case of C. opilio, the fishery probably does not directly impact any
of the life stages which may promote population cycling. Therefore, any
fishery effect on the cycle would likely be indirect. Conceivable effects
of the fishery on population dynamics, which may or may not affect
population cycling, are �! increased survivorship for those small and
intermediate-sized crabs which control the abundance of instar I,
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through a reduction in the competition/cannibalism by legal-sized
crabs; �! a cyclic reduction in female fertility resulting from fishery-ex-
acerbated fluctuations in operational sex ratio; and �! a reduction in the
frequency of skip-molting for adolescent males owing to relaxed compe-
tition between legal-sized adult males and fishery pre-recruits  i.e., a
derivation of Waiwood and Elner's 1982 hypothesis!.

Thus, the next step in the study of C. opilio dynamics is to model a
population in order to assess the hypothesis that mortality of early
benthic instars can explain cyclicity and determine to what extent, if
any, the fishery might contribute to modify population cycling. These
modeling efforts should also explore the effects of management and ex-
ploitation strategies which might promote a reduction in the amplitude
of population oscillations, if at all possible. There is also a need for re-
search into �! the importance of cannibalism and resource limitation
for population dynamics; �! the determinism s! underlying terminal
molt and skip-molting, be they genetic or density-dependent; and �! the
relation between operational sex ratio and female fertihty. Finally, we
should concentrate on identifying those,subpopulations in eastern Can-
ada which fluctuate in synchrony, through genetic and demographic
studies, as these would represent the most relevant units for the appli-
cation of conservation measures and the assessment of resource status
and future trends.
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Benthic stage red king crab are most abundant on shallow shelf ar-
eas of Alaska, and their range extends from southeastern Gulf of Alaska
to Norton Sound in the northern Bering Sea  Figure 1!. There are major
concentrations of red king crab around Kodiak island, along the western
Alaska Peninsula, and on the shallow shelf of the southeastern Bering
Sea. Interspersed throughout this wide geographic range are areas
where low concentrations of red king crab occur. One low density area
occurs from Yakutat to the study area  Figure 1!. The reasons for the
geographic variations in abundance are not described but the previous
studies of larvae suggested that the type of planktonic food web present
in an area determines the feeding success of first zoeae  Paul et al.
1989, 1990!. One common characteristic of the low-density king crab
habitat like Prince William Sound and the Kenai Fjords  labeled study
area on Figure 1! is that they are deepwater areas and thus not likely to
have plankton communities similar to those of shallow shelf areas. The
objective of this study was to examine the ability of the plankton com-
munity in one deep fjord, situated well within the geographic range of
red king crab, but not containing noteworthy populations of the species,
to support their zoeae.

The previous studies in which red king crab zoeae were reared in
natural communities  Paul et al. 1989, 1990! were done in a shallow bay
�0 m depth! in southeastern Alaska where growth rates of zoeae was 5
to 10% dry body weight per day  Paul et al. 1990!. That plankton com-
munity had high phytoplankton counts  > 1,000 cells per ml! during the
spring bloom  Paul et al. 1989! and Thalassiosira spp�a preferred food
of the larvae  Paul et al. 1989, 1990! was a major member of the diatom
assemblage. In that bay much of the spring bloom phytoplankton sank
to the benthos ungrazed  Laws et al. 1988! because the copepod com-
munity consisted primary of smail species that do not begin rapid re-
production until after the bloom  Coyle et al. 1990!. In lower Cook Inlet
and the mid-shelf region of the southeastern Bering Sea, both good king
crab producing areas, much of the spring diatom bloom also sinks to
the benthos ungrazed  Chester and Larrance 1981, Goering and Iverson
1981, Sambrotto and Goering 1983!. These observations suggest that
king crab larvae survive best in food webs where there are relatively
high diatom concentrations, and little competition from other grazers,
during the spring phytoplankton bloom.

The deepwater plankton communities of the Alaskan fjords are
poorly described but the limited measurements  Horner et al. 1973! sug-
gested a plankton community with relatively low cell counts during the
spring phytoplankton bloom. Since king crab larvae require relatively
high concentrations of specific types of phytoplankton to survive  Paul
et al. 1989, 1990! they may be unsuited to compete in deepwater plank-
tonic food webs. King crab larvae generally hatch in the spring, but they
exhibit some interannual variation in the time that they hatch and a



48!Symposium on High Latitude Crabs

168' 1284 700

60'

4II'6

1 4 IVI II'

Figure 1. heap of Alaska  upper! and stations at the study site in Resur-
rection Bay  lower!.
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larval period that lasts 56 to 113 days in the Gulf of Alaska depending
on temperature  Shirley and Shirley 1989a!.

Methods
Study site

The work was done in Resurrection Bay in the northern Gulf of Alaska
 Figure 1!. There is no fishery for red king crab in the bay due to their
absence or very low abundance. Thus the site was ideal to pose the
question, "was the absence of the species related to the suitability of the
planktonic food web?"

Resurrection Bay is a fjord estuary approximately 30 km Iong, 6 to 8
km wide, and oriented in a north-south direction. An inner basin, 290 m
deep, is separated from the outer reaches of the fjord by a sill at ap-
proximately 250 m depth and the outer basin opens directly onto the
Gulf of Alaska. Previous information on the physical oceanography of
the study area is included in Heggie et al. �977!. Generally there is tem-
perature and salinity stratification in the upper water column beginning
in April resulting from summer warming, snow melt, and freshwater
run-off. Much of the melt water comes from glaciers. By the end of May
there is usually a strong pycnocline in the 20-25 m depth region  Heggie
et al. 1977!. The geology of the area protects the bay from east and west
winds and the prevailing north and south winds are generally mild dur-
ing May and june, so the mixed layer depth is probably shallower than
the pycnocline. Thus by mid-May the water column is generally stable in
the vertical plane.

General methods

The suitability of a plankton community to supply energy to first feed-
ing king crab zoeae was tested with a short-term growth bioassay. Red
king crab larvae are usually found in the upper 15 m of the water col-
umn during their daily feeding period  Shirley and Shirley 1988, 1989b!.
The weekly growth bioassay measured changes in dry body weight of
first-feeding larvae reared in water pumped from the upper 15 m of the
fjord. In 1991 zoeae first began to hatch on 29 March, and 22 April was
the last date that enough larvae were available for a growth assay.

On the evening prior to a growth assay, five egg-carrying female
king crabs were placed in a freshly filled seawater tank and the next day
24 hour old zoeae I were collected for the experiment, Twenty zoeae
were placed individually on weighed pieces of aluminum foil and dried
to a constant weight at 60'C, then reweighed on an electro balance to
obtain their dry weights. This calculation provided the estimate for the
cohorts' initial dry weight. Zoeae I from that cohort were placed in
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Results
In the 1991 growth assays unidentified pennate shaped diatoms were
the most abundant type of cell and the genera Chaetoceros, Cylindrothe-
ca, and Melosira were present in low numbers  Table 1!. Cell concentra-
tions, at all depths, and from the beginning to the end of hatching
period were consistently low with total cell counts never exceeding 118
per ml  Table 1!. With such low cell counts, all four cohorts of zoeae
reared in 5, 10, and 15 m depth water either barely maintained their
weight or lost weight  Figure 2!. All weekly groups reared with ! 200
copepods per liter grew at 5% dry BW per day, or more, indicating that
the larvae had the capability to grow if enough food was present.

125 liter tanks filled with 1,000 pm filtered seawater pumped from 5,
10, or 15 m depth at Station 1  Figure 1!. There were four zoeae per tank
and they were reared for three days in this water. The predicted inter-
molt period for stage I at 5'C is approximately 8 to 12 days  Kurata
1960!. In three days a weight gain around 30% dry body weight would
be expected if the larvae are receiving adequate nutrition  Paul et al.
1990!. Measurement of changes of weight of this magnitude are well
within the capacity of an electrobalance. Air gently passed through an
air stone at the bottom of each chamber kept prey from settling. In addi-
tion, gentle stirring every hour during the light cycle was done with a
paddle. Grazing chambers were held in a controlled temperature room
at 5.0 C  sd = 0.5!. The room had a 12 h dark and light � lux! cycle.
There was no zoeae mortality in growth assays.

Phytoplankton concentrations in the growth bioassays were deter-
mined from triplicate samples taken from each rearing tank on days one
and three, then all six values were averaged to estimate cell concentra-
tion in the assay. Phytoplankton cells were counted with an inverted mi-
croscope  Lund et al. 1958!. After three days in the growth chamber the
larvae were dried and weighed and the difference in dry weight between
24 h and four day old zoeae was obtained and converted to the daily av-
erage change in body weight  BW per day!.

A fourth group of larvae were set up at every assay to demonstrate
that each cohort of larvae had the potential to grow if enough food was
present. These were zoeae treated in the same manner as above but
held in tanks in which the plankton, from a vertical tow from 20 m
depth to the surface with a 200 p.m 0.5 m ring net, served as the prey.
After capture the wild plankton was passed through a 300 p.m mesh
screen to remove any predators and other zoeae. Copepod  aII stages!
concentrations in all well-fed groups greatly exceeded 200 per liter, a
concentration that allows first-feeding king crab larvae to be carnivo-
rous  Paul et al. 1979!.
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Average phytoplankton  cells per ml! and crustacean  no. per
liter! abundance from natural plankton communities, taken
from 5, 10, and 15 m depth, in Resurrection Bay, Alaska, and
used as food in red king crab larvae growth essays.

Table l.

Food abundance at depthAssay
date 5m 10 m 15mTaxa

I April

8 April

15 April

22 April

Chaetoceros spp.

Cylindrotheca closterium

Melosira sp.

Unidentified pennates

Skeletonema costatum

Thalassiosira spp.

Total phytoplankton cells
Crustaceans

Chaetoceros spp.

Cylindrotheca closterium

Melosira sp.

Unidentfied pennates

Skeletonema costatum

Thalassiosi ra sp p.
Total phytopiankton cells
Crustaceans

Chaetoceros spp,

Cyli ndrotheca closteri um

Melosira sp.

Vnidentfied pennates

Skeletonema costatum

Thalassiosira spp.
Total phytoplankton cells
Crustaceans

Chaetoceros spp.

Cylindrotheca closterium

Melosi ra sp.

Unidentfied pennates

Skeletonema costatum

Thalassi osira spp.

Total phytoplankton cells
Crustaceans

0.6

0,5

1.0

3.0

2.0

0.3

8.2

2.5

0.6

1.1

0.6

4.1

0.0

0.1

8.0

4.5

1.1

2.3

0.5

10.3

0,0

0.8

17.9

2.0

0.9

1.7

1.3

3.5

0.0

1.0

I 1.3

7.0

0,9

1.1

0.5

7.4

0.0

2.2

13.5

2,0

0.5

1,7

1.0

9.7

0.0

0.6

17.1

1..5

0.9

3.7

2.8

27.0

0.0

0.9

39.6

2.5

1.4

3.1

0.0

2.5

0.3

2.1

11.3

8.5

0.1

0.7

0.1

4.1

0.0

0.3

7.3

1.0

0.6

0.6

2.9

7.0

0.0

0.0

17.5

0.5

1.0

4,5

5.1

89.4

0.0

1.1

118.2

3,5

0.4

2.8

0.5

10.9

0.0

1.3

21.1

8.0
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Figure 2. Crowth I'percentage of dry body weight per day! of stage 1 zoeae of
Paralithodes camtschaticus reared on natural plankton collected at 5
 triangle!, 10  circle!, and 15 m  box! depthsin Resurrection Bay during
1 April to 22 April 1991,

Discussion
In known good king crab larval rearing areas large diatoms like Thalassi-
osira spp. are common and dominate the spring bloom  Chester and Lar-
rance 1981; Goering and Iverson 1981; Paul et al. 1989, 1990; Sambrotto
and Goering 1983!. These type of diatoms are preferred food of king
crab larvae  Paul et al, 1989, 1990!. In natural communities king crab
zoeae I need about 1,000 Thaiassiosira spp. cells per ml for maximal
growth  Paul et al. 1990!. In shallow Auke Bay, Thaiassiosira spp. often
exceed 1,000 cells per ml  Paul et al. 1990! but in the deep fjord this lev-
el of abundance was never observed. In pure culture experiments  Paul
et al. 1989! Chaetoceros debiiis concentrations had be about 4,300 ceHs
per ml for king crab zoeae to obtain a maintenance ration and only 10%
of the zoeae would molt when held at that concentration. Cultured Skel-

eionema costatum concentrations had to be 13,240 cells per ml to pro-
vide a maintenance ration for zoeae  Paul et al. 1989!. In the 1991
growth assays in Resurrection Bay concentrations of these genera of
phytoplankton were far lower than the above stated values. Kurata
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�959! reported that pennate diatoms such as Nitschia sp.  genus spell-
ing from original text! were not good foods on which to rear king crab
larvae for aquacultural purposes. Pennate diatoms were common in Res-
urrection Bay. Thus in addition to low cell counts, the types of phy-
toplankton in Resurrection Bay during the 1991 spring bloom were not
the most suitable taxa for king crab zoeae. The role of temporal varia-
tions in phytoplankton taxa on meroplankton survival is little studied
but this report and another showing that phytoplankton species compo-
sition affects survival rates in barnacle larvae  Barnes 1956! suggest that
it is a topic worthy of further study.

Chamber size can affect growth rates of grazers but the cell counts
in the growth assay chambers at the start and end of the experiments
generally showed no significant difference. This suggests that feeding
activity by the zoeae was not a major factor in restricting them to prey.
A growth assay done in phytoplankton-rich Auke Bay used 8 L chambers
holding 5 zoeae for 5 days and growth rates of around I0% dry BW per
day were common  Paul et al. 1990!. To compensate for community dif-
ferences the volume of the growth assay containers for this study was
increased to 125 L for only 4 zoeae in this experiment and the rearing
period reduced to three days. We do not think that further increasing
chamber size would have greatly changed growth rates. Rather, the poor
growth for all dates and depths assayed suggests that the plankton com-
munity of Resurrection Bay was not well suited for rearing king crab lar-
vae, at least during this survey.

Obviously doing the growth assays during only one spring pre-
cludes a full understanding of how well king crab larvae can find food in
deep fjords. However, given that in Auke Bay every growth assay pro-
duced positive growth rates, it seems that the growth failures observed
in Resurrection Bay indicate the community structures must be quite
different. Factors such as the formation of a strong pycnocline, diatom
sinking phenomena, wind mixing, and nutrient fluxes have been previ-
ously shown to modify phytoplankton abundance and thus feeding suc-
cess of king crab larvae. The results of this experiment suggest
geographical variations in plankton community structure can be added
to this list needing further study to understand king crab recruitment.
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Abstract
Major Dungeness crab fisheries in British Columbia  BC! are relatively
discrete and separated geographically. The most northerly fisheries are
on Dogfish Banks in Hecate Strait, the Skeena River delta, and Mclntyre
Bay in Dixon Entrance. Earlier studies have shown that both current
pattern and diel migratory behavior of megalopae predominantly influ-
ence Dungeness crab recruitment in southern BC areas. However, the
dynamics of stock recruitment in northern BC is less certain. Mclntyre
Bay has supported a significant annual fishery  = 340 t y '! for decades,
while Dogfish Banks has only recently become extremely productive
 > 4,000 t y-'! after 25 years of virtually no landings. The Skeena fishery
has increased modestly over time, but remains relatively small at
= 250 ty-'.

Extensive oceanographic studies and numerical simulations of cur-
rents have revealed the presence of a basin-wide recirculating current,
called the Rose Spit Eddy, in Dixon Entrance. This eddy appears able to
retain crab larvae until their set'tlement in Dixon Entrance, thereby al-
lowing for possible movement of larvae by appropriate winds into
northern Hecate Strait. Northward flowing, late winter currents may
transport crab larvae to northern BC from the west coast of Vancouver
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Island, However, these latter currents cease in April, prior to most larval
settlement. Our study suggests why Dungeness crab settlement occurs
consistently in Dixon Entrance, but with available oceanographic and
meteorological data, we cannot explain why 1989 was an exceptional
year of crab settlement in northern Hecate Strait. The source of that ex-
ceptional settlement in Hecate Strait remains uncertain, but possibilities
are discussed.

Introduction
The Dungeness crab  Cancer magister! population of the Queen Char-
lotte Islands, British Columbia, is located predominantly in Mclntyre Bay
in Dixon Entrance and on Dogfish Banks in Hecate Strait  Figure 1!.
These stocks are geographically isolated from other populations along
the west coast of North America, with the closest substantial Dungeness
crab population being a much smaller one to the east in Chatham Sound
on the delta of the Skeena River, Queen Charlotte Island Dungeness crab
have shown a unique recruitment pattern over the past 30 years. While
the Mclntyre Bay population has been relatively consistent in produc-
tion  = 340 t y-'!, the Dogfish Banks population was largely collapsed
 jamieson 1985! from the late 1960s to late 1992. Exceptionally large
landings unique to Hecate Strait have occurred there since 1992, land-
ings so disproportionately large  > 4,000 t y-'! that they exceed the long-
term average annual landing from ail of British Columbia �982-1991:
1,406 t! 3 to 4-fold  Figure 2!.

The cause of the late-1960s collapse of the Dogfish Banks crab pop-
ulation is unknown, but is presumed to be environmental rather than
fishery related. This is because the adjacent Mcintyre Bay crab fishery
has remained consistent over recent decades. With extensive pelagic lar-
val dispersal characteristic of Dungeness crab, there has probably al-
ways been an adequate abundance of larvae for potential substantial
larval movement and subsequent settlement in Hecate Strait. The larval
period of Dungeness crab is 3-4 months and, since the megalopal stage,
at least, is in near-surface waters Uamieson et al. 1989! for much of the
time, larval dispersal in outer coast areas at least is considered to be ex-
tensive. Given the relatively strong, wind-driven longitudinal currents
that characterize northern Hecate Strait  Crawford et al. 1988! through
the early larval crab period  january-March!, it thus seems unlikely that
the Dungeness crab population on Dogfish Banks is, or ever was, an iso-
lated, self-sustained population. Locally hatched larvae would probably
be rapidly transported away, although if larvae were retained in Dixon
Entrance, some might drift back into Hecate Strait when average wind
direction reverses after the spring transition.

With the ocean current structure  Figure 3! in Mclntyre Bay and
northern Hecate Strait, relatively stable recruitment of Dungeness crab
populations in these areas would require either �! larval crab emigra-
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Figure 1. A. Location of Dixon Entrance and Hecate Straitin British
Columbia, Canada. Box shows region shown in Figure 1B.
The symbol ~ denotes locations of weather buoys 46145
and 46183. B. Region of study, showing the 36 m contour
that defines the outer boundary east of Rose Spit of Dogfish
Banks.
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Figure Z. Annual Dungeness crab landings  t! by management area in British Co-
lurnbia. Area A = Queen Charlot te Islands; Area 8 = northern and cen-
tral mainland coast; Area C = Stra t of Ceorgia  excluding the Fraser
River delta! and Johnston .Strait; Area D = Fraser River delta; and Area
L' = west coast of' Vancouver Island.

tion from local populations during the early larval period, and subse-
quent crab immigration, which might include locally hatched larvae,
from more distant sources during the late larval period, or �! some in-
digenous larval crab retention mechanism, either solely oceanographic
or an oceanographic event coupled with unique indigenous larval crab
behavior. Currents would otherwise likely transport locally hatched lar-
vae permanently away from these areas into the open Pacific Ocean.

Jamieson and Phillips �993! documented an example of a larval
crab retention process for Strait of Georgia Dungeness crab, Exit from
this largely enclosed body of water is primarily through Juan de Puca
Strait, and it was shown that Strait of Georgia megalopae can maintain
themselves in inside waters through vertical migration in the estuarine
circulation of Juan de Puca Strait. The vertical migratory depth range of
megalopae produced outside the Strait of Georgia  = 2S m! keeps outer
coast larvae entirely in the mostly outward-flowing surface waters of
Juan de Puca Strait, largely preventing their movement into the Strait of
Ceotgia. in contrast, Strait of Georgia megalopae show a much larger
vertical migratory depth range  = 160 m!, largely keeping them in the in-
ward flowing deeper waters of Juan de Puca Strait. This adaptation to lo-



Symposium on High Latitude Crabs 493

cal oceanographic conditions appears to retain most Strait of Georgia
crab larvae in inside waters and minimizes their mixing with outer coast
crab larvae.

We have not investigated whether northern British Columbia Dunge-
ness crab larvae have a comparable unique vertical depth range behav-
ior, but such a behavior would seem less likely to exist in Dixon
Entrance and Hecate Strait crab populations for a number of reasons.
First, northern Hecate Strait waters are generally shallower than those in
the Strait of Georgia and Juan de Fuca Strait, with no persistent differ-
ences in shallow and deepwater currents comparable to those found in
Juan de Fuca Strait. Second, Dixon Entrance forms an oceanographically
wide strait, within which the estuarine circulation differs from that of
Juan de Fuca Strait. Rather than a surface outflow and deep inflow of
oceanic replacement water, Dixon Entrance is so wide that the effect of
the Coriolis force is to deflect the surface outflow of brackish water to
the northern side of Dixon Entrance, and the inflow of oceanic water to
the southern side, into Mclntyre Bay. A key difference is that both out-
flow and inflow are surface currents, and so megalopae need not mi-
grate vertically to remain in Dixon Entrance. They may be retained by
surface currents if there is exchange of water between these two flows.
Such a mechanism does exist, and we discuss it below.

ln this paper, we explore the effects of currents on larval crab dis-
persal in northern British Columbia through a model incorporating cur-
rent pattern over time and probable vertical distribution of megalopae.
We investigate whether there are mechanisms that can retain crab mega-
lopae within Dixon Entrance and northern Hecate Strait, Zoeae are not
considered, as there are no adequate field data to indicate their diel ver-
tical distribution in the water column.

Dungeness Crab Life History
Dungeness crab hatch their eggs in late winter. The larval stage consists
of five zoeal stages and one megalopal stage. Duration of the zoeal peri-
od is unknown but is estimated to be 80-95 d  Reilly 1983!. Hatfield
�983! indicated the duration of the megalopal stage to be 28 d at tem-
peratures ranging from 13 to 17.5'C. It is assumed that northern British
Columbia megalopae have a vertical distribution similar to that of outer
coast megalopae off the west coast of Vancouver Island  Jamieson et al,
1989!, i.e., in the top half meter of the water column at night and at a
depth of about 25 m during daylight hours. The limited sampling of Dix-
on Entrance Dungeness crabs conducted to date  Booth et al. 1985! sup-
ports this assumption.

Although the seasonal occurrence of megalopae in the study area
has not been specifically studied, megalopae appear to occur there
throughout the summer. In Mclntyre Bay, Booth et al. �985! found meg-
alopae during July 6-17, 1984. On Sept. 2, 1994, about 75 megalopae
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Figure 3. Simulated baroclinic currentsin Dixon Entrance
and northern Hecate Strait. Boldness of the cur-
rent vectors represents general current strength;
a thin, full length vector represents a 10 cm s-'
current and stronger currents are represented by
thicker vectors, A. June- July 1991, 2 m depth.
B. June- July 1991, 25 m depth. C. December 1991,
2 m depth, D. December 1991, 25 m depth.
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were collected in 1.5 h of neuston towing between 2200 and 2330 h at
night in Mclntyre Bay near Rose Spit  A. Phillips, Pacific Biol. Sta., Nan-
aimo, BC, pers. comm.!. However, none were collected by Phillips  pers.
comm.! on Sept. 7, 1994, in 1 h of similar nighttime towing on Dogfish
Banks in Hecate Strait. Jamieson and Phillips �988! reported megalopae
from April 16 to August 24 off the west coast of Vancouver Island, with
the period of highest abundance being May and June. Whether this also
applies to northern British Columbia waters is unclear. In this paper,
megalopae are assumed to be present in Dixon Entrance in greatest
abundance in June and July.

Northern Coastal British Columbia
Oceanography
The oceanographic features of Dixon Entrance have been well studied
over the past 30 years. Crean �967! described an eddy which he labeled
a "vortex" in the geostrophic surface current during September to Octo-
ber 1962. This eddy, located north of Mclntyre Bay, has come to be
called the Rose Spit Eddy, named after the point of land at the extreme
northeast corner of the Queen Charlotte Islands, which separates Dog-
fish Banks from Mclntyre Bay.

The next study of these waters, using current meters, drifters, and
water property measurements from 1984 to 1985, revealed that this
eddy penetrated to at least 50 meters depth and persisted through the
summer  Crawford and Greisman 1987! and, although in a weaker state,
even into the winter  Bowman et al. 1992!.

The southern arc of the Rose Spit Eddy flows eastward through
Mclntyre Bay. Although Crawford and Greisman �987! showed that a
portion of the persistent eastward current in Mclntyre Bay could be at-
tributed to tidal forcing only, through a process termed "tidal rectifica-
tion," they were unable to account for the origin of the Rose Spit Eddy
itself. Their study of currents in Dixon Entrance and winds measured in
Mclntyre Bay revealed little correlation between fluctuations in the wind
and basin-wide motions such as the eddy,

Bowman et al. �992! investigated the origin of the Rose Spit Eddy
using a barotropic simulation of tidal motion in an idealized basin. Al-
though the eddy was present in the rectified tidal currents of their simu-
lation, its speed was so slow that a complete circuit of the eddy by
passive drifters such as crab larvae would take more than 100 days.
They attributed quicker speeds observed in field studies of the eddy
 Crawford 1996! to estuarine circulation.

, During an extensive drifter study of Dixon Entrance, northern He-
cate Strait and Chatham Sound in the summer of 1991  Crawford 1996!,
several drifters were entrained in the eddy, with some completing one
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or more circuits of the Rose Spit Eddy with circuit times varying from 5
to 43 days  regression analysis of circuit diameter versus circuit travel
time shows each increase of 1.5 km in circuit diameter requires an extra
day of travel [r = 0.88]!. In contrast to this persistent eddy in Dixon En-
trance, drifters in northern Hecate Strait revealed almost no average mo-
tion, but instead drifted with the wind, flowing southward with winds
from the north or northwest and reversing direction during winds from
the south. Any exchange of water between Hecate Strait and Dixon En-
trance during this drifter study was of short duration, and was set up by
fluctuations in local winds. These findings agree with observations of
northward transport through Hecate Strait by Crawford et al. �988!.

During the above drifter studies in northern Hecate Strait, we no-
ticed that while drifters moved with the prevailing winds north-south,
there was little movement east-west. Drifters in the central part of the
strait did not appear to be readily transported onto Dogfish Banks.

Methods

Data and hydrodynamical models
Observations in the summer of 1991 form the most extensive set of wa-

ter property, drifter, current meter and wind observations in these wa-
ters. Using water property data from 300 measured temperature and
salinity profiles during June, July, and August 1991, Ballantyne et al.
�996! constructed a three-dimensional, diagnostic, finite element mod-
el of steady-state baroclinic currents, using methods similar to Foreman
et al. �992!. The 300 profiles were used in two separate simulations for
summer, one for June-July 1991  denoted summer 1991a by Ballantyne
et al. 1996! and another for July-August 1991  summer 1991b!, and for
one winter simulation for December 1991. In Figure 3 we present cur-
rents simulated at 2 and 25 m depth by this model for June-July 1991
and December 1991, The Rose Spit Eddy clearly emerges in the field of
vectors as an elongated gyre in the middle of Dixon Entrance, stretching
across the complete north-south span of the strait. Surprisingly to us,
all three data sets produced similar current fields in the simulations.
Currents from the two simulations of the summer of 1991 agree well
with drifter-observed velocities taken simultaneously  Ballantyne et al.
1996!. We selected the 1991 June-July simulations to provide a set of
current vectors for megalopae drift simulations.

In the model used for diagnostic baroclinic simulations noted
above, and using the same grid, Ballantyne et al. �996! also computed
fields of tidal and rectified tidal currents for the barotropic case, This
research is a continuation of the studies of Foreman et al, �993!. These
latter model simulations also provide sets of tidal current and rectified
tidal current vectors for megalopae drift simulations.
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Megalo@a 4ri ft sintulations
We used velocity vectors produced by these hydrodynamical models in
Crabview, a larval drift simulation model described below. It displays
the tracks of up to 50 simulated larvae on a PC computer screen. Input
variables �! and �! below are based on the Ballantyne et al. �996! mod-
el. Input variables �! and �! below are unique to Crabview. The velocity
vectors are added to each other to produce cumulative megalopae dis-
placements at 10-min intervals. Positions are plotted at 24-h intervals.

Tidal currents

Amplitudes of time-varying current vectors for tidal constituents M�S,,
N,, K,, O�and P, are defined for the same grid and applied every 10
minutes by the model. Tidal fields are time varying, but this was found
to contribute little to the long-term drift patterns of larvae. Nevertheless
they are retained in the simulation to introduce dispersion, and to rep-
resent realistic currents near Rose Spit where tidal currents are strong
 up to 1.5 m s-'.!. Crabview also applies steady, rectified tidal currents
 denoted as the tidal constituent 2,!, defined at the same nodes as the
diagnostic currents.

Vertical migration of megalopae
Crabview assumes that larvae drift at 2 m depth during an 8-h night and
at 25 m depth during a 16-h daylight period. If water depth is 10 m or
less, larvae drift with the current at 2 m depth and are influenced by
wind day and night. If bottom depth is deeper than 10 m, it is assumed
that during the day, larvae drift with the nearest 25 m current and are
not influenced by wind at this time.

Wind-driven motion

We have chosen to represent daily fluctuations in wind influence by
moving megalopae at a constant fraction of wind speed while they are
near the surface at night. For Dixon Entrance in summer, we chose the
fraction to be 2% of wind speed. During summer, the wind-mixed layer
is typically in the order of 10 m deep, and it seems reasonable to as-
sume currents at 25 m to be little influenced by daily fluctuations in
wind stress. A drift rate of 2% is less than the nominal value of 3% used

Diagnostic currents

Crabview applies the baroclinic current field for June-July 1991, which
is stored as an array of several thousand vectors, each representing the
time-averaged baroclinic flow at a node of the computer simulation of
the Ballantyne et al, �996! model as described previously. This flow
field represents a seasonal average response for 1991 to buoyancy input
from the Skeena and Nass rivers, surface heating, evaporation and rain-
fall, and wind stress over the water surface.
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for oil spill simulations because we assume that even at night, megalo-
pae are not always right at the surface.

Winds were determined from hourly observations at meteorological
buoys 46145 at 54'22.998'N, 132'25.362'W in Dixon Entrance, and
46183 at 53'37.00'N, 131'6.18'W in northern Hecate Strait  Figure 1A!
for the period April 1991 to December 1994, as described by Cherniaw-
sky et al. �995!. A time series of daily average wind stresses was corn-
puted at each buoy, centered at Noon Universal Time U.Y. Cherniawsky,
Inst. Ocean Sci., Sidney, BC, pers. comm.! The stress at each node is sta-
tistically interpolated by Crabview from a weighted mean of these two
time series, where the weighting is determined by the distance to each
buoy using a Gaussian weighting system.

Wind stress was converted to wind speed at 10 m height using a
drag coefficient of 1.2 x 10 ', When computing wind drift, it is often as-
sumed that surface currents move at some angle to the right of the
wind, due to the Coriolis effect. Here, we kept this angle at zero due to
the influence of the nearby shoreline. Winds blew more from the west at
the Dixon Entrance buoy than they did at the northern Hecate Strait
buoy.

Results
To evaluate how much dispersion might result from tidal action alone,
individual megalopae were released at the same location at hourly inter-
vals and subsequent simulated movements plotted  Figure 4!. This
movement can be extensive, even over time intervals as short as two

days. However, the converse can also be true, as shown in the 10-d plot,
where for 10 drifters released at one location, dispersal was extensive
for the first 4 drifters but virtually nil for the last 6. In Figure 5, drift
tracks are estimated where tidal movement has been smoothed out.

Sample simulation results from 1991 and 1994 are presented in Fig-
ures 6 and 7. Although Crabview permits up to 50 drifters, for clarity we
display five or so at a time for each simulation. Generally, few drifters
escaped Dixon Entrance to the west, but several hit the model's south-
ern boundary across Hecate Strait, where they either stalled or drifted
north once the winds reversed. Realistic tracks are thus not produced
once this southern boundary is encountered. Any drifter launched in
Mclntyre Bay has a high probability of beaching along the shore of the

Drift simllutions
We focus on June and July for our simulations of larval drift, since this
is the seasonal time period megalopae appear most likely to be present.
We ran simulations for a period of 30 days, starting at 1 June, 15 June, 1
July, and 15 July, for the years 1991 to 1994, comprising 16 simulations.
We used the wind fields from 1991-1994 and the baroclinic field from

1991.
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A

Figure 4. Simulated drift tracks to demonstrate the amount of dispersion gener-
ated by tidal motion. An individual megalopa is released from each
starting point at an hourlyinterval; megalopae are at the surface for
8-h nights and at 25 m depth for 16-h days. A. Two-day plots, plotting
posi tions once an hour, starting at midnight, July 1, 1994. B. Ten-day
plots, plotting positions once a day, starting at midnight, July 1, 1991,
~ = start locations; numbers are consecutive drifter releases.

bay. No drifter launched in Dixon Entrance found its way onto the beach
of Dogfish Banks.

Discussion
On the basis of larval crab dispersal patterns presented here, the Rose
Spit Eddy appears capable of retaining Dungeness crab larvae within
Dixon Entrance, at least for a period of 30 d. In this sense, Dixon En-
trance crab larvae may be benefiting from the horizontal estuarine cir-
culation pattern in Dixon Entrance in a manner similar to how Strait of
Georgia larvae benefit from the vertical estuarine circulation pattern in
Juan de Fuca Strait. In both cases, larvae are able to maintain their rela-
tive geographic position in a complex current regime, Since the eddy ap-
pears to be a stable feature in winter, it may be able to retain all
Dungeness crab larval stages during the four-month larval developmen-
tal period.

A contrasting situation appears to occur in Hecate Strait. Before the
spring transition in flow direction  usually April!, currents in northern
Hecate Strait appear to offer little opportunity for larval retention. Drift-
ing objects are relatively rapidly transported through the Strait into
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Figure 5. Sample drifter tracks  thin lines! from July
1991, and the estimated track where tidal
motion has been smoothed out  thick line!.
A. northern Hecate Strait near Rose Spit,
B. Dixon Entrance. Depth contours in meters.
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A

Figure 6. Simulated 30-day drift tracks, plotting positions once a day, for mega-
lopae that are at the surface for 8-h nights and at 25 m depth for 16-h
daysin 1991. Drifting start dates: A. June 1. B. June 15. C. July 1,
D. July 15. ~ = start locations; numbersindicate start and end points of
speci fic tracks for easier identification.
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D

Figure 7. Simulated 30-day drift tracks, plotting positions once a day, for mega-
lopae that are at the surface for 8-h nights and at 25 m depth for 16-h
days in 1994. Drifting start dates: A. June 1. B. June 15. C. July 1.
D. July 15. ~ = start locations; numbers indicate start and end points of
specific tracks for easier identi fication.
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Dixon Entrance. Dungeness crabs off Washington and British Columbia
start hatching their larvae in late winter, when it is possible for larvae to
drift northward from off Vancouver Island into Hecate Strait and then
into Dixon Entrance. Evidence for such movement is provided by a drift
card study carried out in 1992  C. Ebbesmeyer, Evans Hamilton Consult-
ants, Seattle, WA, pers. Comm.!. Several thousand surface drift cards
were released in several regions of Juan de Fuca Strait, more than 900
km to the south of Dixon Entrance. About 100 drifters were found a
month later on the shores closest to Dogfish Banks, on Rose Spit and in
Mclntyre Bay. The currents that pushed these drifters north exist only in
winter, though, and by about mid-April the general direction of coastal
flow has changed  Crawford et al. 1988! and long northward drift tracks
become unlikely.

The current pattern we report here for northern Hecate Strait also
contrasts to that reported by Crawford et al. �990! for southern Hecate
Strait in winter. They described an eddy which they believed was capa-
ble of carrying ichthyoplankton across the strait.

During the June-July period considered in this study, simulated drift
of larvae in Hecate Strait resulted in no clear pattern of overall move-
ment. The best opportunity for large-scale larval retention in northern
Hecate Strait would appear to result if most crab egg hatching occurred
after the spring transition, either because of later-than-expected egg
hatching or a particularly early spring transition. We have no data at this
time to suggest either of these events occurred around 1989, thereby al-
lowing the exceptionally large year class now being fished in Hecate
Strait at this time to settle there. Unfortunately we are unable to model
larval crab transport in the whole of Hecate Strait to evaluate how long
larvae might be retained, as the detailed water property components re-
quired to run the model in the central and southern parts of Hecate
Strait are unavailable. There is a suspicion that the modeled residual tid-
al currents on Dogfish Bank are somewhat larger than actual tidal cur-
rents  R Cummins, Inst. of Ocean Sciences, Sidney, BC, pers. comm.!, but
we believe this discrepancy will not influence the conclusions outlined
here.

The oceanographic data we use are from 1991, and we have at-sea
wind data extending back only to 1991. There are wind data from land-
based stations extending back further in time, but such data are difficult
to extrapolate to wind conditions at sea, particularly given the size of
the study area. Consequently, it is impossible for us to state what fac-
tors led to the 1989 large crab settlement in Hecate Strait. No compre-
hensive crab surveys have been conducted there, so we do not know if
year classes subsequent to 1989 are also well above the recent long-
term average settlement number  as indicated by fishery landings!. Con-
sequently, we do not know if the large crab settlement in 1989 was the
result of an unusual oceanographic or meteorological event, or was the
result of a sustained change in general oceanographic pattern in com-
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Extended Abstract
In many crab fisheries, commercial harvest of female crabs is prohibit-
ed, but harvest of male crabs above a minimum size limit is unrestrict-
ed. In Dungeness crab fisheries from California through British
Columbia, resulting commercial fishery exploitation rates on male crabs
have exceeded 90% of the preseason abundance of legal size males in
some recent years  Gotshall 1978, Methot and Botsford 1982, Hankin
1985, Smith and Jamieson 1989!. Although minimum size limits for
male Dungeness crabs are in principle designed to allow male crabs to
mate at least once prior to fishery vulnerability, Smith and Jamieson
�991! proposed that large female Dungeness crabs  those exceeding
140 mm carapace width! might have difficulty finding suitable large
mates. If females did experience difficulty finding mates in intensely ex-
ploited populations, then a shortage of large males might lead to re-
duced egg production of females and consequent long-term reduction in
recruitment.
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Smith and Jamieson's �991! proposition relied substantially on
measurements of male and female crabs collected in premating embrac-
es  Butler 1960!. In this species, male crabs can apparently sense that fe-
male crabs are near molting and they clasp females in a premating
embrace until the time that the female molts. Just after the female
molts, mating takes place between the soft-shelled female and the hard-
shelled male. Thus, the actual size of a female at time of mating is re-
flected by her postmolt carapace width, whereas typical premating
embrace measurements are for the hard-shelled carapace width of fe-
males prior to molting.

In this paper, we critically examine the merits of Smith and Jamie-
son's �991! proposition with respect to Dungeness crab populations
and fisheries in northern California and in the Fraser River area, British
Columbia. Evidence we consider in this examination consist of the fol-

lowing:  a! measurements of carapace widths  CW! of male and female
Dungeness crabs collected in premating embraces in northern California
in 1992, 1993, and 1995, and in British Columbia in the 1950s;  b! molt
increment data for the same periods that allowed observation or predic-
tion of the postmolt sizes of females collected in premating embraces;
 c! size frequency data for adult female Dungeness crabs collected from
nonselective experimental traps  see Diamond and Hankin 1985! fished
in northern California in 1982, 1983, and 1992-1995, and in British Co-
lumbia during 1969-1970;  d! dissections of reproductive tracts of 587
adult female Dungeness crabs collected shortly following the molting/
mating season in 1995;  e! fitted fecundity vs. carapace width regres-
sions for northern California crabs collected in 1983, 1992, and 1993;
and  f! hypothetical calculations of total egg production among a sample
of female crabs believed to represent population size structure during
1992.

Our examination of the evidence listed above has led us to the fol-
lowing conclusions:  I! Based on premating embrace data, minimum car-
apace width of mating male Dungeness crabs generally exceeds the
postmolt carapace width of female Dungeness crabs. Thus, intensive
fisheries on males might limit mating opportunities among female crabs
exceeding minimum legal size for males �54 mm CW in British Colum-
bia and 159 mm CW in California, Oregon, and Washington!, but are un-
likely to restrict mating among smaller female crabs. �! In northern
California and in the Fraser River area, British Columbia, female crabs in
excess of the minimum legal size for male crabs comprise a very small
percentage  generally less than 2%! of the total population of female
Dungeness crabs,  Also, Hankin et al. [1989] and Mohr and Hankin
[1989j reported that annual molting probabilities are close to zero for
female Dungeness crabs > 155 mm CW.! �! Presence of sperm plugs in
vaginas and presence of sperm in spermathecae of large  > 150 mm CW!
freshly molted female Dungeness crabs was no less than presence in
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smaller female crabs; 39 out of 40 such large crabs had evidence of
sperm plug presence, a definitive indicator of recent mating, �! Hypo-
thetical calculations of total egg production of female crabs showed that
even in the most extreme scenario, if no adult females in excess of the
minimum size limit �59 mm CW! for males were mated, impact on total
egg production would be small  < 5%!.

We conclude that there is no evidence in support of a proposition
that intensive harvest of male Dungeness crabs limits mating success of
females in the northern California and Fraser River area, British Colum-
bia, fisheries. Because sizes of female crabs in Oregon and Washington
appear similar to those in California  Hankin et al. 1989!, we believe that
this conclusion applies also to fisheries in Oregon and Washington. In
Alaska, however, female Dungeness crabs appear to grow to larger sizes
and the minimum size limit for male crabs is approximately 165 mm
CW  T. Shirley, Univ. Alaska, Juneau, pers. comm.!. We suspect that our
conclusions apply also to Alaskan Dungeness crab fisheries and popula-
tions, but the larger size of females in that area warrants an indepen-
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Abstract

Productivity of red king crab  Paralithodes camtschaticus! in terms of
brood strength fell off following the mid-1970s, well before the heaviest
catches of the late 1970s and 1980, and prior to the decrease in mature
stock biomass. This indicates that the fishery was not responsible for
the decline of productivity, though it contributed to the final decline in
mature biomass. A statistically significant relationship was found be-
tween brood strength and intensity of the Aleutian Low atmospheric
pressure system. From a regional workshop we developed a stage-by-
stage table of life history events with ecological processes pertaining to
productivity and survival rates. The information included the location
and timing of eight life stages, along with the coincident physical ocean-
ographic and biological factors that could influence the productivity
and survival rates of the stages. Hypotheses emerged relating survival
to physical factors: �! a critical number of degree-days is necessary to
bring on ovarian maturation; �! after fertilization cool temperatures
will delay hatching, and high temperatures will increase egg mortality;
�! a high percentage of successful hatch is linked to an optimum tem-
perature; �! timing of hatching depends on a chemical cue that is relat-
ed to the abundance of a particular diatom; �! for the larval stages,
water-mass mixing due either to tide or Ekman transport increases nu-
trients used in primary production and consequent larval growth and
survival; and �! high-profile, rocky bottom with sessile fauna is critical



512 Tyler 4 Kruse � Conceptual Modeling of Red King Crab Brood Strength

for survival of the glaucothoe larval stage during settling, and conse-
quently, an increase in the strength of currents moving larvae away
from this bottom type would increase mortality. Other hypotheses were
related to predation and biological factors. These ecological relation-
ships were redesigned as graphical functions and set into the structure
and logical flow of the conceptual aspects of a simulation model. The
comprehensive conceptual model showed the simultaneous influence of
particular factors on several life stage processes. Inferences were drawn
for decadal period dynamics, implications for fishery management, and
needs for at-sea research to clarify understanding.

Introduction

The objectives of this paper are �! to develop the accumulated body of
information on year-class strength formation and survival of the red
king crab  Paralithodes camtschaticus! into the conceptual structure of a
simulation model and �! from the synthesis of the conceptual model, to
form proposals for new process-oriented studies that could improve un-
derstanding of formation of year-classes, i.e., brood strength. The data
and information on processes surrounding formation of brood strength
have been well developed through many years of research by many peo-
ple. We invited a number of specialists to a modeling workshop in 1994
 Tyler and Kruse 1995! to develop a unified information base and a set
of hypotheses from existing knowledge. The workshop allowed an inten-
sive review of knowledge on mortality, growth, productivity, and life
history of king crabs.

After the workshop we expressed these hypotheses as graphical and
mathematical functions of processes that apply to several stages of de-
velopment from egg to adult, and then put these functions into a logical
flow of a conceptual simulation model. Because we were able to fit pa-
rameters to very few of the functions, we operated on a graphical basis
rather than a dynamics basis, As a consequence we chose to leave equa-
tions out of this paper and to explain the work in a graphical manner,

This exploratory model was used to examine the possible effects of
physical and biotic factors on year-class strength formation in the
Bristol Bay  i.e., Eastern Bering Sea! stock of red king crab. The model
was developed by first specifying life history stages that seemingly have
varying, stage-specific rates of survival associated with environmental
changes from year to year. Processes were incorporated into the model
in eight stages as follows: development of fecundity; mating success;
fertilization rate; hatching success; survival of zoea larvae, glaucothoe
larvae, juveniles, and adults. We will show that the model gives insight
into the observations and experiments necessary for understanding the
changes in year-class strength and age structure and also highlights pro-
cesses that lead to change,
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150

Figure 1. Brood strength of Bristol Bay red king crab determined at age-7 and
plotted on the year of fertilization, The period of high brood strength,
or recruitment, is given with dark columns, and the period of low
brood strength is given with open columns for emphasis.

Statistics of Brood Strength and Catch
Brood strength for the period 1966 to 1986 has been previously estimat-
ed with a published length-based model  Zheng et al. 1995!. The time
series shows a decade of high brood strength followed by a decade of
weak brood strength  Figure I!. The period of consistently low brood
strength seems to have begun in 1976. Zheng et al. �995! compared
this recruitment series with the spawning biomasses that produced the
year-classes in a plot of brood strength versus spawning biomass  Fig-
ure 2!. They fitted a Ricker stock-recruitment function to the data, and
concluded that the stock could be showing density dependence. It ap-
peared that once the stock reached a low level due to very large catches
in 1979 and 1980  Figure 3!, the stock lost its ability to recover in the
face of continued low catches. The relationship between brood strength
and spawning stock is not random  Figure 2!, but that the large broods
of the late 1960s and early 1970s brought about an increasing spawning
biomass through 1978 despite the high catches of as much as 40,000
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Figure 2. Relationship between brood strength and spawning biomass, hfumbers
beside points indicate year of fertilization, while arrows show the se-
quence of years.
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Figure 3. Bristol Bay catch of red king crab  metric tons! plotted on year of
catch.
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metric tons in this period. Productivity expressed as brood strength fell
off after the mid-1970s, well before the heaviest catches of the late
1970s and 1980, and prior to the lowering of the biomass of the mature
stock  Figures 2 and 3!. The moderate stock size of 1981 and the lower
stock sizes thereafter did not result in subsequent high brood strength.
It is likely that the stock was so depressed that the small catches plus
the bycatch mortality in some trawl fisheries served to prevent the re-
building of the stock under the new, lower reproductive capacity.

It is possible, however, that other factors entered the picture in the
mid-1970s to lower the productivity of the stock. From the plot of brood
strength versus spawners  Figure 2! one might ask: why didn't the 1981
stock biomass produce the same size broods as did similar stock sizes
in the late 1960s and early 1970s? Were the low brood strengths pro-
duced from 1976 through 1980 due just to density dependent interfer-
ence, or was productivity lowered due to a coincident change in ocean
factors? Either the hypothesis of density dependence or extrinsic envi-
ronmental factors can be supported.

It is well known now that a shift in ocean climate occurred in the
North Pacific Ocean in the mid-1970s, A change in the intensity and po-
sition of the Aleutian Low occurred that in turn brought about a number
of other physical changes  Trenberth and Hurrell 1994!, We plotted the
January pressure anomalies for the North Pacific since 1966 for the area
of the Pacific Ocean between 20'and 60'N latitude  Figure 4; Niebauer,
University of Alaska Fairbanks, unpublished data!. Except for three
years the pressure was above average from 1966 though 1975 inclusive,
and from 1976 to 1988 the pressure was lower than normal. It was dur-
ing this intense low pressure that brood strength was progressively re-
duced. When we linearly regressed the king crab brood strength against
the atmospheric pressure changes  Figure 5!, we found a significant re-
lationship  r = 0.596, p < 0.01, d.f. = 18!. In making this calculation we
removed the single 1970 brood strength outlier. Of course atmospheric
pressure changes do not kill king crab, and so we have not found the
specific cause of mortality. It is likely that a combination of events have
acted simultaneously through the complex life history of the species to
produce the lowered brood strength. Unfortunately many measures will
correlate with this fairly simple decline in brood strength and baromet-
ric pressure. Therefore we suggest that further exploration of correla-
tion statistics will only produce many significant coefficients but no
new understanding.

Warmer winters were also a result of the low pressure. Several other
species began a decline in biomass at this time in the eastern Bering Sea,
including Greenland turbot  Reinhardtius hippoglossoides!, fishes of the
family Zoarcidae  Bakkala 1993!, red-legged and black-legged kittiwakes
 Rissa brevirostris, R. tridactyla!  Springer 1993!, and Pribilof fur seals
 Caliorhinus ursinus!  Castellini 1993!. Salmon showed increases in stock
sizes  Beamish and Bouillion 1993!, as did several species of groundfish
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January 8arornetric Pressure Anomalies  n

E -2

-10
O CC '% O CO O CC cr OCO EO h h h h h CO Cl CO O

Years

Figure 4. North Paci fic barometric pressure anomalies for January 1966 to 1994,
Each column is the value of the mean pressure in January over the
area 20'N to 60 N over the Pacific Ocean. Data are from the Climate
Research Group  D. Cayan! Scripps Institute of Oceanography, Universi-
ty of Cali fornia, San Diego.

including rock sole  Pleuronectes bilinearis! and Pacific cod  Gadus mac-
rocephalus!, both known to be predators on young king crab  BakkaIa
1993!. The source of these broad changes is to be sought in wide rang-
ing phenomena such as would accompany climate shifts.

Development of Hypotheses for the Model
To avoid a somewhat mechanical statistical procedure of correlating
many data-series with brood strength, we re-examined accumulated bio-
logical information about red king crabs and developed a comprehen-
sive conceptual model of processes. We identified the key phases of
crab life history that have processes contributing to year-class strength,
and wrote a stage-by-stage description of the life history events for the
red king crab. The events included location and timing of the life stages,
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Figure 5. Brood strength versus mean barometric pressure anomalies in mb
for the period 1966 to 1986 inclusive. The point for l970 has been
deleted from the fit because it was an outlier and out of the series,
The correlation coefficientissignificant at the 1% level.

plus the coincident physical oceanographic and biological events that
could influence the productivity and survival rate of the stages. The re-
sult was a series of hypotheses related to year-class strength expressed
in a table called an Events-Time Table  Table 1!. We call this approach to
model development the Events-Time Modeling Procedure  Tyler 1992!.
The statements and hypotheses about biological relationships are given
in Table 1, and were all contributed by the workshop participants. These
hypotheses will be discussed in the next section in the context of the
functional relationships that result from them.

Development of Functional Relationships
A functional relationship is expressed as a mathematical equation de-
scribing the change of a dependent variable  y! with changes in the val-
ues of an independent variable  x!, The form may be a difference
equation or a differential equation showing a rectilinear or curvilinear
response of y with change in x. These relationships can also be ex-
pressed graphicaHy, the form that we have chosen for this paper.

The modeler turns the hypotheses of the biologists into functional
relationships that can be used in a quantitative model. The functional
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Table 1. Evems-Time table of life history stages, their depths, the months of occurrence  Jan 1, ~,
sfc.!, and hypotheses.

STAGE / ACTIVITY DEPTH MONTHS OCEANOGRAPHIC

- fecundity ls related
to crab size
- higher fecundity is
linked Io number of
previous spawnings
- senescence is
possible in older
ankn ala
- 8 mok may be
skipped If egg
development is
delayed and eggs
are resorbed
-~may
depend on rations
- parasike and
pathogens may
cause teduc5on of
facundity or slsrgity
- fsrtkizagon rats ls
higher with lager
make
- 5e first fsnele
malad gets more
sperm than does last
female mated by one
mt58.
- fenele's aggregate,
but make not always
distributed in the
earns way as
females.
- Timing ol magng
depends on
female'8 prevous
rsproducdve history
as wal 88 518 water
lemperature.
- Prlmipaovs
spawnem hatch
8ggs, 518rl
mul5paous crabs
- Need a wakrl
quality cue, perhaps
from the diatom
Ibalam505itg
- paraskes
 G$EioL

reduoe fecundity

1. Fecundity-development of
egg dutch vs banenness.
Generally 0 to 360 K eggs /
female.

~ wakrf nlay give
an Increase in egg
mortality dve to
development of
psrasihe and
disease,
-there ls a ai5cal
level of degree-day
accurnuiason for full
matura5on
- vay cold lamp may
delay matursgon of
eggs lo biennial
spawning
-maximum lecundity
may depend on an
optimum temp.

7- I

2. Mating and egg fertilization 2-620-100 m

- For' 5ls Iemp range 2-
6 C egg development
time deperds on
accum. dogma-days

3. Hatch timing 2O-2Oom 4-6

4. Percentage successful
hatch - at 28 C 8 higher

lavar are not viable.
There is a temperature
level op5rnizing %
vktbkr hatch

SJ8 Tyler 4 Kruse � Conceptual lrlodeling of Red King Crab Brood Strength
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Table 1. continued
OCEANOGRAPHIC BIOLOGICAL
HYPOTHESES HYPOTHESESDEPTH MONTHSSTAGE / ACTIVITY

5. Larval survival  zoea! «100 m 4-8

- Cannibalis5c nature
of set5sd larvae leads
to density dependent
morhlity.
- Pnxlagon by sea
stars, +000005 ja

6-80-50m,on
active bottom
with sediments
of rock, shell,
boulder, often
with a complex o
high relief
organisms like
soft coral,

- Depth of habhat
l~ with age.
- Food competition is
likely with some
5a5fsh speckhs with
major biomass
increasrm in the
1980S.
- Pmdation by Parshc
cod, sole spp and
sculpins include
appendages of huge
molting orabs and
whole crabs In smaker
instars.
- Sea Oasis are major
predators

age-1, 060 rn
age-6, 80-100 m

- increased
temperature gives
increased molt
frequency and size
at ege.

- femakhs grow mare
slowly ihan males.
- Mature females are
obligate spawners,
mohers subject to
more predation if ratio
of males to females is
decreased

~ Mol5ng frequency
of males may drop
as stock Qze
decreases

Symposium on High Latitude Crabs

6. Settling larvae  glaucothoe!

7, Juveniles. Age-1 to 6.
Note, some age 5 crabs are
likely matum,

8. Mature stages. Ages 5 to 15
 possibly older!

- Bristol Bay - Mixing due
to high 5dal currents of
40 - 50 cm/sec
Incheaaes producsvity;
low non-tidal currents of
only 3 - 5 cm/sec.
- Wkhd fnhm south can
cause Ekman transport
into Bristol Bay.
- A lack of solar energy
due to heavy hdoud
cover can delay the
peak chlorophyll
concentrations by 5 - 7
days.
- Cur/ankh that move
larvae away from the
required habitat can
increase lanral
rnorlality. Habitat
seems obligatory.

- High
corlcentrakorls of
specihc,
concentdc dkatcms
ahe needed, or
starva5on can
result in 4 days.
- Predaaon is by
pollack, salmon, L.
fRKbll
- Diet veracal
migra5on may be a
retention
mechanism
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relationships of interest are expressions of the basic processes that in
t'urn lead to temporal changes in a product of interest. In this case the
product is brood strength. The basic processes are the physical or
chemical events at a particular time, life history stage, or place that lead
to changes in the survival or productivity of the animal. There may be
biological factors such as predation that change survival rates. As an ex-
ample of a functional relationship, the mortality rate of zoea larvae is
postulated to be linked, among other things, to the concentration of dia-
toms of the genus Thalassiosira during May and June. Below a critical
minimum concentration zoea survival is low  Figure 9, Fcn Q!. Diatom
concentration is positively related to survival rate, but with a progres-
sively shallow slope so an asymptotic relationship is generated, That is,
unit increments at low concentrations bring about greater survival
change than do unit increments at high concentrations. More food
brings about better health; however at higher diatom concentrations,
unit increases would not be used as efficiently by the larva behaviorally
or physiologically, and so would not have the same effect  the diminish-
ing returns principle!.

Thirty-five functional relationships have been identified that de-
scribe the hypothetical processes influencing brood strength  Figures 6
through 12!. The relationships can be considered as two groups: those
that are likely to bring about substantial interannual variation and those
that are likely to cause little variation. The term "interannual variation"
includes year-to-year and decadal-scale changes.

The following is the list of critical relationships. The letters refer to
the functions given in figures 6-12. Some relationships are not included
here but presented in a separate list of non-critical relationships.

A. Egg mortality rate increases exponentially with ambient tempera-
ture. Climate change could cause high temperatures through several
years and as a result effect increases in disease and parasitism to
developing eggs, e.g., via the egg parasite, Carcinomertes sp.

B. Oocyte maturation is a function of degree-day accumulation. A re-
duction of accumulated degree-days is likely, at times, to cause
some individuals to skip spawning, and in cold years, to interfere
with reproduction potential of the stock.

C. Number of eggs starting the maturation process is a function of
temperature.

D. Fecundity increases linearly with crab weight. Factors that cause de-
creased growth or decreased numbers of older, larger crabs, e.g., the
fishery, will influence this relationship.

F. Fecundity increases asymptotically with rations  rate of food in-
take!; the combined effects of ambient temperature and rations
could cause changes stock fecundity.
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Degree-day accumulationAmbient temperature  C !

undity
of eggs!

Crab weight  g!Ambient temperature  C !

Fecundity
 no. of eggs!

undity
of eggs!

Rations  Keel-day !No. of previous spawnings

Figure 6. Hypotheses expressed as functional relationships related to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to fecundity and maturation processes.
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Mating and fertlilzation

Weight of male  g!

Yes

ating
cure

No

Local ratio males to females

Figure 7. Hypotheses expressed as functional relationships related to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to mating and fertilization processes.
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Hatching processes
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Hatching
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ays atter hatching

Ambient temperature  C !

Figure 8. Hypotheses expressed as functional relationships related to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to hatching processes.

Percentage
successful
hatch

arous spawners

arous spawners



524 Tyler & Kruse � Conceptual lrfodeling of Red King Crab Brood Strength

Survival of zoea

Max. daily tidal current  cm-sec !
Elrman transport  cm-sec !

Percentage
sunrival

Diatom concentration - food spp, Concentration of zoea predators

Ambient temperature  C !

Figure 9. Hypotheses expressed as functional relationships related to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to survival of zoea stage larvae.
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tage
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Divergence currents  cm-sec !

Density of predators
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Figure 10. Hypotheses expressed as functional relationships related to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to survival of glaucothoe larvae.
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Survival of Juveniles

Ambient temperature  C !
Carapace width  mm!

Percentage
survival

ercentage
max. rations

Carapace width  cm!

Percentage
urvival

Percentage max. rations

Figure 11. Hypotheses expressed as functional relationships reiated to brood
strength formation for Bristol Bay red king crab for the life history
stages relating to survival of juveniles.
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Survival of mature crabs

Percentage
size
increment

Percentage
sUlvlval
matUre,
molting
em ales

Carapace width  cm! Local ratio males to females

Probability
of molting

redation
mortality
ate

Size of predator stockCarapace width  cm!

Figure l2. Hypotheses expressed as functional relationships related to brood
strength formation for Bristoi Bay red king crab for the life history
stages relating to survival of mature crabs.

G. Percentage of eggs fertilized in a single female may depend on the
weight of the male. Larger males have more sperm mass. The influ-
ence of the fishery will be felt through decreases in abundances of
large males, effecting lowered fertilization rates.

I. The percentage of females mating and fertilized depends on the ra-
tio of males to females in any small area, and is influenced by the
abundance of males and the intensity of the fishery.

K. Hatching will not occur outside a specific temperature range. Be-
cause eggs require two years of nurturing, each egg represents a
substantial bioenergetics investment. Fcn's K and L could determine

H. Percentage of eggs fertilized in a single female depends on the num-
ber of females recently fertilized by the male. If he has fertilized
two or three, the next female is likely to receive a smaller sperm
mass. The number of copulations by a single male is less with a re-
duced male to female ratio as possibly influenced by the intensity
of the male-only fishery,
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the interannual variation in hatch timing, and therefore larval sur-
vival rate.

L. The presence of concentrations of diatoms of the genus Thalassio-
sira may be necessary for egg hatching.

N. Percentage of successful hatch depends on the ambient tempera-
ture.

P. Diatom concentration is a function of mixing generated by wind-
driven Ekman upwelling. The survival of zoea depends on condi-
tions for primary productivity.

Q. Percentage survival increases asymptotically as a function of prima-
ry productivity and diatom concentration.

R. The daily survival rate declines with the size of the predator stocks.
Young walleye pollock and sockeye salmon are predators that occur
in sufficient abundance to influence zoea numbers.

S. The duration of the zoeal period declines with increasing tempera-
ture. This relationship works in conjunction with Fcn R, a higher du-
ration having increased predation mortality.

T. Glaucothoe survival depends on whether currents carry settling lar-
vae to suitable habitat, specifically large rock substrate encrusted
with a community of sessile invertebrates. The extent of this habitat
is limited in Bristol Bay. If currents are strong in some years, the lar-
vae could be swept beyond the nursery habitat and brood strength
would be decreased.

U,V. The survival rate after settling, depends on post-larval density and
the cannibalistic nature of the settled glaucothoe and also the densi-
ty of predators. High densities would have greater percentage rates
and could actually cause decreased brood size,

The juvenile and adult survival functions are all labeled with double
letters.

AAa. The survival rate of juvenile stages due to predation decreases
with increased instar duration, a function of temperature, and
growth. Survival rate is dependent on crab size, larger sizes having
higher survival.

AAb. The size of the molt increment is a function of the temperature.

BB. Size of molt increment also depends on starting size.

CC. Predator avoidance success increases with crab size.
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DD. The potential rations for the crabs are dependent on the stock sizes
of competitors.

EEa and EEb. Molt increment and instar duration also depend on ra-
tion size. Rations in turn are dependent on density of the competi-
tors, DD.

FF. Survival rate is also dependent on the abundance of predators, par-
ticularly the abundance of fish and mammalian predators.

GG. The size increment at molting is dependent on the starting size of
the crab.

HH. Survival rate is a function of the ratio of males to females because
recently molted females are protected by males which grasp and de-
fend molting females from predation by large fishes.

II. The probability of molting is dependent on the starting size of the
crab.

JJ. The predation mortality rate is also dependent on the abundance of
predators.

The less critical functional relationships are as follows;

E. Fecundity is dependent on the number of previous spawnings.

M. The graph gives the timing differences between primiparous and
multiparous spawners, not likely to have interannual variation.

0, Tidal mixing would be about the same each year and so would not
bring about interannual variation in biological response.

V. Survival of glaucothoe is related to benthic predators. It is not clear
whether strong variability in population size occurs among benthic
predators as a group. When some predators become scarce others
may increase.

The Flow Logic of the Model
The model is represented with a flow chart of the Main Model and sepa-
rate flow charts for each of the submodels. The Main Model flow chart
 Figure 13! shows the sequence of the submodels as well as the physical
oceanographic factors and predation rates that affect processes within
each of the submodels. The Reproductive Submodel  Figure 14! is the
first in the sequence and deals with the development of fecundity, the

J. Although an acceptable range of temperature is required for mating,
temperatures outside the range might be a rare event.
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SlAIH INODEL
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Figure i 3. Flow chart of the cycle of modeled hypothetical relationships that lead
to the formation of year-class strength of red king crabs. The model is
iterated once per annum. The variables of the central boxes are influ-
enced by relationships described to the sides of the chart. Only preda-
tion and the physical oceanographic factors are shown in this figure.
More detail of all factors is given on individual model flow charts. The
flow starts with the Reproduction Submodel and follows through to
adult survivors,
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Figure 14. Flow chart for the annual Reproduction Submodel for year-class
strength formation of red king crabs. The variabies of the central box-
es are influenced by relationships described to the sides of the chart.
Letters refer to critical functional relationships. Key variables are like-
ly to be temperature in Fcn's B and C as well as the presence of a dia-
tom concentration, Fcn L. Both influence the timing of hatching and
the Jinking of larvae with conditions for survival.

High
male/fe mal
ratio
increases
rate

Presence o
Thalassi os
diatoms
necessary f
hatch

old years may
cause many to !

ot spawn

equires generation QB
f specific number
f degree-days for
ull maturation for
atch



532 Tyler 8 Kruse � Conceptual Modeling of Red King Crab Brood Strength

percentage of the eggs that are fertilized, the timing and percentage of
the eggs that hatch successfully. The functional relationships are the
processes of productivity and survival, and are represented by the let-
ters described in the last section as depicted in Figures 6-12. Only the
critical functional relationships are given on the model flow figures, and
only these will be discussed in this section.

Fecundity is affected by the number of eggs that start maturation
 Figure 14, Fcn C!, the egg mortality rate of those eggs that start matura-
tion  Figure 14, Fcn A!, and the rations  Figure 14, Fcn F!. The next step
in the flow diagram is percentage fertilization. This is affected by size
of the fertilizing male  Figure 14, Fcn G!, the number of females recently
fertilized by the male  Figure 14, Fcn H!. The percentage of females fer-
tilized depends on the availability of mature males  Figure 14, Fcn I!.
Once the eggs are fertilized and deposited on the female's abdomen, a
specific number of heat units measured in degree-days is required for
the development of the eggs to hatching  Figure 14, Fcn B!. Because of
this function, and also because of Function C, cold years may cause
many crabs not to spawn. The presence of a concentration of the dia-
tom, Thalassiosira, is necessary for hatching to commence  Figure 14,
Fcn L!. Optimum temperatures give maximum hatch  Figure 14, Fcn K
and Fcn N!.

The number of zoea hatched is entered into the zoea submodel  Fig-
ure 15!. The daily zoea mortality rate is likely dependent on two factors:
the availability of diatoms as food  Figure 15, Fcn Q!, and the concentra-
tion of predators  Figure 15, Fcn R!. The availability of diatoms is in turn
dependent on the diatom concentration that varies with the intensity of
Ekman transport  Figure 15, Fcn P!. The duration of the zoea period de-
creases with increase in ambient temperature up to a point where fur-
ther increase interferes with molting  Figure 15, Fcn S!. The number of
survivors is a function of the stage duration and the daily mortality rate.

The next life-history period is the benthic larva or glaucothoe stage,
which is represented in the Glaucothoe Submodel  Figure 16!. The zoea
larvae at the end of the zoeal stage settle to the bottom to begin the
glaucothoe stage. The success of settlement is influenced by the portion
of the zoea that find critical hard-bottom habitat, influenced by the cur-
rents. If the currents are divergent from the needed habitat, higher mor-
tality occurs  Figure 16, Fcn T!. Glaucothoe undergo mortality from
predation by other species  Figure 16, Fcn V! and from density-depen-
dent cannibalism  Figure 16, Fcn U!.

In the Juvenile Submodel  Figure 17!, mortality is influenced by the
length of time each brood spends at small instars because small sizes
are vulnerable to predation, The smaller the size increment and the
longer the duration of small instars, the higher the mortality. Effects of
rations and temperature on growth rate and instar duration  Figure 17,
Fcn EEa and Fcn EEb! are important processes in determining mortalities
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Figure l5. For the zoea stages the daily mortality rate is considered dependent on
two main factors: the avaiiability of diatoms as food  Fcn QJ, and the
concentration of predators  Fcn R!. The availability of diatoms is in
turn dependent on the diatom concentration that varies with the inten-
sity of Ekman transport  Fcn P!. The duration of the zoea period de-
creases with increase in ambient temperature up to a point where
further increase interferes with molting  Fcn S!. The number of survi-
vors is finally a function of the stage duration and the daily mortality
rate.

 Figure 17, Fcn AAa and Fcn AAb!. The size of the competitor popula-
tions and the predator populations are, in turn, directly related to the
number of survivors  Figure 17, Fcn FF!.

The mature crab submodel  Figure 18! is the simplest of the system.
The natural mortality depends on the portion of crabs in the softshell
state at any time because of predation on these individuals. The portion
of individuals molting is estimated depending on the initial size  Figure
18, Fcn II!. The mortality rate also depends on the abundance of the
predators  Figure 18, Fcn JJ!, mainly Pacific cod and other large fishes. It
also depends on the degree of protection provided to molting females
given by the males. The ratio of males to females sets the portion of fe-
males protected  Figure 18, Fcn HH!. A portion of the unpaired, molting
females are eaten. Those having successful molts and surviving go on to
a new size in the model  Figure 18, Fcn GG!. A portion of the molting
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GLAUCOTHOE SUBINODEL

Pass the number of
survivors to

juvenile sub-model

Figure 16. The life-history period of the benthic larva � the glaucothoe stage � is
represented here. The final zoea stage molts and settles to the bottom
in this new instar. The success of settlement is influenced by the portion
of the zoea that find critical hard-bottom habitat, infIuenced by the
currents. If the currents are divergent away from the needed habitat,
higher mortality occurs  Fcn T!. When the larvae are settled they under-
go mortality due to predation by other species  Fcn V!; they also experi-
ence density dependent cannibalism  Fcn U!, Only critical functions are
indicated by letters within circles.
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JUVENILE SUBMODEL

Predator
population
size

Starting
instar size

Final instar
size

Starting
number in
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Size
increment
rate

Daily
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due to
predation

Co
pop

Number of
instar
mortalities

Ambient
temperature

instar duration

Survivors in
specific instar

Transfer to
mature crab
submodel

Number of
mature crabs
by sex

Figure 17. Mortality ofjuvenilesis influenced by the length of time each brood
spends at small-sized stages, because small sizes are vulnerable to pre-
dation. Growth rate and instar duration are important processes in de-
termining the mortalities, in particular the relation between rations
and molt increment and instar duration  Fcn EEa and EEb!; and the re-
lation between temperature and molt increment and instar duration
 Fcn AAa and AAb!. In turn the sizes of the competitor populations and
the predator populations are directly related to the number of mortali-
ties  Fcn FF!. Only critical functions are indicated by letters within cir-
cles.
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MATURE CRAB SUBMODEL

To Fishery

Figure 18. This Adult Submodei is the simplest of the system. The natural mortali-
ty depends on the portion of crabs in the softshell state. Iviortality is
due to predation on these individuals. The portion of individuals molt-
ing depends on the size  Fcn Il!, The mortality rate also depends on the
size of the predator stock  Fcn JJ!, mainly Pacific cod. It also depends on
the degree of protection of molted females provided by the males. The
ratio of males to females sets the portion of females protected  Fcn HIH.
Those having successful moits, and that survive, go on to a new size in
the model  Fcn GG!. A portion of the molting males also succumbs to
predation, and as well a portion are taken as bycatch in the fishery.
The catch is calculated with the standard Baranov catch equation. Only
critical functions are indicated by letters within circies.
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males also succumbs to predation, and as well a portion are taken as by-
catch in the fishery. The catch is calculated with the standard Baranov
catch equation.

Discussion

Red king crabs have a far more complex life history than the abundant
groundfish that surround them and have been more common subjects
of fishery oceanography studies. These extra complexities need to be in-
cluded among the processes which model the natural history of the
crabs and lead to brood strength variability. The females develop their
unfertilized eggs for a year or more, then carry developing embryos for
a year, a reproductive energy output not shared by most ocean fishes.
Unlike most crabs that have a maturity molt and mate once at that time,
mature red king crabs have the complexity of molting and mating each
year. Mating and carrying embryos is more similar to the reproductive
biology of the rockfishes  genus Sebastes!. However they are far more
complex than the rockfishes in that they have two types of larvae, the
zoea instars and the glaucothoe instars.

Several predation hypotheses emerged from our synthesis. Indeed,
predation, starvation, and advection are the three most commonly cited
hypotheses to explain year-to-year variations in recruitment of marine
species  e.g., Wooster and Bailey 1989!, With regard to the egg stage, it
was suggested that optimal temperatures might promote outbreaks of
the egg predator, Carcinomertes. Kuris et al.   1991! found high rates of
prevalence of C. regicides and three other undescribed nemertean egg
predators in the mid-1980s in some areas of Alaska, such as Southeast
Alaska and Kachemak Bay. A significant correlation between egg mortali-
ty and intensity of infestations led the authors to speculate that nem-
ertean egg predators could impact recruitment in some local areas.

It was postulated that zoea mortality increased with predator densi-
ty, such species as pollock and salmon. In a recent study, Wespestad et
al. �994! proposed that outmigrating juvenile sockeye salmon  Onco-
rhynchus nerka! may adversely impact red king crab brood strength by
predation of larvae, This premise is based on a negative correlation be-
tween sockeye salmon abundance  lagged 4 years earlier! and king crab
recruits  lagged 8 years earlier!. Although the potential for salmon-crab
interactions is intriguing, these lags are questionable. Stevens �990!
showed that king crab recruits enter the Bristol Bay fishery over ages 7-
12 depending on temperature. Further, depending on the stock and
brood year, sockeye salmon from Bristol Bay lake systems smoltify as 1-
or 2-year-olds, or in their second or third year if measured from time of
egg deposition, and return to spawn after spending 2-3 years at sea
 Burgner 1991!. Because peak cycle runs are dominated by fish that
spent two years at sea  Eggers and Rogers 1987!, the appropriate lag
from adult salmon to juvenile outmigrants is 2 years not 4 years prior.
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This 2-year lag causes the abundance of outmigrants from strong salm-
on runs prior to 1970 to coincide with years of high crab recruitment,
contrary to the recruitment hypothesis,

Unfortunately, few field studies on feeding habits of outmigrating
sockeye salmon have been conducted. In Bristol Bay, total prey con-
sumption and growth rates of juvenile sockeye salmon are very low un-
til they pass through the inner bay to offshore waters  Straty 1974!. In
Bristol Bay  Straty 1974! and the Strait of Georgia  Healy 1980! larval de-
capods  i.e., crabs and shrimps! generally constitute small percentages
of food of juvenile sockeye salmon, but these studies reported stomach
contents by volume rather than number of prey,

Other predation hypotheses involved glaucothoe, juvenile, and
adult king crabs, As with salmon, hypotheses about effects of ground-
fish predation on red king crab year-class strength emerged from obser-
vations of recent increases in the abundance of some groundfish
species  Bakkala 1993!. Frequently invoked groundfish predation hy-
potheses regarding red king crabs involve Pacific cod, yellowfin sole
 Limanda aspera!, sculpins, and Pacific halibut  Hippoglossus stenoiepis!.

Livingston �991! and Livingston et al. �993! reported on king crab
predation from samples of fish stomachs collected primarily during May
through September 1984-1989 by trawl gear on research and commer-
cial vessels. Among nine groundfish predators investigated, these stud-
ies found that Pacific cod are the primary predator of red king crabs;
many of the red king crabs consumed were softshell females. Walleye
pollock  Theragra chalcogratntna! and yellowfin sole are minor preda-
tors of king crabs and consume mostly glaucothoe and small juveniles.
Livingston �989! estimated that 3.8%, 2.8%, and 1,4% of the female red
king crab stock were consumed by Pacific cod in 1981, 1984, and 1985,
respectively. These predation rates led her to conclude that cod were
not the major factor behind the crash of the red king crab population in
Bristol Bay during the early 1980s. More recently, Livingston et al.
�993! estimated that cod consumed 3.8%, 4.8%, and 14.3% of female red
king crabs in 1987, 1988, and 1989, respectively. In the Gulf of Alaska,
red king crabs occur infrequently in stomachs of Pacific cod sampled off
Kodiak Island Uewett 1978! and Southeast Alaska  Clausen 1981! during
summer.

Jewett and Powell �979! examined the stomachs of sculpins, Myoxo-
cephalus spp, and Hernilepidotusjordani, during summer 1973-1975.
Ked king crabs were never found in stomachs of Myoxocephalus spp.
and they were found infrequently in stomachs of Hemilepidotus jordani.

Gray �964! found an individual halibut with a distended stomach
caught during a trawl survey in April 1962. This fish had eaten three
mature female red king crabs all of which had recently molted. Despite
occasional impressive reports, published studies of stomach contents of
Pacific halibut reveal low incidences of predation on red king crabs  Si-
rnenstad et al. 1977, IPHC 1985, Best and St-Pierre 1986!.
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Our attempts to reconcile predation hypotheses with available data
helped us to identify gaps in understanding. Most of the shortcomings
result from limited field studies designed to identify the prey of fishes
rather than the predators of red king crabs. We recommend predation
studies to focus on several life history stages of red king crabs: pelagic
larvae, glaucothoe in shallow water habitats, and molting juvenile and
adult males and females. Studies of predation on larvae should include
abundant pelagic fish species and be conducted in April through Au-
gust. Although incidences of predation by walleye pollock and yellowfin
sole on blue and red king crab glaucothoe have been documented  Liv-
ingston 1991, Livingston et al. 1993!, it is likely that predation on glau-
cothoe is grossly underestimated because fisheries tend not to occur in
shallow water habitats occupied by young-of-the-year red king crab. We
recomtnended shallow water sampling of fishes and sea stars in June
through August. Most incidences of adult red king crabs in fish stom-
achs are newly molted females. This finding may reflect the fact that
king crab morphology prevents consumption of hardshell animals by
most predators, plus the fact that fish stomachs are almost always sam-
pled in summer by which time males  and some females! have hard ex-
oskeletons and so would not be consumed by predators, Therefore, we
recommend sampling of potential fish predators in February through
June in habitats occupied by molting crabs of both sexes,

The change in weather pattern that occurred in the mid-1970s  Tren-
berth and Hurrell 1994! effected a decreased barometric pressure and
intensification of the Aleutian Low  Figure 4!. This coincided with a de-
crease in brood strength of red king crabs  Figure 5!. An accompanying
increase in water temperature was correlated to decrease in the red king
crab stocks of Kodiak and Bristol Bay  Miiter et al. 1995!, though the re-
lationship appears more related to availability of crabs to the fishery
and changes in fishing effort. There are several hypotheses presented
here that relate temperature change to change in productivity of red
king crabs. Drawing on inferences from northern ocean fishes  e.g., for
Pacific cod see Tyler 1995!, increase in temperature is sometimes associ-
ated with decrease in fish fecundity  Figure 6, Fcn C!. An increase in
temperature could cause an increase in egg mortality  Figure 6, Fcn A!.
The optimum temperature for embryo development of red king crabs is
3-8 C  Nakanishi 1985!. For ocean fishes, hatch success   Figure 8, Fcn N!
is often highest at an intermediate temperature, with decreases at high-
er temperatures  Alderdice and Forrester 1971!. Cumulative exposure to
optimal temperature is sometimes necessary for both egg and embryon-
ic development  Figure 6, Fcn B! of some fish  for English sole, Kruse
and Tyler 1983!, In unusually warm years spawning may be skipped be-
cause a temperature cue is needed  for English sole, Kruse and Tyler
1983! or degree of maturation is insufficient  Figure 6, Fcn B!  e.g., for
Pacific cod, see Tyler 1995!. An optimum temperature might also maxi-
mize molting frequency and body growth  McMurray et al. 1984!, Thus
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warming beyond optimum could actually bring about increased dura-
tion of larval and juvenile stages and subsequent increase in exposure
to predation mortality. The mechanisms of response to warming that
might bring about a decrease in brood strength are manifold. Specifics
for the red king crab are wanting, and so it is not possible to rule out
hypotheses presented here. We suggest that temperature effects on pro-
cesses at the more advanced stages of reproductive productivity, and
larval survival, should be investigated. For example, embryo clutch size
just before hatching could be measured in relation to ambient tempera-
tures; this would have to be carried out in the laboratory and also at sea
over several years. Duration of zoea instars in relation to rations and
temperature could be investigated in at-sea and laboratory situations.
Diatom concentration would have to be determined in the at-sea sam-
pling along with ambient temperature. These measures might produce
the functional relationships proposed here, and could be used to vali-
date statistically parts of our model.

Other physical factors that could be of major influence are advec-
tion and mixing. Advection is critical to the development of brood
strength in processes related to hatching, to survival of zoea, and to the
settling of the glaucothoe stage. The prevailing currents flow to the
northeast along the Alaskan Peninsula toward Bristol Bay then turn
northward and flow along the Alaskan coast of the Bering Sea  Stabeno
and Reed 1994!. Concentrations of diatoms are generated by the mixing
of nutrients and diatoms in the euphotic zone. The mixing could be tid-
al or possibly be from Ekman upwelling along the north coast of the
Alaskan Peninsula caused by winds from the northeast, though this is
not documented. The fertilized embryos of red king crab will hatch only
if there are concentrations of diatoms present, as though a chemical cue
were necessary  T. Shirley, University of Alaska Fairbanks, Juneau Cen-
ter, unpublished!. Investigations of advection along the north coast of
the Alaska Peninsula, and of conditions that effect phytoplankton
blooms, would be valuable. High concentrations of diatoms would pro-
vide the rations for copepods. Zoea consume both diatoms and copep-
ods, depending on instar  Paul and Paul 1980, Paul et al, 1979!. With
high rations zoea would grow faster and molt more frequently, achiev-
ing the settled glaucothoe stage sooner. A reduced duration in the vul-
nerable zoeal stage would lead to reduced mortality and higher brood
strength. The bottom type along the north shore of the Alaska Peninsula
is favorable for the settlement as glaucothoe, because it is rocky and en-
crusted with organisms favored by that stage  Powell and Nickerson
1965!. Our hypothesis is that if currents through this area are strong in
some years, last stage zoea would be carried past these bottom types
and out over muddy areas with resultant reduction in favorable settle-
ment and increased mortality. It would be useful to look at the settle-
ment rates of glaucothoe in this area in much the same way it has been



Symposium on High Latitude Crabs 541

done recently in the Kodiak area by the Alaska Department of Fish and
Game  Blau 1992!.
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Extended Abstract
Red king crabs  Paraiithodes camtschaticus! supported one of the most
lucrative commercial fisheries in the world until a dramatic decline in
the early 1980s. Regardless of cause, a rebound in stock abundance will
be realized only through successful recruitment coupled to a sound
management strategy, Ability to forecast an influx or decline in recruit-
ment to a stock would improve management and benefit harvesters and
processors. Changes in recruitment to lobster  Panulirus cygnus! and
blue crab  Callinectes sapidus! stocks have been predicted through use
of artificial collectors. In Alaska, sausage-shaped artificial collectors
 SACs! have been deployed in Chiniak Say, Kodiak Island, since 1990 to
monitor settlement, index abundance, and estimate growth of age-0 red
king crabs. The goal of this long-term research study was to determine
if a correlation exists between age-0 red king crab abundance in a given
year and the abundance of mature crab captured four or more years lat-
er in the annual Alaska Department of Fish and Game trawl survey of
Chiniak Bay. The project assumed that density on SACs was the same as
on the natural substrate after settling and initial density dependence.
However, habitat limitations could affect interpretation of abundance in-
dices because the majority of larval red king crab settle to a benthic ex-
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istence during late June and early July in Chiniak Bay, but age-0 crab
abundance was not measured until late September to mid-October. Dur-
ing the elapsed time, interactions between crabs, hydrographic condi-
tions, and the SAC habitat may yield a measure of the carrying capacity
of the SAC rather than an index of abundance. If one of these factor's ef-
fects varies with population density so that the proportion of crabs in-
fluenced changes with density, then the factor is said to be density
dependent. The purpose of this study was to experimentally test for
density dependent effects on the number of age-0 red king crabs in the
SACs,

To test for density dependence, 15 replicate SACs were seeded with
5, 10, or 30 crabs in the fall of 1992. SACs were set on the ocean bottom
in 14 to 18 m of water and retrieved after 15 to 16 days. We hypothe-
sized that, if density dependence was occurring, then subsequent densi-
ties following initial seeding would converge. The experiment was
repeated in the summer of 1993 to test for density dependence immedi-
ately following peak settlement of glaucothoe red king crabs to the
SACs. To identify timing of peak settlement additional SACs were set in
May 1993 at two sites in Chiniak Bay:  I! Trident Basin, where age-0 red
king crab abundance per SAC had been moderately low, and �! Gibson
Cove, which consistently had the highest annual abundance of any in-
dex site. The Gibson Cove site was in the immediate proximity of a fish
reduction plant effluent pipe known to introduce significant quantities
of pulverized fish waste, To assess settlement, multiple SACs were re-
trieved weekly through June, then every 2-4 days through August. When
peak settlement had been identified in late July, replicate SACs were
seeded with 15 or 30 crabs, set at depths of 12 to 14 m, and retrieved 8
 n = 9! or 23  n = 13! days later, Carapace lengths  CL! of crabs were
measured before seeding and after retrieval of SACs to assess growth.

Complete convergence of the three-treatment densities was not ob-
served in fall of 1992. A one-way analysis of variance of the mean densi-
ty retrieved was significant  P = 0.0001!, SACs seeded with 10 and 30
crabs had both experienced significant reductions in crab densities
when retrieved  P< 0.0001 in paired comparison t-tests! accompanied
by a significant increase in the mean size of crabs from 5.1 mm to 5.9
mm carapace length  P < 0.001!. Peak settlement during the summer of
1993 was difficult to establish in Trident Basin because of low and vari-
able numbers of crabs caught per SAC. On sampling dates coincident to
both areas, crabs per SAC in Gibson cove were up to 79% higher than in
Trident Basin. Peak settlement was identified as having occurred when
crabs per SAC had peaked in Trident Basin and begun to decline in Gib-
son Cove. Treatment densities did not converge in the summer of 1993.
Two sample t-tests between mean retrieval densities were significant for
both intervals at P= 0.0001. However, paired comparison t-tests of the
treatment densities indicated set and retrieval densities of crabs for
both intervals declined significantly �,0001 < P < 0.0064!. The percent
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reduction was variable between treatments within and between inter-

vals. These disparities could be attributed to the proximity of SAC re-
trieval to the molting event and the proportion of crabs that molted.
Two modes in carapace length of crabs seeded in SACs were identified,
one at 2,7 mm CL and another at 3.6 mm CL, indicating a molt event was
in progress, After the 8-day period 73% of the crabs had molted to a
mean size of 3.5 mm CL. Sixteen days later after a 23-day period, 54% of
the crabs had molted resulting in two modes: 3.3 mrn CL and 4.1 mm
CL.

Density dependence was observed on SACs used to index abun-
dance of age-0 crabs in Chiniak Bay, Alaska. Of the SACs sampled in the
fall of 1991 to index abundance of age-0 crabs, 63%, had less than 2
crabs per SAC, 62% in 1992, and 61% in 1993. In comparison, only 5% of
the SACs sampled in the summer of 1993 had less than 2 crabs per SAC.
Average density of crabs in the three fall samples was 2.4 crabs per SAC,
whereas average density in summer of 1993 was 7.6 crabs per SAC. The
decreasing density of crabs between peak settlement and the fall sam-
pling period indicates SACs should not be used to estimate an abun-
dance index over a protracted period. The significant decreases in crabs
per SAC and the significant increases in mean size of crabs between set
and retrieval of treated SACs could be caused by any one or combina-
tion of three possible factors. �! Space demands could increase as crabs
molt and grow, reflecting density dependent regulation of crab numbers
per SAC; however, the significantly greater density of crabs on collectors
in Gibson Cove adjacent to the fish reduction plant compared to Trident
Basin suggests food availability could modify density dependence. �!
Decreased densities may be a direct consequence of cannibalism, which
is known to occur in young-of-year red king crabs, predation, or other
factors reducing population abundance. �! Emigration and dispersion
of crabs into other habitats could have lowered densities on SACs.

Effects of density dependent regulators on using SACs to index age-
0 red king crabs could be reduced by retrieving SACs as close to peak
settlement time as possible and timely retrieval of SACs. This practice
should enable these collectors to be used to identify changes in recruit-
ment and location of crab nursery areas.
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Abstract

Motile dinospore stages of the parasitic dinoflagellates  Hernatodiniurn
spp.! which cause bitter crab disease  BCD! in southeastern Alaska Tan-
ner crab, Chionoecetes bairdi, were observed exiting heavily infected
hosts via the gill lamellae. Loss of the integrity of the gill in heavily in-
fected and sporulating crabs appears to be the reason for the observed
changes in the hemolymph physiological parameters studied. Heavily
infected and moribund Tanner crabs which had sporulated had tissue
osmolalities similar to seawater, elevated Na' ion concentrations, re-
duced hemocyanin levels, and lower glycogen concentrations. Light to
moderately infected and uninfected Tanner crab hosts appeared to re-
tain their locomotory abilities, had similar hemolymph osmolality, Na+
and K+ ion, hemocyanin, mean protein, ninhydrin positive substances,
and glycogen concentrations. Light to moderately infected crabs may be
equally as marketable as uninfected.

IntrodLIction

Bitter crab disease  BCD!, a blood-borne dinoflagellate infection of
southeastern Alaskan Tanner crabs  Chionoecetes bairdi! causes off-fla-
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vor and mortality that results in a significant annual loss to the commer-
cial fishery, An average of 4% of the commercial Tanner crab harvested
from southeastern Alaska during the last six seasons has been unmar-
ketable due to BCD, representing losses of about $150,000 annually
 Cathy Bothello, ADF&G, Juneau, AK, Jan. 1995, pers. comm.!. Upper
Lynn Canal near Skagway, Alaska, and the Auke Bay, Alaska, area have
reported disease prevalence of greater than 90% during certain years
 Meyers et al. 1987, Love et al. 1993!. In certain areas of the Bering Sea
as much as 60% of the total animals sampled were found to be infected
with dinoflagellate parasites  Frank Morado, NMFS-NWFSC, Seattle, WA,
Oct. 1995, pers, comm.!. This fishery is the most highly valued inverte-
brate fishery in Alaska, averaging 218 million pounds annually between
1991 and 1995  Hermann Savikko, ADF&G, Juneau, AK, Sept. 1995, pers.
comm.!. Although an active culling and disposal program during the
Tanner crab fishery in southeastern Alaska appears to be reducing the
prevalence of disease, BCD has not been eradicated. Loss of marketable
product and disease-related mortality still threaten commercially impor-
tant southeastern Alaska and Bering Sea crab fisheries.

Dinoflagellate parasites similar to Hematodinium perezi have been
described from a wide range of decapod hosts and many geographically
distinct areas. Hernatodiniurn perezi was first described parasitizing the
portunid crabs Carcinus tnaenus and Portunus  Liocarcinus! depurator
from the Atlantic coast of France  Chatton and Poisson 1931!, In north-
ern France, dinof1agellate parasitism has been reported from Cancer
pagurus and Liocarcinus puber Latruite et al. 1988, Wilhelm and Buolo
1988!. Norway lobster  Nephrops norvegicus! from the west coast of
Scotland were recently found to be infected with H. perezi and infec-
tions have been reported in the Australian portunid crabs Portunis pe-
lagicus and Scylla serrata as well as two species of xanthid crabs  Field
et al. 1992, Shields 1992, Hudson et al. 1993!. In North America, H.
perezi infects Callinectes sapidus along the eastern coast of the United
States  Newman and Johnson 1975, Couch and Martin 1979! as well as
the lady crab  Ovalipes ocellatus! and the rock crab  Cancer irroratus!
 MacLean and Ruddell 1978!. Infections of spot prawns  Pandalus platyc-
eros! and pink shrimp  Pandalus borealis! from British Columbia and
Alaska have also been reported  Bower et al. 1993, Meyers et al. 1994!.
In Alaska, H. perezi infects snow crab  Chionoecetes opilio! and Tanner
crabs  C. bairdi!, causing off-fIavor and economic losses to commercial
fisheries  Meyers et al. 1987, Meyers et al. 1990!,

External clinical signs in heavily infected Tanner crabs include a
pink abdomen and carapace, white lines along the underside of each
merus, and milky hemolymph filled with the amoeboid Hematodiniurn
sp. parasites. Lightly infected crabs hosted uninucleate cells with a di-
nokaryon-type nuclear morphology  Chatton and Poisson 1931!. The
amoeboid stages of these parasites resided in the hemolymph for 6 to
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18 months, causing considerable damage to the vascularized connective
tissues of antennal glands, hepatopancreas, cardiac muscle, endocuticle,
gill epithelia, and to circulating hetnocytes  Meyers et al, 1987, Love
1992!. As the disease progressed, hemocytes decreased in number and
multinucleate cells having prominent chromatin and no apparent nucle-
ar membranes were observed  Eaton et al. 1991!. Prevalence and intensi-
ty of infection increased from January through September, at which time
the multinucleate cells metamorphosed into either or both of the micro-
or macrospore stages which exited the crab via the gills through the ex-
halent openings of the branchial chamber  Love et al. 1993, Love 1992!.
Hosts did not survive sporulation. Both the micro- and macrospores sur-
vived 2 to 3 months and vegetative stages survived about 5 days follow-
ing injection into sterile seawater  Meyers et al. 1987!. These micro- and
macrospores were not produced meioticaily from the amoeboid stages
 Eaton et al. 1991!, and did not appear to fuse thus forming planozy-
gotes as do other free-living dinoflagellates, but instead may represent
genetically discrete non-recombining syngens  Pfiester 1984!, The para-
site appears to spread to uninfected hosts via the motile dinospores
through the water column and also via the ingestion of recently dead,
infected crabs. However, disease expression in control animals 6
months into the yearlong epidemiological experiments has clouded a
clear description of the life cycle of this parasite  Love, unpublished!.
Beyond this, little else is known about Hematodinittm spp. life cycles or
specific impacts on Tanner crab physiology by amoeboid cells while res-
ident in the hemocoel or immediately following dinospore release.

Decapod hemolymph is a complex liquid "tissue" essential for ion
regulation, for maintaining a proper internal pH balance, for the trans-
port of oxygen and metabolic wastes, and in the recognition of "nonself'
followed by an appropriate immune response  Mantel and Farmer 1983!.
Components of decapod hemolymph include several types of
hemocytes, ions such as Na' and K', serum proteins and hemocyanin,
free amino acids and by-products of protein metabolism, phospholipids
and neutral lipids all suspended in a liquid matrix  johnson 1980!. As
such, hemolymph represents chemically the tissues it supports within
the hemocoel. Previous taste test experimentation at Auke Bay Laborato-
ry indicated that consumers could not distinguish between uninfected
and lightly infected Tanner crab  Moles, Thomas, and Love, unpub-
lished!. This means that a portion of the Tanner crab harvest currently
discarded due to off-flavor may be marketable in some form, or the fish-
ery could be undertaken during seasons when the intensity of epizoot-
ics are lower. It is not known whether BCD parasites deplete hemolymph
proteins, utilize crab glycogen, or in what manner cause changes in
hemolymph composition and physiological condition prior to killing the
host. This study investigated the effects of parasitism by BCD di-
noflageHates on the composition of hemolymph and physiological con-
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dition of Tanner crabs to determine the extent to which uninfected
crabs differed chemically from infected.

Methods

Female Tanner crabs were captured by submerging 2 m x 2 m conical
commercial Tanner crab pots for 12 to 36 h in waters 90 m in depth
from the Auke Bay area, southeastern Alaska, Captured animals were
held at Auke Bay Biological Laboratory in flow-through seawater aquaria
�-10'C!. Hemolymph was drawn from each captured crab at the inter-
segmental membranes at the base of the right coxa using a disposable
1 cc syringe, A drop of hemolymph was used immediately upon collec-
tion to make smears on numbered glass slides, which were dried and
stained using a Wright-Giemsa  Diff-Quik"! histological stain. Intensity
of Hematodinium sp. infection was determined for each sampled crab
per Meyers et al. �987! using a numerical code from 0 to 4. A value of 0
meant that no parasites were found in sampled hemolymph, 1 denoted
that 1 to 10% of all cells present in an average of 10 fields of view �00x!
were parasites, 2 denoted 11 to 40%, 3 meant 41 to 70%, and 4 meant
that more than 70% of all cells were Hematodinium sp. parasites. To fa-
cilitate analysis, crabs having infection intensities of 1 through 3 were
then categorized as lightly to moderately infected while level 4 crabs
were designated heavily infected. These criteria were also used during
previous taste test experiments at Auke Bay Laboratory  Thomas, Moles,
and Love, unpublished!

Physiological measures included: righting response �0 uninfected
and 10 infected animals! wet weight, dry weight, shell weight, wet and
dry tissue weights, ovary weight, osmolality  mmol!, Na' and K' concen-
tration  mmol/L!, hemocyanin  gm%!, ninhydrin positive substances
 nm/ml!, and glycogen concentration  mmol/L!. Measures were taken
from newly molted as well as terminal molt animals. Newly molted ani-
mals had clean, iridescent pink exoskeletons lacking epifauna. Terminal
molt crabs often had worn, darkened exoskeletons and ectocommensals
such as barnacles, Notostomobdella leeches, and leech egg cases.

Anatomical and gross physiological measures
Triplicate measures were taken of the time required for each of 10 in-
fected and 10 uninfected Tanner crabs to right themselves once placed
dorsal side down in a large volume tank. Wet weights of individual crabs
to the nearest milligram were obtained using a Mettler digital scale.
Hemolymph used for physiological measures was drained from each in-
fected and uninfected crab by severing and immobilizing the first
merus of the third or fourth walking legs, allowing the hemolymph to
drain into a sterile beaker chilled in crushed ice. The resulting
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hemolymph samples were centrifuged at 6,000 rpm for 2 minutes and
the serum supernatant frozen at � 29'C. Crabs were then killed by sepa-
rating the carapace from the legs and abdomen. Ovaries were removed
and weighed. All portions of the crab were placed in an oven for 2 days
at 60'C to obtain dry weight, Shell weight was determined via KOH di-
gest and tissue weight  wet and dry! calculated by subtracting shell
from total weight.

Hemolymph physiological measlres
Plasma osmolality was determined using a Wescor 5100 series vapor
pressure osmometer. Sodium and potassium levels of hemolymph sera
were determined using an Orion 1020 Na+/K' analyzer. Analyzer values
were converted to equivalent values of a flame photometer with a con-
version coefficient of 0.941. This conversion coefficient was based on

previously reported plasma protein and lipid values determined for
blue crab Uack Martinez, Aquatic Consultants, Seattle, WA, 1988, pers,
comm.!. Ninhydrin positive substances were determined using the
method of Moore and Stein �954! as modified by Rosen �957!.
Hemolymph hemocyanin concentrations were measured spectrophoto-
metrically using methods reported by Shirley et al. �986!. Protein con-
centrations were determined with a colorimetric protein assay kit
 Sigma 690-A! using bovine albumin standards. Total protein used
Ohnishi and Barr �978! modification of the Lowry method  Lowry et al.
1951! wherein a dilute biuret reagent reacts with peptide bonds and is
read colorimetrically at 550-770 nm  Sigma No, 690-A!. Glycogen con-
tents were analyzed following the method published by Wedemeyere
and Yasutake �977! with some modification. Anthrone and KOH were
prepared as described. Ethanol was saturated with KCL. Glycogen pow-
der  Sigma No. 115-A! was used to prepare standard curves. Glycogen
concentrations in the standard curves ranged from 0 to 102 Itg/ml.

To test whether physiological parameters differed by level of infec-
tion, we compared mean blood parameter values using one-way analysis
of variance, If the effect of infection was significant, different levels
were compared using Scheffe's test. All data are presented as mean+
standard error.

Results
Dinoflagellate parasitism did not affect general fitness of host crabs un-
til BCD dinospores were released from the gills. Triplicate trials of the
time required for 10 uninfected �1,3+ 1.6 min.! and 10 heavily infected
�0.1+ 1.9 min.! Tanner crab to right themselves when placed upside
down were not significantly different based on two-way analysis of vari-
ance  F = 3.07, P < 0,05!. No additional measures of fitness were taken,
although feeding and ambulatory behavior of infected crabs did not
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Figure !. Histological sections of crab gi's taken fi om unin-
fected crabs and crabs infected with the dinofiagehate
parasite responsibie for bh ter crab disease  BCD! in
southeastern Alaskan 'lanner crabs {Chionoeceies
batrdt!, {A! t!n nfected gills had hetnal channeis  hc!
containing numerous hemocytes  h!, intact cuticle {c!
and respiratory epithelium  re! and granular-looking
hemolymph. Septae  s! and associated trabecuiar ceil
 t! are evident vithirt the lamellae.  B! Gi0s from
heaviiy infected crabs contained iess hemoiyrnph, had
degenerate respiratory epithelium  dc! and numerous
vegetative stages of the BCD parasite  p!, Lpicutic!e is
stili evident. Hematoxyhn-Eos n stain. Bar = ZS pm.
{Modif ed f'rom love ! 99Z.!
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seen~ different from uninfected until immediately prior to BCD sporula-
tion when crabs became lethargic and inappetent, and died.

Prior to BCD sporulation, hemolymph from heavHy infected crabs
contained noticeably fewer hemocytes than uninfected when observed
under the light microscope and eventually turned opaque and milky as
the number of parasites increased in abundance. HeavHy infected gill
tissue had degenerate respiratory epitheha, hemal channels filled with
numerous parasites, and a lamellar cuticle which seemed more fragHe
than uninfected gill to section for histological examination lFigure 1!.
l.leavily infected crabs were observed in seawater aquaria releasing
milky hemolymph containing the dinospore stage of the BCD parasite
from the gill prior to death of the host  Figure 2!. Released hemolymph
was opaque, appeared mHky, and contained 1.5 x 10" motile pat'asites
ml-' based on hemocytometer counts. Many crabs appeared to have lost
hemocoel hydrostatic pressure as hemolymph v as lost at the gill, evi-
denced by sunken intersegrnental membranes. Within the hemocoel,
milky hemolymph was replaced by a clear, acellular fluid, presumably
seawatet'.

Figure 2. lanner crab  Chionoecetes ba rdi! infected with Hematodinium sp. di-
nof$ageliate paras tes which cause bitter crab disease  8CD! in south-
eastern Alaska, releasing P~C� dinospores into the water column via the
gill lamellae and branchiai chamber. Bar = 20 mm,  Rod fied from
i.ove i 99Z.!
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Tabie l. Means and standard errors of the mean for hemoiymph physi-
ological measures of uninfected Tanner crab  Chioygoecetes
hairs'! and Tanner crab infected with Hemutodluium sp. para-
sites.

lvlean Hemo-
Osmolality Na+ K' protein cyanin NPS Clycogen
 masmol!  mmol/L!  mmol/L!  mg/dL!  gm %!  nM/ml!  it/mg!

Uninfected
n=61
mean
SE

843.64
12.86

381.48
5.24

9.63 30.94 13.81 2.39 109.75
0.15 2.08 0.75 0.13 6.50

Light/med
n =135
mean
SE

834.49
12.17

380.07
4.64

9.75 33.94 15.39 2.71 109,88
0.13 1.19 0 42 0.12 3 85

Heavy
n = 22

893.29'
43.30

8.62- 2,76 74. 75**'
1.13 0.21 5.39

404.23
16. 70

9.95
0.46

mean
SE

Sporttlating
n=25
mean
SE

902.80**
6,96

432.48'**
3.84

9. 76
0.14

Measures from newly molted and terminal molt crabs are combined. Seawater osmolality during week-
long period when crabs were sacrificed ranged from S96 to 89S mosmoles/L NPS denotes ninhydrin
positive substances. Very highly significant  P = 0.001l denoted by ***, highly significant  P = 0.01! de-
noted by **, and significant  P - 0.0si differences denoted by ".

Reflecting the sporulation event, some hemolymph physiological
measures of ion regulation from heavily infected and sporulating Tan-
ner crabs differed from uninfected and crabs with light-moderate infec-
tions  Table 1!. Osmolality was significantly higher  893.29+ 43.3
mosmols! in heavily infected than in uninfected crabs  843.64+ 12.86
mosmols! while Na' ion concentrations were not significantly different.
Although not significantly different than in uninfected and light to mod-
erately infected, Na' ions in heavily infected crabs were intermediate in
concentration to sporulating crabs. Differences in osmolality  902.8 i
6.96 mosmols! and Na+ concentration �32.48+ 3.84 mosmols! in sporu-
lating crabs were highly and very highly significant as compared to un-
infected crabs. The osmolality of the seawater in the holding tanks
ranged from 896 to 898 mosmol/L during the week in which the crabs
were sacrificed. K+ ion concentrations were not significantly different
for any of the infection levels compared, Concentrations of hemocyanin
and glycogen, which may also exert some osmotic pressure, were also
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Table 2. Means and standard errors of the mean for wet weights  g! and
percent measures of uninfected Tanner crab  Chionoecetes
bairdii and Tanner crab infected with Heguatodiniuyu sp. para-
sites.

Wet 96 Ovary X Dry % Shel!
weight  g! weight weight weight

% Wet
tissue

% Dry
tissue

Uninfected
n=61

282.09 8.79 24,28 12.05 87.40 12.63

7.16 0.45 0.30 0.18 1.27 0.46
mean

SE

Light/Med
n= 135

292.52 8.77

4.57 0.29

25,07 12,65 87.51 13.16

0.20 0.12 0.33 0.61
incan

SE

Heavy
n=22

198.27 "' 12.35" 21.90"** 8.63*" 91.39' 20.30**'

7.18 2,25 0.82 0.33 0.33 0.95
mean

SE

Measures frotn newly molted and terminal moh crabs are combined. Very highly significant  P = 0.001!
denoted by ***, highly significant  F = 0.01! denoted by **, and significant  P = 0.05! differences denot-
ed by *.

significantly lower in heavily infected crabs. All of these physiological
measures remained significantly different regardless of molt stage, indi-
cating that physiological effects occurred regardless of molt cycle.

Light to moderately infected crabs as well as uninfected crabs did
not differ significantly from one another in any of the anatomical and
physiological measures taken based on one-way analysis of variance  Ta-
bles 1 and 2!. In addition, Na' ion concentration, K+ ion concentration,
and ninhydrin positive substances also were not significantly different
between heavily infected and uninfected crabs  Table 2!. Mean protein
measures were not taken for heavily infected crabs and were not signifi-
cantly different between uninfected �3.4+ 2.1 mmol/L! and lightly to
moderately infected �3.9+ 2.4 mmol/L!.

Heavily infected crabs �98.3+ 7.2 g! were significantly smaller than
uninfected and light to moderately infected crabs �85.7+ 6.7 g!, thus
impacting any other comparative measurements based on percentage of
wet weight. Sporulating crabs were similar in size to uninfected and
light to moderately infected. Anatomical measures included wet weight,
percent dry weight, percent dry and wet tissue weight, percent shell,
and percent ovary. Percent shell and percent ovary by weight were sig-
nificantly higher in the heavily infected animals  8.6+ 0.3 and 12.4+
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2.3 % by weight, respectively! sampled than in uninfected �2.2+ 0.2
and 8.9+ 0.4 % by weight!. Infected crabs �98.3+ 7.2 g! were signifi-
cantly smaller than uninfected crabs �85.7+ 6.7 g!.

Discussion
Currently, processors and fishermen may inadvertently be harvesting
and selling lightly infected crab, as quality of the meats may not be im-
pacted and exterior clinical signs used to sort crab at the dock are not
evident in low level infections. This may not be bad news for industry
as taste tests indicate that consumers could not tell the difference be-
tween uninfected and lightly infected crab. However, transport of infect-
ed crab in flow-through holding tanks and processing of lightly infected
animals may aid in dissemination of the parasite to new areas and cer-
tainly impacts physiological condition of the host.

Loss of the integrity of the gill in heavily infected and sporulating
crabs appears to be the reason for the observed changes in the hemo-
lymph physiological parameters studied. Osmolality concentrations
similar to seawater and higher Na' ion values in sporulating and heavily
infected crabs are probably the result of seawater flooding of the gill he-
mal sinuses and hemocoel. Although not as striking as in sporulating
crabs, heavily infected crabs often had numerous amoeboid cells and
8CD plasmodia within the hemocoel, histological damage to gill and oth-
er internal organs and reduced osmotic ability. Nonetheless, host crabs
seemed quite resilient physiologically. Despite reported extensive histo-
pathological damage  Meyers et al. 1987!, cardiac function did not ap-
pear to be compromised as infected, dinospore-laden hemolymph was
pumped out of the gill during sporulation until little remained in the
hemocoel. Efferent valves of the gills which regulate lamellar
hemolymph flow are present in other brachyuran crabs, including Carci-
nus maenus and Ovalipes catharus  Taylor 1990!. Destruction of valves
such as these in sporulating Tanner crabs would result in an inability to
prevent most of the hemolymph from being expressed following rup-
ture of the gill epithelia and epicuticle.

Hemolymph Na' ion, hemocyanin, and glycogen concentrations in
heavily infected crabs were significantly different from uninfected and
light to moderately infected crabs. Assuming physiological differences
between new molt and terminal molt animals, comparisons of the small-
er-sized heavily infected crabs to the terminal molt uninfected and light
to moderately infected crabs cannot be considered valid. Samples from
terminal molt, heavily infected animals are needed to clarify disease im-
pacts on hemolymph composition. Assuming new molt, heavily infected
animals to be representative, significant losses of hemolymph translates
into concurrent losses of hemal proteins such as hemocyanin which
may indirectly be important for maintaining an osmotic gradient across
the gill membrane. Assuming similar hemal protein ratios for C. bairdi
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hemolymph as are reported for the blue crab, Cailinectes sapidus,
hemocyanin represents 85-90% of the volume of hemolymph proteins
Uohnson 1980!. Osmolality concentrations similar to seawater and high-
er Na' ion values in sporulating and heavily infected crabs are probably
the result of seawater flooding of the gill hemal sinuses and hemocoel.
It is also possible that BCD parasites are feeding on or destroying
hemocyanin and glycogen directly, although this is not yet known. The
vegetative stages of this parasite have been successfully cultured in vit-
ro using sterilized Tanner crab hemolymph  Meyers et al, 1987!.

Hemocytes of Carcinus maenus appear to be major sites of glyco-
gen storage and carbohydrate metabolism  Johnston et al, 1973!.
Spongy connective tissues of Caiiinectes sapidus may be equally as im-
portant for glycogen storage as the hemocytes, based on histological ev-
idence  Johnson 1980!. Both spongy connective tissue and hemocytes in
C. bairdi are destroyed or damaged by BCD parasites over the several-
month course of infection, regardless of which tissue is actually in-
volved in glycogen storage and metabolism in this species  Love 1992!.

Heavily infected crabs were all smaller, newly molted animals un-
like the uninfected and light to moderately infected crabs which were
terminal molt animals; size differences preclude a meaningful compari-
son of anatomical measures which are based on percent by weight. The
long-term effect on tissue growth  dry weight! and reproduction  ovary
dry weight! would require measurements on the same size females; un-
fortunately, we could not get enough crabs of the right size categories
for comparisons. Different levels of infection in different size females
suggest that parasite infection levels cycle in the population. Prevalence
of disease in newly molted crab appears to be higher in samples taken
from Kodiak, Alaska, since 1990, which would appear as a cyclic occur-
rence in random samples  Dan Urban, ADF&G, Kodiak, AK, Oct. 1995,
pers. comm.!.

Tanner crab hosts appeared to retain their locomotory abilities, con-
tinue to ion-regulate, and have normal hemolymph chemical makeup
throughout the time during which BCD vegetative stages reside within
the hemocoel. Gross measures such as righting response may not be
precise enough and appear to be of limited value in assessing host-para-
site physiological interaction throughout all but the final moments of in-
fection just prior to BCD sporulation. Heavily infected crabs were able to
right themselves as quickly as uninfected. Hemolymph osmolality, Na
and K+ ion, hemocyanin, mean protein, ninhydrin positive substances,
and glycogen concentrations were quite similar between uninfected and
light to moderately infected crabs, which had hemolymph that was
slightly hypoosmotic as compared to seawater and heavily infected or
sporulating crabs. Light to moderately infected crabs as well as unin-
fected crabs did not differ significantly from one another in size or in
any of the anatomical and physiological measures taken based on one-
way analysis of variance.
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Abstract
Sea otter  Enhydra lutris! populations are increasing and expanding into
areas of Southeast Alaska where Dungeness crabs  Cancer magister! are
commercially harvested. Although sea otters are known to feed on
Dungeness crabs, their effects upon crab demography have not been
quantified. We censused Dungeness crabs in adjacent areas within Gla-
cier Bay National Park and Preserve with and without sea otters in April
1993, 1994, and 1995 to investigate the effects of sea otter predation.
Two different crab survey techniques were used, Commercial crab pots
with sealed escape rings and baited similarly were soaked for 24 hours
to measure CPUE in 0-25 m depths. A minimum of 50 pots was used for
each site; 25 additional pots were used in 1994 and 1995 to sample
crabs to 95 m depths. Divers censused crabs along belt transects � m x
100 m! laid perpendicular to shore from 0 m depth to 18 m; 15
transects were surveyed at each site on each date. Sea otter numbers
were estimated from aerial surveys and boat observers. Prey types and
feeding rates of sea otters were made from telescopic observations. In
Outer Dundas Bay, where 46, 39, and 40 sea otters were present in 1993,
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1994, and 1995 respectively, CPUE of Dungeness crabs in pots was 0.04,
0.04, and 0,2 crabs per day, respectively, at depths to 25 m, but was
higher �.0 crabs per day! at deeper depths  95 m!. Only two Dungeness
crabs were observed in 45 diver transects surveyed during three years
in Outer Dundas Bay, however Dungeness crabs were a common prey
item �5%! of sea otters. Approximately 16 km N in Inner Dundas Bay,
where no sea otters were observed any year, CPUE of Dungeness in pots
was 2.7, 1,8, and 2.5 crabs per day for 1993, 1994, and 1995, respec-
tively. Adult crab density estimated from diver transects was 236, 78,
and 50 crabs/ha in 1993, 1994, and 1995, respectively. Significantly
lower crab densities and CPUE occurred in the site occupied by sea ot-
ters. Our data imply that sea otter predation decreases Dungeness crab
abundance and may induce movement of crabs to greater depths. A
depth refuge for crabs frotn sea otter predation may vary with local
bathymetry.

Introduction

Since their reintroduction to southeast Alaska beginning in 1965  Burris
and McKnight 1973!, the population of sea otters  Enhydra lutris! has
been increasing and their range expanding into inside waters, where a
majority of the southeastern Alaska commercial Dungeness crab  Can-
cer magister! harvest occurs. Sea otters were eliminated from southeast
Alaska by the fur trade before 1900. Between 1965 and 1968, 402 ani-
mals were translocated to six sites on the outer Alaskan coast  Burris
and McKnight 1973, Jameson et al. 1982!. The population remained low
until 1987 when it began a period of rapid growth  Pitcher and Imamura
1990!,

Sea otters are known to have a diverse diet  Doroff and DeGange
1994, Ebert 1968!, but in most parts of their Alaskan range sea otters
have been documented as feeding primarily on sea urchins  Estes and
Duggins 1995! and bivalves  Kvitek and Oliver 1992, Kvitek et al. 1992!.
Although sea otters have been reported to prey heavily on Dungeness
crabs in Prince William Sound, Alaska  Garshelis 1983, Garshelis et al.
1986!, the effects of their predation upon crab demography have not
been quantified.

The Dungeness crab supports a substantial commercial and sport
fishery in southeastern Alaska. In 1992, 243 commercial crabbers held
permits to fish in Southeast Alaska, harvesting over 3 million pounds of
crab. With the limited-entry program for the Dungeness fishery in 1997,
308 crabbers will be eligible for permits  S. Shirley, Commercial Fisher-
ies Entry Cotnmission, pers. comtn.!. If sea otter predation on Dunge-
ness crabs in southeastern Alaska is of the same magnitude as it was in
Prince William Sound, an average of 14 crabs per adult sea otter per day
 Garshelis et al. 1986!, the effects upon the commercial fishery could be
devastating. If the estimated population of 10,000 sea otters consumed
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only Dungeness crabs, the 1995 commercial harvest of Dungeness crabs
could be consumed in less than two weeks. We expect that such calcula-
tions are absurd, but they do serve to emphasize the magnitude of the
potential problem.

Beginning in April 1992 we conducted surveys of Dungeness crab
populations twice annually at locations in or adjacent to Glacier Bay Na-
tional Park and Preserve as part of a long-term study  MADS, Multi-
Agency Dungeness Study! implemented to study the effects of
commercial crabbing upon several attributes of Dungeness crab biology
 Leder 1994, Leder and Shirley 1995, O'Clair et al, 1995, O'Clair et al.
1996, Schultz 1996, Schultz and Shirley 1996, Schultz and Shirley in
press!. The five study sites, Gustavus Flats, North Beardslee Islands,
South Beardslee Islands, Berg Bay, and Bartlett Cove  Figure 1!, at the
time had no or a low historical incidence of sea otters. With the advent

of sea otter sightings and the concern of additional sea otters moving
into our study areas, two additional sites, Outer and Inner Dundas Bay,
were added in April 1993  Figure 1!. Outer Dundas Bay has been popu-
lated by sea otters since at least 1989  Pitcher and Imamura 1989! while
sea otters have not been observed in the upper reaches of Dundas Bay,
approximately 16 km NW, hereafter referred to as Inner Dundas Bay,

The objectives of this study were to: �! compare CPUE and abun-
dance of Dungeness crabs in adjacent areas with and without sea otters
and to compare to values collected with similar methodology in 1989 by
the Alaska Department of Fish and Game  Pitcher and Imamura, 1990!;
�! compare depth distribution of Dungeness crabs in areas with and
without sea otters; and �! examine the diet of sea otters in southeastern
Alaska.

Methods
Dungeness crab abundance was assessed by two methods, commercial
crab pots and scuba diver transects, At each site 50 commercial Dunge-
ness crab pots were soaked for 24 hours: 25 pots were set in depths of
0-9 m and 25 pots were set in 10-25 m. At Outer Dundas Bay, which has
greater depths available, an additional 25 pots were set at depths of 64-
95 m in 1994 and 1995. The pots were baited similarly with a mixture of
herring and squid and hanging bait of salmon and cod. The escape rings
of all pots were sealed in order to retain small crabs. All pots were num-
bered and the depth and location of each pot was recorded. Catch per
unit effort  CPUE! was determined per pot standardized to a 24 h soak
period.

Crabs were identified by sex and females were classified as oviger-
ous  with an egg clutch under the abdominal flat! or nonovigerous. Cara-
pace width was measured with vernier calipers to the nearest millimeter
immediately anterior to the tenth anterolateral spines. Carapace condi-
tion was categorized as soft  recently molted!, new  sharp spines and
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Figure!. Study locationsin and adjacent to Glacier Bay IVationaI Park and Pre-
serve. Numbered locations are: �! Xorth Beardslee Islands, �! South
8»ardslee Islands, f3! Berg Bay, �! Bartlett Cove, �! Gusfavus FIats, �!
Outer Dundas Bay, �! Inner Dwndas Bay.
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bright colors!, old  dull spines and colors, with some fouling organisms!
and very old  dull spines, heavy fouling, larger barnacles and often with
macroalgae!  Shirley and Shirley 1989!. Carapace and appendage dam-
age and evidence of regeneration of appendages was also recorded.
More detail of the variables measured and techniques are provided by
Leder �994! and Schultz �996!.

Divers using scuba gear censused crabs along belt transects � x 100
m! perpendicular to shore from the shallow subtidal � m, MLLW! to 18
m depth or until the end of the 100 m transect, whichever came first
 O'Clair et al. 1995, O'Clair et al. 1996!. Fifteen randomly placed
transects located within the area where pots had been located were con-
ducted at each study site, Crab number, sex, reproductive condition,
and number of legal-sized males were counted by 10 m quadrats along
each transect.

Sea otter abundance was determined by aerial and small boat sur-
veys. Sea otter diet was assessed by telescopic observation by trained
observers.

Crab and sea otter surveys were conducted at approximately the
same time in the third week of April in 1993-1995. Diver transects were
conducted concurrently with the pot survey in 1993, but followed by
1-5 days in 1994 and 1995. All values are reported as mean+ standard
error.

Results
In Outer Dundas Bay, CPUE was uniformly low in pots at 0-25 m depth,
being 0.04+ 0.03 crabs per pot per day in both 1993 and 1994 and 0.2+
0.1 in 1995  Figure 2!. At the deeper depths, CPUE increased, from 0.4+
0.2 crabs per pot per day for pots in 20-60 m depth in both 1994 and
1995, and to 3.9+ 0.8 and 4.0+ 1.0 crabs per pot per day for pots from
60-90 m depth in 1994 and 1995, respectively  Figure 3!. In sharp con-
trast, Inner Dundas Bay had CPUEs of 2.7+ 0.4, 1.8+ 0.3, and 2.5+ 0.5
crabs in 1993, 1994, and 1995, respectively. The bathymetry of Inner
Dundas Bay is shallow, so that no pots can be set at deeper depths for
comparison; however, the CPUE of crabs in pots from 0-10 m was twice
that of pots from 10-20 m depth.

The low CPUE of crabs in pots from Outer Dundas renders consider-
ation of sex ratio of questionable value. Two males were caught in pots
at 0-25 m depth in Outer Dundas in both 1993 and 1994, while 8 males
were collected in 1995 from the same depths. In the 25 pots set deeper
�5-95 m!, 40 males and 1 female were collected in 1994, but 42 males,
1 nonovigerous and 3 ovigerous females were collected in 1995. In In-
ner Dundas Bay, 104 males and 30 nonovigerous females were collected
in 1993; 59 males and 24 nonovigerous females were collected in 1994;
and 113 tnales, 8 nonovigerous, and 5 ovigerous females were collected
in 1995.
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Figure 2. hfean catch per unit effort  CPUE! of crabs/24 h in commercial crab
pots  n = 50 pots! in Outer and Inner Dundas Bay from 1993 to l995.
Vertical bars represent one standard error.
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Figure 3, Mean CPUE of crabs/24 h in commercial crab pots by depth in Outer
Oundas Bay in 1994 and 1995. Means are for 50 pots at depths < 20 m,
15 pots for 20-60 m depth, and 10 pots for 60-95 m depth.
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Crab abundance in diver transects followed similar trends as the
CPUE reported for pots. No crabs were found in a total of 30 transects
conducted in 1993 and 1994 and only 2 in 15 transects in 1995 in Outer
Dundas Bay, in contrast to an abundance 236+ 88.7, 78.1+ 30.4 and 50
+ 22.9 crabs per hectare in 1993, 1994, and 1995, respectively, in Inner
Dundas Bay  Figure 4!.

Numbers of sea otters in Outer Dundas Bay remained relatively con-
stant, with minimum counts during aerial surveys being 46 in 1993, 39
in 1994, and 40 in 1995.

Prey composition of sea otters in Outer Dundas Bay was 65% bi-
valves  Saxidornus sp., Macorna sp. and Prototheca sp.!, 15% crustaceans
 Cancer rnagister and Chionoecetes bairCh'! and 20% other  green sea ur-
chins, sponge, sea cucumbers, octopus, sea stars, and snails!. Of the
crustaceans consumed, 95% were Dungeness crabs  Figure 5!. The above
values represent an overall average of prey composition. Three sites
were sampled within Outer Dundas Bay for prey composition of sea ot-
ter diets and the proportions varied among the sites as follows: �! 26%
bivalves, 46% crustacean, 28% other; �! 96% bivalves, 1% crustacean, 3%
other; and �! 58% bivalves, 7% crustacean, 35% other.

Discussion
Dungeness crabs have large spatial and temporal variations in abun-
dance  Botsford 1986, Johnson et al. 1986! that complicate interpreta-
tions of the impact of sea otter predation on crab abundance. Also,
different spatial scales of dispersion  i.e., degree of aggregation! for
different sex and life history stages of Dungeness crabs have been re-
ported to vary with location within Glacier Bay  O'Clair et al. 1996!. In-
terannuai variations in the CPUE of different sex and life history stages
of Dungeness crabs in five different bays within and adjacent to Glacier
Bay were documented by Leder �994! and Schultz �996!, In addition,
the harvest of the commercial crab fishery should be expected to affect
the abundance of crabs, The total harvest varies not only in response to
interannual variations in abundance of crabs, but also in response to
market demand.

The results of our survey suggest that sea otter predation affects
the abundance and bathymetric distribution of Dungeness crab. The
Iack of multiple, paired sites and circumstantial nature of our data limit
the inferences which can be derived; however, strong patterns are evi-
dent. In the presence of sea otter predation in Outer Dundas Bay, the
CPUE of crabs was not significantly different from zero, Similarly, scuba
divers found only 2 crabs in 45 scuba diver transects during 1993-1995
in the area where sea otters were present. In the upper reaches of the
same bay  Inner Dundas! where otters are not observed or rarely
present, CPUE varied from 1,8 to 2.7 crabs per pot during 1993-1995,
The abundance of crabs in scuba diver transects declined steadily from
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Figure 4. Mean Dungeness density in diver transects  n = 15 diver transects per
value! in Inner and Outer Dundas Bay in 1993-1 995. Transects termi-
nate at 18 m depth or shallower.
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Figure 5. Mean composition of sea otter diet in Outer Dundas Bay in 1993. Values
are averaged from telescopic observations at three locations. Other in-
cludes sea urchins, sea cucumbers, sea stars, snails, sponge, octopus.

236, to 78, then to 50 crabs per hectare in 1993, 1994, and 1995, re-
spectively, in Inner Dundas Bay. We do not know if the decline is related
to predation or resulting from Iong-term trends in population abun-
dance.

The CPUEs that we report for both Outer and Inner Dundas Bay are
sharp declines from the 1989 CPUE in Dundas Bay reported by Pitcher
and Imamura �990! of 10.49+ 11.75  mean+ standard deviation! crabs
per pot per day, Although our crab pots were baited and set for 24 h in
an identical manner as those of Pitcher and Imamura �990!, the values
are not strictly comparable because crab pot locations and depths were
not the same.

Sea otters were first reported in Dundas Bay by Pitcher and Imamura
�990!. The CPUE they reported for Dundas Bay �0.49 crabs per pot per
day! was one of the higher values they reported for areas along Icy Strait
that did not have sea otters. It is likely that sea otters had not yet signif-
icantly decreased the numbers of Dungeness crabs in Dundas Bay at the
time of their sampling, as the CPUE they reported for Dundas Bay in
1989 differs little from our overall CPUE from 5 bays within Glacier Bay
during 1992-1995 of 9.4 crabs per pot per day  unpublished data!. Pitch-
er and Imamura �990! hypothesized that the Iow CPUE of Dungeness
crabs in two other bays along Icy Strait, Idaho Inlet and Mud Bay, were
likely the result of sea otter predation and predicted that substantial
numbers of sea otters would populate Dundas Bay within three years
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and have a negative effect on Dungeness crab abundance. Our data cor-
roborate their hypotheses and prediction.

A strong aspect of our study is our observations of sea otter diet in
our crab study area. Sea otters were actively feeding on Dungeness
crabs even though our divers could not find them in transects and few
were collected in our crab pots. On average, 15% of the sea otter diet in
Dundas Bay was crabs, of which 95% was Dungeness crabs, If crabs had
been more abundant within Outer Dundas Bay, predation rates might
have been considerably higher. Our sea otter feeding rates on crabs
should be considered conservative, as some sea otters have been report-
ed to feed nocturnally when Dungeness crabs are more active  Rails et
al. 1995!, when telescopic observation of diet is not possible.

The increase in CPUE of Dungeness crabs with depth in Outer Dun-
das Bay has several implications. One inference is that depth may be a
refuge from predation for the crabs. Although Dungeness crabs have
been reported to 179 m depth  Hart 1982!, they are generally found in
nearshore areas and most of the commercial fishery in Alaskan waters
occurs in less than 25 m depth  unpublished observations!. In most of
our other study locations in or near Glacier Bay, bathymetry prevented
us from setting crab pots in deeper depths; however, in the South Beard-
slee Islands, CPUE of Dungeness crabs decreased with increasing depth
to 60 m in 1995 and 1996  unpublished observations!. The diving depth
of sea otters can exceed 100 m  Newby 1975! but most dives are in shal-
low water  VanBlaircom and Estes 1988, Kvitek et al. 1992, Rails et al.
1995!. As an interesting aside, we found Dungeness crabs in commercial
Tanner crab pots at 183 m depth in Outer Dundas Bay  unpublished ob-
servations!. In our April 1996 sampling in Outer Dundas Bay, the largest
number of Dungeness crabs collected were in our deepest pot at 123 tn.
Another consideration of a possible depth refuge is that predation by
sea otters tnay be biased towards certain sex and life history stages of
Dungeness crabs. Ovigerous females tend to bury in dense aggrega-
tions, often in shallow water  O'Clair et al. 1996, Schultz 1996!, perhaps
rendering them more susceptible to sea otter predation. O'Clair et al.
�995! did find seasonal differences in sex distribution of Dungeness,
but not significant differences in depth distribution between ovigerous
and nonovigerous Dungeness crabs. However, the depth range studied
was restricted to < 18 m. At our deep set of pots in Outer Dundas in
1995, 3 of 4 females collected were ovigerous.

Whether Dungeness crabs move to deeper depths in response to sea
otter predation, or have substantial abundance at depth are questions
that would have significant implications to the commercial fishery and
to management agencies. The impact of sea otter predation may mani-
fest itself only in movements of the crab populations, or conversely, a
deep-dwelling population of Dungeness crabs may serve as a buffer
against overexploitation.
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Abstract
The substantial bycatch of female and sublegal male Tanner crab
 Chionoecetes bairdi! in Alaskan commercial pot fisheries has been a
subject of some concern. The process of crab capture, deck handling,
and discard can result in damage that causes mortality. This study eval-
uated the separate effects of dropping crabs into water, inducing leg or
carapace injuries, and repeatedly capturing crabs on the mortality of
sublegal and legal size male Tanner crabs. After a 60-day holding period
there was no significant difference in the percent of Tanner crabs dying
in treatment groups �-6%! and control groups �-12%!. Tanner crabs
readily autotomize limbs that have been injured. Eighty-five percent of
crabs with a merus/carpus joint injured had autotomized that leg within
24 hours, and 94% had done so by the 14th day.

Introduction
The Tanner crab  Chionoecetes bairdt! is one of the most important com-
mercial crab species in Alaska. Over the 10-year period 1984-1993, the
eastern Bering Sea alone accounted for 66,000 mt with an ex-vessel val-
ue of $228 million  ADF8rG 1994!. The Tanner crab fisheries use pots to
target mature males greater than or equal to 140 mm �.5 inches! cara-
pace width  minimum legal size statewide except Prince William Sound,
where the size limit is 5.3 inches!  ADF8G 1993!. There is no minimum
pot mesh size restriction, although in some areas two escape rings
121 mm in minimum inside diameter must be sewn into the mesh. In
both Tanner and king crab fisheries, large numbers of sublegal-size
male and female Tanner crabs are caught and must be returned to the
sea. In the 1994 eastern Bering Sea Tanner crab fishery which captured
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3.8 million legal males, an estimated 5.9 million sublegal male and 3.6
million female Tanner crabs were caught and released  Tracy 1995a!. In
1993, the red king crab  Paralithodes camtschaticus! fishery on the same
fishing grounds caught almost as many sublegal male and female Tan-
ner crab �.8 million! as it did legal king crab �.0 million!  Tracy 1995b!.
If many of these incidentally caught crabs die, this could be a substan-
tial source of population mortality.

There are many individual components of the capture, handling,
and discard process that can injure crabs or cause them to be less fit.
These forms of damage, individually or in combination, can cause im-
mediate  occurring right after handling! or delayed  occurring after the
crab has been returned to the sea! crab mortality. Some damage is gross-
ly observable: broken spines, cracked, crushed, or punctured shell, or
autotomized limbs, Other types of damage are less visible, and would
include those caused by desiccation or temperature changes. Numerous
studies have addressed mortality and injury to decapod crustaceans
captured in fishing gear. Trawl gear has been shown to cause injury and
mortality in Tanner crab  Stevens 1990! and Dungeness crab  Cancer
rnagister!  Reilly 1983!. Capture in pot fisheries has been shown to in-
jure snow crab  Chionoecetes opilio!   Miller and Watson 1976! and west-
ern rock lobster  Panulirus cygnus!  Brown and Caputi 1983!. For Tanner
crab, Byersdorfer and Watson �992! reported an injury  tom limb seg-
ment or broken carapace! rate of 3.0% and an itnmediate mortality rate
of 0.5% in a 1991 research pot survey in the eastern Bering Sea. Of 834
Tanner crabs carefully examined from a similar pot survey in 1992, 16%
had newly punctured, crushed, or cracked carapaces or legs  NMFS un-
published data!, Potential mortality from repeated pot capture and dis-
card of non-target crabs within a single season has also been cause for
concern  Kruse 1993, Zhou and Shirley 1995!.

Autotomy and regeneration, the severance of an appendage at a pre-
formed breakage plane and its regrowth over several molts, are common
among brachyuran crabs and in many species are the normal response
to limb injury distal to the autotomy plane  Bliss 1960, McVean and
Findlay 1979!. Tanner crabs commonly autotomize chelate and walking
limbs in response to a variety of stimuli including injury, external ten-
sion applied to limbs, and cold air exposure  Pers. obs., Carls and O'Clair
1990!. Edwards �972! found that 39% of Tanner crabs examined in the
eastern Bering Sea had at least one autotomized limb. The conditions
under which Tanner crabs autotomize and regenerate limbs have not
been adequately studied.

The most common pot used in Alaskan Tanner crab fisheries is a
iarge �.9 m x 2.1 m x 2,1 m! steel frame cage weighing about 300 kg
 Otto 1981!. While the handling procedures for pots on deck vary con-
siderably among vessels, a generalized scenario is as follows, When a
pot is retrieved over the side of a vessel, it is lowered onto a hydrauli-
cally operated, articulated pot launcher at the rail. A hinged side door
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on the pot is opened and the crabs fall and are pulled out either into
containers on deck or onto a raised table. The articulated launcher can
be used to shake the crabs out of the pot. Crabs that are "stuck" in the
pot are often removed by hand, At this point, the male crabs are sorted
by size, with legal males being dropped or slid by chute into live-tank
openings in the deck, Sublegal males and females are shunted over-
board either by being carried to the rail and dropped overboard, placed
in the stream of live-tank overflow water that washes overboard at deck

level, or by being slid down a discard chute that ends just above water
level. Crabs that are dropped over a vessel's rail can fall 2 m or more be-
fore hitting the water. In addition to a wide variety of physical deck ar-
rangements for handling crabs, there is variation in handling that
results from differences in the quantity of crabs caught per pot, the
number of pots fished per unit time, weather conditions  including
freezing temperatures!, and the overall level of care with which crabs
are handled by the crew.

Little is known about the tnortality rates of Tanner crabs caught and
discarded in pot fisheries. This paper examines male Tanner crab mor-
tality that occurred within 59-60 days of specific handling processes or
types of injury that are known to occur in Tanner crab pot fisheries. In
three experiments, we examined mortality rates of crabs �! dropped
once or four times from a height of 2.5 m into seawater, �! physically
injured by tearing tissue at the merus/carpus joint of one leg  "bent"
group!, severing tissue of one coxa  "pinched" group!, or cracking the
lateral margin of the carapace  "cracked" group!, �! placed in a crab pot
and lowered to, then raised from the ocean floor four times over a peri-
od of 3 days to simulate repeated capture and release in a fishery.

Methods
The three experiments, ordered 1, 2, and 3, are hereafter referred to as
the Drop, Injury, and Elevator experiments. For all experiments, Tanner
crabs were collected with commercial crab pots from depths of 70 to
150 m in Chiniak Bay  latitude 57'43'N, longitude 152'15'W!, near the
town of Kodiak, Alaska. Because few female crabs were caught, only
males were used in our experiments. Several selection criteria deter-
mined which males were used. No softshell crabs or very oldshell crabs
 crabs judged not to have molted within the previous 48 months! were
used  except in the Elevator experiment, where 17 vigorous but very
oldshell crabs were used because sufficient newer shelled crabs were
not available!. Also rejected were crabs with both chelipeds missing  au-
totomized!, any number of very recent autotomies  autotomy plane
membrane soft and white!, more than two autotomies of any age, or
crushed, cracked, or punctured shell. Experimental crabs were mea-
sured for carapace width  excluding lateral spines! and right chela
height, coded for shell age, and the number and location of autotomized
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limbs was noted. A numbered Peterson disc tag was attached with a
plastic tie to the distal end of a walking leg merus on each crab.

In all experiments, post-treatment crabs were held for 59-60 days in
a covered outdoor five-tank system. This system consists of four circu-
lating seawater tanks, each containing six plastic mesh baskets in which
crabs were placed. Raw seawater circulated through each tank at a rate
of 19 gpm. Water temperature, salinity, and dissolved oxygen level were
monitored at least every 5 days. Tank water temperatures varied be-
tween 1.8 and 6.0'C during the three experiments. The number and du-
ration of aerial exposures varied from experiment to experiment. The
longest exposures were generally at the time of treatment, ranging from
a mean of 19 seconds in the Injury experiment to 8 minutes in the Eleva-
tor experiment. Mean exposure times at tagging and measuring were 30
seconds and 106 seconds for the Drop and Elevator experiments, re-
spectively. Air temperatures at exposure ranged from -3.0 to 3.9'C but
almost all temperatures were above freezing. Crab were fed herring ad
libitum every third day. Baskets were examined every day for mortali-
ties.

There were enough dissimilarities in the handling of crabs in the
three experiments that the methodology of each will be discussed sepa-
rately at this point.

Drop experiment
Eighty crabs were used in two treatment and one control group for a to-
tal of 240 crabs  Table I!. Crabs caught on 8 December 1993 were care-
fully removed from the capture pots, placed in containers supplied with
circulating seawater, and transported ashore to the live-tanks. The crabs
were allowed to acclimate in the tanks for 5 days, at which time they
were measured, autotomies were assessed, and they were tagged. On
the following day, crabs were allocated to the baskets by size, with the
three smallest crabs being split among the two treatment groups and
the control group, and so on, until all of the crabs were allocated. In
each group, 80 crabs were equally divided among eight baskets. The
baskets were distributed among the 24 basket positions by randomized
block design. In the two drop treatments, crabs were removed from the
baskets and dropped from 2.5 m above a tote filled with seawater, All
crabs were released from a horizontal position, and almost all impacted
the water on their ventral surface. After all 10 crabs in a basket were
dropped, they were removed from the tote and immediately returned to
the tanks. Crabs in the 4-drop group were first dropped on 15 Decem-
ber, then every 48 h through the fourth drop on 21 December. Also on
21 December, the 1-drop group crabs were dropped and the control
crabs were "sham-dropped." The sham-drop consisted of removing a
control basket from a tank, gently placing each crab in the seawater-
filled tote, then returning the crabs to the basket and tank. This process
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Table 1. Characteristics of Tanner crabs used in three handling mortal-
ity experiments and experiment dates.

A. Sample size, crab size, and holding period.

Humber Size
legal' range mm

Sample
size

Mean Days
size mm heldExperiment Group

Drop

Injury

Elevator

' Legal crabs are > 140 mm carapace width.
b One crab died from injuries sustained during holding.
' One crab died from injuries sustained while molting in tank.
4 Five crabs escaped and one was killed when a board covering a pot tunnel entrance broke free during

treatment.

B. Treatment and hoiding dates.

Holding tank datesTreatment date s!Experiment

21 Dec 1993-18 Feb 1994

16 Mar-14 May 1993

7 Jan-8 Mar 1995

15-21 Dec 1993

16 Mar 1994

5-7 Jan 1995

Drop

Injury
Elevator

simulated the drop treatment except that each crab was placed gently
in, rather than dropped in, the tote.

lfijury experiment
In the Injury experiment, 72 crabs were used in three treatment and one
control groups for a total of 288 crabs  Table I!. Crabs were captured on
9 March 1994 and transported to the live-tanks as in the Drop experi-
ment. On 14 March, they were measured, and their autotomies were as-
sessed, tagged, and allocated as in the Drop experiment to individual
baskets. Each group contained 12 crabs in each of six baskets. On 16
March the injuries in the three treatment groups were induced, In the
bent group, the carpus of a middle walking leg was rotated on the end
of the merus to a position 90 degrees beyond its normal, fully extended
position. This tore the arthrodial membrane and underlying tissues and

Control

I-Drop

4-Drop

Control

Bent

Pinched

Cracked

Control

4 lifts

80
79b

80
71c

72

72

72

75
69'

40

42

44

15

12

13

13

48

53

109-177

109-173

109-182

107-164

108-164

99-162

107-167

99-167

104-164

140

139

141

131

130

130

130

139

138

59

59

59

59

59

59

59

60

60
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caused considerable loss of hemolymph. In the pinched group, the coxa
of a middle walking leg was cut with a pair of wire cutters. This cut was
made perpendicular to the axis of the coxa and severed the ventral half
of the shell and muscle mass. In the cracked group, each crab was
placed on a hard surface and hit with a metal rod on the lateral margin
of the carapace directly above the posterior gill filament. The force was
sufficient in all cases to crack the carapace and tear the underlying epi-
dermis. Most cracks were straight, and began at the outside margin of
the carapace and extended towards its center. Crack measurements on
63 crabs ranged in length from 21 to 47 mm  mean 33 mrn!. In approxi-
mately 73% of these crabs, the cracks forked or the impact created a
small hole in the carapace. The fourth group was a control in which crab
remained in the tanks for the duration of the experiment. In order to de-
termine whether injuries would induce autotomy, aII crabs in this exper-
iment were examined 24 hours, and again 14 days after the treatment
day.

Elevator experiment
Seventy-five crabs were used in single treatment and control groups for
a total of 150 crab  Table 1!. Crabs captured on 5 January 1995 were
gently removed from the pots and pairs of approximately equal size
were divided between two containers of seawater on deck. The treat-
ment crabs were removed from one of the containers, measured, and
autotomy assessed. Then they were placed in a modified crab pot cov-
ered with 77 mm stretch mesh webbing and with covers over the tunnel
entrances to keep crabs from escaping. This pot was then lowered to the
bottom of the bay. It was allowed to free-fall for the first 45 m, then was
lowered slowly to the bottom on its buoy line. The control group crab
were transported ashore to the live-tanks where they were measured, in-
jury assessed, tagged, and placed 10 crabs to a basket in the tanks. The
next day, 24 hours after the treatment pot was lowered to the bottom of
the bay, it was pulled to the surface and brought on deck three more
times with 1 hour intervals of bottom time. When the pot reached the
surface on the second lift, one of the wood covers to the tunnel entranc-
es was found to have come loose, killing one crab and allowing 5 crabs
to escape, leaving 69 crabs in the treatment group. Each time the pot
was brought on deck, it was placed on the pot launching rack which was
raised just enough that the pot door could be opened above two totes
laid end to end below it. The crab fell or were pulled out of the pot and
allowed to drop the 0.6 m into the totes. Any crabs that were hung up in
the pot web were carefully extracted by the crew and dropped in the
tote. Immediately after removing the last crab from the pot, the crew
lifted the crabs out of the totes, placed them back in the pot, and closed
the pot door. The pot was then launched overboard. The fourth and fi-
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nal pot lift was made the next day, 7 January. The treatment group crab
were then transported ashore to the live-tanks where they were mea-
sured and injury assessed again, tagged, and placed 10 crabs to a basket
in the tanks. This was day 0 of the holding period.

Data analysis
Results of survival tests were analyzed using the log-likelihood ratio sta-
tistic, or G', which is approximately y' distributed  Bishop et al. 1975,
Agresti 1990!. Initial analysis was conducted as a 2 x n contingency ta-
ble, using outcome  survived, died! vs. group  including control!, Sec-
ondary analyses were conducted as 2 x 2 tables by comparing each
treatment vs. control separately, and by combining all treated crabs vs.
controls. Analysis of autotomies was conducted similarly, except that
data used were numbers of crabs that did or did not autotomize a leg.
Results of the G' tests were considered to be significant if they had an
alpha level = 0.05.

Results
Mortality

Drop experiment

Percent mortality and number of mortalities in the control, 1-drop, and
4-drop groups was 6.3% �!, 5.1% �!, and 2.5% �!, respectively  Figure
1!. The G' statistic for all groups was not significant  Table 2!, indicating
no relationship between treatment type and the proportion of deaths in
each group. Comparisons between controls and each treatment were
also not significant, as was the comparison between controls and all
treated crabs. Therefore, we conclude that dropping of crabs from a
height of 2.5 m did not cause any significant mortality,

injury experiment
Percent mortality and number of mortalities in each group was: control,
4.2% �!; bent, 1.4% �!; pinched, 1.4% �!; and cracked, 12.5%  9!  Figure
1!. The G' statistic for all groups was significant  Table 2!, indicating
that the proportion of crabs dying was not independent of treatment.
This significance is due to the difference between cracked crabs  mortal-
ity rate higher than that of control! and bent and pinched crabs  mortali-
ty rate lower than that of control!. However, the relevant comparison is
whether any treatment group exhibited mortality different from the con-
trol group. Comparisons between the control and each treatment group
were not significant, nor was the comparison between the control and
all treated crabs combined. Therefore, we conclude that injured crabs
did not exhibit significantly greater mortality than uninjured crabs.
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Figure 1. Percent mortality in control and treatment groups in three Tanner
crab handling mortality experiments.

Elevator experiment

Only 1 of the treated crabs died, while none of the controls died. These
numbers are too small to conduct a G' test, and the difference in mor-
tality is considered not significant.

Aatotomy

In the Drop experiment, the number of crabs with new autotomies  by
day 59! was 23 in the control group, and 18 in both treatment groups.
The incidence of autotomies was not significantly different among ex-
perimental groups  G' = 1.05, P-value = 0.59; Table 3!.

In the Injury experiment, autotomies numbered 7, 70, 7, and 10 in
the control, bent, pinched, and cracked groups, respectively. Bent crabs
had a significantly higher rate of autotomy than crabs in the other two
treatment groups and the control  Table 3; G' = 195.1, P-value < 0.001!.
Sixty-nine of the 70 bent crabs that had new autotomies had autoto-
mized the injured leg. Of these 69 crab, 61  88%! had done so within 24
hours of treatment and by the 14th day, 68  99%! had done so.
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Table 2. Results of i * tests for mortality in each of three Tanner crab
handhng mortality experiments.

G2Experiment Comparison P-value

Drop

Injury *0.008

0.293

0.293

0.068

0.765

Elevator Too few deaths to compare

* indicates result is significant at P < 0.05,

Table 3. Numbers of crab with autotomies, sample size, and 6*
test results for autotomy in each of three Tanner crab
handling mortality experiments.

With autotomies
N Number PercentExperiment Group

Drop
G' = I 05 P= 0 59

Elevator
G2= 2.74, P= 0.10

Control

Elevated

75

69

7

13

9

19

"indicates P < 0.05.

All groups
Control vs. 1-drop

Control vs. 4-drop

Control vs. all dropped

All groups

Control vs, bent

Control vs. pinched

Control vs. cracked

Control vs. all treatments

Control

1-Drop

4-Drop

Injury Control
G'= 195.1, P < 0.001* Bent

Pinched

Cracked

80

79

80

71

72

72

72

1.443

0,105

1.387

0,711

11.688

1.104

1.104

3.323

0.089

23

18

18

7

70

7

10

29

23

22

10

97

10

14

0.486

0,746

0.239

0.399
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In the Elevator experiment, there was no significant difference
 G' = 2.74, P-value = 0.10! in autotomy rates between controls � of 75!
and elevated crabs �3 of 69; Table 3!.

Discussion
There are many factors that by themselves, or in some combination,
could potentially affect the survival of Tanner crab discarded from com-
mercial pot fisheries. In our crab Drop and Injury experiments, we chose
to narrow the focus of the treatment so that any observed mortality
could be better linked to one treatment factor. The Elevator experiment
linked a number of handling factors together and more closely resem-
bled a commercial handling regitnen.

Dropping crabs either one or four times into still water on their ven-
tral surface did not increase mortality in our experiment. While we
didn't simulate the drop from a moving vessel  crabs are usually dis-
carded overboard from a vessel as it traveis between pots!, the height
that we dropped from �.5 m! was somewhat higher than the 1.7 m aver-
age rail height in a sample of twelve eastern Bering Sea crab vessels  Le-
slie Watson, Alaska Dept. Fish. and Game, Kodiak, Alaska, Dec. 1993,
pers. comm.!. Two recent experiments with red king crab also found no
mortality associated with water impacts. Zhou and Shirley �995! sitnu-
lated deck handling and discard with a process that included an aerial
drop into water and found no increase in mortality with up to three han-
dlings. When Watson and Pengilly �994! dropped tagged legal size red
king crab from a height of 1.7 m from a vessel moving through the wa-
ter at 7.5 knots, the rate of tag return from the commercial fishery was
the same as for crabs that they dropped only 37 cm into still water.
These experiments taken together would suggest that hard-shelled
crabs are not damaged by water impacts alone.

Our Injury experitnent was designed to isolate three common injury
types from other handling factors. While no treatment group suffered
significantly higher mortality than control crabs, it is possible that in-
jured crabs or even uninjured crabs released into the natural environ-
ment would not have fared as well as tank-held crab. Gooding �985!
observed a high rate of fish predation on uninjured spiny lobsters  Pan-
ulirus marginatus! released from pots that resulted primarily from their
vulnerability while falling through the water column and disorientation
upon landing on the bottom. Fish predation in the eastern Bering Sea,
however, may not be a problem. Food habits studies of Pacific cod  Ga-
dtts macrocephaius!  Livingston 1989! and of nine common groundfish
predators  Livingston et al. 1993! have shown that while small Tanner
crab are common fish prey, almost no crab over 60 mm carapace width
are taken. In the Gulf of Alaska, Jewett �978! found that while Tanner
crab was the most frequently occurring species in Pacific cod stomachs,
the largest crab taken was 70 mm, and 78% of crabs were between 7 and
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28 mm. Since almost all male Tanner crab discarded from the eastern

Bering Sea pot fisheries are larger than 70 mm  Tracy 1995a, 1995b!,
there is no evidence that, injured or uninjured, Tanner crab would be
highly vulnerable to Pacific cod predation.

Autotomy is a common response to limb injury in Tanner crabs, and
this was certainly the case with the bent group in the Injury experiment.
Ninety-six percent of the crab in this group autotomized the injured leg.
The 85% autotomy rate within 24 hours of treatment and the extremely
low �.4%! experimental mortality rate of these crabs suggests that leg
injuries that lead to autotomies will seldom result in mortality.

The Elevator experiment was designed to simulate repeated capture
of crabs in a pot as closely as possible. One substantial deviation, of
course, was that the crabs rode the pot both up and down through the
water column. By avoiding rough handling each time the pot was
brought on deck, emptied, and refilled, we avoided some physical dam-
age that might itself have caused mortality. No crab sustained body
damage as a result of the elevator treatment and most leg damage was
remedied by autotomy, as only three crabs had minor leg damage. Re-
peated retrieval of crabs through the water column followed by air expo-
sure on deck as a significant source of mortality is not supported by
this study.

There are several additional issues that need to be considered when
evaluating these experiments and their relevance to actual fishery con-
ditions. Only males were used in the experiments although females
made up 38% of the 9.6 million Tanner crab discarded in the 1994 east-
ern Bering Sea Tanner crab fishery  Tracy 1995a!. When Hayes and Reid
�974! held trawl-caught Tanner crabs on deck in air or buried in bins of
fish, they found that, overall, egg-bearing females had a lower mortality
rate than males. Because of their more compact shape, pot-caught fe-
males might also be less subject to limb injury and autotomy than
males. Among trawl-caught "adult" Tanner crabs, Edwards �972! found
that 43% of males and 23% of females had autotomies. The discard mor-

tality rate of large females is probably no greater than for large males.
The size of males that we used was dictated largely by what we

could catch. The percentage of legal size males used in the Drop, Injury,
and Elevator experiments was 52, 18, and 60%, respectively. Both suble-
gal and legal-size males are discarded in Alaskan commercial crab fish-
eries. The State of Alaska has, however, attempted to minimize crab
bycatch by allowing the take of legal size Tanner crab during the most
recent �993! Bristol Bay red king crab fishery  Tracy 1995a!.

No softshell and very few very oldshell crab were used in these ex-
periments. Do commercial pots catch substantial numbers of these
crabs, and if they do, might their mortality rates be higher? Observer
data from the eastern Bering Sea Tanner crab fishery from 1991 through
1994 show that no softshell crabs of either sex are caught  Tracy 1995a!.
This is probably because few crabs are soft-shelled when the late fall
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fishery occurs, but softshell crab might also be less likely to enter pots
to begin with. It is unclear whether very oldshell crabs, which made up
about 1% of all crabs caught in the fishery  Tracy 1995a!, would sustain
higher mortality rates than newer shelled crabs.

The effect of cold air exposure on Tanner crab mortality was not ad-
dressed by this study. Most of our aerial exposures were to tempera-
tures between 0.0 and 4.0'C, with the most extreme single exposure in
the Drop experiment, where all crab were exposed to � 3.0'C for less
than a minute. This time-temperature combination was well below the
mortality threshold demonstrated for Tanner crab by Carls and O'Clair
�990!.

The assessment of crab fishery discard mortality of Tanner crabs is
made difficult by the wide variety of conditions that exist during com-
mercial harvests and by the difficulty researchers have in trying to sim-
ulate fishery conditions in their experiments. Our experiments suggest
that some handling factors that were potential agents of mortality ap-
pear, in fact, to be fairly benign. Whether or not these factors, when
included in complete handling regimens, would have resulted in mortal-
ities different from those we observed remains unknown. Another ques-
tion that remains unanswered is whether return of our treated crabs to
the marine environment would have resulted in different mortality
rates. There is a clear need for additional studies. To more closely simu-
late release into the natural environment, some future studies should
hold treated crabs in underwater enclosures or tag and release them for
subsequent recovery in commercial fisheries.
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Is Handling Responsible for the
Decline of the Red King Crab
Fishery?
Shijie Zhou and Thomas C. Shirley
Juneau Center, School of Fisheries and Ocean Sciences
University of Alaska Fairbanks, Juneau, AIaska

Abstract
A large number of female and sublegal-size male crabs are caught in the
red king crab fishery and must be discarded to comply with the state' s
regulations on sex and size limitation. Before being returned to the sea,
these crabs suffer aerial exposure, crushing, and deck and water im-
pacts. In this study we examined the potentially deleterious handling ef-
fects of commercial fishing procedures on female and sublegal male red
king crabs. We estimated that on average 64.6% king crab in the catch
are fetnales and sublegal males, The deck impact distance is approxi-
mately 60 cm, and the water impact distance is approximately 2 m if
crabs are returned from the rail of vessels, or averages 71 cm if re-
turned from the chute. Maximum aerial exposure duration averages 2.33
min. We simulated handling procedure in the laboratory to test the ef-
fects on discarded crabs. There were 5 treatments: handled once, han-

dled twice, handled three times, modified handling  no deck impact and
return to the seawater via a ramp!, and controls. Crabs were categorized
in 3 groups: ovigerous females, juvenile females, and sublegal males.
After receiving handling treatments, crabs were maintained for 4
months while damage, righting response, feeding rates, weight change,
carapace length increment, and mortality were monitored. Body damage
increased significantly with increased handling. One crab died within 24
hr of the first handling treatment. However, there were no significant
differences in righting responses, feeding rates, weight gain, carapace
length increment, or long-term mortality among the five treatments.
Normal handling of red king crabs during commercial crabbing activi-
ties may not have detrimental effects on the stock.
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Introduction
The Alaska red king crab  Paralithodes camtschaticus Tilesius, 1815!
fishery collapsed in the early 1980s, Since then the stock has remained
at low abundance and shows no definite sign of recovery  Otto 1990!.
Several hypotheses have been proposed to explain this decline. Of these
hypotheses, lethal and sublethal effects of handling during commercial
crabbing have been suggested, and handling is suspected of continuous-
ly depleting the resource  Thomson 1990, Kruse 1992!.

Red king crabs are commercially harvested by crab pots in Alaska.
Only male king crab of legal size  > 121 to 178 mm CW, depending on
the statistical area! can be taken or possessed  Alaska Department of
Fish and Game, 1994-1995!. In comparison to other fishing gear  e.g�
trawl!, pots have many advantages. However, a large number of females
and sublegal-size males are incidentally caught in this male-only fish-
ery. A field survey using king crab pots in Kodiak, Alaska, reported that
75% of king crabs caught were female, and, of the males captured, 26%
were sublegal size  Blau 1988!. This means that 81.5% of the king crab
captured had to be returned to the sea. The sex ratio in the catch in
Bristol Bay varied from year to year. The male:female ratio in a 1991 sur-
vey was 47:53. In the 1992 survey, although the male:female ratio was
high �0:30!, and 62% of males caught were legal-size  > 165 mm CW!
 Byersdorfer and Watson 1992!, as high as 57% of the red king crabs
caught had to be returned to the sea,

Before they are released, these female and sublegal-size male red
king crabs are exposed to aerial desiccation and temperature differences
between the air and seawater. They may also crush each other, and sus-
tain damage when dropped on the deck and into the sea during sorting
and release operations. The amount of physical trauma received from
impact with the vessel deck, and that crabs later endure when dropped
from commercial vessels above the water surface, is unknown. Handling
impact may have delayed sublethal effects on activity, feeding rate,
growth rate, and long-term survival.

Red king crabs are vulnerable to autotomy  Edwards 1972, Kurata
1963, Niwa and Kurata 1964!. The Alaska Department of Fish and Game
conducted experimental fishing with pots in 1991 and reported that 2%
of crabs were injured and 0.1% died immediately after handling  Byers-
dorfer and Watson 1992!. There was no report on the incidence of
handling-induced injury or mortality during commercial fishing with
pots. The immediate mortality �7.3%! of king crabs captured by com-
rnercial sole trawls was high  Stevens 1990!.

Prior investigation of handling effects on Dungeness crabs in south-
eastern Alaska demonstrated that increased handling resulted in higher
mortality, culminating in 100% mortality after crabs were handled four
times with techniques simulating those used in the commercial fishery
 unpublished data, T. Shirley!. The mortalities were not due to acute in-
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Methods

Field data collection

Crab vessels were measured prior to the opening of crab season when
vessels were in the harbor. Rail-deck height  the distance from the rail to
the deck!, and rail-water height  the distance from rail to the water sur-
face!, chute-water height, sorting table dimensions, and tote dimensions
were measured.

A minimum and a maximum aerial exposure time were measured
for each pot with a stop watch. The minimum aerial exposure time was
from the time the pot was lifted from the water to when the first crab
was returned to the sea; the maximum aerial exposure time was from
when the pot was lifted from the water to when the last crab in the pot
was returned to the sea. Also the total number of crabs and number of
legal crabs were counted for each pot. Water temperature and air tem-
perature were recorded sporadically at different times of the day. Occa-
sionally some crabs fell from the pot onto the deck; this impact should
have a more detrimental effect. The number of crabs falling to the deck
was recorded for each pot as an index of abnormal handling.

The Mandatory Shellfish Observer Program of Alaska Department of
Fish and Game provided the data collected during the commercial red
king crab fishery. Four years' data from 1990 to 1993 were used to esti-
mate the impact of commercial crabbing on discarded crabs. The ob-
server deployed on the catcher/processor vessel randomly selected

juries, but rather occurred over a 4-month period following the hand-
ling. The average number of missing limbs and percentage of the popu-
lation with missing limbs increased as the Dungeness crab season
progressed  Shirley and Shirley 1988!. Hecause red king crabs are larger
and heavier than Dungeness crabs, and would be expected to have fewer
adaptations to aerial exposure and impacts because of their subtidal
lifestyle, the effects of handling may be more deleterious.

Our research hypothesis is that handling has lethal and sublethal ef-
fects on discarded female and sublegal-size male red king crabs. First
we measured the crab vessels' dimensions related to potential impacts
that discarded crabs would suffer. We estimated the aerial exposure du-
ration from field observations, and we estimated the number of crab
discarded and the immediate injury and death rate by analyzing data
from the king crab observer program. Second, we simulated handling in
the laboratory and examined the effects of handling on: �! body dam-
age which includes limb damage and autotomy; �! vigor and activity;
�! feeding rate; �! growth rate; �! carapace increment after molt; �!
Iong-term survival; �! the effects of repeated handling on these indices;
 8! whether handling impacts can be ameliorated by alteration of han-
dling techniques.
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approximately 5 pots per one hundred pulled, counted all of the crab
according to the pertinent categories, species, and sex. If less than 100
crabs in any category were in the pot, all were measured for biological
length. All crabs were examined for damage and death.

Laboratory experiments
Sublegal male and female red king crabs were collected near the labora-
tory in Auke Bay and Barlow Cove, Alaska, with commercial and sport
pots, handled gently, and maintained in seawater during transport to
the laboratory. Within the laboratory, crabs were kept in tanks with flow-
ing seawater from a -30 m intake and fed a mixed diet of fish, squid,
and mussels ad libitum. All crabs were acclimated to laboratory condi-
tions for at least two weeks prior to experimentation.

Each crab was individually numbered with a numbered cinch tag at-
tached to the basis of the right third walking leg. Sex, wet weight, and
carapace length were recorded for each crab. No new autotomy resulted
from initial capture and during maintenance in the laboratory. Crabs
with missing leg s! were not used for the experiment. The experiment
consisted of 5 treatments, and 27 crabs were used in each treatment: 9
ovigerous females, 9 juvenile females, and 9 sublegal males. Crab sizes
were selected so as to have similar-size crabs within each treatment,
and the placement of crabs into each treatment was determined by ran-
domized block design. The carapace length of these crab ranged from
70.3 to 125.0 mm with a mean size of 99.8 mm  + 14.1 SD!, and the wet
weight ranged from 258 to 1481 gram with a mean weight of 804.9 g  +
312.5 SD!. Deck impacts and water impacts were studied by treating
crabs in a manner similar to that experienced onboard commercial ves-
sels. The handling procedures for the 5 treatments were as follows.

Treatment I; handled once. Twenty-seven crabs were placed in a
simulated commercial pot  approximately /z size, 92 x 92 x 45 cm, but
of similar box shape!. The pot was stood on a height of 60 cm and sub-
sequently tilted at a 45'angle. The door of the pot was opened and
crabs fell  were dumped! into an empty tank. Crabs tangled on the pot-
mesh were shaken to cause them to fall and none was pulled out by
hand, Crabs were then dropped from 3 m height into seawater onto
their dorsal surface.

Treatment 2: handled twice. All crabs in this treatment received the
same handling as Treatment 1. Three days after the first handling, crabs
were handled in the same way as the first handling, except that they
were dropped onto their ventral surface. This permitted crabs in this
group to experience one dorsal water impact and one ventral water im-
pact.

Treatment 3: handled three times. AII crabs in this treatment re-
ceived the same handling as Treatment 2. Three days after the second
handling, crabs were repeatedly handled in the same way as during the
first handling.
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Results

impact of commercial Pshery
During commercial crabbing, pots are pulled to the deck and the con-
tents dumped onto a sorting table or into a tote. After sorting the legal-
size male are kept while females and sublegal males are slid down from
the sorting table to a chute below the deck surface with overflow water

Treatment 4: modified handling. Crabs were placed in a pot and
dumped from 60 cm height into a tank filled with seawater of 40 cm
depth  the distance between the pot and water surface was 20 cm!. Then
crabs slid on their ventral surface into seawater from a 45' tilted ramp
of 3 m height rather than being dropped.

Treatment 5: control. This group received no handling or aerial ex-
posure after the initiation of experiments, other than that used for de-
termining weights and measurements.

During these four treatments, water temperature varied between
7.8'and 8.6'C and air temperatures varied between 7.6'and 15.3'C.
Aerial exposure time for the last crab returned to the water varied from
10-14 min. in Treatment 1 and Treatment 3.

Crabs from all treatments were returned to laboratory holding tanks
for examination. Crabs used for feeding measurements and crabs under-
going molting were kept in individual compartments.

Body injury and limb autotomy, if any, were recorded for each crab
immediately after each experimental treatment. Mortality was recorded
daily.

One day after treatment, the righting time that each crab required to
turn over when placed on its back underwater on the bottom of the tank
was recorded. We considered the righting time to be an indicator of gen-
eral well-being of the crab as an integrated coordination of muscles and
sensory perception is required for rapid righting. Righting time was
measured weekly until week 12. Feeding rates were measured by plac-
ing known weights of cut squid into each crab container and weighing
the remainder 24 hr later, Before it was weighed, the food was blotted
dry with paper towels. Measurements were made of control food soaked
for 24 hr in a tank without crabs to determine weight changes due to im-
mersion, and consumption was corrected accordingly. Feeding rates
were measured twice a week for a subset of 9 crabs in each treatment
until week 13. At the termination of the experiments � months after ex-
perimental treatments!, wet weights and carapace lengths were recorded
for all crabs.

Several statistical methods were used to analyze different experi-
ment indexes according to the data characteristics. All data were diag-
nosed by graphic methods before and after statistical tests. Data
transformation was applied if statistical assumptions were violated, Sta-
tistical power was calculated for some experimental indexes.



Table 1. Measurements  cm! of deck and water impact distances.

Table-chute
 N = 10!

Rail-deck
 N = 63!

Chute-water
 N = 60!

Rail-water
 N = 61!

73

96

86

7,42

Minimum 76

147

104

14.50

18

153

71

31.4

130

282

].98

37.3 7

Maximum

Mean

SD

from the tank, and then dropped from the chute to the sea or thrown
out from the rail to the sea.

The major impacts include the dumping of crabs onto a sorting ta-
ble or into a tote, and sliding from the sorting table to the chute. The
distance from lower edge of the pot door to the table is less than 30 cm.
A typical tote has dimensions of 81  wide! x 142  long! x 53  high! cm.
The distance from the lower edge of the pot door to the bottom of the
tote is about 60 cm. The mean height of a sorting table is 61 cm and the
chute is approximately 2S cm lower than the deck surface  Table 1!.
Crabs usually slide down to the chute through a ramp at approximately
45'.

Water impact distances were measured when boats were fully or
partially loaded with pots and their holding tanks were partially filled
with water. Two vessels with a rail-water height of 3.0S m were treated
as outliers because they were unloaded and had no water in tanks. The
water impact distance varied with the size of vessels  Figure 1!. The
larger vessels generally had a greater water impact height. If crabs are
returned to the sea from the chute, the mean water impact distance was
< 1 m, but if crabs were thrown back from the rail, the mean water im-
pact distance might exceed 2 m  Table 1!.

Crabs are exposed to air from when pots are lifted from the water
until the crabs are returned to the sea. The number of crabs in the pot
affects the aerial exposure duration  Figure 2!. The first crab can be re-
turned to the sea within 2 min.  mean 1.3+ 0.23 SD, N = 97!, and the
last one within 4 min.  mean 2.3 + 0.47 SD, N = 134!. During the 1994
fishing season, the air temperature in Bristol Bay varied from 0.5'C to
6.6 C with a mean of 3.0'C  + 2.13 SD, N = 20!, while the water tempera-
ture was more stable, from 3.5 to 4.4'C with a mean of 4.0*C  + 0,30 SD,
N=6!.

Some crabs suffered abnormal handling during crabbing. When the
pot door was opened quickly, crabs hanging on the door might be
tossed high into the air. An average of 1.41+ 1.32 SD  N = 108! crabs
dropped to the deck rather than into the sorting table. These crabs suf-
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Figure 3. Carapace length distribution of red king crab in Bristol Bay fishery
with regard to the legal size.

fered longer aerial exposure, and might be kicked, smashed, or thrown
back to the water from the rail.

Red king crabs as small as 65 mm in carapace length can be retained
in crab pots, but few crabs less than 85 mm CL are caught  Figure 3!. Al-
though the size distribution of the catch varied from year to year, a sig-
nificant number of female and sublegal male king crab were caught in
red king crab fishery. The minimum legal size was 6.5 inch or 165 mm
carapace width including spines in the Bristol Bay district  Alaska De-
partment of Fish and Game 1994-1995!. If the relationship of CL = 0.81 x
CW+ 3.57 was applied  S. Zhou, unpublished data!, the legal size was
137 mm in carapace length. Crabs stnaller than this size must be re-
leased  Figure 3!.

From the average number of crab caught in each pot  Figure 4!, we
calculated that an average of 64.6%  + 18.60 SD for 4 yr! of the catch
would be discarded, if only the red king crab is considered. As an exam-
ple, in 1990, 3,120,326 legal males were landed in Bristol Bay red king
crab fishery, and in 1991, 2,630,446 legal males were landed  Westward
Region Shellfish Staff 1992!. By applying the average discard rate, we es-
timated that in Bristol Bay 6.6 million crabs in 1990 and 4.8 million
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ner crab in Bristol Bay red king crab fishery.

crabs in 1991 were discarded. If the Tanner crab, Chionoecetes bairdi
 another commercially important species!, is also considered, an aver-
age of 75.3%  + 12.2 SD for 4 yr! of the catch had to be returned to the
sea. Besides these discards, the fishery caught a small amount of other
economically important crab species such as snow crab  Chionoecetes
opiiio!, Korea hair crab  Erirnacrus isenbeckii!, blue king crab  Paralith-
odes platypus!, and golden king crab  Lithodes aequispinus!. These crabs
also would have been discarded.

The injury rate and death rate were low in the red king crab fishery.
We calculated that only 0.2%+ 0.002  mean + SD! crab sampled were
freshly injured, and only 0,02%+ 0.0002  mean+ SD! crab were dead
during 1991, 1992, and 1993.

l.aboratory experiments
Handling caused datnage, and damage increased with repeated handling
 Figure 5!. Spines were most vulnerable to the damage. A significant dif-
ference in damage among the Treatments 1-4 occurred for all damage
types combined  y,'= 50.6, df = 3, p < 0.001! and for the spines damage
alone �.' = 37.84, df = 3, p < 0.001!. Due to low damage rates in the ros-
trum, leg, and carapace, one-tailed Fisher's exact test was conducted to
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test the damage in 'I reatment 1-3 as comparing to either Treatment 4 or
Treatment 5. For rostrum damage, Treatment 1 and 2 were not signifi-
cantly different from the control �-tailed Fisher's exact test, p = 0.246
and p = 0.118 respectively!, while Treatment 3 was lp = 0.026!. There
were no significant difference for leg ip > 0.10! or carapace damage  p =
0.50!, Eighty-nine percent of the crabs handled three times had dam-
aged body parts, either spines, legs, rostrum, or carapace; while only
26% of the crabs handled once had damage to body parts. Crabs in the
modified handling treatment  without deck impact and returned to wa-
ter by means of a slide! had the least damage, approximately 4%.

Red king crab can promptly right themselves after being placed on
their back. During the experiment, 67% of crabs righted themselves
within 2 seconds, and 89% within 3 seconds. Some individuals required
a longer time to turn over, but the maximum righting time vvas 7.8 sec-
onds. Data transformation was performed to improve normality. Right-
ing time did not differ significantly among the treatments  regression
analysis, df = 515, p > 0.10!. However, the righting time was affected by
both days after handling and sex  N = 518, p < 0.001!. 1 urther tests with
Scheffe's methods indicated that only the males' righting time differed
from both ovigerous females and juvenile females  df = 515, p = 0.020
for male vs. ovigerous female, and p < 0.001 for male vs, juvenile fe-
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Figure 6. Log righting time of male and fernale king crabs over time after
handling.

male!, while the righting time between ovigerous females and juvenile
females was not  p = 0.056!. A linear regression with a dummy variable
Z was fitted to the data:

Log Righting time! = 0.224+ 0.003 x Day � 0.093 x Z

where Z = 1 when females, and Z = 0 when male  N = 518, r = 0.364, p <
0.001, Figure 6!. During the three months after handling, males took 0.3
to 0.6 seconds longer to turn over than females, and the average right-
ing time increased from 1,7 to 3.0 seconds for males and from 1.4 to 2.4
seconds for females.

Feeding rates did not differ significantly among the treatments, af-
ter feeding rates were standardized to grams of food consumed per kilo-
grams of crab wet weight per 24 hours  Stepwise regression or ANOVA,
N =751, df = 4, p > 0.10, Figure 7!. No significant differences in average
feeding rates occurred among the treatments over time  Regression
analysis, N = 751, p = 0.494, Figure 8!. There was also no significant dif-
ference between the sexes when feeding rates of each single day were
analyzed by two-way ANOVA  p > 0.05!. However, a significant differ-
ence existed between sex categories with a regression method  N = 751,
df = 4, p = 0.001!, and males had significantly lower feeding rate than
females  Scheffe's test, df = 743, p = 0.002 between males and ovigerous
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Figure 7. Average feeding rate  g x kg-' x d '! of red king crabs. Treatment codes
are the same as in Figure 5, and code 5 = control. No signi ficant differ-
ence existed between treatments.

females, and p < 0.001 between males and juvenile females!, but no dif-
ference existed between ovigerous females and juvenile females. Aver-
age feeding rates were 51,3 g x kg crab-' x d-' + 12.9 SD! for ovigerous
females, 54.4 g x kg crab-' x d-' + 17.4 SD! for juvenile females, and
46.4 g x kg crab-' x d-'  + 13.S SD! for sublegal males.

All crabs were weighed at the beginning and at the end of the exper-
iment. Stepwise regression was performed to analyze the effects of
treatment, sex, and original weight on final weight for the following

model: W,= Constant+ Treatment+ Sex+ W,+ Treattnent x Sex+
Treatment x W, + Sex x W, + Treatment x Sex x W�

where W,= weight at the beginning, W,= weight at the end of the experi-
ment. Only sex and W, were significant factors  N = 101, p < 0,001 for
both sex and W,!. Neither significant difference between treatments, nor
interaction between any factors was found in the model  N = 101, p >
0.10!. Since more than 50% of the male king crabs molted during the 4-
month experiment, the growth data were further analyzed separately by
sex.
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Figure 8. Feeding rate  g x kg-' x d-'! of red king crabs over time. The treatment
codes are the same as in Figure 7, No signi ficant difference existed be-
tween treatments and over time.

The relationship between W, and W, was significantly different be-
tween ovigerous female and juvenile female  ANCOVA, N = 74, p = 0.005,
Figure 9!. Two linear regression equations were fitted, ovigerous fe-
males: W,= 1.05W, + 26.8  N = 34, R'= 0.9889, p< 0.001!; and, juvenile
females: W, = 1.05W, � 6.2  N = 39, R'= 0.9965, p < 0.001!. Ovigerous fe-
male king crabs gained more weight than juvenile females did in the 4-
month period, and larger crabs gained more weight than smaller ones in
the same category.

During 4 months and after one molt, the wet weight of males in-
creased from an average of 785.6 g  + 284.5 SD, N = 20! to a mean wet
weight of 1093.4 g  + 347.7 SD, N = 20! in the manner of W,= 1.21 W, +
141.4  N = 20, R' = 0.9833, p < 0.001, Figure 9!.

For female king crabs, the growth rate, expressed by  W, � W,!/W, in
g x kg-', did not differ among treatments  ANOVA, N = 72, df = 4, p >
0.10!, but differed significantly between ovigerous and juvenile  ANOVA,
N = 72, df = 1, p = 0.004!, and W, had interaction with these two catego-
ries of females  ANOVA, N = 72, df = 1, p = 0.036!. Ovigerous females
had a higher growth rate but it slightly decreased with an increase in
crab size; juvenile females had a lower growth rate but it slightly in-
creased with crab size  Figure 10!.
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Figure 10. Growth rates  wet weight gain/wet weight at the beginning of the ex-
periment! during the 4-month experiment. Wo signi ficant difference ex-
isted between treatments.
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Figure 1 i, Carapace length increment of molted male crabs. The treatment codes
are the same as in Figure 7. No significant difference existed between
treatments,

Molted male king crabs did not have different growth rates among
treatments  ANOVA, N = 20, df = 4, p = 0.051!. The largest difference in
growth rates occurred between Treatment 4  Modified handling! and
Treatment 5  Control! where crabs in Treatment 5 had a mean growth
rate 111.6 g x kg-' greater than crabs in Treatment 4, but the difference
was not significant  Scheffe's test, df = 14, p = 0.115!. Growth rate de-
creased with crab weight in the manner of Growth rate = 577,5 � 0.21 x
W,  N = 20, R'= 0.445, p = 0.001, Figure 10!,

Carapace length after molt  CL,! was only reiated to carapace length
before tnolt  CL,!  ANCOVA, N = 28, df = 1, p < 0.001! and was not affect-
ed by treatments  ANCOVA, N = 28, df = 4, p = 0.122!. The relationship
was: CL, = 10.5 + 1.004 x CL,  N = 28, R'= 0.959, p < 0.001, Figure 11!.
The mean growth data were summarized by sex categories  Table 2!.

Mortality was relatively low in all treatments. A total of 18 crabs of
the 135 crabs used in the experiment died over the 4-month study; 6 of
the mortalities were due to experimental error. There were 2 mortalities
�.4%! of unknown causes in each treatment, except in Treatment 2
which had 4 mortalities �4.8%!. In the treatment handled once, one crab
died within 24 hr of the handling treatment and was considered to be
acute mortality, All other unknown mortalities were considered delayed
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Table 2. Summaries of growth during the four months experiment.

Growth rate  g x kg-' wet weight! CL increase  mm!
Ovigerous Juvenile Molted Molted

female  N = 35! fernale  N = 37! male  N = 20! male  N = 28!

Mean

SD
66.6

19.4
50.4

14.5
412.3

89.6
10.9

2.4

mortalities. There were no significant differences in mortality among
the five treatments  G-test, df = 4, p = 0.695!, even when the mortality in
Treatment 2 �4.8%! was compared to mortalities in other treatments
 one-tail Fisher's exact test, p = 0.335!,

Statistical power �-I!! was calculated for experimental indexes  Co-
hen 1988, Search-Bernal 1994!. When a was set at 0.05, and the two-
tailed power test was adopted, the �-I3! value was between 0.6 and 0.8
for most of the indexes; for example, 0.72 for feeding rate, 0.75 for male
growth rate. When we examined all of the indexes by sex categories for
each treatment, we did not see any index  the response was expressed
in mean value! had an increasing or decreasing trend in the order of
control-modified handling-handled once-handling twice-handled three
times, after other factors were considered.

Discussion

More than 60% of the catch in the red king crab fishery are female and
sublegal-size male crabs, and they must be returned to the sea. These
crabs experience a fall from nearly 30 cm height from the pot to a sort-
ing table, sliding from about 90 cm height to the chute, and dropping to
the water surface from approximately 1 m height if from a chute or 2 m
height if dropped from the rail. Also they will be exposed to air for 1-4
min, Although the injury rate and itnmediate mortality, 0.2% and 0.02%,
respectively in the fishery, are very low, the nutnbers of discards are tre-
mendous. Is there any lethal and sublethal effect to these discards over
the long term? Our laboratory study suggested that there were no signif-
icant differences in activity  measured in righting time!, feeding rate,
weight gain, carapace increase, and mortality among the five treat-
ments. Although body damages significantly increased with handling,
the damages were limited to spines and rostrum, and did not affect
crab's survival. Male king crab had longer righting time and lower feed-
ing rate than females. We explained this difference as a result of the
males' molting activity, even though we excluded the data measured ten
days before and after when a crab molted. Between September 15 and
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January 15, 29 males molted, while only 3 juvenile females molted and
no ovigerous female molted. The slight differences, although statistical-
ly significant, may have little biological significance.

Our results of no significant effects of handling contrast with many
other studies in crustacean fisheries. In these mimic experiments, after
handling and aerial exposure, crabs and lobsters had increased injury,
reduced vigor, decreased growth, and increased mortality  Brown and
Caputi 1983, 1985; Davis et al. 1978; Kennelly et al, 1990; Simonson and
Hochberg 1986!.

Besides the probable difference in tolerance of stress between red
king crab and the other species studied, the conservative handling tech-
niques in our laboratory experiment might contribute to this contrast. In
other mimic experiments, the animals were treated detrimentally or le-
thally. For example, in a mortality study of declawed stone crab  Men-
i ppe mercenaria!, 47% of the declawed crabs died from the trauma of
double amputation and 28% from single amputation  Davis 1978!. De-
clawing caused high mortality; however, it should be noted that the
stone crab has large chelae that constitute 51% of the total weight of an
intact crab. Amputating two chelae left a crab less than half its original
weight. Also a significant amount of body fluid was lost due to declaw-
ing, In another declawing study of stone crabs  Simonson and Hochberg
1986!, the animals were exposed to the air for 2-6 hr and then the
chelae were amputated. Mortality increased to 100% for crabs suffered
aerial exposure for 6 hr and finally being declawed. However, if these
crabs were wetted with seawater once every hour during the exposure
before being declawed, the mortality decreased to 23%. The long aerial
exposure plus declawing  which was more than 25% body weight for one
claw! was fatal to crabs.

Removing one cheliped of blue crab  Callinectes sapidus! did not al-
ter the molt increment, percent wet weight increase, or molting frequen-
cy. Multiple limb loss significantly reduced the molt increment and
percentage weight increase in the first molt after amputation, but did
not affect the duration of the intermolt. By the second molt following
amputation, molt increments for crabs missing four limbs did not differ
significantly from those of intact animals  Smith 1990!.

Kennelly et al. �990! found that 60-70% of spanner crab  Ranina
ranina! with one or more dactyls removed died within 50 days, while
100% of crabs with whole limbs removed died after 8 days. This crab's
high vulnerability to death is probably related to its reluctance to autot-
omize limbs.

In a laboratory experiment of effects of aerial exposure on rock lob-
ster  Panulirus cygnus!, an expected time for 50% mortality within two
weeks was 233 to 99 min. with increased temperature, and a time of 387
min. for lobsters exposed to air under shade  Brown and Caputi 1983!.
However, no mortality was evident when exposure time was less than 40
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min. even under direct sunlight at the highest temperature regime of
the experiment �1-35'C!, In another study of rock lobster exposed to
air, all 8 crabs exposed for 60 min. at high temperature �4-35'C! died
before their second molt after the exposure; however, no difference in
mortality was observed for crabs in 0, 15, and 30-min. exposure at 34-
35'C, There was also no difference in mortality for the rock lobster ex-
posed to air for 0, 15, 30, 60, and 120 min. when the air temperature
was mild �0-21'C!. The observed effect was that increasing aerial expo-
sure duration decreased growth increment  Brown and Caputi 1985!.

Aerial exposure experiments on red king crab and Tanner crab dem-
onstrated that exposure to cold air reduced vigor, feeding rates  Tanner
crab!, and growth  king crab!  Carls and O'Clair 1990!. Exposure also
caused limb autotomy in Tanner crabs, and mortality in both species in
severe situations, However, the exposures were severe, and in contrast,
mortality measured 128 days after exposure for king crab did not in-
crease significantly unless temperatures were below-4.6'h  the unit
means the product of temperature and duration of exposure! exposure,
and for Tanner crab until � 3'h. Vigor did not significantly decrease until
� 4.6'h for king crab and � 2.2 h for Tanner crab, Tanner crab did not feed
significantly less until � 2.7'h. King crab emersed at temperatures great-
er than freezing showed no trend in growth with exposure. Tanner crab
weights did not correlate with exposure. Exposure of ovigerous crabs
generally did not affect eggs or mortality of subsequently released zoe-
ae unless the female died.

In an aerial exposure study of Dungeness crab  Cancer magister!, af-
ter exposure for 5, 15, 30, and 60 minutes, hardshell crabs did not have
significant differences in recovery rate among exposure periods. Al-
though softshell crabs had a significantly lower recover rate, tests for
differences among exposure periods for softshell crabs could not be
made due to small sample size  Kruse et al. 1994!.

More direct support for our results came from two recent studies of
the effects of handling and discarding on mortality of Tanner crabs
 Macintosh et al. 1996!, In the first study with three treatments, one
group of crabs was dropped once into seawater from a height of 2.5 m,
one group was dropped four times at two-day intervals, and one group
was not handled. In the second study with four treatments, three groups
received physical injury to the merus/carpus joint, coxa, or carapace,
respectively, while the fourth was an unhandled control. There was no
significant differences in mortality between the control and any treat-
ment group in either experiment after 60 days.

These results suggest that commercial crustacean species have the
capacity to endure stresses within certain magnitudes without detri-
mental effect. Our laboratory simulation was comparable to typical han-
dling procedures in the commercial fishery, Deck impacts, aerial
exposure, and water impact should have minimal effects on discarded
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female and sublegal red king crabs, if these crabs are handled in the
normal manner which we have described.

In contrast to the normally handled crabs, some crabs experience
abnormal handling. A few crabs will fall to the deck from the pot or sort-
ing table, and some may be tossed high into the air when the pot door is
quickly opened. The crabs dropping on the deck may be kicked,
smashed, or thrown back to the water from the rail. In most commercial
crabbing situations, these crabs will remain aerially exposed for a long
time before being returned to the sea. The size of the sorting table com-
paring to the width of the pot door will affect the number of crabs re-
ceiving abnormal handling. Also, the fishermen's skill and concern are
important factors. It is assumed that these crabs receiving abnormal
handling will suffer much more, and the impact will be more severe.
Further study should estimate this subpopulation and quantify the im-
pact to these crabs. It is also essential to educate fishermen to take
greater care of female and sublegal male crabs.

Our results do not implicate handling in the decline of red king
crabs. But, can we blame discarding for the decline of the red king crab?
Before this question can be answered, additional information on what
happens to the returned crabs is required. During pot retrieval, hun-
dreds of seabirds are waiting for the discarded bycatch and old bait;
whether birds cause damage to the crabs is unknown. More important,
are there any predators that feed on these returned crabs when they de-
scend from the water surface to the benthos? Predators have been re-

ported to be particularly voracious on crab  Kennelly et al. 1990! and
lobster  Brown and Caputi 1983! while these benthic species were sink-
ing in the water column. Also, what effect does disorientation have on
feeding and responses to benthic predators once the crabs have reached
the bottom? Many of these potential indirect effects on crab survival
warrant investigation.
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Abstract

This study surveyed the history of crab fisheries in Hokkaido, which has
the most crab fishery grounds in Japan, and introduced preliminary
work on artificial reefs to preserve the horsehair crab  Erimacrusisen-
beckii! resources.

Fisheries started in the late nineteenth century for the red king crab
 Paralithodes camtschaticus!, and E. isenbeckii also has been harvested
for more than 60 years. These crabs were canned for an important ex-
port item. The crab fishermen were compelled to reduce catches due to
overharvest and because of international agreements. Recently the crab
catch has decreased so much that the fishery cannot supply domestic
demand, and some crab species are imported from foreign countries. In
1991 the Japanese consumed about 16% of the crabs captured from all
parts of the world.

Artificial reefs are expected to give two advantages for the preserva-
tion of the E. isenbeckii resource: the prevention of illegal fishing and
providing the crabs shelter. We tested the attractant effects of reefs for
E. isenbeckii using an artificial reef, which we designed. The reef was
made of fiber-reinforced plastics and had 12 shelters of the 2 different
interior structures. Seven E. isenbeckii were released into the tank in
which the reef was settled, and the crab behavior observed with a video
camera. Although the native crab habitats are sandy and muddy bottotn,
some crabs stayed in the shelter for long periods, suggesting that the
establishment of artificial crab reefs may be beneficial. However, the
reef design must be improved before use to increase the number of crab
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homes, because the crabs usually used the shelters only on the lowest
floor.

Introduction
Many commercial crabs such as the red king crab  Paralithodes cam-
tschaticus!, the spiny king crab  P. brevipes!, the snow crab  Chionoecetes
opiiio!, and the horsehair crab  Erirnacrus isenbeckii! are distributed in
the waters of northern Japan, and the crabs are an important seafood
for Japanese historically, In the 1930s Japan produced a large volume of
canned crab  Hokkaido Government Fisheries Department 1957!. Only a
small part was consumed by domestic residents, and most was exported
to various countries  chiefly the United States! to get foreign money. Af-
ter the crab canning industry declined in the 1970s, the price of boiled
crabs abruptly increased in the domestic fishery markets, Then Japan
began to import fresh or boiled crabs from foreign countries. In 1991
the Japanese consumed about 16% of the world crab products
�,140,000 metric tons!  FAO 1992!. Thus, Japan is an important market
for the world crab fisheries. In the present paper, we survey the history
of crab fisheries in Hokkaido, which has the largest crab fishery ground
in Japan, and report the preliminary study on artificial reefs for E. isen-
beckii.

History of crab fisheries in Hokkaido
The crab fishery in Hokkaido began in the late nineteenth century  Hok-
kaido Government Fisheries Department 1957!. The crabs were caught
nearshore by boats without an engine and consumed by the local peo-
ple. At that time the catch of crab was small. Since the technique for
canning crabs was developed in the 1900s, the demand of canned crab
increased as stored food. By that time motorized boats were common,
and the supply of crabs increased with demand. The boats captured the
red king crab and the spiny king crab from the coastal regions of Hok-
kaido, Sakhalin, and southern Kuril Islands.

As early as 1910 the king crab resources around Hokkaido began to
decrease from overharvest, and Hokkaido prefecture began to reguiate
the number of crab fishing boats. Unfortunately for the crabs, the
United States, which was the most important export country for canned
crabs, needed more canned crab than ever because its crab fisheries
were limited then. The chief crab canning companies in Japan advanced
a program to get greater profits by canning crabs captured offshore
from a ship. A fishing group consisted of a mothership equipped with a
canning factory and some crab catcher boats. This fishery program
overharvested the king crabs inhabiting the Okhotsk Sea. The total
length of gillnets a catch boat used reached more than several hundred



615Symposium on High Latitude Crabs

8
2

4

1933 1940 1950 1960 1970 1980

Year

Figure 1. Yearly changes in catches of king crabs and horsehair crabs. Spiny
king crabs were included with king crabs prior to 1952  from Abe
1992!.

kilometers. By the end of World War II nearly 10,000 mt of red king crab
and spiny king crab were captured per year, with some fluctuation
 Figure 1!.

Horsehair crab canning had not been done industrially until the test
products from crabs in Funka Bay succeeded in 1933  Matsuya 1969!.
Possibly the canning process for the horsehair crab required more time
and expenditure than for the king crab, because of the small body size.
Then, the horsehair crab fishery gradually expanded to other regions of
Hokkaido, and the Okhotsk Sea supplied the majority of the crab catch-
es from Hokkaido  Domon et al. 1956!. Horsehair crab and king crab
were important canned exports after World War II  Figure 1!. The catch
of horsehair crab abruptly increased to 3,000 mt in 1951 when the
horsehair crab fishery was fully operational. The peak of harvest was re-
corded at 29,500 mt in 1955, and then the catch slowly decreased with
small fluctuations until 1977  Abe 1992!.

The crab fisheries in Japan underwent some international negotia-
tions since the Russo-Japanese war. Japan got the fishing rights to the
Japan Sea and the Okhotsk Sea around the Russian provinces, when Ja-
pan concluded the Japan-Russia Fishery Treaty in 1907. Many fishing
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boats competed to catch crabs from these regions by the beginning of
World War II. Japan lost the fishing ground around Sakhalin and South
Kuril Islands in 1945, and then Japanese fishing companies exploited
some crab fishing grounds around the Aleutian archipelago and the
Alaska peninsula. However, the crab fishery was compelled to accept
new regulations under the Continental Treaty in 1964. The catch of crab
in these regions was controlled by the international negotiation between
Japan and America every year, The fishery for red king crab was also
prohibited by the Soviet Union that same year. Crab canning industries
depended on resources within the provincial waters of Japan, and tried
to utilize the other crabs around Hokkaido, but the populations of these
crabs were not large enough to support canning factories, Finally, Japa-
nese crab fishing boats were excluded from the fishing grounds within
the economic zones of foreign countries in 1977 when the 200 Mile Eco-
nomic Zone Treaty was established internationally.

Japan had exported 1,000-7,000 mt of canned crabs by 1972, corre-
sponding to 80% of the total catches. In recent years the catch of crabs
was small due to the above reasons, with the result that crab canning is
no longer an important industry. However, the decline of exportation of
canned crabs was due not only to the decrease in catch, but also be-
cause of increasing domestic demand. This trend caused a sudden rise
of the domestic market price, and unfortunately the crab resources
around Hokkaido became abruptly reduced because of overharvest and
secret fishing. Most caught crabs are boiled and sold in the markets of
big cities, but the demand is never satisfied. Therefore, the importing of
live, boiled, and frozen crabs, especially the red king crab from the Unit-
ed States and Russia, has increased every year  Figure 2!. Nowadays Ja-
pan has the biggest crab market and imports a large volume of crabs.

Preliminary experiments on artificial
crab reefs
Background
E. isenbeckii has been the most harvested crab species in Hokkaido since
1977  Figure 1!. In order to preserve and enhance this precious re-
source, some kinds of fishery regulation, rearing and release of artificial
seeds, and ecological study for estimating resource abundance have
been applied  Nishiuchi 1991!. In spite of these efforts, the official catch
of the crab hardly increased at all. The effects of the recovery program
for the crab resource may be canceled by illegal secret fishing and unin-
tended catch by gillnets or trawl.

E. isenbeckii lives on or in the sandy and muddy bottom above
150 m depth  Nishiuchi 1991!, and many more crab were found nearer
reefs  Ueda et al. unpublished data!. This research was started on the



Symposium on High Latitude Crabs 617

15

8
O

yo

4 0 C4
8

Figure 2. Yeariy changes ofimport of crabs from
Fishery Agency 1989, 1991, 1993,
1994!.

basis of the hypothesis that establishment of artificial reefs may en-
hance settlement for E, isertbeckiL

The projects on artificial fish reefs began in 1955, with much hope
for increasing the fishery  Kakimoto 1984!. Secause Hokkaido has many
large fishing grounds, as much as 140 billion yen was invested into Hok-
kaido fishery enhancement during 1988 to 1993  Hokkaido Government
Fisheries Department 1992!. When artificial reefs are established on the
bottom, not only does the reef produce new habitat for benthic animals,
it also attracts pelagic animals by generating upwelling currents  Kato
1984, Ogawa 1984!. If the surface area of the reef increases the possibil-
ity of settlement for benthic animals, the number of homes will increase
several times. This is the first advantage of artificial reefs for the crab.
Second the crab resources may be protected from secret fishery and
trawl or gillnet catch, because reefs damage nets. Such predictions en-
courage us to promote the establishment of artificial crab reefs.

Following is a report on a preliminary experiment for design of arti-
ficial crab reefs carried out in an aquarium tank.
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TYPE B

TYPE A TYPE B 9Z

Entrance

Figure 3. Measurement  mm! of the artificial reef tested in this study.

Materials and Methods
The 7 crabs of E. isenbeckii used in this study were obtained in No-

vember 1993 by trapping from the Funka Bay, southern Hokkaido, Ja-
pan. AII the crabs were male, and their carapace lengths were within the
range of 62,0 to 95.4 tnm. Colored ribbon tags were coiled at one or
both claws of all crabs for individual discrimination and detection of
crab buried in the sand. All experiments were carried out in Usujiri Fish-
eries Laboratory, Hokkaido University.

The artificial reef was made of fiber-reinforced plastics, and sand
was glued on its interior surface so that the crabs did not slip. The reef
has 6 floors containing 2 different shelters in the interior structure, and
a total of 12 shelters were prepared  Figure 3!. One type  Type A! shelter
was formed so that the ceiling paralleled the floor, and the ceiling of the
other type  Type B! lowered toward the inside. The lowering ceiling was
designed so a small crab would have contact with his carapace. The
width and height of both shelters was large enough so the biggest crab
could enter.

The artificial reef was placed in a tank �80 cm w x 60 cm h x 90 cm
d!, in which the water temperature was kept at about 5'C. Two experi-
ments were carried out  Figure 4!. Experiment I was intended to assess
the attractiveness for the crab of the reef in an open area. In experiment
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EXP. I

Video

camera

EXP. II

Video camera

Figure 4. Arrangement of the reef and the sand area in the experiment tank
 units are mm!.

II one-third of the bottom of the tank was covered with sand to a depth
of about 10 cm, and it was ascertained whether the reef could attract
the crab even with a sandy bottom. The crab was released into the tank
after adding the reef and sand, and observations were started the next
day, Experiment I lasted for 6 days, and experiment II for 9 days. Experi-
ment II was started 2 days after the finish of experiment I. The actions
of each crab were recorded by a video recorder during the lighted hours
 the totals of 72 hrs and 108 hrs in experiment I and experiment 11, re-
spectively!, and the positions and the movements were individually ana-
lyzed. The light was applied from the ceiling of the tank, and its
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Table 1. Frequency of movements along walls
and across open area of the horsehair
crab in the ezperiment tank.

Day Along walls Across open area Total

Exp i

1

2 3
4 5
6

31

39

26

16

16

25

16

24

16 8
9

10

47

63

42

24

25

35

intensity was about 1,000 lux on the surface of the water during lighted
time �:00-19:00!, and about 1 lux during dark time.

Results

Experiment I

All crabs spent much of their time with their back or face contacting the
wall of the tank or the artificial reef, and they stayed in the open only
1.0% of the time with the range of 0.3 a 2.1%  n = 7!. The crabs seldom
changed their position, and they usually went along the walls while
moving  Table 1!. The movements were in a low frequency of 0.51
times/hr per individual, and 153 �7,6%! and 83 �2.4%! out of the 236
times during 72 hrs were along the walls and across the open area, re-
spectively. The movement was frequently observed just after the light
came on, caused perhaps by the disturbance of abruptly turning on the
light. No diurnal change of movement was observed.

The 7 crabs stayed in shelter for the total time of 95 hrs 5 min,
which was 19% of the total observation time � days x 12 hrs x 7 crabs!

Exp II

1

2 3
4 5
6 7
8 9

26

12

14

11

13

14

11

7

8

29

15

16

14

20

21

15

9
11
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Figure S. Total time of crabs staying in the shelters and crabs burying in the
sand.

on aII crabs  Table 2!. Of 95 hrs 5 min, 65 hrs 42 min �9%! were record-
ed in the latter 3 days  Figure 5!. Five crabs stayed in shelter throughout
the lighted time. A crab was observed to stay in the same shelter during
the 3rd, 5th, and 6th days, and the other 2 crabs occupied shelters dur-
ing the 4th day and the 6th day. Thus, the reef provided the crabs with a
comfortable home  Figure 6!. Two shelters at the lowest level were most
favored by the crabs, especially in the type A shelter which was occu-
pied for 64 hrs 14 min by any crab, 89.2% of the total observation time
 Figure 7!. On the other hand, the type B shelter at the 3rd floor and the
type A at the 6th floor were used for only 5 min and 12 hrs, respective-
ly, and no crabs entered into the other shelters.

Experiment II
In experiment II the crabs spent a little more time in the open area. The
movement frequency of the crabs was 0.20 times/hr per individual, and
its value was only 40% of that in experiment I  Table 1!. The total times
of crabs sitting in any shelters and burying into sandy bottom was 128
hrs 6 min �7% of the total observation time [9 days x 12 hours x 7
crabs]! and 56 hrs 18 min �% of the total observation time!, respective-
ly. Both habitats were used more frequently on latter days than on the
first day  Figure 5!,

Only 4 of the 12 shelters were used  Figure 7!. In the type A shelter
the lowest level was most favored like in experiment I �04 hrs 24 min!.
This shelter was concurrently utilized by 2 crabs for 8 hrs 16 tnin. The
2nd most favored shelter was the type B shelter lowest floor, which was

20

16

d 12

8I

0

D 20

16

12a~
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Exp ll
Shelters

hrs min
Carapace

Crab no. length  mm!
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hrs min hrs min

Total 9S

Figure 6, Three crabs staying in shelters.
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EXP I EXP II

TYPE A TYPE B TYPE A TYPE BFLOOR

Figure 7. Staying time ofindividual crabs in shelters and buried in the sand.
' The total time includes a duration l8 hrs 16 min! for which the shel-
ter was concurrentiy used by 2 crabs, but the percent is calculated
without it.

used for 20 hrs 43 min. The 6th and 3rd floor of type A shelter were
used for only 2 hrs 57 min �.3%! and 2 min �.1% below!, respectively
 Figure 7!.

In both the reef and the sand area the results varied for individual

crabs  Table 2!, and the crabs that stayed in shelters for long periods
also differed between experiments I and II. The length of stay was not
related to carapace size of the crab. Fights were sometimes observed,
but the identity of the fighters changed often and so did the winner. The
crabs that stayed in shelters for long periods did not always indicate
dominance.

D1SCM SS lOll
E. isenbeckii has a habit of burrowing into the sandy and muddy bottom
 Nishiuchi 1991!, but this study suggested that the crab keeps stability
when its posterior body contacts any substrate, and that the reef attract-
ed many more crabs than the sandy area. The attractant effect of the
reef was less during the first day than for the latter days in both experi-
ments, and the time of sitting in the reef differed with individuals. The
crabs may utilize the reef more often after a couple of days of acclima-
tion.
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The reef did not multiply the crab habitats by several times. This
may be partly caused by the crab's nature. The utilization rate of upper
shelters probably depends on shelter form, because there was a differ-
ence in the attractiveness of type A and type B.

The establishment of artificial crab reefs may help preserve E. isen-
beckii resources, although some more improvements of reef design
must be made especially to encourage increased use of the higher shel-
ters by individual crabs to develop useful artificial reefs.

Summary
More than 100 years have passed since the beginning of the crab fishery
in Hokkaido. During this period fishing boats sought crabs from the
coastal waters to the farther regions of Japan, and the coastal regions of
foreign countries. Exploitation and overharvest were part of the history.
Their cause may be attributed to the lack of efforts for the preservation
of the crab resources and the lack of biological information on crab
preservation. Not only fishing boats but researchers, therefore, are
blamed for the current deterioration of the crab resources. All economi-
cally valuable crabs from high latitude habitats � the king crab, the
horsehair crab, and the snow crab � take several years to grow to adults,
and they need a couple of years to fulfill one reproductive cycle. To my
knowledge, except for some mammals, few marine animals have such a
low reproductive rate. The recovery of the crab resources must neces-
sarily require a long period of research. Some projects promoted to pre-
serve and replace the crab resources are release of seeds, development
of a selective trap fishery for adult male crab using female pheromone,
and so on. These projects never produce immediate visible effects, but
these efforts ought not to be given up, because we have the responsibili-
ty to save crabs for the next generation.
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Kodiak Laboratory, Kodiak, Alaska

Abstract
The F/V Pro Surveyor conducted the first exploratory crab fishing in the
South Georgia area of the Southern Ocean during the Antarctic winter
and spring of 1992. The authors were aboard the vessel during the first
month of the july to November fishing period. The pot fishery targeted
Paralornis spinosissima although a smaller species, Paralornis forrnosa,
was also taken in abundance. A total of 5,901 specimens of P. spinosissi-
rna were examined. Most were caught on the South Georgia grounds  n =
4,970! but a smaller sample was obtained near Shag Rocks  n = 931!,
240 km to the west. Morphometric measurements, reproductive charac-
teristics, prevalence of rhizocephalan parasites, and microsporidian in-
fections were recorded for each specimen. Gross examination showed
that a rhizocephalan, probably Briarosaccus callosus, infected 15% of the
specimens examined while microsporidians infected 0.5%. Rhizoceph-
alan parasites were hyper-parasitized by an undescribed species of
isopod. Morphometrically, males infected with the rhizocephalan resem-
bled females, while parasitized and unparasitized females were similar.

Examination of females showed that 50% were ovigerous at 62 mm
carapace length. Ovigerous females at South Georgia tended to be larger
than those at Shag Rocks. in both areas, ovigerous females carried em-
bryos in a wide variety of developmental stages, suggesting that spawn-
ing occurs over a protracted period and perhaps occurs throughout the
year. Based on chela allometry, size at maturity for males was 75 mm
carapace length at South Georgia and 66 mm at Shag Rocks. Fishery
management measures are examined relative to various biological pa-
rameters and in comparison to those implemented for other stocks of
lithodid crabs.
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Introduction

Fishing operations for Antarctic crab began in July 1992 with an initial
trip by the F/V Pro Surveyor to South Georgia. All fishing was done with
pots  traps! and both Paralomis spinosissima  Birshteyn 8 Vinogradov
1972!, and Paralomis forrnosa  Henderson 1888! were captured during
the initial trip. P. spittosissittta, the larger of the two species, was target-
ed by exploratory fishing efforts and hence emphasized in biological
collections. In subsequent trips, a few specimens of Neolithodes di-
ornedeae  Benedict 1895! were also taken. AII three species were previ-
ously known from the South Georgia area  MacPherson 1988, Dawson
1989!, All fishing was conducted in accordance with a plan submitted to
the Commission for the Conservation of Antarctic Marine Living Re-
sources  CCAMLR!  Delegation of USA 1991!, and a permit issued by the
United States under the terms of the CCAMLR Convention.

South Georgia is in the Southern Ocean on the Scotia Ridge north-
west of the South Sandwich Islands. South Georgia shelf areas  including
Shag Rocks! are relatively shallow by Antarctic standards and lie south
of the Antarctic Polar Front which places them in the Antarctic Zoogeo-
graphic Region  Eastman 1993!. Eastman �993! also notes that the area
around South Georgia is frequently referenced as a separate geographic
province and is characterized by 30 to 40% endemic species in its fauna.
Under CCAMLR, these waters are designated as Area 48.3.

The plan submitted by the U.S. delegation was intended to ensure
orderly development of U.S. fisheries in accordance with the CCAMLR
Convention. This was the first crab fishery conducted in the Convention
Area, so there was no information on abundance and little biological
data on crabs from the region  MacPherson 1988!. The plan required log-
books and two National Marine Fisheries Service  NMFS! observers  the
authors! to set size limits during fishing operations. Crab size limits
were to be at least 10% larger than the size at maturity. Other provisions
of the plan restricted the types of bait to be used, retention of non-tar-
get species, and limited crab landings to 400 t round weight. Under the
CCAMLR Convention, fisheries must be conducted in a manner which

strictly limits the potential for reducing populations to levels below
those which ensure their stable recruitment, disrupting ecological rela-
tionships, or causing changes in the marine ecosystem. While the possi-
bility of these things occurring during exploratory fishing was slight,
strict permit provisions satisfied members of the Commission that they
would not occur,

This report summarizes some of the results that were presented to
CCAMLR after our examination of P. spinosissittta during the first of three
trips made by the F/V Pro Surveyor in 1992  Otto and MacIntosh 1992,
Anon. 1993!.
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Methods
The logbook system developed by the NMFS Antarctic Ecosystem Re-
search Group was used to maintain a record of fishing operations. Fish-
ing effort, commercial catch, position, depth, bait, and gear type were
recorded for all strings of gear. These logbooks provided the basic data
to which all biological observations were keyed.

Fishing took place near South Georgia between 53'30'S and 54 00'S
latitude and between 36'20'W and 38'20'W longitude. While returning
from the South Georgia area, 2 days were also spent exploring the area
near Shag Rocks �3'10'S to 53'30'S and 41'50'W to 42'40'W!. Fishing
depths ranged from 118 to 551 m, but about 60% of the effort occurred
between 300 and 400 m.

The F/V Pro Surveyor is a 53 m, steel-hulled fishing vessel that is
used to catch, process, and freeze crabs. The steel-framed pots used
were shaped like truncated cones and were covered by 10 cm nylon
mesh. Approximate pot dimensions were 1.5 m base diameter, 0.9 m top
diameter and a height of 0.8 m. Pots were fished by attaching them at
intervals to a ground line. Each "string" of gear was buoyed and an-
chored at each end, Fishing gear was marked with radio buoys, as re-
quired under U,S./CCAMLR regulations. No pots were lost during the
trip and gear loss was limited to a single buoy and one anchor. Pots
were baited with frozen herring  Clupea harengus or C. pallast! and usu-
ally fished for 18 to 24 hours.

During normal fishing operations, strings of gear are usually set
about 926 m �.5 nautical miles! apart, During exploratory fishing this
interval was normally exceeded. Only large males or "commercial crabs"
 greater than 102 mm carapace width, CW! of P. spinosissima were re-
tained for processing. If sufficient concentrations of commercial crabs
were located, at least some sustained fishing was attempted in order to
determine the potential for commercial fishing in the area.

Estimates of total catch involve extrapolation from sampled strings
to the total number of strings fished. We sampled 46 of 138 strings
fished near South Georgia �3%! and 7 of 13 strings at Shag Rocks �4%!.
For each pot, the crew counted the number of commercial crabs that
were retained and reported the counts to the bridge for recording. For
each sampled string, observers tabulated the number of small male and
female  non-commercial! P. spinosissima  and P. formosa! that were cap-
tured and either taken for biological sampling or returned to the sea.
The ratio of non-commercial to commercial crabs in sampled strings
was used to estimate the number of discards in unsampied strings. At
times when catches were large the observer could not actually count the
number of discards so a visual estimate of discards from each pot was
made. This was necessary because pots frequently came aboard at 40 to
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60 second intervals. Extrapolated totals for discards are less reliable
than the totals for commercial males which should be accurate, apart
from minor errors in counting or tabulation. Fish and cephalopod catch-
es were extrapolated in the same manner as discarded crabs but aII fish
were counted in sampled strings and estimates are not subject to as
much error.

Biological catch sampling consisted of removing up to five crabs
from each pot in a sampled string. Since catch rates were varied, vari-
able portions of the catch were sampled from each string. Sampling was
representative of the size and sex of crabs caught except that we delib-
erately sampled as many very small crabs as possible. Very small crabs
were uncommon in the catch but important for estimating size at matu-
rity. Consequently, size-frequency data are biased in favor of smaller
crabs, but we believe that bias is small relative to the general shape of
the size-frequency distributions.

All sampled P. spinosissima were measured to the nearest millimeter
for carapace length  CL; rear of right eye orbit to median posterior of
carapace; see Wallace et al, 1949! and coded for shell condition using
the following categories: �! molting � portions of the old shell easily
loosened from a well-developed new shell layer; �! softshell � exo-
skeleton soft and pliable from recent molt; �! newshell � exoskeleton
firm, unscratched, little or no epifauna; �! oldshell � exoskeleton firm,
dactyls and spines worn, undersides of legs scratched and discolored,
epifauna often present; �! very oldshell � as in oldshell but more ad-
vanced, dactyls and spines very worn and rounded, more epifauna.

Females were classified into one of five categories of reproductive
condition: �! non-ovigerous � no embryos or their remnants on pleopod
setae, the vast majority of these are immature; �! uneyed embryos�
embryos with no visible eyespot development; �! eyed embryos � em-
bryos with some visible eyespot development, includes hatching
embryos; �! empty embryo cases � no external embryos but retnnants
of embryo cases attached to pleopod setae, may include small numbers
of dead embryos; �! dead embryos � large numbers of dead embryos,
not residual from a successful hatching. Crabs with dead embryos were
rare; only 5 were found among all sampled crabs. In this paper, mature
females are defined as those in categories 2-5 above. Embryo color was
noted and the relative size of a clutch was determined on a five-point
scale as follows: �! trace to Y8 full; �! Y~ full; �! Yz full; �! Y4 full;
�! full.

All sampled crabs were examined for the presence of rhizocephalan
externas and externa scars. The terms "parasitized" or "infected" refer to
crabs with either rhizocephalan externa or externa scars. Crabs were
also scored for the presence of a microsporidian disease, heavy infec-
tions of which were recognized as a white mass showing through the cu-
ticle of the underside of the abdomen.
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Results and Discussion

Although catch rates varied considerably, P. spirtosissima were caught in
all strings of pot gear. The estimated total catch of crabs and fish taken
during the first trip is shown in Table 1. The Patagonian toothfish  Dis-
sostichus eliginoides! was the only species of nototheniid that we identi-
fied to species and was the most frequent incidental species of fish in
the catch. Toothfish are known predators on crabs  Konforkin and Ko-
zlov 1992!, and conversations with scientists at the CCAMLR meetings
indicated that toothfish are the only fish species in the area known to
prey on juvenile and adult crabs. The largest toothfish that we saw
weighed 27,5 kg and was 137 cm in fork length. The stomach of this
fish contained two small octopuses while the stomachs of two others
were empty. Based on a commercial crab catch of approximately 59.5 t,
the extrapolated total incidental catch of D. eliginoides was 73 individu-
als or approximately 1.23 fish per ton of crab while that of aII fish was
136 individuals or 2.26 fish per ton. In general, incidental catch of fin-
fish was negligible and had no apparent influence on catch rates of
crabs.

The high overall prevalence �5%! of rhizocephalan parasites on P.
spinosissima was immediately and extremely striking. We assume that
the rhizocephalan is Briarosaccus callostts, which has been described
from near South Georgia on the host Lithodes santolla  Molina 1782!  as

Additional measurements taken on some crab were carapace width
 CW; maximum width of carapace including spines!, right chela height
 CH; see Wallace et al. 1949!, and ovarian oocyte diameter  to 0.1 mm
with ocular micrometer!. Crab weights were taken to the nearest gram
from newsheII and oldshell crabs without missing or regenerating limbs.

Priority was given to determining size at maturity so that appropri-
ate size limits could be set. Only unparasitized crabs were used in the
determination of size at maturity. Female size at maturity was deter-
mined by plotting the proportion of mature females against size and de-
termining the point of 50% maturity  SM50!. Logistic curves were fitted
using weighted, iterative regression  Somerton 1980!.

For males, size at maturity was determined by examining the allo-
metric relationship between carapace length and chela height, since ma-
ture male crab have relatively larger chela than immature crab. Size at
maturity was quantified by fitting two regression lines to natural loga-
rithmic plots of CH against CL and searching for the intersection point
that minimized the combined residual mean square error  Somerton
1980!. Standard deviations were determined using bootstrap techniques
 Somerton and Otto 1986!. Similar analyses for North Pacific Iithodids
include Somerton and Macintosh �983!, Somerton and Otto �986!, and
Otto and Cummiskey �985!.



Table l. Number sampled and estimated total number of crabs, fish,
and cephalopods caught by the F/V Pro Surveyor at South
Georgia and Shag Rocks during July l992.

South Georgia Shag Rocks Grand total
Sampled Total Sampled TotalSampled TotalItem

Strings 46 138 7 13 53 151

Paralomis
spinosissima

Commercial

Discarded
459 52,486

5,427 96,390

451 51,728 8

4,519 83,239 905
758

8,203

P. formosa

Total crabs

2,152 668 38,084

6,554 186,960

26 73

668 34,768 0

5,638 169,735 913 11,113

Dissostichus
ehginoides

22 65 4

Other toothfish

Rays

Flounders

Moray cod

Octopus

18 I I I
I

46 3

3 3 3
46 3 3
3 3

18 I I I I
L. antarcticus! by Boschma �962!. We suspect, however, that because
other investigators have not found L. santolla south of the Antarctic Po-
lar Front  MacPherson 1988!, and because we comrnoniy found P. spino-
sissima but no Lithodes crabs in the area from which Boschma's samples
were taken, that the host in his samples was probably P, spinosissima.
Rhizocephalan infections were most prevalent in smaller individuals of
both sexes and were more prevalent at South Georgia �8.7%! than at
Shag Rocks �.2%!. These prevalences are among the highest reported
for open-ocean populations of lithodids  see data in Hoggarth 1990!. A
species of isopod occurred as a hyperparasite on 26% of the rhizoceph-
alan externa in our samples. Boschma �962! previously observed the
occurrence of an isopod hyperparasite on B. callosus from the South
Georgia area. The isopod is an undescribed species but is perhaps simi-
lar to that noted by Pohle �992! from externa attached to Neolithodes
gri maldi.

The high prevalence of rhizocephalans complicated our attempts to
determine size at maturity due to the rarity of small, normal  unparasit-
ized! crabs in the catch  Figures 1, 2 and 3!. P. spinosissirna at South
Georgia were larger than those at Shag Rocks, and within each area,

632 Otto 4 Macintosh � Biology of Southern Ocean Paralomis spinosissima
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Figure i. Size-f'requency distriburions for ntaie Paralornis spinosissima sampled
ai South Georgia and Shag Rocks d~ring july i 992.
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Figure 2..Size-freguency distributions f' or female Paralomis spinosissima sampled
at South Georgia and Shag Rocks during july 1992.
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Figure 3. Prevalence of rhizocephalans on Paralomis spinosissima sampled at
South Georgia  SG! and Shag Rocks  SR! during july 1992. Sample sizes
< 10 excluded from analysis.

those with rhizocephalans tended to be smaller than their unparasitized
counterparts  Table 2!. The diminished size of parasitized crabs almost
certainly involves a reduced growth rate and may reflect increased mor-
tality.

Small numbers of P. spinosissima were infected by a microsporidian
that was grossly similar to a member of the family Nosematidae which
infects Lithodes aetluispinus in North Pacific waters  Sparks and Morado
1985!. Crabs parasitized with microsporidians did not differ in size
from their normal counterparts, although our sample size was small  Ta-
ble 2!.

Linear regression parameters for CW to CL and the natural log-
arithms of weight to CL are presented in Table 3. Regressions of CW on
CL are nearly identical for all categories of P. spinosissima. Biologists
studying lithodids frequently use CL to represent size because it is less
subject to measurement error than CW. Commercial size limits, howev-
er, are usually expressed in terms of CW because it is the quickest rnea-
surement to gauge under fishery conditions. The regression of weight
on CL is important relative to the size of crabs in the fishery, but is also
of interest because it indicates changes in morphometry that accompa-
ny a rhizocephalan infection.
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Table 2. Mean, standard error, and number of carapace iengths  mm!
recorded for Paralomis spinosissima from South Georgia and
Shag Rocks during July 1992.

South
Georgia

Shag
Rocks

Mean
difference t p

Normal males 10.6 18.3 < 0.001
0.6

Males with
rhizocephalans

13.2 13.2 < 0.001
2.4

Mean 13.1 15.7
S.E. 0.5 2.4

t 244 65
p < 0.001 < 0.001

Males with
microsporidians

� 1.2 NS

NS

Normal females Mean 89.3
S.E. 0.2

N 2,347

16.8 36. 5 < 0.001
0.5

Females with
rhizocephalans

8.5
2.3

3.7 < 0.001

Females with
microsporidians

6.3 2.7 NS

NS

Difference
relative to
normai

Difference
relative to
normal

Difference
relative to
normal

Difference
relative to
normal

Mean 93.5
S.E. 0.3

N 1,768

Mean 80.4
S.E. 0,5

N 489

Mean 88.8
S.E. 2. 5

N 10

Mean 4.7
S.E, 2.5

t 1.9
p NS

Mean 78.9
S.E. 0.6

N 340

Mean 10.4
S.E. 0. 7

t 16.1
p < 0.001

Mean 85.3
S.E, 2.1

N 16

Mean 4.1
S.E. 2.1

1.9
p NS

82.9
0.5

473

67,2
2.3
29

90.0

1

72.5
0.4

379

70.4
2.4
29

2.0
2.3
0.9
NS

79.0
2.0

2
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Table 3. Linear regression parameters for Paralomis spinosissima with
and without a rhizocephalan parasite from South Georgia and
Shag Rocks.

Length to width Log weight to log length
b R-sq n a b Rsqn a

S. Georgia:

Normal male

Parasitized

Normal female

Parasitized

435 � 8.66

159 -7.14

255 -5.98

105 W.84

509 10.86 0.96 94.3

189 4.96 1.04 93.6

337 6.18 1.00 93.5

118 5,50 1,03 95.0

3.36 97,9

2.97 97.0

2.71 96.7

2.90 98.2

Shag Rocks:

Normal male

Parasitized

Normal female

Parasitized

3.32 98.6

2.80 93.8

2,85 97,2

3.02 98.2

211 8.26 0,99 95,7 187 � 8.54

19 2.54 1.07 96.5 20 -6.45

145 5.13 1 02 94 3 134 -6 62

21 0.63 1.10 96.9 20 � 7 43

Rhizocephalans cause feminization of parasitically castrated males
and alter growth patterns  O' Brien and van Wyk 1985!, We observed that
parasitized males had broadened, apron-like abdomens that were much
like those of females. Parasitized male abdomens also tended to be
twisted to the right relative to the sagittal plane as was typical of fe-
males. Retransformed weight to CL relationships in Figure 4 show that
parasitized males resemble females more closely than they do normal
males and that parasitized and unparasitized females are similar. Male
crabs with morphology intermediate between infected and normal indi-
viduals were not observed, suggesting that the parasite's effects on mor-
phology occur at a single molt.

No parasitized females carried embryos or empty embryo cases. Ob-
servations on the condition of embryos suggest the mating season in P.
spinosissima is protracted. In part, this is indicated by the diversity of
embryo types observed for all sizes of females  Figure 5!. Field observa-
tions showed that eyed embryos ranged from those with barely discern-
ible eye spots to fully formed zoea, hence suggesting considerable
variation in times of extrusion. Shell condition data from females also
showed that some were in immediate pre-molt condition and some were
softshell, newly molted crab. These two categories, however, made up
less than 20% of the females observed. The vast majority of females
were newshell crabs with uneyed embryos. Considerable numbers of fe-
males with empty embryo cases attached to their pleopods were also
encountered and 35 of these were being grasped by males in a pre-mat-
ing embrace. Grasped females were all in pre-molt condition as deter-
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Figure 4. The relationship of weight to carapace length for normal and rhizo-
cephalan parasitized Paralomis spinosissima sampled at South Georgia
during July 199Z.

mined by their well-formed second shells. Dissection of females from
grasping pairs showed that they had large ovaries with oocytes that
were grossly similar in size to embryos attached to pleopods.

Dissection of females with hatching zoea showed that their ovaries
were large but that the mean oocyte diameter was about 85% that of oo-
cytes in females from grasping pairs. This indicates that molting and
mating occur considerably later than hatching of zoea. In two lithodids
that spawn biennially, Paralithodes platypus and L. aequispinus, oocytes
are roughly 75% of their maximum diameter in females with hatching
zoea  Somerton and Macintosh 1983, Otto and Cummiskey 1985!. As-
suming that the duration of embryo development is about 1 year, our
observations also suggest that spawning does not occur annually in a
given individual. Perhaps a longer than 1 year period of oogenesis con-
tributes to a protracted or even year-round spawning period. Further
observations will be necessary to determine how protracted the molt-
ing-mating period is and whether there is any seasonal component to it.

Size at sexual maturity was previously undescribed in P. spinosissi-
rna and its determination was an important part of our work. Unfortu-
nately, insufficient numbers of small females were available at South
Georgia and the fitted logistic curve failed to describe the data  Figure
6!. For this reason the Shag Rocks and South Georgia data were com-
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Figure 5. Reproductive condition of normal tno rhizocephalan! femaie Paralomis
spinosissima sampled at South Georgia and Shag Rocks during Ju!y
1992. Sample sizes < 9 excluded from analysis.
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Figure 6. Proportion of mature Paralomis spinosissima sampled at South Georgia
and Shag Rocks during july 1992. Fitted logistic curves were used to
determine size at maturity  SM50!.

bined to determine SMSO  Figure 6!. The latter analysis yielded SM50 =
61.7 mm CL  s = 4.3 mm! but appears to be more reflective of conditions
at Shag Rocks than at South Georgia. Females at Shag Rocks were signifi-
cantly smaller than those at South Georgia  Table 2! and this is true of
ovigerous females as well  Figure 7!. The size frequency of normal South
Georgia ovigerous females is noticeably skewed, however, probably re-
flecting the prevalence of rhizocephalans  Figure 7!. While we believe
that SM50 at South Georgia is greater than that at Shag Rocks, further re-
search will be necessary to quantify this difference.

Size at maturity for males was quantified by fitting two regression
lines to natural logarithmic plots of CH against CL. Fitted lines on re-
transformed axes  Figure 8! show intersections at 74.8 mm CL  s =
2.6 mtn! for South Georgia and at 66,4 mm CL  s = 2.1! for Shag Rocks.
Males apparently mature at slightly larger sizes than females. Both
males and females apparently mature at smaller sizes at Shag Rocks

Under terms of the F/V Pro Surveyor's permit the minimum size lim-
it had to be 10% greater than the size at maturity; that is, 82 mm CL or
90 mm CW at South Georgia and 73 mm CL or 81 mm CW at Shag Rocks.
In North Pacific king crabs, growth per molt at maturity is about 15% in
CL, which would lead to size limits of 94 mm CW at South Georgia and
84 mm CW at Shag Rocks. Assuming similar growth patterns, such limits
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Figure 7. Size-frequency distributions for mature fernale Paralomis spinosissima
sampled at South Georgia and Shag Rocks duringfuiy 1992. Superim-
posed prevalence of rhizocephalans indicates the cause of the skewed
distribution at South Georgia.

would allow males to have, on average, at least one breeding opportuni-
ty before they become vulnerable to the fishery, Crabs retained by the
F/V Pro Surveyor were greater than 101.6 mm �.0 in! CW, which proba-
bly provides further breeding opportunities and hence protects repro-
ductive potential, It may be necessary to refine size limits as more
fishing grounds are explored.

Shell condition data provide information on relative growth rates
because the intermolt period of mature male lithodids frequently ex-
ceeds 1 year. Such "skip-molt" crabs accumulate fouling organisms on
their shells and can usually be detected by the degree of fouling, stain-
ing, shell hardening, or wear on various portions of the exoskeleton.
Scoring shell condition is a subjective process, but experience in the
North Pacific indicates that an oldshell crab has not tnolted for at least
one year and very oldsheII crab have not molted for two or more years.
The pattern may differ for P. spinosissirna, but an increased frequency of
oldshell crab in our samples still indicates diminished growth rate
 molting frequency! with increasing size  Figure 9!. The prevalence of
oldshell crab becomes appreciable soon after maturity and then tends to
increase with size. Skip-molting also appears to begin at smaller sizes at
Shag Rocks than at South Georgia.
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Figure 8. Chela aHometry in male Paralomis spinosissi ma sampled at South
Georgia and Shag Rocks during July 1992. The intersections of fitted
curves were used to determine size at maturity.
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Figure 9. Shel! conditions observed in male Paralomis spinosissima sampled at
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We have no information on mortality rates but suspect that the size
at entry into the fishery that would maximize yield per recruit lies in the
range where molting frequency is declining. Candidate size limits 15%
greater than SM50 fall in this range while those 10% greater are slightly
short of it. It is also worth noting that skip-molt crabs usually contain
more meat than newshell crabs and hence provide a higher quality
product, We recommended that size limits for P. spinosissima, in Area
48.3 be set at at least 115% of male SM50.

Minimizing the Risks to Antarctic Resources
Catches during the first trip of the F/V Pro Surveyor suggest that crab
resources in Area 48.3 are large enough to provide a viable fishery.
Catch rates were sustainable in the localized areas where trials were
made, but the limited survey time precludes an understanding of how
long they might be sustained. Crab per pot-lift rates encountered were
typical of those in the Aleutian Islands fishery for golden king crab  L.
aeguispinus! over the past 10 years  Morrison and Gish 1994a, 1994b!.

Management measures adopted by CCAMLR in the fall of 1992 in-
cluded a catch quota, restrictions on size and sex of captured crabs, and
a limitation on fishing gear to pots. The problem of an appropriate quo-
ta for crab stocks in Area 48.3 was not resolvable with the 1992 data at
hand so a preemptive quota of 1,000 t was instituted. A minimum size
limit of 102 mm CW for males allows them one or more breeding oppor-
tunities before harvest. While there is no strict biological reason to pro-
hibit taking female crabs, mature females are smaller than mature males
and processing mature females is not as economically feasible. A prohi-
bition on taking females in concert with a minimum size limit on males
will tend to preserve the natural characteristics of the stocks since only
a small portion of a population can be removed. Crab pots allow non-
target females and small males to be returned quickly to the sea with a
minimum of damage.

In some Iithodids, especially Paralithodes camtschaticus  Powell and
Nickerson 1965, Powell et al. 1974, Paul and Paul 1990!, males are
thought to be polygynous and it is not considered necessary to maintain
a 1:1 sex ratio in the spawning stock. This may well be the case with P.
spinosissima. Also, it appears that spawning is protracted which would
make the sex ratio less important than it may be in a species where
spawning occurs in a narrow time span.

Many crab and lobster pot fisheries have been conducted for dec-
ades, or even a century, with only a size limit or some combination of
size, sex, and season restrictions. Populations of king crabs  P. catn-
tschaticus, P. platypus, L. aequispinus! and fisheries for them in the
North Pacific have frequently been unstable and many populations have
declined and remained low for periods of more than a decade. North Pa-
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cific king crabs are managed with the size, sex, season, gear, and quota
restrictions that are very similar to those implemented by CCAMLR for P.
spirtosisslrrta. There is hence no real assurance that imposition of such
restrictions will lead to stability in Antarctic crab populations or in their
ecological relationships as is mandated by CCAMLR.

While the set of regulations adopted by CCAMLR is designed to min-
imize the effects of fishing, ecological conditions may already be de-
stabilized or may affect the stability of crab stocks regardless of the
effects of crab fishing. For example, there has been an inverse relation-
ship between lithodid crab and many groundfish abundances in the
northeastern Pacific during the past 25 years, CCAMLR annual reports
show that most groundfish stocks near South Georgia  Subarea 48.3!
have been heavily fished in the past and are considered depleted. Hypo-
thetically, current abundance of crabs may not be sustainable if and
when fish stocks recover.
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and young, immature crabs are abundant. Seasonal catch data suggest a
similar annual vertical distribution as in the native North Pacific area,
with migrations to shallow waters for molting and mating in winter and
spring. Tentative stock assessments suggest a marked increase in abun-
dance during the period 1993-1995. Female king crabs in the Barents
Sea mature at a larger size than those in its native area of habitation.
The main food items seem to be echinoderms, polychaetes, and srnaH
bivalves. Therefore, the Barents Sea king crab may be competing for
food with the only other similar crab in the region, the stone crab, Lith-
odes rrtaja, and possibly also with flatfish and catfish.

6ackg round
No comrnerciaHy exploited crab is native to the Barents Sea. In the
1930s the USSR, therefore, attempted to transplant the valuable king
crab  Paralithodes carntschaticus! from the Far East to the Barents Sea.
These attempts, however, aH failed because of the inadequate long dis-
tance transportation facilities for live crabs of that time  Orlov and
Karpevich 1965!.

In 1961 a new transplantation experiment was started and during
the period 1961-1969 about 2,600 adult specimens of king crab and
10,000 juveniles were transferred. In addition king crab eggs were incu-
bated, and after hatching 1.5 miHion larvae were released. Most of the
crabs used in this large experiment were caught in Peter the Great Bay
near Vladivostok. They were transported in containers by air and/or rail
and released, mainly in the Kolsky Bay region off Murmansk  Figure 1!
 Orlov and Ivanov 1978!. Again, in 1977-1978, 1,200 adult king crabs
were transferred from the Far East to Kolsky Bay  Sennikov 1989!.

On August 3, 1974, a large female king crab was caught in Kolsky
Bay. Subsequently king crab bycatches in Russian coastal waters have
been reported almost annually, and since early 1990 reports of one or
more specimens have become more frequent. The crabs were mainly
caught in the trawl fisheries for cod and in offshore scallop dredging.
King crab observations were also made by sport divers and amateur
fishermen.

The first king crab reported from Norwegian waters was a big male
caught in 1976 with a halibut giHnet in the inner part of Varangerfjord.
In the 1980s, Norwegian bycatches gradually became more frequent, es-
peciaHy in the coastal giHnet fisheries for cod in depths over 70 m dur-
ing winter, and during spring for lumpfish in shaHow waters less than
30 m. Sport divers have also frequently observed king crabs in the
South Varanger fjords,

Until 1992 only single or very small numbers of king crab were tak-
en. Then, in April-May 1992, giHnet fishermen started to get them by the
hundreds in the South Varanger fjords. Since landings and sale of king
crab are presently prohibited by law, this sudden bounty was just a
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menace to the fishermen, destroying their nets and, in the worst cases,
effectively stopping gillnet fishing on traditional fishing grounds. Ac-
cordingly, the matter was brought to the attention of the Mixed Russian-
Norwegian Fisheries Commission, which at its meeting in November
1992 requested both countries to intensify and coordinate their re-
search efforts on king crab with the aim of providing advice to the Fish-
eries Commission on the state and harvest potentials of the Barents Sea
king crab stock, and on the possible ecological impact of this new ele-
ment in the marine fauna.

Russian and Norwegian Investigations
1992 to 1995

In August-September 1992 PINRO carried out a three-week coastal king
crab survey. During the last three months of 1992, IMR collected data on
incidental bycatches in the commercial fisheries and of king crab obser-
vations by sport divers.

From February to June, and again from August to December 1993,
IMR organized monthly sample fishing with traps in Bugoyfjord, South
Varanger �9'30'E!, and in July carried out a three-week research vessel
trap survey in the southern and western parts of the Varangerfjord. PIN-
RO in August-September completed a six-week crab survey with traps,
covering the inshore area from the Russian-Norwegian border at 30*48'E
to 40*E on the Kola coast.

A scaled-down Alaska type king crab trap, 150 x 150 x 75 cm, was
the sampling gear used till July 1993 by IMR, but thereafter also conical
traps with a base diameter of 120 cm were operated. PINRO used similar
conical traps throughout 1993,

The monthly sample fishing by IMR was continued from January to
June in 1994. In July a four-week research vessel survey was conducted.
This covered both sides of the Varangerfjord and a few localities east
and north of the Varanger Peninsula. For 1994 the Fisheries Commission
authorized a research quota of 22,000 male king crabs larger than 13
cm carapace width  CW! for a trial fishery to provide more extensive
data on crab distribution and catch rates. The quota was divided evenly
between the two countries. In Norway four small coastal vessels fished
from August to end of December with conical traps of 140 cm base di-
ameter. This trap was also the main gear used in the Norwegian research
vessel survey. In the Russian trial fishing, conducted from August to Oc-
tober with two small trawlers, the same large conical trap was used in
addition to bottom trawl. In August and November PINRO attempted to
determine the fishing power of the king crab trap from underwater TV
observations combined with parallel trawl and trap fishing experiments.

In 1995, the IMR sample fishing with traps in Bugoyfjord was con-
tinued once a month from January to June. PINRO in May carried out a
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stock assessment trawl survey covering the crab distribution area in
Russian waters, and from mid-July to mid-August IMR repeated its annu-
al research vessel survey in the South Varanger area.

The Mixed Russian-Norwegian Fisheries Commission for 1995 au-
thorized the same trial fishing quota as in 1994, and in Norwegian
waters trial fishing with four small coastal vessels started in mid-Sep-
tember.

The crabs caught in the Norwegian sample and trial fishing were
sexed and samples of landed males  less than 13 cm CW! were measured
and weighed, Females and undersized males were measured or, for large
catches, the size range was recorded. Research vessel catches were
sexed, measured  and weighed if landed! and some samples were exam-
ined with regard to stage of egg development and, from 1994, also
condition  hardness! of exoskeleton. Similar measurements and observa-
tions were made during the Russian research vessel surveys. In addi-
tion, egg samples for fecundity studies were collected, and in 1993 and
1995 also stomach samples. In Russian coastal waters 172 crabs were
tagged and released in 1993, and during the Norwegian research vessel
survey in July-August 1995, 508 large male crabs were tagged and re-
leased in the South Varanger area.

Results and Discussions
In both countries king crab research efforts have until now been mod-
est. The data material is limited and to some extent fragmentary with
regard to area and time coverage, and detailed analysis is not yet com-
pleted. The findings presented here are therefore tentative.

Distribution

The coordinated PINRO and IMR investigations have established that the
core area of king crab distribution includes the southern side of the
Varangerfjord with tributaries, both in the Russian and in the Norwegian
Extended Economic Zone  REZ and NEZ !, Motovsky Bay �2-33'E! and
the Murman coast from Kolsky Bay to Cape Teriberski �5'E!  Figure 1!.
The frequency of mature crabs is increasing toward the west. In the
easternmost distribution area on the Kola coast, along the northern side
of Varangerfjord and Varanger Peninsula, king crabs are present, but at
low densities. Since 1994 offshore king crab bycatches have become
more frequent than before in NEZ as well as in REZ, and a few king crabs
have been taken as far west as in Kvaenangen �1'E! and in Porsanger-
fjord �6'E!. Recently numerous gillnet bycatches of king crab have been
taken in shallow waters in Tanafjord �8'E!.

The 1995 PINRO trawl survey revealed that in the middle and end of
May king crabs were present in locations with bottom temperature high-
er than 2'C and crab density increased in the offshore-inshore direction
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Figure l. Top: area of king crab distributionin the Barents Sea. Bottom:
1994 distribution in core area. Large star within circle � main
transplantation location; Dark shading � dense concentrations;
Small stars � incidental bycatches; Arrows � locations of abun-
dant small juveniles.
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Abundance

Since no commercial fishery for Barents Sea king crab has yet started,
only catch and effort data from the research vessel surveys and the ex-
ploratory  trial! fishing experiments are available. These were used for
tentative stock assessments in 1993 and 1994.

The core area of crab distribution was divided into six sub-areas, for
which average trap catch rates were estimated. While the data confirm
that catch rates are clearly affected by soak time duration, the catch and
effort records available do not suffice to make adjustments for varia-
tions in soak time in all sub-areas. Unadjusted mean catch rates have
therefore been the basis for the assessments in both years. To convert
crab mean catch rates into absolute crab densities, results of Russian
trap/trawl comparisons in the Far East were applied  Nizyaev 1991!.
From these the nominal effective fishing area of a similar conical trap as
used in the Barents Sea was estimated at 0,0023 sq. nautical mile. The
total number of crabs is given by:

and frotn east to west. While a considerable part of the population
seemed to be distributed in depths less than 40 m, shallow bays were
beyond the reach of the trawl because of rough bottom. The Norwegian
research vessel survey in July-August 1995 did not show any significant
change in crab distribution from the two previous years. In conclusion,
it would thus seem that while the main distribution area has remained

practically unchanged from 1993 to 1995, the Barents Sea king crab is
expanding both toward west and offshore.

Seasonal variations in depth distribution are evident. During spring,
and again in September-October, gillnet bycatches of king crab, especial-
ly of berried females, are frequently made in shallow waters less than
30 m. From July to December both sexes are caught in depths beyond
90 m. Females are relatively rare in catches taken deeper than 200 m
while large males have been caught in fair numbers down to 330 m. By
the end of December females disappear from the trap catches and males
become more scarce from February-March to June-July.

Small immature crabs below 10 cm CW have mainly been caught in
depths less than 150 m in the many bays and fjords of both countries.
Their distribution seems to be very patchy, and catches of 1,000 small
crabs have sometimes been taken in one trap while no small crabs were
caught in neighboring traps on the same line.

Accordingly, the Barents Sea king crab shows many traits of season-
al and vertical distribution which are very similar to those of king crab
in its native North Pacific area. The Barents Sea population, however, is
still in a transitional state of expansion toward west and offshore. By
this expansion the king crab will gradually inhabit greatly increased ar-
eas suitable for feeding and reproduction and thereby enhance further
population growth.
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where
S = size of sub-area,

a = mean catch per trap in sub-area,
q = nominal effective fishing area of trap used,
n = number of sub-areas.

In 1993 the total stock of crabs of the sizes encountered during the
surveys and sample fishing was estimated at about 210,000, of which
75,000 were males above 13 cm CW. The corresponding figures for 1994
were close to 400,00 and 150,000 respectively, i.e., a doubling of the
stock estimate from 1993 to 1994.

In these assessments only areas of "dense" concentrations  Figure 1!
were included and their extensions were defined as the area between
the 100 and 200 m isobaths, In 1995 crabs have been taken in fair num-

bers down to 330 m, and at all times of the year many crabs are present
in shallower depth than 100 m. The size of the core area of distribution,
therefore, was most likely underestimated in 1993 and 1994.

The trap fishing in 1994 was more extensive than in 1993, but in
other respects the estimates of average catch rat'e for each sub-area are
comparable between the two years. Accordingly, the conclusion of a
substantial population growth from 1993 to 1994 is probably valid
while the estimated magnitude of this increase is less reliable, Thus, the
nominal trap fishing area of 0.0023 sq. nautical mile was derived from
trap/trawl comparisons in a quite different area, probably with bottotn
topography much unlike that of the coastal fjords and bays in northern
Russia and Norway. Furthermore, the general assutnption of a constant
catchability coefficient  usually set at 1,0 in trawls! regardless of size,
sex, or kind of target species is not substantiated by fishing technology
research. It is likely that the application of a fixed nominal trap catching
area for all types of habitats and for all sizes of crabs results in an un-
derestimated stock strength of unknown, but conceivably significant
magnitude. Thus, in one of the Norwegian sub-areas, a fjord with a
threshold preventing rapid crab migrations in and out of the fjord, the
total number of male crabs over 13 cm CW was in 1994 estimated at 94
specimens while the total catch in three weeks fishing was 359.

The Russian trawl survey in May 1995 provided data for a new stock
assessment in Russian waters. This was based on 104 stratified random
sample tows of 30 minutes duration in depths from 35 to 300 m, assum-
ing also here the trawl catchability coefficient to be 1.0. The result was a
stock estimate of about 500,000 crabs or a biomass of 1,260 metric tons
in REZ. It is noted that the area coverage was not complete with regard
to inshore non-trawlable locations which are known to be inhabited by
king crab,
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A complementary estimate for NEZ has not yet been made since the
exploratory fishing trials were just started in the rniddle of September.
However, the catch rates obtained during the Norwegian July-August re-
search vessel survey were 3 to 14 times higher than those for the same
sub-areas and times in 1994. In particular the relative catches of large
males was much greater in all localities. The catch rates obtained dem-
onstrate high densities of crabs in the present core area of distribution
which might sustain a profitable commercial fishery, but only for a very
limited number of vessels. It is conceivable that the crab stock in the
present core area may be approaching an upper limit in abundance, and
that the Barents Sea king crab is to inhabit a much larger feeding and re-
production area to becotne a significant commercial resource.

Recruitment

Berried females are abundant in most of the tributary bays and fjords
along the coast from Varanger to Cape Teriberski. The main reproduc-
tion potential appears to be in the Varangerfjord area  within both REZ
and NEZ! and in the Motovsky Bay. Accordingly, the PINRO survey in Au-
gust-September 1993 identified four locations with dense concentra-
tions of young, immature king crabs of 6 to 9 cm CW. Similarly, from
end of August to early December incidental high catches of juvenile
crabs, up to 430 in one trap, were made in Bugoyfjord. Again in 1994,
from June to December, small, immature crabs were common in Norwe-
gian trap catches and were sometimes taken in very large numbers. Also
in Russian waters good catches of small crabs were made, confirming
that in 1994 they were plentiful and present in most bays and fjords of
the core area of distribution in both countries  Figure 1!. In 1995 small
crabs were present from April onward in the Norwegian trap catches in
most of the South Varanger tributary fjords, sometimes in very large
numbers.

While during each of the last three years small crabs appeared to be
abundant, the year by year progressions of distinct modal CW peaks in
both males and females  Figure 2! indicate earlier large variations in an-
nual recruitment to the Barents Sea king crab stock.

The predominant current system along the relevant Norwegian and
Russian coastline is likely to transport the pelagic king crab larvae far
out to sea and toward the eastern cold waters of the Barents Sea. It is
proposed that the successful reproduction, evident by the abundance of
small crabs in Norwegian and Russian fjords, might be facilitated by tid-
al eddies in the long and irregular fjords, the vertical tide difference in
the region being about 4.5 m. Some of the king crab larvae hatched
there may be trapped in the eddies and remain in the fjords where they
find suitable depths and living conditions as glaucothoe larvae, Conse-
quently, in this foreign environment the establishment of viable king
crab subpopulations is enhanced in areas with complex fjord systems.
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Population structure
Figure 2 shows the overall frequency distributions of the carapace width
measurements made in 1993, 1994, and 1995 of the crabs caught dur-
ing the Russian and Norwegian research vessel surveys. The Russian
distributions each year show a bimodal pattern including significant
numbers of small crabs. In contrast, the Norwegian samples were practi-
cally without crabs of less than 10 cm CW, of both sexes in 1993 and of
females in 1995. This may partly be due to the relatively large mesh
size of the traps used by the Norwegian research vessel. The sample
fishing in the last quarter of each year, however, has confirmed that
small crabs were also abundant in NEZ throughout the three years.

The modal peaks in the distributions are progressing year by year
toward higher CW values, In males this is most pronounced in the Nor-
wegian data, where crabs of 14 to 16 cm CW were the most abundant
ones in 1993, while they were almost lacking in 1995.

The Russian samples from different sub-areas demonstrate an in-
crease in crab size from east toward west with mostly small immature
crabs east of Cape Teriberski. No such trend has been detected in Norwe-
gian waters and neither is there any distinct difference in size distribu-
tion between Russian and Norwegian catches in the Varangerfjord region.

Sex proportions may vary greatly between localities and even be-
tween neighboring traps on the same line, During the months July-No-
vember, males and females are on an average caught by traps in more or
less equal numbers in most sub-areas, but one of the sexes may during
short periods be taken in much larger numbers than the other. In the
very large catches of small crabs which are sometimes made, the sex ra-
tio is always close to 1:I.

Reproduction
In late January, and again in early April 1995, sport divers observed
grasping pairs of king crab in depths of 15 to 40 m in a South Varanger
fjord. In April numerous empty exoskeletons were also seen on the sea-
bed. During the same period, extending into May, bycatches of females
are frequently made in shallow waters. Nearly all of these have new soft
shells, as have the crabs caught at that time of the year in the monthly
Norwegian sample fishing. These observations suggest a molting and
mating season for the Barents Sea king crab which is fairly similar to
that of its native North Pacific waters.  e.g., Powell and Nickerson 1965!.

The minimum carapace length for berried females was found to be
93 mm, and the size at which 50 percent of the females have become
sexually mature  SM50! was estimated at a carapace length of 108 mm
 about 118 mm CW!. All females above 145 mm CW were mature  Figure
3!. The estimated SM50 for Barents Sea king crab therefore exceeds
those reported for different populations in its native areas of habitation
 e.g., Blau 1990, Otto et al. 1990!.
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Figure 3. Frequency distribution of females carrying eggs as a function of
crab size.

Measurements of chela height in small, immature male crabs are too
few for determining the size at which relative male chela height starts to
increase. The more extensive data for crabs above 7-8 cm CW of both
sexes show that relative chela height differs between males and females
in crabs above 10-11 ctn CW. Assuming that the sex-determined differ-
ence in chela growth starts at the size of male maturity  e.g., Somerton
1980! the data therefore suggest that male Barents Sea king crab on av-
erage reach sexual maturity at 10-11 cm CW, which is similar to matura-
tion sizes established by the same method for maie king crabs in the
Bering Sea,

Absolute individual fecundity in females of 112 to 220 CW ranged
frotn 76,000 to 704,000 eggs. In other king crab stocks the fecundity is
reported to vary within 25,000-500,000  Kruse 1992, Haynes 1968!.

The total number of eggs  F! can be expressed as an exponential
function of carapace width: F = a CW!'. The estimated coefficients of this
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Figure 4. Comparison of reiative fecundity with crab size.

equation were within the limits of variation reported for king crab in its
native area  Takeuchi 1967, Haynes 1968, Rodin 1985, Klitin 1992!, but
while in 1993 and 1994 they were quite similar, they differed markedly
in 1995. This may be related to the difference in sampling time, August-
September in 1993-1994 and May in 1995.

Relative fecundity, determined as the ratio between absolute fecun-
dity and female weight, was found to reach its maximum in females of
150 to 180 mm CW  Figure 4!. This is consistent with observations made
during the trial fishing in late 1995 of very large females  over 22 cm
CW! carrying only a few eggs,

Food and feeding
The available data on stomach contents of the Barents Sea crab differs
both with regard to time, areas, and methods of sampling. In August-
September 1993, stomach samples were collected from crabs caught
with traps, mainly in bays and fjords. The samples from May 1995 were
all derived from trawl catches in the large bays  Motovsky Bay, Varanger-
fjord! and in the open sea. The species composition of the food objects
and their weights were determined. Feeding intensity was estimated by
indices of stomach fullness and by the ratio of food weight to crab
weight, expressed in perdecimille.
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Table 1. Stomach contents of king crab in the Barents Sea.

Sampling dates

Samp/ing depth, m

Samp! ing method

Average CW+ 1 SD

Number of stomachs
examined

Empty stomachs

19 Aug-28 Sep 1993

25-128

18 May-26 May 1995

47-270

trawl

150.8 k 29.1

70

trap

132.3+ 43.3

73

16

It appears from Table 1 that echinoderms as well as molluscs are
important food items for the Barents Sea king crab, both in spring and
in autumn. In the samples from the spring trawl catches, polychaetes
were also of great importance.

Males were found to feed more actively than females, their mean in-
dex of stomach fullness being about twice that of the females, 11.30/
000 and 5,90/000, respectively. In May 1995 the index of stomach full-
ness in some cases exceeded 500/000. This shows a high intensity of
crab feeding compared for example with the maximum stomach fullness
of 190/000 reported for king crab off western Kamchatka  Kulichkova
1955!.

A full evaluation of the ecological impact this new element in the
Barents Sea marine fauna has had, or might have in the future, is prema-

Dominant prey:
Bivaivia

Castropoda

Scaphopoda

Crustacea

Paguridae

Amphipoda

Echinodermata

Echinoidea

Asteroidea

Ophiuroidea

Poiychaeta

Sipuncuioidea

Hydroidea

Bryozoa
Forarnini fera

Fish

Fish eggs

Algae

Frequency of occurrence from ail crab examined �!

49.4 39.4

21.2 35.2

5.6

2.4 12.7

4.2

1.2 2.8

24.2 66.2

22.4 15.5

19.6

1,2 26.8

16.5 52.1

28.2

3.5 14.1

5.6

7.1 4.2

4.7 9.9

5.6

36.5 28.2
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ture at this stage of knowledge, before the king crab has become estab-
lished in its total potential area of distribution. The present stomach
analysis suggests that it is a potential competitor for food with the
stone crab  Lithodes ma!a!, the only other similar crab in the region,
with catfish  Anarrhichas sp.!, and with some of the flounders in the
area, but not with any of the important commercial fish species,

Conclusions
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Abstract
The king crab  Paralithodes camtschaticus! is a new species in the Bar-
ents Sea. The crabs were caught in Norway for the first time in 1977. To
evaluate the king crab as a new species for aquaculture in Norway we
have conducted a study on growth, mortality, and food preference in ju-
venile crabs hatched and reared under laboratory conditions. Growth,
measured as increase in carapace length, was lower than observed in
wild juvenile king crabs, probably due to a nutritionally sub-optimal
diet. High rate of cannibalism may also be related to low food quality
and high cohort density. The juvenile king crabs displayed a significant
food preference.

The present results are not sufficient to evaluate the potential of
king crab in aquaculture in Norway. However, the results are promising
and do not disqualify the king crab as a culture organism.

Introduction
In recent years the Norwegian fish farming industry has achieved great
success with the production of Atlantic salmon  Salmo salar!. In 1995
the production of this species alone will exceed 250,000 tons. It has,
however, proved much more difficult to introduce marine species such
as halibut  Hippoglossus hippoglossus!, cod  Gadus morhua!, and wolf-
fish  Ararhichas lupus! into aquaculture, and although some progress
has been made the development has been very slow. The attempts so
far to cotnmercialize aquaculture of two crustaceans, noble crawfish  As-
tacus astacus! and lobster  Homarus vulgaris!, have failed, mainly be-
cause of cannibalism in these species.
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Between 1961 and 1969 Russian scientists transferred king crab
 Paralithodes camtschaticus! from the Sea of Okhotsk to the coast of the
Kola Peninsula in the Barents Sea, about 150 km from the Norwegian
border. The first occurrence of king crab in Norway was reported in
1977  Orlov and Ivanov 1978!. The king crab has now established a sig-
nificant population in the northeastern fjords of Norway and is pene-
trating constantly southward along the coast.

The king crab shows a combination of properties which makes it
very interesting as a new candidate for aquaculture in Norway:

~ The king crab is able to grow at low temperatures. The wild popula-
tions of king crab are found in regions with water temperatures be-
low 10 C, and at the larval stages the optimum temperature seems
to be approximately 8'C  Nakanishi 1987!. It should therefore be
possible to rear king crab in Norway without heating water.

~ The king crab has a high fecundity. Females normally carry between
150,000 and 400,000 eggs  Wallace et al. 1949!. This is far more
than the other crustaceans previously attempted in Norway. The
high fecundity makes it easy to gain a sufficient nutnber of larvae
for rearing, and also makes mortality at the early stages less deci-
sive for the success.

~ The podding behavior of the king crab, and the observations that
king crabs may even molt while podding without eating each other
 Dew 1990! indicate that king crab may be less cannibalistic than
other crustaceans. Cannibalism may still prove to be the most cru-
cial factor for the possibility to bring the king crab into aquaculture.

~ The king crab is a well-known delicacy throughout the world, and
there is already a large market for the king crab. The problems of in-
troducing a new product to the market should therefore not apply
to the king crab.

Our main objective in this study has been to provide fundamental
biological knowledge needed to evaluate the king crab as a possible can-
didate for aquaculture in Norway. Three different concepts for crab cul-
ture could be implemented:  I! Rearing post-larvae for release. �!
Rearing crabs from eggs to market size. �! Fattening of wild-caught
crabs. Alternative  I! is not possible until the ecological impact of the
immigration of king crab in Norwegian waters is evaluated, and an en-
hancement program of the wild population is wanted. Our choice has
been to study the rearing from hytching to market size. We are weII
aware that the Japanese have obtained good results in rearing of post-
larvae for their enhancement programs  Nakanishi 1987!, We have there-
fore concentrated on the grow-out phase from settling to market size. In
the first year of our study we have focused on growth, mortality, and
food preference.
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Materials and methods

Ten ovigerous female king crabs were caught by pots in the Varanger
Fjord, Northern Norway, in November 1994 and brought to the Aquacul-
ture Research Station in Tromso. At this station water temperature and
salinity as well as light conditions can be fully controlled. The females
were kept in a fiberglass tank � by 2 m! supplied with unheated sea wa-
ter and fed a diet of fish meat and sea urchins. Hatching took place in
February and March 1995. Three fractions of the hatched larvae were
collected by taking advantage of their positive phototaxis and placed in
conical tanks of about 30 L. The larvae were fed with decapsulated Av-
temia salina nauplii. We changed the water of the tanks every second
day and kept the water temperature at 5-7'C.

After reaching the megalope stage the larvae were transferred to
trays �0 by 40 cm! made for hatching of salmonid eggs. The trays have
perforated bottoms with an upwelling water current. The water tempera-
ture in the trays was kept at 8-10'C, and the salinity between 32 and 35
ppt. There was no substrate or any other form of cover in the trays. Af-
ter settling the crabs were fed a mixed diet consisting of fish meat, Cala-
nus finrrtavchicus, and dry salmon feed.

Three groups, hatched 20 January, 8 and 13 February, were trans-
ferred to the trays, at 6 and 20 March and 3 April, respectively. At two to
three weeks intervals we tneasured the carapace length and wet weight
of random crabs  n = 10! from each of the three groups. At the same oc-
casions the number of remaining crabs in the trays were estimated.
Molting was assessed by visual observation and the first appearance of
new stages registered, In order to compare these groups, time was ex-
pressed as days after megalope stage. The experimental period started
45 days after megalope stage and lasted to 175 days after megalope
stage. In addition, each measure of carapace length and developmental
stage was related to cumulative degree-days  dC! from hatching. Our
growth data were compared with a growth model proposed by Stevens
and Munk �989!: In  CL! =-10.787+ In  dC!, where CL is carapace
length in mm and dC is cumulative degree-days after hatching.

Food preference was tested by placing individual crabs in small
chambers �0 by 7 cm! and offering them a choice of five different food
items. We used four replicates of two size groups  mean carapace length
of 5.1 and 7,9 mm!, with 6 crabs in each group. The food items were dry
salmon pellets, moist pellets made from a mixture of salmon and Cala-
nus meat, raw shrimp meat, shrimp waste  shell from the posterior end
of the shrimp tail! and dry cod pellet  less fat than the salmon pellet!.
After offering this diet for one week we recorded what the crabs were
eating four times a day. Food preferences were expressed as mean per-
cent of eaten food items in each group.

The results of our study are expressed as mean + standard deviation
 SD!.
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Figure 1. Growth in three groups of king crab  Paralithodes camtschaticus!
after megalope stage.  a! Carapace length and  b! wet weight. The
points and bars represent mean and SD  n = 10!.

Results
The length and weight increase was very similar in all three groups dur-
ing the experimental period, and there were no significant differences
between the groups at any time  Figure I!. At the beginning of the exper-
imental period �5 days after megalope! the crabs entered their second
crab stage  C II!  Figure 2!. At this point the mean carapace length was
1.8 + 0.1 rnm, increasing to 5.9 + 0.6 mm 175 days after the megalope
stage when the crabs entered the sixth crab stage  C Vl!. The corre-
sponding wet weight increased from 4.3 + 0.2 mg to 138.5 x 39.4 mg.

There was high mortality in all three groups during the registration
period  Figure 2!, After 150-180 days the number of remaining crabs in
the groups was reduced to 5, 9, and 14%, respectively. More than 50% of
the crabs disappeared during the first 45 days of registration; thereafter
the decline in number occurred at a slower rate. Visual observations re-
vealed that cannibahsm was the major cause of the mortality in the last
part of the experiment.
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Figure Z. Development and survival of king crab  Paralithodes camtschati-
cus! after megalope stage.  a! Developmental stages and  b! no. of
crab in percent of total numbers of crabs. The symbols correspond
with the three groups in Figure i,

The growth registrations of the present study cover a span from
about 700 to 1,900 degree-days  dC! from hatching  Figure 3!. Our first
registrations fitted well with the growth model proposed by Stevens and
Munk �989!, while our latest registrations fell somewhat below the pre-
dicted line. A straight regression line, fitted by the least square method,
demonstrated a very good correlation between the carapace length in-
crement and the cumulative degree-days  r'= 0.94, p < 0.001, n = 18!, al-
though we expect that a prolonged registration period will reveal that
the relationship is best described by an exponential curve. The carapace
length measured at 460 dC by Kurata �960! seemed to fit well with our
registrations. The molting was quite synchronous during the first crab
stages, but becatne more asynchronous as the molting proceeded. The
first crab stage  C 1! appeared at 420 dC after hatching.

Both size classes of crabs displayed an obvious food preference,
with shrimp meat as the most preferred food item  Figure 4!. For the
smallest crabs  mean carapace length of 5.1 mm! shrimp meat was eaten
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Figure 3. Growth and developmental stages in king crab  Paralithodes cam-
tschaticus! related to cumulative degree-days after hatching.  a!
Carapace length and  b! developmental stages. The solid line in Fig-
ure 3a represents the linear regression for the current results, the
star represents the result from Kurate �960!, and the broken line
represents the growth model proposed by Stevens and lviunk
� 990!. The symbols correspond with the three groups in Figure l.

in 30% of the observations, while the corresponding result for the larg-
est crabs  mean carapace length of 7.9 mm! was 42%, Shrimp waste ob-
tained the second highest score in both size classes with 12 and 8%,
respectively. The other food items were chosen in less than 4% of the
cases.

Discussion
Our first attempt to rear juvenile king crabs has brought promising re-
sults with regard to growth and development. With the exception of Ku-
rata's �960! registration of carapace lengths of stage C I reared king
crabs we are not aware of similar growth data from cultured crabs cov-
ering the same development stages. Since the growth of juvenile king
crabs is very temperature dependent  Kurata 1960!, comparisons with
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plain growth registrations from wild crabs may be of minor value. Most
of the growth registrations on king crabs are also made from larger
crabs.

A more meaningful way to compare growth data is obtained if the
growth parameters are related to cumulative degree-days  dC!. By doing
this the problems of differences in water temperatures are to a large ex-
tent avoided. When our data are subjected to this kind of comparison
we find that the growth in carapace length in our experiment is some-
what lower than expected from literature values based on wild king
crabs. Our results give a carapace length of 5.4 mm at 1,900 dC, while
the growth models of Stevens and Munk �989! and Stevens �990! pre-
dict corresponding values of 7.9 and 9.9 mm, respectively. The values of
these two studies are thus 46 and 83% above our value. From our data it

is also possible to estimate the carapace lengths at different crab stages
with a certain degree of confidence. It should, for instance, be fair to as-
sume that the carapace lengths at 1,500 dC �,2 mm! represent stage
C V. In the study of Donaldson et al. �992! carapace lengths of wild king
crabs at stage C V was found to be 5.6+ 0.4, which is 33% higher than

40

20

80

60

O
40

' No Salmon Seltooal SILtteap Shttety Cal Uo-
food feed Calanoe meat emote teed ISeetÃied

Food preference in king crab  Paralithodes camtschaticus!.  a! Crabs
with carapace length 5. l mm and  b! crabs with carapace length 7.9
mm. The results represent mean + SD of four replicate groups of
crabs, observed at four different times.
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our value. This result, together with the comparisons to the growth in
the works of Stevens and Munk �990! and Stevens �990! indicate that
our crabs suffered a lower growth rate than predicted both with respect
to molting frequency and intermolt increments. The differences in
growth rates may be explained in terms of food quality. Brodersen et al.
�990! found significant differences in growth rates between groups of
juvenile king crabs given food of different quality. Crabs given nutri-
tionally deficient food showed a significant longer intermolt time than
crabs given a well balanced diet. It may well be that the quality of diet
offered to our crabs was inferior compared to the diets of the wild crabs
in the studies of Stevens and Munk �989!, Stevens �990! and Donald-
son et al. �992!.

In our study the first crabs reached stage C I at 420 dC. This is in
good accordance with values obtained by Kurata �960! from wild crabs
�40 dC!. This should indicate that the diet of decapsulated Artetnia has
not impaired the larval development.

The crabs in our experiment suffered from high mortality due to
cannibalism. Several factors are known to affect the degree of cannibal-
ism. These include cohort density, cover, food quality, and age. In our
study the crabs were initially placed in trays at a density of approxi-
mately 3,000 animals/m'. This is far above the density used by Rounds
et al. �990! where the highest density was 29 animals/m' and the low-
est density 8 animals/m', and there the density was shown to affect the
cannibalism. In the same study cover was shown to affect the cannibal-
ism in 1-year-old crabs, but not in 2-year-old crabs, and the rate of can-
nibalism in the 2-year-old crabs was only half of that of the 1-year-old
crabs. The older crabs often grouped in pods, while the younger crabs
were seen to aggregate only at the end of the study when they were as-
sumed to approach padding age. Our trays were not equipped with any-
thing which provided cover for the crabs, and the crabs were probably
too young to display podding behavior.

Brodersen et al. �990! demonstrated that cannibalism in juvenile
king crabs was strongly influenced by food quality. From the results of
the growth registrations it is reason to believe that the diet eaten by our
crabs was not optimal for growth, and hence may have been a reason
for the high rate of cannibalism. In general, the rearing conditions in our
study were not organized in order to keep the rate of cannibalism at a
low level. This gives much room for Improvements, and presents chal-
lenging tasks for future experiments.

The king crab is known to be an opportunistic omnivore. In nature
food is not considered a limiting factor, while in laboratory-held crabs
growth rate is shown to depend on the quality of the diet  Brodersen et
al. 1989!. We believe that if the king crab is food selective, preference
studies may offer an easy way to find suitable food for the crabs. From
the randomly chosen food items given to the crabs, shrimp meat and
shrimp waste were selected in approximately 90% of the cases observed.
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Shrimp meat or shrimp waste was not included in the diet given in the
growth experiment, while the not-preferred fish food was. We take this
to support the suggestion made above that we have fed the juvenile
crabs with a nutritionally sub-optimal diet.

The results of the present study are in support of the following
main conclusions:

~ Juvenile king crabs are food selective.

~ It is possible to obtain acceptable growth rates for king crabs in cul-
ture. Food quality is itnportant to realize the growth potential.

~ Cannibalism is a major problem in rearing juvenile king crabs, and
further research is needed to reduce the problem.

The results so far do not disqualify king crab as a new candidate for
aquaculture in Norway, but the current results are not sufficient to eval-
uate the potential of king crab as a culture organism.
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the interannual variation in the location of female pods during re-
production in species where spawning females aggregate?

What role do climatic events play in modifying food web structure?

Are there indicator species that can be used to show the existences
of climatic changes?

What is the molting frequency of target species and what methodol-
ogies need to be developed to measure it?

Undertake life history studies on noncommercial crab species to
gain insight into biology at the family level.

10. What are the appropriate size limits for harvested crabs? What crite-
ria should be used in determining what the size limit should be?

12. What roles do genetics and environment play in determining
growth?

What mechanisms cause pulses of recruitment  strong year classes!,
e.g., environment, sex ratio, population abundance?

13.

14. What role do ocean currents have in effecting recruitment at the Io-
cal level and on larger scales? Develop hydrological programs that
are carried out by crab biologists themselves. Examine coastal pro-
cesses and expanded use of satellite technology, include oceanogra-
phers in crab meetings.

Explore the role of female choice in reproductive strategy. Deter-
rnine the importance of male size and shell condition.

15.

Develop and deploy over vast areas artificial collectors that measure
settlement and early recruitment in king crabs and other species
that settle in collectors.

16.

Carry out a genetic analysis of parasites and disease organisms.17.

18. Study the role and distribution of intermediate hosts of parasites.

Develop tests and field kits that measure shell condition and dis-
ease.

19.

20. Improve genetic techniques to differentiate stocks or hybrids, and
begin an international catalog of genetic profiles.

21. Examine hybrid viability.

22. Determine the consequences of female harvest.

11. What is the importance of carapace age or condition in reproduction
and other behaviors?
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23. Determine the habitat requirements of different life stages, particu-
larly juveniles. Initiate studies of tnultispecies interactions.

24. Measure mortality rates due to predation for different life stages.

Improve the understanding of processes that allow populations to
rebuild from low population levels,

25.

26. Observe long-term mortality rates due to fishing and handling.

Develop more effective harvesting gear that minimizes the capture
of nontargeted animals.

27.

28. Track the effects of the moratorium on cod harvest in eastern Cana-
da, and closure of Alaskan king crab fisheries on crab stocks.

29. Improve the estimates of catchability coefficients and exploitation
rate values.

ify goals of the management program. What are the social and eco-
nomic tradeoffs of pulse fishing versus lower, more constant
harvests.

Determine the consequences of fishery alterations of size and sex
structure in crab population.

31.

32, Develop cost-effective Remote Operated Vehicles  ROV! to use in the
study of life history.

33. What role might refuges and reserves play in attracting and propa-
gating crabs?

34. Initiate life history studies on deepwater species that are not cur-
rently harvested but probably will be in the future,

What challenges could be made to existing assumptions on repro-
ductive biology?

35.

36, How efficient are trawls as sampling devices? Do they sample all
sizes? What are crab reactions to their presence? What are trawl
openings? How deep do they dig? What is the mortality and injury
rates of crab due to trawl fishing?

37. What is the fate of bycatch discards on the benthic ecosystem?

38. for species whose life history is fairly well described, begin synop-
sis profiles that are continually updated.

Itnprove understanding of population dynamics. Investigate stock�
recruitment relations for more stocks.

39.

30, Improve communication between fishermen and biologists and clar-
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Discussion Summary
A.J. PAUL: Historically the task we' ve undertaken in the Wakefield sym-
posium series is to create a laundry list of research needs for the taxa
we' re interested in, This serves to guide individual scientists as they put
proposals and work schedules together.

The first Wakefield symposium that dealt with crab was in 1982 on
Tanner crabs. The sheet of research topics we handed out was compiled
from the lists produced by the first and subsequent crab symposia and
material put together by Gordon Kruse and the ADF&G group who are
doing a similar task.

Our first task is to take a look at the list and see if anything needs to
be added. Additions can be made now or as they come up in discussion.
You could write things down and send them to me. I will accept written
materials to go into the list until the middle of next month.

I want to update the list and see if any topics can come off the list.
Are there things that we have dealt so that the knowledge level is now
sufficient to lessen priority or remove it from the list? I would also like
to see if there are some topics that might be the focus of a synthesis
meeting where a small group with pertinent data might put together a
report. I envision a highly focused report with Alaska Sea Grant being
the vehicle to get it into circulation.

I would also like to put some mechanism in place to identify the
types of ongoing research we' re involved in and those we might plan to
get involved in. Glen Jamieson's Crab Newsletter might be the vehicle to
do that, Glen, would you stand up and speak briefly about it?

G. JAMIESON: For those of you that don't receive the Crab Newsletter,
Lee Armstrong and I are the editors. We try to produce two issues a year,
March and October, and we need more submissions. If this newsletter is
going to be useful, submissions need to come in regularly. One of the
problems now is that I feel like I'm hounding people. There are regional
coordinators scattered around, and about two or three months before
each issue I send a memo asking them to please send me something.
Sometimes they do, but I think even they have problems getting
material.

Unless I get the cooperation of the crab community, it's going to
slowly die. Anyone who wants to summarize briefly what they' ve done
here at the workshop, can give it to me. It's best to e-mail it to me so
that I don't have to retype it, which saves me a lot of time.

I'd welcome anything from book reviews to descriptions of fisheries,
problems that you' ve having, anything that's related to crab. We' ve got-
ten information requests from Eastern Europe, Africa, and india. They
didn't know anything about these other fisheries; they don't come to
meetings like this. As crabbers, we' re sort of unique to the rest of the
world. We' re so fortunate in the Pacific Northwest to have meetings like
this.
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I really welcome contributions, in fact I need them desperately, so if
you can submit something, that's great. If the Crab Newsletter can help
to coordinate and plan research initiatives, that'd be super. I'd certainly
consider anything along that line.

AJ. PAUL: Thank you very much, Glen. Another topic I have on my list
is scheduling of future meetings. I'm sure that we' re all aware of the de-
creased funding situation in our respective countries and governments,
and the effect it may have on our ability to attend meetings, so perhaps
we must look to the electronic media and the print media such as the
Crab Newsletter to be the glue between these meetings.

So this is an open forum for discussion that can go on as long as
there are ideas; it's up to you. The floor is open.

B. STEVENS: I'm with National Marine Fisheries Service. I want to bring
up something that I' ve seen and worked on which is aggregation of
crabs. When we' ve tried to do larval recruitment studies we' ve taken a

shotgun approach, with plankton tows all over the ocean. In Chiniak
Bay, we have a population of crabs that's very concentrated in space and
we know they' re hatching at a very concentrated point in time. A good
next step would be to look at larval recruitment of a population with a
known hatching time to see the radiation of larvae out from a spreading
center where crabs aggregate.

UNIDENTIFIED: I was talking to Debbie Schultz about her paper on be-
havior of ovigerous females, and in other pods you find that movement
of ovigerous females is quite restricted, and they seek refuge. If the
ovigerous female lives in a featureless environment on a silty substrate,
there are two ways to get refuge. One is to dig a hole; the other is to sit
under another female. It may very well be that this padding behavior is
a refuge-seeking behavior, We don't catch buried freshwater crayfish fe-
males with traps, because they don't move. What we do is drop artificial
refuges into the lakes and ponds and the crayfish all come in seeking
refuge.

By exploring this behavior, maybe we can develop a different type
of sampler or pick up ovigerous females rather than finding pods.

G. JAMIESON: I'm from Nanaimo. Following up on those points, I think a
number of species tend to move into areas where there's topography
suitable to hiding. If it is sediment-related or substrate-related, maybe
there are special incubation areas where these females go. This might be
particularly important from a habitat conservation point of view. This
may not be too important in Alaska where there is lots of open space,
but around Vancouver, Puget Sound, and the George's Strait area, there
are a lot of urban developments occurring. The last thing we want to do
is have a big container pier, or something like that, where all our fe-
males go to incubate their eggs. I know this was an issue in Everett,
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Washington, where they were building a port for their aircraft carrier.
Dave Artnstrong surveyed it and found an incubation area and they had
to do mitigation. If we are trying to conserve our stocks, areas of urban
development have to be looked at.

G. CONAN: I'm going in the same direction. It seems from our prolific
information that pads come up year after year in the same location. If
you have a trawl fishery which picks up everything at once and kills it
by bringing it to the surface, you might be doing considerable damage
to your fishery without knowing it, It would be interesting to know
where the pod formations are, if they are always in the same location,
and why. This is interesting research which should be done, and it is po-
tentially important for management of the stocks.

A. LEVINGS: I'm with Deakin University, Australia, and have a back-
ground of 20 years as a fisherman. One of the things that I find very
useful is time series of data; and as a fisherman, to look at major climat-
ic events and the consequences of those events as they flow through the
food chain. We target newly molted lobster as they come out, and the
timing in the autumn of the emergence of that new molt is a couple of
months after all the squid aggregate and mate. We fisherman think the
crayfish and crabs are the beneficiaries of that fallout.

We find that squid are a very good indicator of those major climatic
events. This year we had a major southern event which resulted in
strange things happening in the food chain. For example, instead of
catching two to three ton of squid a night, they were catching eight ton
of squid a night. Instead of getting our normal run of crabs a couple of
months after that, we didn't catch any. But in the processors' tanks, the
lobsters that had been caught molted continually. We believe that there
was such a large fallout of food that there was no need for them to go
into the traps for bait.

In my role as a scientist, I'm very conscious of opportunities in a
time series of data to take advantage of these natural events. You' ve got
an indicator that you can work from, with a number of good implica-
tions in terms of growth of adult classes, the food chain relationships,
and recruitment.

T. SHIRLEY: I'm with University of Alaska Fairbanks. One of the things
that's impressed me is how much we learn by observation rather than
by remote sampling. Brad certainly pointed this out with the sub work.
When we use ROVs, we see spatial relationships, but lots of different
kinds of life history phenomena become more apparent. I would urge
that we continue with either more direct observation or using instru-
mentation that allows us to do the same sort of thing with various kinds
of locators, transponders, and other things like that,
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R. OTTO: I'm with National Marine Fisheries Service. Virtually all of the
shallower water and conventional crab resources available in the world
are now exploited or fully exploited. We no longer have opportunities to
exploit new resources at depths below the shelf rim, something on the
order of 200 meters or so. We talked about exploiting things like Hyas
coarctatus. It probably can be exploited, but it's not as desirable.

I want to suggest that what happened in trawl fisheries worldwide
due to the 200-mile limit, full exploitation, and allocation schemes re-
sulted in almost all groundfish fisheries worldwide into deep water. Fu-
ture crab fisheries will not involve shallow water resources. I advise us
to collectively consider life below the shelf break.

G. JAMIESON: Because of large fisheries being established, a lot of us
got involved in doing stock surveys. Regulations were set and we asked
after the fact if they were appropriate. One of the concerns I have, which
is driven horne by the work on the Majids and Dungeness crab, is that
we have to start being more critical about assumptions behind our un-
derstanding of reproductive procedures. I think it's very easy to build
tnodels � we assume that models will do everything � but you need to
have a proper survey approach. As Brad points out with his aggrega-
tions, you' ve got to have an understanding of what's going on for it to
mean anything. Tom's comment about how you have to go out and ob-
serve things in order to have an idea of what's going on is also really im-
portant.

Don't assume that because everyone's been doing it for years, that
it's necessarily right. There's a lot of environmental change happening,
we' re seeing a lot of populations becoming larger or smaller for no ap-
parent reason and we have to try and understand it. The only way to do
this is through experimental management or we make more observa-
tions.

G. CONAN: I'd like to bring up the difficulty in extrapolating from sur-
veys to predicting fishable biomass, We don't know how to predict who
is going to molt and whether it's going to be a terminal or a regular
molt. This goes beyond finding out if it's a premolt stage, it goes to find-

B. DONALDSON: I'm with Alaska Fish and Game. Quite a few of us have
different levels of involvement dealing with Chionoecetes, we have
Bering Sea snow crab and snow crab in Japan. I think we need to try and
find some way for the scientists in the different areas to work closely to-
gether. We have a paucity of information on C. opilio in the Bering Sea
because of the location. If we can determine whether populations are
closely related or not so closely related, we could borrow data that' s
been developed from the other areas. Somehow we need to find a
modus operandi to work closely together as scientists in this field.
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ing out what is restricting or creating the possibility to molt, and there' s
little work on this.

D. HANKIN: I'm with Humboldt State University. One thing that would
be valuable are comparison studies of fisheries performance for, say,
Chionoecetes species throughout the world. There does seem to be a
similarity in their performance. There's sufficient variation in manage-
ment regimes throughout the world that perhaps it's something to be
learned from. Too many of us get buried in our fishery and resource and
no one takes a global perspective. There are enough people here work-
ing on Chiortoecetes to make it a good model. However, I'm afraid that
throughout the world we' re all trapped in the same three-S management:
size, sex, season.

When I started teaching fishery management I'd ask my students
what's the real justification for protection of females. It's because we can
identify the difference between a male and a female. If we couldn't do
that, we wouldn't worry about it. And that's true with every other popu-
lation of fish I' ve worked on.

A j. PAUL: Maybe it's not Chiortoecetes, but the family Majidae, then you
could add noncommercial species that are not being manipulated. Our
Japanese colleagues are starting to study species that have previously
not been studied. If we go up one level from the genus to the family,
maybe we have a powerful tool.

C. CONAN: Maybe you have the tool already. There is an international
majid working group that changes its task each time and convenes in a
different country. The last meeting took place in Paris at the Museum of
Natural History. There is a report on it, We would be pleased to give you
all the list of participants so that it can continue.

8. STEVENS: I'd like to talk about challenging assumptions. One as-
sumption is that we have to stick with a tried and true management
technique, taking crabs larger than a specific size limit. Maybe it works
well for Dungeness crab, but for the majids we have crabs which mature
over a large spectrum of sizes and it doesn't make sense to catch ani-
mals larger than a given size. We ought to be harvesting across the
whole size frequency of mature crabs, or those with large claws. I be-
lieve there was some Canadian experimentation with a claw ring.

Now we' re finding that shell condition of males is very important in
the mating activity. Work that we did in Kodiak looking at mating pairs
showed that 90% of these animals mating with oviparous females were
oldshell crabs, Work that A.J. just published supports that oldshell
males win competitions the majority of the time, so there may be some
effect of selecting shells in the fishery. Mikio  Moriyasu! showed us a
picture earlier of nice, pretty, clean Chionoecetes opilio, whose shell the
fishermen preferred, yet that crab may not be one whose shell is old
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enough to allow him to participate in mating. At this point I can't advo-
cate whether we should leave newshell crabs to become oldsheII, or
catch them and let the oldshells left do the mating. I think it's some-
thing that should be considered in management.

H. lAUFER: I'm with the University of Connecticut. If you remove the
largest members of the stock, you' re soon going to select for small re-
producers and bias the species. This is true for any species. I think the
best thing to do is to put a moratorium on taking the largest animals. I
think there is a restriction on taking the largest lobsters.

S. OESEN: I'm from Norway. I think there is good reason to challenge the
assumption about the trawl catching coefficient being 1.0. That is cer-
tainly not true with regard to fish and I will be very surprised if this is
so with crustaceans. The Russians have some evidence from the Bering
Sea that in trawling for shrimp it was considerably less than 1.0. The Ca-
nadians are starting to use a Nephrops trawl, assuming that this will
catch everything.

There has been a continuous development of Nephrops trawls over
the last 20, 30 years, and a few years from now our Canadian friends
may find that if they used the last model they may have to assume a
catching coefficient of 1.2. This proves that no trawl is perfect, it's al-
ways being improved.

G. JAMIESON: Going back to the point Mikio raised about population
pulses, I think there are different types. For some populations of Dunge-
ness crab off Washington there seems to be cycling every five or ten
years. On the East Coast there seems to be very sporadic recruitment.
What may be happening in the Gulf of St. Lawrence is also happening in
the outer coast off Newfoundland; perhaps there's some sort of global
North Atlantic pattern that's occurring.

We' ve seen this with salmon in recent years off Vancouver Island,
and my presentation at this symposium talks about pulses near Hecate
Strait.

Local oceanographic conditions are a lot more dynamic than we ap-
preciate. In this meeting of mostly crab biologists we talk about temper-
ature, maybe about salinity, and a bit about substrate, but no one' s
really talked about the dynamics of currents, I think a lot of the settle-
ment patterns and other phenomena that we see is related to weather.
There are lots of larvae, but do the currents bring them in, put them in
the right spot at the right time? There may be global changes on a re-
gional scale that we should have some understanding of. There's a real
need to work a little more closely with oceanographers. They tend not
to work in coastal situations, they like to work in the central Pacific. In
British Columbia as money dries up they are having to rationalize their
work and they' re more than happy to start working with coastal fisher-
ies. I think we have to try and bring them to meetings like this. It's not
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as productive to talk about what's going on without understanding the
environment.

G. CONAN: I'd like to respond to two things that were brought up, The
first is the Nephrops trawl. It's a trawl that digs into the bottom; that' s
what it was built for. I believe that the future in surveys lies much more
in direct estimates rather than virtual population analysis  VPA!. Consid-
erable progress has been made in this area; the Global Positioning Sys-
tem  GPS! is one example. We now have exact locations when we start
the trawl and where we end up. Great progress was also made with
SCANMAR, which allows us to get an exact measurement of the trawl
opening.

We have extensive observations via videocamera showing that very
small snow crab do react to trawls, but they don't go very far and their
reaction is extremely intermittent. The big ones don't seem to react very
much, they just stay there and are picked up on the way.

I think it's very important to look at the hydrography, particularly
water masses. Oceanographers are sometimes not very useful for coast-
al processes because they deal with great oceanic gyres and things of
that type. We have to be our own oceanographers. We found that Chiono-
ecetes get below the mixing layer, There they avoid drifts due to tides or
anything random, and navigate pretty well.

8. SAINTE-MARIE: I'm from Quebec. I have two comments on Gerard's
comments. We had a diver out on a tow board 10, 20 meters in front of
the trawl and we saw important escape reactions from larger crab. Ap-
parently they can feel something, it might be mechanoreception, but
they moved out of the way on sandy bottotns.

The other comment is regarding larval dispersal. I think the oceano-
graphic characteristics are important. We' ve been monitoring genetic
composition of successive cohorts that settle in one spot for six years.
For two to three years they were very similar which suggests that the
larvae were coming from a common pool. Then suddenly after one or
two years there was a bizarre pulse which had nothing to do with the
previous year classes. We don't yet know whether that was infection
from other production areas or reflects something going on in the popu-
lation. There can be considerable genetic variation among year classes
and we need to understand what that represents in terms of larval mix-
ing or oceanographic processes.

C. JAMIESON: That brings up a good point. The technology developed
in the last four or five years of mitochondrial DNA analysis and RNA
analysis is at a stage where you can process a lot of samples relatively
cheaply and quickly. This really would lend itself to understanding the
dynamics of what's happening, Do you get survival of certain genotypes
in certain places or are different populations being factored? A lot of
work is being done with salmon and I think we should try to get in on it.
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We never really understand what's going on by trying to predict where
larvae go with the currents.

T. SHIRLEY: One of the biases we labor under is chauvinism, and we of-
ten fail to consider the role of female crabs in mate selection and other

aspects of the reproductive process. Conversely, we often fail to consid-
er the importance of large males in population size, structure, or other
aspects of population maintenance. Perhaps some of these things will
change as our own sex ratio changes over the years. Our population has
been one primarily dominated by males and I think we carry with us
these biases.

F. BLAU: I'm with ADF&G in Kodiak. I' ve been involved with using artifi-
cial collectors to collect larval stage settlings of red king crabs. The
project was trying to predict recruitment for about five years and it is a
fairly economical way of telling where crabs settle and at what depths.
We' re trying to relate this to the adult populations so many years later.
Our populations of red king crab in Kodiak as a whole are declining. Col-
lectors are a good way to find out where these things are occurring, and
you can go back through time.

D. LOVE: I'm with National Marine Fisheries Service in Juneau. I' ve been
studying bitter crab diseases. Bitter crab disease impacts about SX of
the commercial harvest of Chionoecetes bairdi in Southeast Alaska. It
has been found in opilio and we don't know if it occurs in the Japanese
or the Canadian stocks. This group of parasites is found in at least six
different commercially important decapod species worldwide, and the
potential to be in some of these other species has not been determined.

We need to work on the genetics of the different parasite species
and try to develop a DNA probe that we can use as a field test to get a
more accurate culling procedure. I think culling has been effective in
Southeast Alaska and should be developed for some of the other areas,
There is a risk of overharvest because there's a strong correlation with
disease and shell condition. The new molt crabs have a higher percent-
age of disease. In some areas of Southeast Alaska, 90% of the new molt
animals are infected. If we lose those animals, we' re going to have re-
cruitment failure. If we overharvest on top of that recruitment failure,
we' re going to have fishery failure.

Some of the population pulsing we see long term could be due to
symbiotic relationships, such as parasitism. There are articles, pieces of
information in the literature that suggest that copepod populations may
be controlled by the dinoflagellates.

S. MERKOURIS: I'm with the Alaska Department of Fish and Game. I' ve
just completed a statewide stock ID study based on allozymes of
Chionoecetes bairdi and opilio, and have a manuscript being reviewed.
We found a relatively low level of variation and made a commitment to



686 Paa/ � International Research Weeds

take this a bit further. We have some developmental work with Dr. Ben-
son at the University of Washington to develop some primer markers for
both mitochondrial and total genomic DNA approaches. So far we' ve not
had a great deal of luck in finding within-species variation with Chiono-
ecetes, but we' ve found some very good between-species variations.

A secondary objective of this study included looking at a possible
genetic basis for a difference between old- and newshell crab. The initial
collection was 50 individuals of each shell class from the Pribilof and St.
Matthew Island area. This was an allozyme study which had relatively
low levels of variation, but there was enough to give us an indication
that there is a significant difference between old- and newshell, with the
oldshell crab having a higher heterozygosity.

The sample sizes were relatively small so we did not further subdi-
vide them by cohort or age class. However, there may be some cohort
effect there that Bernard Sainte-Marie is addressing. This probably mer-
its further investigation.

We also expanded that analysis into the bairdi populations where we
had shell age data on the individuals we analyzed, and did not see the
same correlation. This could be a sampling problem, or maybe it just
doesn't exist. We don't really know yet.

We' ve been involved in the genetic investigation of hybrids between
Chionoecetes bairdi and opilio and we found some level of hybrid fertili-
ty. We found some back-crossed individuals and we' re going to be look-
ing further into this with some of the mitochondrial species markers.

I should also mention that we are working with Dr. Benson to inves-
tigate the utility of microsatellite DNA variation of red king crab. We had
one paper in the 1989 king and Tanner crab symposium showing evi-
dence of stock stratification based on allozymes.

I'm coming away from this meeting knowing that I'm not the only
one interested in the shell age and genetics. I'd like to develop a project
on it.

Dr. Kon and I talked about the possibility of getting some tissues to
my lab from Japan. We' re interested in looking at japonicus and opilio
elongatus and comparing them to the crab we have here. I would like to
use the mitochondrial markers that we' ve developed to do some sort of
a systemic review of the genus.

B. SAINTE-MARIE: We don't know a lot about the first early benthic stag-
es of Chionoecetes in terms of distribution, biology, requirements for
growth or stock recruitment relationships. We don't know how many
eggs or what spawning biomass are needed to ensure production. Most
of our crab fisheries are conducted on a male-only basis, and we consid-
er touching females is very bad. Compare this to the lobster fishery
where they let the females breed once before they take lots of them.
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Maybe we need to refine our understanding of these relationships to
make progress on how we manage the resources.

Collectors would be a good starting point to look at some of the re-
lationships between the spawning biomass and production levels.

R. OTTO: A theme through this meeting has been the differences in dis-
tribution of various life stages, between multiparous and primiparous
females, and between juveniles, contrasted with large adult males.
There's usually a substantial component of the adult male population
removed from concentrations of females during part of the year. Fe-
males are more likely associated with juveniles. There seem to be criti-
cal habitats for very early stages. It tneans that they play very different
ecological roles at these different stages. If there's something that's been
missing here, it's really a consideration of what those roles are and what
things in the ecosystem.

S. FRUSHER: I'm from the Department of Primary Industry and Fisher-
ies, Hobart, Tasmania. I'd like to talk about the lobster collectors we use.
We' ve got collectors around the state for monitoring the settlement
stage of the rock lobster, and we' ve now got a few years' data. We' ve got-
ten together with New Zealand and other Australian states, including
Western Australia, where there is a totally different species. Once we put
all this information together, we really started to get some very interest-
ing trends. This sort of collaboration at the international level is some-
thing very positive,

Due to many of the satellites that have been put up, oceanographers
are getting a lot more resolution in their information. A lot of it's still
surface information, but on some of the coastal processes they' re telling
us that they can come up with some really tight information about
where currents are going to and coming from.

It appears that the people who have been looking at southern blue-
fin tuna have a lot of oceanographic information. They' ve also done a lot
of work on larval collection for tuna, and fortunately they'd kept all
their samples. We' re going back and look at all the other information
that is around,

8. MITCHELL: I'm wondering if there are any fishing industry reps here
and what the industry's perspective on research priorities might be.

D. WITHERELL: I'm with the North Pacific Fishery Management Council.
It's obvious to me that king crab stocks are depressed around the world,
In some cases fisheries are still occurring on these stocks, maybe they
are above threshold or below threshold. The ones I'm concerned about

may be just above threshold and there is still a fishery. We need to find
out whether or not it's biologically possible to bring these stocks up to
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higher levels. If it is, we need to convince the management agencies, the
government, and the fishermen that it's worthwhile to bring stocks up.

J ~ NELSON: I'm with Baranof Fisheries, Courageous Seafoods. We have
operated a couple of crab catcher/processors since 1978. The question
was asked, "what does industry need?" I have a couple of perspectives.

In Alaska, the Bering Sea crab fishermen are competing with ground-
fish fishermen and probably impact each other greatly. We desperately
need some research on the effects of trawl fishing on unobserved mor-
tality. Work has been done on crab mortality in the laboratory. It needs
to be expanded to the crab fleet during actual fishing operations.

The predator-prey relationship between groundfish and crab is vital.
This may affect fishing strategies in the future. The environmental
groups have taken an interest in what we dump back in the ocean and
studies should be done on what happens to bycatch discarded in the
ocean and whether or not it provides a food source.

S. OLSEN: I want to emphasize that bycatch is probably one of the
greatest future problems for fishing in the world. I propose that we
should do more than to try to find out what happens. In many cases it' s
possible if you want to invest in research and development of fish cap-
ture to reduce non-target species catch.

6. SAINTE-MARIE: Canada has a moratorium on ground fishing in the
Gulf of St. Lawrence. If it is long enough, we might see some response in
the crab population. There is historical data from the southern Gulf crab
survey with some fishing, and now we' ll see what happened with no
fishing. There may be an impact from trawling on female crab aggrega-
tions, and also on males, which in some seasons tend to concentrate for
molting.

G. CONAN: Trawl surveys allow you to visualize where the males and fe-
males of different categories are. It gives you a picture of what's occur-
ring on the bottom. The difficulty in the past was to measure the
surface you were trawling on. The difference between the distance on
bottom measured by GPS and as estimated by time can vary from one to
four. Using old data is not good, but we are heading toward something
which is quite good.

I don't think very many snow crab are escaping in front of the trawl.
Mikio's  Moriyasu! estimates have been consistent since 1984; they pret-
ty well follow the catch.

6. STEVENS: We have a 30-year experiment in Alaska called manage-
ment. We don't yet know what the effect of it is, Consider a top-down
approach: Managers sit on the top and try to draw conclusions that say
if we manipulate the fishery or fishermen that way, it will have a certain
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result on the population, I don't know how effective that is; nature may
be the greatest manipulator.

I find that crabs are extremely resilient, they have a great amount of
behavior plasticity, they can respond behaviorally, genetically, and
physiologically to an extreme array of conditions. Before we might have
considered them to be just passive particles in the ocean, but they' re
not. This means that we may not be having as great an impact on their
populations as we think; that oceanography may play a big role.

I'm sorry we don't have more participants from the University of
Washington where they' ve done a lot of work with Dungeness crab. They
have shown that oceanography is important in bringing larvae to shore
which allows for a large year class. A large year class doesn't materialize
and establish itself until it's on the ground for the first couple of days
because predation during the first 24 to 48 hours is really what estab-
lishes it. A large pulse of larvae can come in and be totally consumed by
fish and virtually disappear. We need good oceanographic conditions,
but it may be the first couple of days of benthic life that really deter-
mine whether or not those animals survive. This points out the impor-
tance of knowing more about the predator-prey interactions and the
juvenile habitat.

We know red king crabs require a very specific habitat during the
first year of life, a live bottom, hydroids, bryozoans, or stalked ascidi-
ans. We also know that this kind of habitat is very sparse in the Bering
Sea; it's near shore, but it's scattered. The hypothesis I put forth is that
king crab as a species is probably not very well adapted to the Bering
Sea, This may be one of the reasons why populations aren't very large in
the Bering Sea. Crabs are probably better adapted to the Gulf of Alaska
where there's a lot of rocky shoreline, a lot of rocky habitat, a lot of
structure for them to hide in, and things to grow on. In the Bering Sea,
on its flat sand bottom, they probably just don't survive very well un-
less they can find those little habitats. So why are they in the Bering
Sea? It could be that the temperatures there are good for them now and
they' re not so good in the gulf. But they may not be able to sustain
themselves at high levels.

M. WARD: I'm with Alaska Department of Fish and Game. There is a con-
flict in management in Alaska. The National Marine Fisheries Service
 NMFS! manages the groundfish stocks and the state of Alaska manages
the shellfish. NMFS is currently doing a good job in maintaining fish
stocks at extremely high levels in the Bering Sea. A lot of people think
that high fish stocks and high crab stocks are incompatible, That's a po-
litical problem. There is a big factory trawler fleet and also shore-based
processors that are politically very powerful. They are not going to want
to reduce the groundfish stocks in the Bering Sea and the Gulf of Alaska
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to benefit crab stocks. That's something the politicians will have to fig-
ure out.

O. TRACY: I'm with the Alaska Department of Fish and Game. One of the
most challenging research issues for any commercially exploited crab
stock is the question of exactly what the exploitation rate is.

Brad just got finished saying that he didn't know how well suited
red king crab were to the Bering Sea. Well, the biggest commercial har-
vest of red king crab in the history has come out of the Bering Sea. If
you can field-validate an exploitation rate, you can work backward to
just about any other assessment problem or goal. Some great modeling
has been done by Gordon Kruse and Jie Zheng. If we can actually vali-
date what the exploitation rate on this stock is, we can work backward
and validate the population estimates and models for those estimates.
The only way to solve this problem may be through some type of
marked recapture, but that's been real problematic with shellfish.

We have used tagging employing an internal integrated transponder.
It worked well and seemed to eliminate a lot of the problems with visual
tags. The biggest obstacle is the cost, and some developtnental prob-
lems in terms of trying to come up with a prototype that could be ap-
plied to a variety of commercial processing or delivery environments,

I think that's one of the biggest challenges for a research biologist in
government. With the amount of resources and staffing we have avail-
able, it may be more prudent to answer some of the research questions
imminently related to management and try to work backward frotn
there. We can establish all the life history characteristics and population
dynamics for a species, but if we don't know the exploitation rate, we' re
still not going to be able to answer all the management questions.

M. MORIYASU: We should also look at the management target instead of
the optimal exploitation rate. How you exploit a fishery is most impor-
tant. We can set the harvest at lower levels for a long term, or higher lev-
els for a short term. We need to have better relationships with fishermen
to determine what their goal is and how we can accommodate it based
on population dynamics and biology, I don't think that there's only one
optimal exploitation rate. We should have a meeting of biologists and
fishermen and set the real target we are looking for.

C. LEAN: I'm with Alaska Department of Fish and Game. From a manag-
er's standpoint, I think we concentrate on immediate gratification. In the
past we tended to harvest our recruitment within a few years of its oc-
currence. A rhetorical question I'd like to ask is, should we attempt to
stabilize fisheries at a set exploitation level or a set harvest level over
time, to create a more stable market situation and increase the value
and predictability of the fishery?
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A. LKVINGS: The idea of providing artificial habitat for the crab is excel-
lent. We look at it as crab biologists, but you might look at it as a fish
refuge. An emerging issue in Australia is the interaction between the
groundfishing fleet and the crab fishing fleet. Now, it is of concern to
the groundfishing fleet that habitat is being degraded, and they are
looking at reserving fish refuge areas. Refuges provide the opportunity
to ameliorate the resource sharing conflict and also to enhance habitat.

G. CONAN: Stabilization may not be a reachable goal, we' ve seen fluctu-
ations in the snow crab stocks that we can't manage. We don't know its
origin. Maybe it's a natural phenomenon that exists in unharvested pop-
ulations. Maybe it's best to follow what is going on and as a function of
your prediction for the next year and decide whether or not you' re going
to fish, For instance, if there's a good wave coming in, you must decide
between taking everything the first year or leaving some of it knowing
that the quality is going to vary. Then you have to discuss that with the
harvesters and buyers to find out the correct level of TAC for that partic-
ular year. That is the approach being used now in the Gulf of St.
Lawrence.

J. ARMSTRONG: I'm from the University of Washington. On the idea of
refuges and providing refuges for crab and fish, the University of Wash-
ington was involved in a dredge mitigation project over the last few
years. We had some very interesting results.

The oyster industry puts out shell, and it does serve as refuge for
newly settled crab. Crabs are cannibalistic and there are other species of
crab in the estuary that are competitors. You get very unpredictable
movement of crab and settlement into these areas. We' ve seen early set-
tling cohorts cannibalize later settling cohorts of juvenile Dungeness
crab. We' ve seen a competing species totally take over what was sup-
posed to be juvenile Dungeness crab habitat. We' ve seen wild fluctua-
tions in the numbers of juveniles in the shell plots. Putting out material

S. FRUSHER: Rock lobster is one of western Australia's best studied fish-

eries. We have a fairly good correlation between settlement and the fu-
ture fishery. We' re fortunate enough to have a fairly long-term theory to
guide us. What the fishermen have actually done here is very similar to
what Gerard Conan was saying. Because of this long history of data, the
fishertnen sort of know what's happening year in and year out. They' ve
decided to set a de facto TAC lower than many of their peak catches.
One reason has to do with marketing. If they catch a lot, they get a lower
price. They also get a Iot of dips in recruitment, and they can ride this
out successfully by having a lower TAC. This is acceptable because they
have money flowing in fairly evenly year in and year out. This is a very
good example of what Gerard Conan was saying.
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that is well-established prime crab habitat doesn't necessarily give the
anticipated result.

B. STEVENS: I agree with Gerard Conan in that these populations are in-
herently unstable. Maybe instead of trying to flatten out the peaks and
curves, which would stabilize the market and the fishery, we ought to
learn to work with instability and incorporate it into our management.

We see peaks of recruitment spaced at intervals from five to 10
years in Alaska and eastern Canada. We' ve seen about three of them in
the last three decades. In at least one case we can identify this as a sin-
gle year class that came from the lowest population on record. So you
know there's not a stock recruitment pattern there.

One way we might be able to use this is to change the exploitation
rate as a cohort comes in. For instance, in Alaska we use a constant ex-
ploitation rate on opilio stocks, we catch about 58% of whatever is there.
However, when you have a group of males recruiting to the legal size, it
might make sense to lower the exploitation rate during the first year to
allow those males to become hardshells that will eventually mate. Then
as those animals get older, increase the exploitation rate on them.

F. BLAU: Most of us deal with some kind of ongoing fisheries, but for
the last 12 years in Alaska a number of red king stocks have not come
back and the fisheries have been closed for that long. What do you do
with a closed fishery? Other fisheries that have been going on out at
Adak have been minimal for 20 years, even though some low level of
fishing was occurring. If we' re in a fishery that's low, perhaps we need to
look at enhancement. The japanese weren't able to do this for red king
crab. I'm wondering how long we will watch the decline of crab stocks,
with basically no input of money in any form. Yet our salmon stocks
continue to get money for rehabilitation or enhancement at record lev-
els. So, how do we manage stocks which have historically been very
valuable but are now depressed?

4. KRUSE: I'm with Alaska Department of Fish and Game. I'd like to see
continued emphasis on the potential importance of size structure. We' ve
seen some reproductive work in terms of the potential importance of
size in mating pairs, as well as shell condition. One common thing
among crab fisheries is the size limits that we have. In Alaska we have
run an experiment called management, which historically has seen a
fairly high exploitation rate resulting in recruit-only fisheries. What hap-
pens is you truncate the size structure by half. That's a very major
change for a population to withstand. Given the monitoring exercises
that show recruitment can vary substantially, we might need to face the
fact that size structure is a built-in population characteristic to with-
stand those oscillations. I think that's something we need to understand
better.
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A.J. PAUL: Early on I brought up the topic of getting together a process
that lists the ongoing projects, especially in the international communi-
ty. We all know that we have topics that overlap at some level, but we
don't have a good mechanism, other than these meetings, to get togeth-
er and sort out that information. We' ve discussed the Crab Newsletter,

but if anybody has any other ideas let us know.
Our Japanese colleagues and our Canadian colleagues seem to agree

that some sort of synthesis on Chionoecetes biology would be worth-
while.

G. CONAN: It would be nice if you include that as a recommendation be-
cause we might be able to use it with our management to indicate some-
body should put that together.

A J. PAUL: Yes. I' ve discussed it with Brenda Baxter and she's agreed
that Sea Grant could be the vehicle for creating the documents. I don' t
think it' ll be in this symposium, but it's a new task. I'rn wondering if, as
we go to our home countries, we can identify at least one contact person
to see if we can develop a C. opilio synthesis report. We' ll meet telephon-
ically and electronically initially to keep costs down. I envision this to
be something with several author contributions; many subchapters,
some of them fine scale, some of them broad brush; a living document
that changes with time which would be very valuable to us.
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Introduction
This paper describes a long-term research plan for king, Tanner, and
snow crabs in Alaska. It is intended to foster ongoing dialogue about re-
search needs and to improve coordination of studies among agencies
and universities. This research plan reflects the accumulated submis-
sions of many contributors. Concomitant with congressional funding of
a budget initiative for crab research in 1992, staffs of Alaska Depart-
ment of Fish and Game  ADF&G!, National Marine Fisheries Service
 NMFS!, and some Pacific Northwest universities have since met annual-
ly to discuss king and Tanner crab research  e.g., Kruse 1994b!. Murphy
et al. �994! conducted a 1991 survey of crab researchers who were
asked to prioritize crab research topics. Based on questionnaire results
and discussions with crab scientists, a long-term research plan was
drafted for review at the first interagency meeting in August 1993, and
was subsequently published  Kruse 1994a!. Progress on a number of re-
search topics since autumn 1993 prompted a reevaluation of the plan at
the annual interagency meeting in October 1995 and this revision of the
original Kruse �994a! plan.

Rationale for Long-term Research Plan and
List of Research Needs
Overview
Waters of the Gulf of Alaska, Aleutian Islands, and Bering Sea have sup-
ported large commercial fisheries on red king crab  Paralithodes cam-
tschaticus!, blue king crab  P. platypus!, golden king crab  Lithodes
aequispinus!, Tanner crab  Chionoecetes bairdi!, and snow crab  C. opil-
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Stock structure

Ideally, management units should align with stock boundaries. In some
cases, crab management units have been established from mark-recap-
ture data, but more commonly such units have been established from
information about geographical distribution. Although the distribution
of some stocks is geographically discrete  e.g., Norton Sound red king
crabs!, questions remain about the structure of other stocks. Some of
the most important questions concern Tanner and snow crabs and their
hybrids and golden king crabs, although uncertainties exist concerning
stock boundaries for some red king crabs as well. Better definition of
stock boundaries would improve the alignment of fishery management
units to coincide with individual stocks. Ultimately, a stock should be
managed to reflect its individual productivity characteristics. Research
needs follow.

King crabs:

1. Conclude ongoing genetic stock identification  GSI! studies  allo-
zymes! for red king crabs.

2. Investigate DNA-based methods, including microsatellites, as tools
to separate red king crab stocks, particularly in areas of Kodiak Is-
land and Southeast Alaska where the potential for multiple stocks is
highest.

io!, Significant changes occurred in stocks and landings since the devel-
opment of Bering Sea crab fisheries by the Japanese in the 1930s: many
stocks crashed in the 1980s, and over a dozen fisheries now remain
closed due to low abundance, Crab fisheries have not been sustained
over the long term, begging a critical evaluation of our understanding of
crab biology, ecosystem dynamics, and fishery management strategies
in Alaska. Unfortunately, our knowledge of these species is limited. In
addition, fisheries for Korean hair crab  Erirnacrusisenbeckii! and
grooved Tanner crab  C. tannert! have emerged in recent years as fishers
seek new resources to replace dwindling stocks of king, Tanner, and
snow crabs. This expansion portends yet another iteration of stock de-
mise unless effective management plans grounded by research precede
extensive harvesting,

The long-term crab research plan is based on the idea that wise man-
agement of any fishery can only be accomplished by providing answers
to four basic questions: �! what are the stocks, �! how abundant are
they, �! what features drive their productivity, and �! how should this
productivity be extracted? To answer these pivotal questions, investiga-
tions are pursuing four broad areas:  I! stock structure, �! population es-
timation, �! stock productivity, and �! harvest strategies. The rationale
for these four broad topics and a list of specific research needs follow.
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3. Conduct a pilot GSI study of golden king crabs to begin to delineate
management units in the Aleutian Islands and Southeast Alaska. Al-
ternative sampling sites are Pribilof Islands and Bowers Ridge in the
Bering Sea.

4. Investigate genetic differences among blue king crabs off St. Mat-
thew, Pribilof Islands, and King Island.

Tanner /snow crabs:

5. Conclude ongoing GSI studies  allozymes! for Tanner and snow
crabs.

6. Conclude ongoing genetic studies of hybridization among Tanner
and snow crabs.

Other:

8. Analyze crabs for enforcement cases of time/area closures, as need-
ed.

9. Consider documenting baseline levels of detectable genetic variabil-
ity in newly exploited stocks to define management areas and to
permit future studies of genetic selection.

10. Publish a paper on the utility of morphometric characters and com-
puter imagery to measure and classify individual crabs to stock and
species  e.g., Chionoecetes! and develop a weatherproof system for
field work.

11. Develop a tag release and recapture program for investigating rela-
tionships of snow crabs in the northern Bering Sea to snow crabs on
the fishing grounds.

Population estimation
Maintenance of fisheries over the long term requires perpetuation of ad-
equate spawning stock by allowing only a percentage of exploitable bio-
mass to be harvested. Estimation of population size is typically based
on assessment surveys. Whereas effective assessment programs exist
for many crab stocks in Alaska, for some stocks  e,g�Bering Sea blue
king crabs! the survey precision is low or survey costs are prohibitive
 e.g., Adak golden king crabs!. Although it may be neither practical nor
prudent to expend more funds for additional surveys, some improve-

7. Pending success with king crabs, consider investigating the utility
of mitochondrial DNA-  mtDNA! and nuclear DNA-based methods for
separation of stocks of Tanner and snow crabs, If they are promis-
ing, apply them to archived samples.
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ments in existing surveys may be achieved by changing the survey gear
or by implementing new technologies. Effects of crab distribution and
behavior on their catchability in surveys are unresolved. Also, popula-
tion models are needed that integrate multiple years of diverse and
sometimes conflicting information from survey and fishery perfor-
mance into more precise estimates of abundance under a variety of situ-
ations. The following specific research needs were identified.

Surveys:

I. Implement rotational surveys among king crab stocks at Norton
Sound, Adak, and the Pribilof and St. Matthew Islands. Seek ways to
expand coverage to unsurveyed stocks  e.g., golden king crabs,
grooved Tanner crabs! and stocks surveyed with low survey preci-
sion  e.g., blue king crabs, hair crabs!, perhaps through multiple
mark-recapture methods or expanded rotational surveys.

3. Investigate towed laser line scanning systems  LLSS! for crab stock
assessments and studies on trawl catchability, trawl/dredge effects
on benthic animals and habitats, and associations between crabs
and their habitat.

Catchabi li ty:

4. Estimate crab pot catchability coefficients by a combination of tag-
ging and fishing down the stock in a limited area.

5. Estimate relative catchability and selectivity of trawls. Possible
methods of approach include depletion estimators, change in ratio
estimators, visual estimates with trawl-mounted cameras, remote
operated vehicles  ROVs!, LLSS, and mark-recapture methods.

6. Conduct field experiments on catchability of various sizes and sex-
es of crabs at different times of the year. Highest priority are Tanner
and snow crabs and fernale red king crabs.

Database management:

7. Consider a shellfish database manager to integrate survey, catch, at-
sea, and port sampling databases for ease of use in research and
management.

8. Complete historical data documentation and computer entry.

2. Improve enumeration of hybrid crabs with the aid of computer-
based identification systems, and consider a new field project  or
use of onboard observers! to estimate the geographic distribution of
hybrids in the Bering Sea.
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Alternative population estimation methods:

9. Apply recent advances in population estimation models to surveyed
crab stocks. Potentially applicable models are catch-survey analysis
 CSA!, length-based analysis  LBA!, and stock synthesis  SS!.

10. Conclude evaluation of the use of Passive Integrated Transponder
tags in estimating exploitation rates and population sizes.

11. Develop analytical methods to estimate abundance of unsurveyed
stocks. Methods may include recently developed catch-length analy-
sis  CLA!, change in ratio estimators, and detailed analyses of fish-
ery data with geographic information systems  GIS!. The effects of
individual fishing quotas on catch per unit effort should be consid-
ered in the applications.

Stock productivity
Ideally, harvest rates should be based on the biological characteristics
that drive stock productivity, including growth, natural mortality  M!,
and recruitment. Unlike most groundfish, herring, and salmonids, for
many crab species critical biological information is lacking about param-
eters that regulate productivity. For example, the absence of good esti-
mates of M for most stocks brings into question the current harvest
rates and definitions of overfishing. Growth of Tanner and snow crabs
 including terminal molt of males! is poorly understood, and the lack of
a tag that is retained through molting is problematic. Questions exist
about size at maturity of snow crabs, which is important because of the
direct bearing on size limits. Little is known about most life history
traits of golden king crabs, grooved Tanner crabs, and hair crabs making
them particularly vulnerable to management error. The following specif-
ic research needs on stock productivity characteristics were identified.

Natural mortality:

1. Estimate M of Alaskan crab species.

2. Investigate the relationship of M to molting and spawning.

3. Study potential relationship between shell condition and M.

4. Study the contributions of disease to M.

5. Estimate predation mortality and examine potential effects of male
guarding on predation mortality of molting mature females.

Growth:

6. Consider radiometric aging and the durometer as tools to better es-
timate shell age and to assist studies of growth and M.
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Develop a retainable tag for Tanner and snow crabs. plastic injection
methods may be possible.

Use external tags to study movements of mature females and skip-
molt males.

Estimate growth of Tanner and snow crabs with respect to molting
probability, growth increment, and terminal molt as affected by in-
dividual size, molting history, and cohort size.

in Womens Bay, Kodiak island, and new long-term laboratory studies
of juveniles.

11. Estimate molting probabilities of golden and blue king crabs.

Reproduction:

Continue to study spawning geography, including geographic and
temporal changes in fecundity, egg predation, and size at maturity.

12.

13. Develop a better understanding of the effects of size, sex ratio  e.g.,
how many females can a male mate?!, and shell condition on re pro-
duction of red king, Tanner, and snow crabs.

14. Determine reproductive cycles and spatial distribution of egg-bear-
ing blue and golden king crabs from laboratory studies and field
data collected by obser vers and during surveys.

15. Estimate functional maturity of males as affected by size and shell
condi tion.

Recruitment:

16. Estimate age of recruitment of juvenile Tanner crabs to the fishable
stock.

17. Determine whether there is periodicity in the frequency of strong
year classes.

Estimate effects of spawning biomass, sex ratio, and size structure
on recruitment.

18.

Estimate effects of oceanographic conditions on egg production, egg
hatch, and larval survival.

19.

20. Studies are needed on larval feeding, growth, mortality, and distri-
bution.

10. Estimate temperature-related growth of juvenile Tanner and snow
crabs. This includes continuing ongoing monitoring of Tanner crabs
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21, Identify crab nursery areas and recruitment by deployment of crab
collectors.

Habitat:

22. Develop better understanding of red king crab habitats as defined
by the biological community  e.g., mussels, sea onions, etc.! and the
effects of fishing on these habitats.

Diseases and parasites:

23. Continue to monitor bitter crab disease, black mat syndrome, rhizo-
cephalan parasites, microsporidians, and viruses. Consider new
studies on life histories of these organisms, modes of transmission,
crab mortality, and possible density-dependent relations to stock
size. Evaluate appropriate harvest strategies for infected popula-
tions.

Fishing-related effects:

24. Estimate bycatch  trawl and dredge!, ghost fishing, and effects of
handling on habitat displacement and predation mortality of Alas-
kan crab species.

25. Consider new studies, similar to those for red king crabs, on sub-
lethal effects of handling on crabs returned to the sea.

26. Continue to collect observer data on crab injuries, and document
handling methods used by the commercial fleet.

27. Document natural background levels of crab injuries in stocks for
which new fisheries develop and in stocks that have not been fished
for years,

28. Continue initiatives, such as in Chiniak Bay, to inventory the num-
ber and condition of lost pot gear on the sea floor.

Harvest strategies
Crab harvest strategies may be flawed. Size limits, sex restrictions, and
historical exploitation rates may adversely affect fishery productivity. In
some instances, size limits are based on size of morphological maturity
 i.e., males with large claws! rather than size of functional maturity  i.e.,
males that actually reproduce!, which may be larger. Thus, in some cas-
es high harvest rates may have eliminated breeding males from stocks
managed by size-sex-season regulations. Size-sex restrictions coupled to
gear designs may promote handling mortality that exacerbates stock de-
clines, Lost gear results in additional unmeasured mortality through
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ghost fishing. Also, changes in other components of the ecosystem,
such as predator-prey abundance and changes in oceanographic condi-
tions, can have profound effects on crab stock dynamics. Ideally, opti-
mal management strategies should be developed to recognize species-
and stock-specific biological characteristics, such as growth, terminal
molt, mortality, size of maturity, and recruitment dynamics driven by
stock and environmental effects. To evaluate the implications of these
factors on harvest strategies, the following research needs were identi-
fied.

Gear studies:

1. Continue studies on types of degradable devices  e.g., galvanic
timed-release mechanisms, cotton twine! and their placement in
pots,

2. Study pot degradation rates in situ.

3. Continue study of pot and trawl gear modifications  e.g., mesh size,
escape panels and rings, Tanner boards, or sex-specific bait! to re-
duce bycatch.

Harvest policy:

4. Consider implementing an experimental management program
whereby stocks are managed differently, such as alternative harvest
rates or size limits to evaluate effects of male size distribution on
female fertility.

5. Continue to develop simulation models to study population dynam-
ics and management implications of alternative harvest strategies
 e.g., threshold, exploitation rate, constant catch, escapement goal
policy, female harvest, size limits, multi-species harvest policy!.

6, Continue to estimate biological reference points for Alaskan crab
stocks.

7. Consider development of a harvest strategy amenable to triennial
surveys.

8. Develop new ways to manage unsurveyed stocks while preventing
overfishi ng.

10. Analyze the potential for genetic selection for stunted growth from
size limits.

9. Estimate economic impacts of potential new management strategies.
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Roadmap to Conduct Future Research
A detailed year-by-year plan for specific research into the distant future
cannot be projected, because the ability to conduct studies depends on
numerous fiscal and personnel constraints that cannot be predicted. In
addition, findings from ongoing studies may lead to new research ave-
nues. Nonetheless, by periodically updating the plan for crab research,
highest priority research projects can be specified to provide direction
for selecting annual research endeavors.

Results from recent genetic studies help to delimit remaining re-
search needs. GSI studies were conducted on red king, Tanner, and snow
crabs, and their hybrids by ADF&G geneticists. Allozyme data indicates
that stock structuring exists over broad geographic regions, but few allo-
zymes are useful for discrimination due to low levels of heterozygosity.
Despite this limitation, genetic data revealed regional differences, gave a
better understanding of hybridization, and provided an enforcement tool
for time/area closures. Under subcontract, geneticists at the University of
Washington are now attempting to develop nuclear and mtDNA- and mi-
crosatellite-based methods that may yield higher discriminatory power, In
addition to these genetic studies, ADF&G staff and subcontractors at the
University of Minnesota developed a computer-based method for visual
identification of Tanner and snow crabs and their hybrids.

Over the next year, results of allozyme studies for red king crabs
and Chionoecetes are to be published. A study utilizing mtDNA species
markers will be conducted on C. bairdi, C. opilio, and their hybrids to
further investigate direction of hybridization and gene introgression.
Pending ability to collect samples, a pilot allozyme study of golden king
crabs will be conducted. Also, pilot studies of DNA-level markers, in-
cluding microsatellites, will be conducted on red king crabs, Thus, the
utility of all state-of-the-art genetics for red king crabs will be known
soon and future research on stock structure can be planned accordingly.
Success with DNA-level markers will allow research into finer-scale dis-

crimination of red king crabs from archived samples. On the other hand,
a lack of promise of DNA-level markers would suggest reevaluation of
this line of research. Decisions regarding continuation of genetics stud-
ies of crabs will be conducted on a species-by-species basis. Computer-
based visual classification systems warrant further development as a
potentially useful tool for stock and species identification.

In terms of population estimation, exploitable biomass has been tra-
ditionally estimated by area-swept methods from trawl surveys and rela-
tive abundance indices from pot surveys. Recent research by agency staff
has focused on improvements in electronic databases of survey and fish-
ery data, detailed analyses of survey data using methods such as kriging
and the delta distribution, and development of models for crab popula-
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tion estimation, A measurement error model  CSA! was developed to esti-
mate survey catchability coefficients and abundance of legal-sized red
king crabs. LBA models have been developed to estimate population size
of male and female Tanner and red king crabs. And CLA has been devel-
oped for application to unsurveyed king crab stocks.

Over the next year, plans include publication of a number of scientific
papers on development of CSA, LBA, and CLA methods and on expansion
of this work to include sensitivity analysis. Analyses have been applied to
red king crabs at Kodiak, Bristol Bay, and Southeast Alaska, and eastern
Bering Sea Tanner crabs; these methods will be adapted to other stocks,
such as Adak and Norton Sound red king crabs and Kodiak Tanner crabs.
Over the long term, plans are to routinely apply such analyses in annual
stock assessments. Future development of analytical methods should fo-
cus on GIS-type approaches that provide for fishery-based assessments of
unsurveyed crab populations. A feasibility study of LLSS in stock assess-
ments and studies of catchability is high priority pending funding.

With respect to stock productivity, recent research has focused on re-
productive biology and handling studies, Agency research has included
studies of Tanner crab aggregations in Chiniak Bay, Kodiak island, by
manned submersibles and ROVs. University of Washington researchers
have examined spawning geography of snow crabs in the Bering Sea. Uni-
versity of Alaska Fairbanks researchers have examined effects of shell
condition on the reproductive success of Tanner crabs, growth of repro-
ductively mature Tanner crabs, conceptual models of year class forma-
tion of red king and Tanner crabs as related to oceanographic and other
factors, and handling effects on red king crabs. NMFS conducted a similar
handling study on Tanner crabs.

A daunting list of needed research remains in the area of stock pro-
ductivity. In the next year, many of the ongoing research projects will be
concluded and results will be published, The conceptual model of Tanner
crab recruitment will be developed into a statistical study of potentially
contributing oceanographic factors. A new study of mating success of le-
gal-sized red king crabs is planned. Over the long term, studies on repro-
ductive biology, sources of mortality, growth of Chkonoecetes, critical
habitat for young-of-the-year, and recruitment processes are priorities.
The challenge is to make significant progress despite few laboratories
with seawater systems and the high cost of at-sea research.

Recent analyses of harvest strategies by ADF&G include dynamic sim-
ulation analyses of strategies for Bristol Bay red king crabs, studies and
calculation of biological reference points for red king crabs in Norton
Sound, Bristol Bay, and Kodiak. Researchers at the University of Alaska
Fairbanks have conducted pot gear studies in the laboratory to reduce red
king crab bycatch. Both NMFS and ADFAG researchers have conducted
field studies on Tanner crab gear.

Plans for next year include analyses of rebuilding strategies for the
depressed stock of red king crabs in Bristol Bay. New field studies will be
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considered to test alternative gear designs for red king and Tanner crabs.
In the future, promising designs should be tried in commercial fishery tri-
als. The development of management strategies for unsurveyed stocks is
a high priority in the near future. Progress in this area hinges upon suc-
cessful development of fishery-based assessments from observer data,
Over the long term, more radical changes to management need to be thor-
oughly evaluated. These include allowance of female harvest under some
circumstances, consideration of "keep what you catch" harvest policies,
and development of multi-species or ecosystem management approach-
es. Pursuit of these ideas will probably require improved understanding
of crab reproductive biology, simulation modeling of population dynam-
ics, socioeconomic impact analyses, and experimental management.
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