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Preface

The United States and Japanese counterpart panels on aquaculture were formed in 1969 under the United States—Japan
Cooperative Program in Natural Resources (UINR). The panels currently include specialists drawn from the federal
and academic departments most concerned with aquaculture. Charged with exploring and developing bilateral
cooperation, the panels have focused their efforts on exchanging information related to aquaculture that could be of
benefit to both countries.

The UJINR was begun during the Third Cabinet-Level Meeting of the Joint United States—Japan Committee on Trade
and Economic Affairs in January 1964. In addition to aquaculture, current subjects in the program include desalination
of seawater, toxic microorganisms, air pollution, energy, forage crops, national park management, mycoplasmosis,
wind and seismic effects, protein resources, forestry, and several joint panels and committees in marine resource
research, development, and utilization.

Accomplishments include: increased communication and cooperation among technical specialists; exchanges of
information, data, and research findings; annual meetings of the panel, a policy-coordinating body; administrative staff
meetings; exchanges of equipment, materials, and samples; several major technical conferences; and beneficial effects
of international relations.

The 22nd U.S.—Japan Aquaculture Panel Symposium was held in Alaska from August 19 to August 28, 1993. The
ten-day agenda included plenary sessions in Homer and Seward and field trips in and around Anchorage, Homer, and
Seward. The symposium was organized by program chair William R. Heard of the U.S. National Marine Fisheries
Service and Brenda Baxter of the Alaska Sea Grant College Program.

Panel Chairmen:
James P. McVey, United States
Kunizo Tanaka, Japan

Japan and United States Delegations, 22nd UJINR Meeting
Homer, Alaska—August, 1993
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Dudiak, Boyle, and Hauser

Imprinting Salmon in Saltwater in Southcentral Alaska

Nick Dudiak,! Lawrence Boyle,! and William J. Hauser?
'Alaska Department of Fish and Game
Fisheries Rehabilitation, Enhancement and Development, and
Sport Fish Divisions
3298 Douglas Street, Homer, Alaska 99603
2Alaska Department of Fish and Game
Fisheries Rehabilitation, Enhancement and Development Division
333 Raspberry Road, Anchorage, Alaska 99518-1599

ABSTRACT

Supplemental production of hatchery-produced chinook (Oncorhiynchus tshawytscha), coho
(0. kisutch), and pink salmon (0. gorbuscha) offers additional opportunities for increasing
numbers of anglers who utilize Kenai Peninsula fisheries. Although the Homer Spit was
selected for release of smolts because of high accessibility to anglers, the site lacked an
adequate freshwater imprinting source. Therefore, we assurned an artificial imprinting cue
would be required to imprint salmon smolts and provide a homing stimulus for returning
adults. The goal was to atiract them to a general offshore area to minimize the potential for
a congested fishery.

Since 1984, nearly 1.5 million chinook salmon smolts have been imprinted and released
into a small saltwater inlet near Homer, Alaska. Over 18,700 chinook salmon adulis have
returned since 1985, providing over 43,500 angler-days of effort in this roadside fishery.
Returning adult chinook salmon homed back to the inlet where they were released, rather
than to the imprinting station anchored offshore. Short-term saltwater rearing and release
of later run chinook, pink, and coho salmon have also been conducted to extend sport fishing
opportunities on the Homer Spit throughout the summer. The Alaska Department of Fish
and Game, in cooperation with the City of Homer and South Peninsula Sportsman’s
Association, were co-recipients of the Sportfish Management Award of 1990. The award
was presented by the American League of Anglers and Boaters for the best enhancement
project in the Nation. These positive results demonstrate that biologists may have more
options for creating new salmon fisheries in marine locations that lack freshwater for

imprinting than previously believed.

INTRODUCTION

Many of Alaska’s sport fishing opportunities exist in
remote locations that are accessible to few anglers, while
readily accessible fisheries have become overcrowded.
Angling opportunities can be created by developing new
fish populations for existing access. Large numbers of
angiers, comprising approximately 40% of the state total,
are concentrated along the limited highway system on the
Kenai Peninsula in Southcentral Alaska. In response to
this large angling effort, the Alaska Department of Fish
and Game (ADF&G), Division of Fisheries Rehabilita-
tion, Enhancement and Development (FRED) Division,
and the Sport Fish Division have attempted to create new
fisheries for these anglers.

The Homer Spit was selected for sport fisheries en-
hancement because it is highly accessible to the large

numbers of residents and tourists who are already attracted
to the area. Unfortunately, no adequate freshwater dis-
charge for salmon imprinting is available on Homer Spit,
so this project was originally designed to use the synthetic
organic chemical, morpholine,' as an imprinting agent
during the smolt stage and as a homing stimulus for
returning adults. The original goal of this project was to
subsequently use a morpholine “drip station” to create an
adult chinook salmon return adjacent to Homer Spit,
providing a shallow water troll fishery.

This imprinting technique has been used on salmonids
in Lake Michigan (Cooper et al. 1976; Cooper and Scholz
1976; Scholz et al. 1975, 1978) and summarized by Hasler
and Scholz (1983). Other experiments have been done
" 'Statement of brand names, model numbers, or sources of materials does not

represent endorsement of the product by the Alaska Department of Fish and Game or
NOAA.
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Figure I. Homer Spit salmon enhancement site.

with chinook and coho salmon in California (Hassler and
Kucas 1982). These studies have demonstrated success in
imprinting salmonids with morpholine in freshwater sys-
tems. To our knowledge, however, the Homer Spit experi-
ment may be the first report of using this chemical as an
artificial imprinting agent in saltwater for chinook salmon
and the first to attempt to decoy returning fish to a more
favorable marine sport harvest location. Subsequently,
short-term saltwater rearing and release of hatchery-
produced pink salmon fry and coho salmon smolts were
also conducted without artificial imprinting to extend
sport fishing opporturities throughout the summer.

STUDY AREA

The Homer Spit salmon enhancement site is located in the
fishing and tourism community of Homer, on the south-
ern tip of the Kenai Peninsula, in Southcentral Alaska
(Fig. 1). The Homer Spit is a naturally occurring 7.2 km
long gravel bar or “spit” that extends into Kachemak Bay
in lower Cook Inlet. The project site is a small saltwater,
intertidal inlet located approximately 5.8 km from the
base of the Homer Spit (Fig. 1). This inlet is approxi-
mately 100 x 60 m in size, with a maximal depth of

approximately 3 m at mean-low tide. There is no freshwa-
ter discharge into this inlet except limited surface runoff
during rainfall.

METHODS AND MATERIALS

The chinook salmon spawning operation was conducted at
the Crooked Creek Hatchery, and the eggs were trans-
ported to the Elmendorf Hatchery in Anchorage where
heated water was available to accelerate development in
order to produce smolts in less than a year. The smolts in
one raceway were exposed to morpholine for 30-38 days
each year from 1984 to 1988. Concentration in the race-
ways was adjusted to 5 x 10° mg/liter of morpholine
following the calculation of Scholz et al. (1975).

After imprinting, smolts were transported by tanker
truck to the Homer Spit and released into the small
saltwater, intertidal inlet. Floating 3.7 x 3.7 x 3.7 m net
pens have been anchored in the inlet to hold a portion of
the smolts released in 1985 through 1992. The penned
smolts are held for 5-7 days and fed 3.5-mm Oregon Moist
Pellet' frozen fish food.

Cohosalmon smolts are handled similarly tothe chinook
salmon smolts; however, it required an additionat year to
produce coho smolts at Eimendorf Hatchery, Coho salmon
smolts were not imprinted with an artificial agent prior to
release. Late run chinook salmon broodstock originated
from the Kasilof River, which is also located approxi-
mately 96 km north of Homer. Spawning, incubation, and
rearing to the smolt stage is conducted at the Crooked
Creck Hatchery as a 2-year cycle. Late run chinook salmon
also had not been imprinted with an artificial agent prior
to release at the Homer Spit.

Pink salmon fry were also released at the Homer Spit
site to diversify species return and timing. Fry were
transported by skiff-mounted transport tanks from Tutka
Lagoon Hatchery, which is located in Tutka Bay approxi-
mately 19 km southwest of the Homer Spit. These emer-
gent fry were held for approximately 20-30 days in float-
ing net pens and fed Alaska Dry Pellet' fish food by
volunteers. The pink saimon fry were not artificially
imprinted prior to release.

A floating morpholine “‘drip station” was anchored just
offshore of the Spit (Fig. 1) to provide attractant for
retarning adult chinook salmon. The concentration of
morpholine and the drip rate were gradually increased
during the 1985-1988 adult returns. The decoy station was
discontinued after 1988.

The number of fish returning to the inlet was estimated
periodically by aeral surveys when water conditions
allowed. On several occasions, an instantaneous
population estimate was made by seining, marking, and
recapturing fish in the inlet. The sport harvest was esti-
mated by multiplying the number of anglers by the average
catch per angler.



Table 1. Chinook salmon smolt releases and adult returns,
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Homer Spit, 1984-1992.

Smolt Releass Estimatad Adull Return by Year
Ralease Numbar Estlamted
Year Date Treaimant  Rsl d slze {g) 1985 1986 1987 1988  198% 1990 1831 1992 Total Survival %
1984 12 June Nane 80,000 a 17.8 400 300 580 500 1,780 2.2
1985 1% June None 79,700 18.8

15 June Pen fed 72,500 18.8

Subtotal 152,200 1,000 790 1,880 700 4,370 29
1986 10 Juna None 52,300 138

15 June Pen fed 51,600 13.8

Subtotal 103,900 b 630 820 1,500 600 3,550 34
1987 8 June None 49,800 17.0

13 Juns Pan led 53,900 17.0

Subtotat 103,800 100 500 1,000 800 2,500 2.4
1988 9 Juna Nona 47,650 18.0

12June Pan fed 170,250 18.0

Subtolal 217,900 300 500 1,700 1,100 3,600 1.7
1989 8 Juno Pen tod 118,360 16.5

14 Juna Pan led 55,560 16.5

14 June None 41,380 16.5

Subtotal 213,300 b 100 700 1,200 (2,000) Prefiminary
1990 29 May Pan fed 107,845 13.8

5 Junse Pan fad 102,440 15.9

Sublotal 210,285 200 500 (700} Praliminary
1991 3 June Pen led 96,850 18.8

10 Juna Pen fadd 94,065 20.3

Subtolal 190,915 200 (200} Proftminary
1992 27 May Pen led 115,525 175

15 Jung Pen fad 110,800 19.0

Subtotal 226,325

TOTALS 1,498,625 400 1,300 2000 3,300 3,000 2,200 3500 3,000 (i8,700) Avg. 25

a Estimated numier ol e smolt released after daducting Iranspart morlality.

b Smolt had unusuatly high sodium-Fon blood plasma levels belore reloase. Morlafily afler release was estlamted at 20% of the entire refease group,

RESULTS
Juvenile Releases

Since 1984, over 1,498,600 chinook salmon smolts have
been imprinted and released (Table 1). The project began
in 1984 with an initial release of 80,000 smolts and has
expanded to a release of over 190,000-226,000 smolts in
1988-1992. In 1983, 1986, and 1987, approximately 50%
of the smolts were held in net pens for 5-6 days prior to
release, and in 1988 and 1989, over 80% of the smolts were
held in pens before release (Table 1). Since then, between
80 and 100% of the smolts have been held annually in pens
(Table 1). The mortality rate of chinook salmon smolts
during the short-term rearing period was less than 1%
except in 1589, when the smolts had unusuvally high
sodium-ion blood plasma levels prior to release. Mortality
of the 1989 release was estimated to be 20%. The average
sizes of the smolts ranged from 16.5 to 20.3 g except in
1986 and 1990 when they averaged 3.8 g and 14.8 g,
respectively (Table 1).

Since 1988, over 539,930 coho salmon smolts have
been released into the inlet on Homer Spit after a 5-7 day

short-term rearing program (Table 2). Over 1,849,000
pink salmon fry were also released from the Homer Spit
since 1987 (Table 3). In most years, fry nearly doubled
their size, exceeding the 0.45 g size during the 20- to 30-
day short-term rearing period.

Adult Returns

Over 18,700 adult chinook salmon have returned to the
Homer Spit since 1985. These have provided more than
43,500 angler-days of effort (Table 4). An estimated 3,300
chinook salmon returned to the Homer Spit in 1988, the
first year that all four age classes of chinook salmon
returned since the initial release in 1984. The percent
composition of the year classes of the 1988 return was 3%
for age 0.1, 25% for age 0.2, 57% for age 0.3, and 15% for
age 0.4. Similar results were observed through 1992. The
highest return was 3,500 chinook in 1991. The mean
smolt-to-adult ocean survival for 5 years’ data was 2.5%.

The chinook salmon returns have created a very popu-
lar sport fishery. Since 1988, sport fishermen have annu-
ally expended approximately 7,500 angler-days of effortto
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Tabie 2. Coho salmon smolt releases (after pen-rearing) and adult returns, Homer Spit, 1988-1992,

Smolt Release
Reloase Number Aduit Returns Estimated
Year Date Released slze (g) Year Number Suorvival (%)
1988 1 Juns 62,550 21.8 1989 2,500 4.0
1989 26 May 77,770 20.0 1990 2,300 3.0

2 June 76,070 21.4 1990 3,800 5.0

Subtotal 153,840 6,100 3.5
1990 25 May 56,635 24.8 1991 4,000 7.0

28 May 66,310 236 1991 6,000 9.0

Subtotal 122,945 10,000 8.1
1991 27 May 59,985 21.5 1992

31 May 40,044 23.8 1982

Subtotal 100,029
1992 3 June 60,124 23.4 1993

8 June 40,446 25.3 1993

Subtotal 100,570

TOTALS 539,934 1989 - 92 18,600 Avg. 5.3

harvest an average of 3,000 chinook salmon, with an
average catch rate of 0.40 fish per angler-day. Successful
angling techniques included light to medium tackle with
small artificial lures, flies, salmon egg clusters, herring, or
shrimp. Current regulations by “emergency order” allow
limited periodic snagging as a legal angling method after
June 23. This provides an effective means of harvesting
the remaining chinook, pink, and coho salmon when they
quit biting during the last third of each species run.

Although the adult return station using merpholine
drip was in position and operating during the 1986-1988
chinook salmon returns, there was no conclusive evidence
that the chinook salmon were ortenting to it. Only twice,
during 1987 and 1988, were small schools of fish observed
briefly down-current from the drip station. Therefore, the
drip station was discontinued in 1989.

An estimated 18,600 adult coho salmon returned in
Augustthrough September of 1989-1991 from over 339,330
smolts released in 1988-1990, yielding an average ocean
survival rate of 5.3% (Table 2). The highest survival rate
(8.1%) occurred in the 1991 return from the 1990 release
of nearly 123,000 coho smolts (Table 2). This is encour-
aging data from the initial releases of the coho salmon
smolts portion of the project. These smolts returned and

4

homed to the small saltwater inlet where they previously
had been reared and released, without exposure to
morpholine imprinting.

Since 1988, over 17,600 adult pink salmon have re-
turned to the Homer Spit from releases of 1,849,000 fry. In
1988, over 4,500 adult pink salmon returned, yielding an
ocean survival rate of 1.5% (Table 3). In 1989, the survival
rate was over 3.3% with an estimated adult pink salmon
return of 10,000 fish (Table 3). This was the highest return
rate of pink salmon in the history of this project. Similar
to most local area pink salmon stocks, recent retarns to the
Homer Spit have been low at 0.1 to 1.1% survival. The
pink salmon adults also homed to the small saltwater inlet
where they had been previously reared and released,
without artificial imprinting.

DISCUSSION

The highly visible, roadside fishery created by this experi-
mental salmon smolt and fry release program on the
Homer Spit has generated intensive fishing effort, suc-
cessful results, and very positive public response. To date,
over 86,000 angler-days of effort have been expended in
this road accessible fishery (Table 4). Local residents, as
well as tourists from other parts of Alaska, other states, and
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Tabie 3. Pink salmon fry releases (after 20-30 days of short-term rearing) and adult returns, Homer Spit, 1987-1992.

Fry Release
Release Number Adult Returns Estimated
Year Date Released Slze (9) Year Number Survival (%)
1987 2 June 295,000 0.40 1968 4,500 1.5
1968 1 June 300,000 0.46 1989 10,000 3.3
1989 7 June 330,000 0.45 1990 600 <0.1
1990 13 June 304,000 0.45 191 500 < 0.1
1991 13 June 320,000 0.49 1992 2,000 0.6
1992 10 June 300,000 0.46 1993
TOTALS 1,849,000 0.45 1988-92 17,600 1.1

many foreign countries, have participated in this fishery.
The City of Homer, Homer Harbormaster Office, Port and
Harbor Commission, South Peninsula Sportsman’s Asso-
ciation, and Cook Inlet Seiners Association have been very
cooperative and supportive of this project. Many local
merchants have described a significant increase in sea-
sonal business that is directly related to this and the other
enhanced fisheries around Kachemak Bay. The sequential
returns of chinook, pink, and coho salmon have provided
angling opportunities throughout the entire sport fishing
season (Table 5) in a location where only minimal angling
opportunities previously existed.

The Homer Spit Sportfish Enhancement Project is
funded by the Dingell-Johnson/Wallop-Breaux federal
funding system and has received national recognition and
an award from the American League of Anglers and
Boaters. The Alaska Department of Fish and Game, the
City of Homer, and the Scuth Peninsula Sportsman’s
Association were co-recipients of the Sportfish Manage-
ment Award for 1990 for the best fishery enhancement
project in the Nation. As a result of national recognition
and because of the economic benefits to the local commu-
nity, the City of Homer expanded the small lagoon to
provide for increased angling opportunities.

Although there is no freshwater available in the small
inlet for imprinting, returning adult chinook, pink, and
coho salmon homed to the small inlet where they were
released, rather than to the morpholine drip station. Most
of these fish are harvested either in the small inlet, the
intertidal channel, or the adjacent shoreline during flood-
ing tides. Unfortunately, relatively few chinook salmon
are taken by trolling in spite of our attempt to imprint them

to the drip station in an effort to spread the fishery overa
larger area, rather than just to the confined area of the
small inlet on the Homer Spit.

We are uncertain if the fish were adequately im-
printed to morpholine as smolts. We believe, however,
that the adults did not home to the morpholine drip
station because the concentration rate was not high
enough. The large tidal exchange (+6.6 to -1.5 m)
probably dilutes and exports the morpholine so that it
cannot be readily detected by the returning salmon.
Also, it is likely that unique chemical characteristics
associated with the intertidal inlet (e.g., organic mat-
ter, metal scraps on the bottom, chemical preservatives
from wood in an old barge and pilings, sand and gravel,
etc.) impart a stronger influence on imprinting and
homing than the exposure to morpholine.

It is most important, however, to note that chinook,
coho, and pink salmon fisheries can be created by releas-
ing the juvenile fish in highly saline waters without the
influence of a freshwater imprinting source. Another
aspect of the imprinting and homing mechanism that we
have been particularly impressed with is the apparently
brief imprinting period required. All of the chinook salmon
smolts released in 1984, and more than half of those
released in 1985-1987, were released directly into the
inlet. Some were observed migrating out of the inlet within
several hours. None of these treatment lots was marked, so
there is no estimate of differential survival; however, at
another project site, Halibut Cove Lagoon, where treat-
ment lots were differentially marked, the survival of
chinook salmon reared in pens for 14 days was approxi-
mately 30% greater than those released directly into a
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Table 4. Harvest and angler effort directed toward enhanced king, pink, and coha salmen stocks in the Homer Spit fishery,
1985-1992.

King Salmon Fink Salmon Coho Salmon TOTAL

Days ‘ Days ) Days Days
Yeoar Fished  Harvest Fished  Harvest Fished  Harvest Fished  Harvest
1965 unknown 400 400
1986 unknown 1,300 1,300
1987 6,000 2,000 6,000 2,000
1988 7,000 3,300 5,000 4,500 12,000 7,800
1989 7,000 3,000 8,000 10,000 6,000 2,500 19,000 15,500
1990 6,500 2,200 3,000 600 6,000 6,100 15,500 8,900
1991 8,000 3,500 2,500 500 10,000 10,000 21,500 14,000
1992 9,000 3,000 3,000 2,000 {Data will follow season) {12,000) (5,000)
TOTALS 43,500 18,700 10,500 17,600 (22,000)  {18,600) {06,000} (.5r4.900)

{ ) = Preliminary

large lagoon with freshwater discharge (Dudiak et al.
1987). The increased survival advantage may result from
better imprinting, better recovery from transport stress, or
both.

Although the effectiveness of morpholine imprinting
in saltwater appears to be low, the overall success of the
Homer Spit Project is evident with the estimated mean
survival rate of 2.5% for the chinook salmon smolts
released from 1984 to 1988. This is comparable to the
2.4% average survival rate for chinook salmon smolts
released and imprinted to freshwater at Halibut Cove
Lagoon. As many as 5,000 adult chinook salmon are
expected to return in 1993, Survival rates for pink and
coho salmon have also been encouraging, and as many as
10,000 adult pink saimon and 10,000 adult coho salmon
could also return in 1993.

These results demonstrate that management biologists
may have many more options available to create new
salmon fisheries in locations previously believed unac-
ceptable because of the lack of freshwater for imprinting,
If the chinook salmon had imprinted to morpholine as we
had previously thought necessary, we may have been able
to decoy them to another harvest location or alter their
behavior pattern to create a new troll fishery in the vicinity
of Homer Spit that would have been unique in this area.
Nevertheless, afishery thathas yielded over 15,500 salmon
in 1989 has been developed in a highly accessible location

that extends from mid-May to October where none previ-
ously existed or was believed possible.

ACKNOWLEDGMENTS
This project was primarily supported by funding provided
by the Dingell-Johnson/Wallop-Breaux Federal Aid in
Sport Fish Restoration Program, Contract No. F-27-R, R-
5. It was recognized by the American League of Anglers
and Boaters as the foremost fisheries management project
in the Nation in 1990.

The authors wish to thank Darrell Keifer and his staff at
the Elmendorf Hatchery complex for producing and trans-
porting the salmon smolts; Tutka Lagoon Hatchery staff for
the pink salmon production for the area fisheries; and the
Crooked Creek Hatchery staff, managed by Bob Och, who
provided the chinook and the coho salmon eggs for the
project. Mark Dickson, Fishery Technician ITI, played a
major role in assisting all transports and pen rearing logis-
tics. Dr. Allen Scholz, Eastern Washington University,
provided technical comments about the use of morpholine as
animprinting agent. The City of Homer, Homer Harbormaster
Office, and the Homer Port and Harbor Commission con-
tinue to be very cooperative and supportive of this project,
The Cook Inlet Seiners Association has provided financial
assistance, while the South Peninsula Sportsman’s and
Homer Charter Boat Associations provided volunteers to
help feed and release the smolts.



Table 5. Homer Spit salmon return timing.
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Specles May June July Apgusl Saptember October
|
Chinook |
Pink
|
Coho |
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ABSTRACT

Commercial production and processing of cultured catfish in the United States was begun
in the 1950s in Alabama, and in 1960 the entire industry consisted of only 182 ha of farm
ponds and production of 272,727 kg of catfish. In 1992, fish farms, mainly in Mississippi,
Alabama, Arkansas, and Louisiana, produced 228,683,500 kg of catfish for processing.
Catfish presently accounts for more than half of all U.S. aquaculture yield.

During the period 1960-1992, commercial catch of catfish from natural waters declined
from 17,456,363 to 4,931,818 kg. This irend was attributed to consumer concerns about
safety of fish products from public waters and increasingly competitive marketing and
pricing by the farm-raised catfish industry.

Catfish are mainly produced in ponds; some state and federal agencies stock hatchery-
reared fish in public waters, Cultured catfish are sometimes lost during flooding from
aquaculture facilities to natural waters, where genetic influences and competitive interactions
might impact indigenous populations of catfish. However, these influences and interactions
have not been evaluated. More significant influences are those manifested when mature
catfish are captured from the wild and added to broodstock populations on farms. Through
natural selection and genetic drift, gene frequencies are significantly altered when the wild
fish are reproduced and grown in farm ponds under intensive management.

On-farm domestication, with no directed selection, has resulted in performance increases
of approximately 5% per generation; directed mass selection has increased body weight by
30% in 3 generations. Crossbreeding between certain strains improved catfish yields by
15% in a single generation; hybridization between species of catfishes improved growth and
food conversion by 20% and significantly elevated harvestability by seining and angling.

Genetic engineering efforts through electroporation and microinjection of catfish
embryos with genetic material from salmonids have resulted in families of progeny with
40% improvement in growth.

Transgenic fish, projected to be less fit and competitive than individuals in naturally
occurring catfish populations, are still secured in U.S. government-approved confinement
facilities and will not be released to farms or the wild until several generations of evaluation
on inheritance and expression have been completed.

INTRODUCTION

Commercial production and processing of cultured catfish
in the United States was begun in Alabama (Swingle
1959); in 1960 the entire industry consisted of only 182 ha
of farm ponds and production of 272,727 kg of catfish
(Ivers 1981). In 1992, fish farms, mainly in Mississippi,
Alabama, Arkansas and Louisiana, produced 228,683,500
kg of catfish for processing (USDA 1993). Catfish pres-
ently accounts for more than half of all U.S. aguaculture
yield.

During the period 1960-1992, commercial caich of
catfish from natural waters declined from 17,456,363 to
4,931,818 kg (USDC 1993). This trend was attributed to

consumer concerns about safety of fish products from
public waters and increasingly competitive marketing and
pricing by the farm-raised catfish industry.

Catfish are mainly produced in private ponds; some
state and federal agencies stock hatchery-reared fish in
public waters. Cultured catfish are sometimes lost during
flooding from aquaculture facilities to natural waters,
where genetic influences and competitive interactions
might impact indigenous populations of catfish. However,
these influences and interactions have not been evaluated.
This paper will review what is known about genetics and
performance of domesticated channel catfish, Ictalurus
punctatus, and discuss possible effects of genetically al-
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tered, domesticated catfish on naturally occurring catfish
populations.

ANCESTRY OF DOMESTICATED CHANNEL
CATFISH

Catfish have been important commercial and sport fish for
many years. The first known spawning of channel catfish
in captivity occurred in 1892 (Leary 1908). The Kansas
State Fish Hatchery at Pratt began propagating channel
catfish as early as 1910. Although channel catfish having
ancestry from many river systems are currently propa-
gated (Dunham and Smitherman 1984), the majority of
the stock originated near the Denison Dam, Lake Texoma,
Oklahoma. These fish were captured in 1949 by the
Arkansas Game and Fish Commission in pools formed in
the Red River behind Denison Dam after its construction.
The fish were spawned in the Arkansas state hatchery
system and were the basis of broodstock for some of the
earliest catfish farms such as Leon Hill, Edgar Farmer,
Anderson-Nelson, and War Eagle Minnow. These fish
were also some of the founder stocks in federal hatcheries
and research institutions in Alabama, Arkansas, Louisi-
ana, and Mississippi. They were widely distributed in
Arkansas and Mississippi via the Hill and Farmer opera-
tions, Probably one-half of the Auburn University founder
stock and all of the Marion National Fish Hatchery, and
Stephens, Inc., founder stock came from Anderson-Nelson
or War Eagle Minnow Farm. In turn, Auburn University,
Marion National Fish Hatchery, or Stephens, Inc., pro-
vided stock for the majority of catfish farms in Alabama.
Thus, the ancestry of stocks for the majority of catfish
cultured in Alabama, Arkansas, Louisiana, and Missis-
sippi (locations of 95 % of the U.S. pond area devoted to
catfish farming) can be traced to a single source of fish:
Red River, Denison Dam, Oklahoma.

A number of other stocks have had major impact on the
gene pools in Arkansas and Mississippi. Two major
fingerling farms in Mississippi, Thompson-Anderson and
Transfisheries, have widely distributed fish traced prima-
rily to the Yazoo River and, to a lesser degree, Red River
and Kansas. Several farmers have also obtained stock
from the Rio Grande River, Texas, or from the Mississippi
River, Mississippi. The first catfish farm in Mississippi
(V. C. Hammett) used fish captured from the Mississippi
River. This influx of “new blood” and the large brood
populations used by commercial operations has probably
minimized inbreeding in commercial operations.

Another widely distributed stock originated from state
and federal fish hatcheries in Kansas, Oklahoma, and
Texas. These fish came from many rivers within each state
and were exchariged among hatcheries. This stock is
common in Kansas, Oklahoma, and Texas and is closely
related to Alabama stocks via distribution by Aubum
University.
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The most widely distributed stock on commercial farms
in California is from the Mississippi River, via Osage
Fisheries, Missouri. A lesser proportion of stock origi-
nated from Kansas.

DEVELOPMENT OF DOMESTICATED CATFISH
Strain Evaluation

Acquisition of the best available strains is one of the
quickest ways to improve the quality of broodstock. A
strain is a breeding population having a similar history
and possessing unique characteristics.

Strains of channel catfish originating from different
geographic locations within the United States differ in
growth rate, and domesticated strains grow faster than
wild strains (Smitherman and Pardue 1974, Chappell
1979, Green et al. 1979, Youngblood 1980, Dunham and
Smitherman 1981). The domestication process increases
growth rate 2 to 6% peér generation (Dunham and
Smitherman 1983b). Differences exist in growth rate
during winter (Dunham and Smitherman 1981) as well as
during summer. Variation of length is more pronounced
in some strains than others (Brooks 1977). The fast growth
of some strains is caused by a combination of increased
feed conversion efficiency (Chappell 1979) and increased
feed consumption (Al-Ahmad 1983).

Strains also differ in resistance to viral, bacterial (Plumb
et al. 1975, Dunham 1981), and parasitic infections
(Shrestha 1977). The oldest domestic strain, Kansas, is
one of the fastest growing and most disease resistant
strains (Dunham and Smitherman 1984). In contrast, the
Rio Grande strain is susceptible to several discases—
channel catfish virus disease (Plumb et al. 1975),
Ichthyopthirius, and Flexibacter columnaris (Dunham
and Smitherman 1984). This susceptibility has been ob-
served at more than one geographic location (Broussard
1979, Dunham and Smitherman 1984). Variation in total
hemoglobin among strains may be correlated to disease
resistance (Taylor et al. 1984). No relationship was appar-
ent between hematocrit and disease resistance among
strains.

Dressing percentage varies among strains. Differences
in body conformation among strains was correlated to
differencesin dress-out percentage among strains (Dunham
et al. 1983).

Seine escapeability varies among strains (Dunham and
Smitherman 1984). Some evidence exists that the practice of
retaining progenitors from fish remaining in a pond after
most of the population has been removed by hook and line
or seining results in populations difficult to capture by seine.

Time of spawning is a dramatic example of strain
variation. A Minnesota strain from the St. Louts River, a
feeder stream of Lake Superior, spawned 10 to 12 days
earlier than most strains. The Rio Grande strain from
Texas spawned approximately 2 weeks later than most



strains when both were located at College Station, Texas
(Broussard and Stickney 1981). A north-south trend in
spawning date was apparent. Smitherman et al. (1984)
also found that the strain of female was important in
determining spawning date and may impede crossbreed-
ing success. Other reproductive characteristics, such as
age of maturation, are distinctive. For example, Rio
Grande mature a year earlier, at 2 years of age, than most
strains. In contrast, Kansas matures a year later, at 4 years
of age, than most strains.

Crossbreeding

Crossbreeding is a breeding program that can produce
immediate improvement through heterosis or hybrid vigor.
Crossbreeding has improved body weight in channel
catfish, but the tested strains had different combining
abilities; 55% of the crosses resulted in positive overdomi-
nant growth by the P, (Dunham and Smitherman 1983a).
Domestic x domestic crosses were more likely to give
positive heterosis (80%) than domestic x wild crosses
(33%). Four domestic crosses resulted in positive hetero-
sis, and one resulted in negative heterosis. Domestic x wild
crosses were more likely to result in fish with growth rates
intermediate to their parent strains, two exhibiting posi-
tive heterosis, three intermediate to their parents, and one
exhibiting negative heterosis. Nine of eleven crossbreeds
grew better than at least one of their parents (Dunham and
Smitherman 1983a).

Reciprocal crossbreeds did not grow at the same rate
(Dunham and Smitherman 1983a). Males and females of
specific strains had different combining abilities with
other strains. Crossbreeds from Auburn female channel
catfish grew faster than crossbreeds from Auburn male
channel catfish. A maternal effect for combining ability
was evident. Bondari (1983) also observed this maternal
effect for females utilized for crossbreeding that had been
bidirectionally selected for body weight.

Crossbreeding can also affect resistance to disease;
increased resistance to bacterial (Dunham and Smitherman
1984), viral (Plumb et al. 1975), and parasitic {Shrestha
1977) diseases has been expressed with channel catfish.

Crossbred and pure-strain channel catfish have been
compared for spawning date, spawning rate (percent of
replicate pairs that spawned), fecundity, egg size and
hatchability, and survival of offspring (Dunham et al.
1983). Crossbred fish usually spawned earlier than pure-
strain channel catfish. As 3-year-olds, crossbred fish had
higher spawning rates and fecundity than purebred fish,
and their fingerling output per kilogram of female parent
was greater. Fingerling output/kg female is a good mea-
sure of reproductive efficiency and equals spawning per-
centage X fecundity x hatchability x fry survival. As 4-
year-olds, pure-strain fish improved their performance,
and crossbreeds lost most of their relative advantages
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(Dunham et al. 1983). As was the case for rate of growth,
heterosis decreased with age. Broodstock derived from
crosses of four strains spawned earlier than those from
two-strain F, crosses, but their surviving offspring were no
more numerous. The main value of cross-strain breeding
is to produce channel catfish that mature earlier in life and
spawn earlier in the season than purebreds.

Hybridization

Hybridization between species is another form of cross-
breeding. Different species of catfish have been grown,
and they exhibit different culture traits. Channel catfish
grow the fastest to harvestable size (Chappell 1979) and
are the most disease resistant but are difficult to capture by
seining. Blue catfish Ictalurus furcatus have superior
dressing percentage (Chappell 1979), are very seinable
(Chappell 1979), are more uniform in length (Brooks et al.
1982b), but are prone to disease. White catfish Ictalurus
catus tolerate low dissolved oxygen, have the fastest
growth during winter (Dunham and Smitherman 1981),
but have slower growth to harvest size and poor dressing
percentage (Chappell 1979) caused by a large head
{(Benchaken 1979). Channel catfish and white catfish
become sexually dimorphic in size (males larger) at 6
months (Brooks et al. 1982a), but blue catfish exhibit no
sexual dimorphism in size until they are older than 3 years
(Dunham 1979).

Attempts have been made to take advantage of these
specific characteristics and find crosses exhibiting het-
erotic growth rates through hybridization. Twenty-eight
interspecific hybrids have been produced and evaluated
for growth rate (Giudice 1966, Dupree and Green 1969,
Yant et al. 1976, Dunham and Smitherman 1984). Only
one interspecific hybrid, channel catfish female x blue
catfish maile, has shown increase in body weight of 20
percent above that of channel catfish (Giudice 1966, Yant
et al. 1976, Smitherman et al. 1983). The feed conversion
efficiency of channel x blue hybrids was also 11 to 14
percent better than channel catfish. The reciprocal, blue x
channel, does notexhibit heterotic rates of growth (Dunham
and Smitherman 1987). Dupree and Green (1969) indi-
cated that the channel x white hybrid exhibited superior
growth in aquarium studies, Chappell (1979) found that
compared to channel catfish and the channel x blue, the
channel x white hybrid catfish grew slowly to harvestable
size in ponds.

Use of the channel x blue hybrid could reduce losses of
cultured catfish due to oxygen depletion. This hybrid
exhibits heterosis for resistance to critically low oxygen
levels (Dunham et al. 1983). When 90 percent of a channel
catfish population succumbed due to low dissolved oxy-
gen, only 50 percent of the hybrids died. When 50 percent
of a channel catfish population died from low dissolved
oxygen, only 10 percent of the hybrids died.
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Fishing success in catfish fee-fishing ponds could be
improved by stocking the channel catfish x blue catfish
hybrid, Fee-fishing ponds are an important part of the catfish
industry in the United States (McCoy and Crawford 1975).
Fee-fishing ponds provide both a source of income for the
pond owner and a source of recreation and protein for the
public. Any management program that could improve fish-
ing success would be beneficial to both parties. Reciprocal
channel-blue hybrids are more catchable by hook and line
than their parent species (Tave et al. 1981). The channel x
blue was the most catchable reciprocal. The parent species
did not differ. The channel x blue is also much easier to catch
by seining (Dunham and Smitherman 1987), as well as by
hook and line, compared to channel catfish.

Yant et al. (1976) found that dress-out percentage was
higher in the channel x blue hybrid than in channel
catfish. The average dress-out percentage for the hybrid
catfish was 64.5 and for the channel catfish was 61.2.
Again, blue x channel did not exhibit heterosis and had
lower dress-out percentage than its reciprocal (Chappell
1979). The higher dress-out percentage of the channel x
blue channel hybrid may be related to its deep body
conformation and smalt head. In contrast, the blue x
channel, channel x white, and white x blue hybrids have
tremendous fat deposits in the viscera (Chappell 1979),
and this appears to cause poor dressing percentage in these
hybrids. Abnormal sexual development is also associated
with these fat deposits (LeGrande et al. 1984).

Mass Selection

Dunham and Smitherman (1983b) determined the re-
sponse 1o selection and realized heritability for body
weight of channel catfish, grown in earthen ponds at 7,500
fish/ha. One generation of mass or individual selection for
increased body weight has been successful in all channel
catfish populations evaluated (Dunham and Smitherman
1983b). Bondari (1983) also obtained significant response
to selection in the Tifton strain in tanks by using a
combination of crossbreeding, family selection, and mass
selection. The largest 10 percent of each population was
selected in these experiments.

Responses to selection of 63, 73, and 54 g (17, 18, and
12% increase in body weight) were obtained (Dunham and
Smitherman 1983b) from Rio Grande, Marion, and Kan-
sas strains, respectively, for the fish grown in ponds.
Generally, the fish with shorter periods of domestication
had greater response. Realized heritability for Marion,
0.50 + 0.13, was higher than that for Rio Grande, 0.24 +
0.06. Kansas, 0,33 + 0.10, did not differ from Rio Grande
or Marion. Responses for male and female body weights
were the same in Marion, but respenses by Kangsas males
was higher than for Kansas females. There were no
significant differences in realized heritabilities for male
and female body weights.
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Selection for body weight for three generations has
further improved growth of channel catfish (Rezk 1993).
Three generations of selection resulted in selected lines of
Kansas and Marion strains growing 30 and 20 percent
faster, respectively, than controis,

Mass selection improved body weight (7 to 10% per
generation) in channel catfish more rapidly than the
domestication process. Domesticated strains grow faster
than wild strains (Smitherman and Green 1973, Bumside
et al. 1975, Broussard 1979, Chappell 1979, Green et al.
1979, Dunham and Smitherman 1981). The average
increased growth performance of hatchery fish (five strains)
over wild fish (six strains) is 3 percent per generation
(Smitherman and Green 1973, Smitherman and Pardue
1974, Burnside et al. 1975, Broussard 1979, Chappell
1979, Green et al. 1979). Assuming slow turnover of brood
and long generation intervals, 6 percent improvement per
generation has occurred. Mass selection for three genera-
tions improved growth rate two to three times faster than
that which had occurred during 3 to 15 generations of
domestication (undirected selection).

Genetic Engineering

Human and salmonid growth hormone genes have been
transferred to channel catfish (Dunham et al. 1987, 1992).
One to nine copies of the foreign DNA were inserted in
either head-to-tail tandem array at single insertion sites or
single copies at multiple insertion sites. All F| transgenic
catfish evaluated produced salmonid growth hormone
regardless of the construct. The spawning rate and fertility
of these P, transgenics in artificial spawning conditions
was comparable to that of normal channel catfish. In 2 of
3 years, 100 percent spawning and 100 percent hatch were
obtained. Percent transgenic progeny observed in the five
matings were 20, 52, 7, 47, and 0, which was lower than
the 75 percent inheritance expected assuming the F,
broodstock had at least one copy of the foreign gene
integrated and were not mosaics in the germ-line. At least
7 of 10 F, were mosaics, and 2 minimum of 2 of 10 F, did
not possess the salmonid growth hormone gene in their
germ-line. F, transgenics grew at the same rate as their
non-transgenic full-siblings, which was not surprising
since the F| were mosaics. F, transgenic progeny in two
families grew 26 percent faster to 40-50 g than their non-
transgenic full-siblings when evaluated communally. F,
progeny groups grew at the same rate as normal full-
siblings when grown communally to 25 g. In families
where F, progeny grew faster than controls, the range in
body weight and coefficient of variation for the transgenic
full-siblings was less than that for controls. In families
where F| progeny grew at the same rate as controls, range
inbody weight and coefficient of variation were similar for
transgenic and normal individuals. The percent deformi-
ties observed in P, transgenics, 13.6 percent, was higher



than in microinjected P, non-transgenics, 5.1 percent.
Percent deformities in transgenic and control F, channel
catfish was not different, 0.5 and 2.8, respectively.

Results obtained for F, transgenic common carp (Zhang
et al. 1990) and channel catfish containing salmonid trout
growth hormone gene were similar. The presence or
absence of increased growth can vary among families and
may be related to family effects, genetic background,
epistasis, or dosage effects of the foreign growth gene
expression. Apparently, a combination of both family
selection as well as gene transfer is needed to optimize
increased growth from the insertion of salmonid growth
hormone genes.

COMPARISON OF DOMESTICATED AND WILD
POPULATIONS OF CATFISH

Domesticated catfish grow faster than wild catfish when
cultured in ponds; production differences can be as great
as 250 percent. Domestication has resulted in an average
growth increase of 3 to 6 percent per generation. Survival
of domestic and wild strains is similar in the aquaculture
environment.

A large number of polymorphic enzyme loci have been
observed for channel catfish (Hallermnan et al. 1986,
Hallerman 1984, Dunham and Smitherman 1984). Per-
centage of loci polymorphic, number of alleles/locus, and
mean heterozygosity varied considerably among these
domesticated populations but was less than that for the
only wild population examined. Carmichael et al. (1992)
observed similar results in the only other study of channel
catfish isozyme variation; however, their sole wild popu-
lation was non-variable. This illustrates the need to study
the genetics of wild populations and their interactions
with domestic populations thoroughly.

POSSIBLE EFFECTS OF CULTURED CATFISH
ON NATURALLY OCCURRING POPULATIONS
OF CATFISH
Effect of Domestication on Genetic Variability

Fish culture in the United States and the world is increasing
rapidly. When salmonids are removed from the natural
environment and placed in the culture environment, random
genetic drift and domestication effects (new and greatly
different selective forces act upon fish in the domestic
environment compared to the natural environment) alter
gene frequencies and reduce genetic variation as measured
by isozyme analysis (Allendorf and Phelps 1980, Hallerman
et al. 1986, Khana et al. 1975, Koljonen 1989, Ryman and
Stahl 1980, Stahl 1983). Then the domesticated populations
with reduced genetic variability are propagated in large
numbers, sometimes reaching population numbers much
greater than that found in natural populations. Purposeful or
accidental (such as flooding or escape during harvest)
introduction of the domestic fish may then allow mixing of
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the domestic and natural populations resulting in either
greater or less variability depending on the competitiveness,
survival, and reproduction of the introduced and natural
populations.

Competition Between Domestic and Wild Fish

Initial studies indicate that wild fish generally outcompete
domestic strains of fish in the natural environment, Al-
most all of these observations were on salmonids (Maclean
etal. 1981; Buettner 1962; Flick and Webster 1962; Fraser
1974, 1981; Gordon and Nicola 1970; Flick and Webster
1964, 1976), and coldwater fish and were localized experi-
ments or observations, Larger scale examples with more
species, including warmwater species such as channel
catfish, are needed to determine the interactions between
wild and domestic fish and if wild catfish generally
outcompete domestic catfish in the natural environment as
seen with salmonids.

Reproductively Isolated Sympatric Populations

Another possible interaction between domestic and wild
populations of fish is the establishment of sympatric, but
reproductively isolated, populations. Although strains of
fish usually do not have reproductive isolating mecha-
nisms preventing them from interbreeding, occasionally
behavioral mating blocks prevent or decrease the rate of
inter-strain matings. We have found that Marion channel
catfish females preferentially mated with their own strain
rather than Kansas males (Smitherman et al. 1984), and
Ghana strain of Oreochromis niloticus was more likely to
mate with its own strain than other strains (Smitherman
et al. 1988). The existence of reproductively isolated,
sympatric populations of trout (Lerder et al. 1984, Brown
et al. 1981, Ryman and Stahl 1981), especially brown
trout, Salmo trutta, is well-documented. Some strains of
domestic and wild rainbow trout are sympatric but repro-
ductively isolated or near to reproductive isolation. This
occurs because of behavioral differences, including tem-
poral or spatial differences in spawning (Smitherman et
al. 1988).

The relationships studied for domesticated and wild
populations of salmonids have not been evaluated for catfish.
Survival, growth, behavior, and reproductive success of
genetically altered populations must be studied to assess the
fitness of cultured catfish in the natural environment.
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ABSTRACT

Genetic characteristics of the sea urchin Pseudocentrotus depressus were compared by
allozyme analysis for six wild populations: three artificial seed populations (artificial
populations), and three mixed populations from the sites where artificial seeds were
stocked.

Of 25 enzymes analyzed by horizontal starch gel electrophoresis, 9 genetic loci were
detected in 7 enzymes (LDH, MDH, IDHP, PGDH, HK, GPI, and PGM). In the 6 wild
populations, mean proportion of polymorphic loci and heterozygosity were 0.612 and
0.164, respectively. The divergence points in the dendrogram of Nei’s genetic distance (D)
of 6 populations did not exceed 0.004, The fixation index (F ;) was 0.014. These two facts
suggest that wild populations were genetically homogeneous.

In the three artificial populations, one showed a remarkable decrease in the proportion
of polymorphic loci and heterozygosity. The divergence points in the dendrogram of D of
the 3 populations ranged from 0.006 to 0.021. F_ value among them was 0.118. This
suggests that artificial populations were genetically different from each other, and that
artificial populations and wild populations were genetically heterogeneous.

Two of three mixed populations were genetically similar to wild populations. However,
in ane of the populations, the proportion of polymorphic loci and heterozygosity decreased,
and the divergence point in the dendrogram of D was 0.011, suggesting that this population

was genetically affected by released artificial seed.

INTRODUCTION

Pseudocentrotus depressus is an endemic species of
sea urchin found in subtropical Far-Eastern waters,
southern Japan, and the south coast of Korea, inhabit-
ing the upper infralittoral zone on rocky shores, The
species has been an important target of commercial
divers. In southern Japan, mostly along the northwest
coast of Kyushu, large numbers of artificially produced
seed of P. depressus were released in the last 10 years
in response to demands of fishermen to enhance the
wild stocks.

However, there is a concern from the point of view
of population genetics. The artificial seeds are geneti-
cally distinct from the wild population as a resuit of
genetic drift which occurred because seeds were pro-
duced from a limited number of parents. Release of
those genetically different seeds to the sea could affect

the genetic structure or composition of the wild popu-
lation. Release of seeds might cause a decline in
genetic variability of the wild population. The greater
the use of enhancement, the greater the concern that
the genetic variability of the wild populations is ad-
versely affected. These efforts may be greater for ani-
mals that have limited mobility, such as sea urchins.

MATERIALS AND METHODS
Sea Urchin Collection

Twelve samples of Pseudocentrotus depressus were
collected for the study: 11 from southern Japan and one
from Cheju Island, southern Korea. Six are wild popu-
lations (W1-Wé; Fig. 1 and Table 1) collected by
professional divers from the sites where artificial seeds
of the species have never been released, except for W3
described below. Three are artificial seeds (Al-A3;
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Figure 1. Maps of localities of collection (or institution where animals were produced) for the sea urchin Pseudocentrotus depressus

used in the study. Lower panel shows expanded map of collection sites near Nagasaki. Abbreviations of populations correspond
with those in Table 1.

18



Natsukari, Tanaka, Chung, and Hirayama

’l“ahle 1. Collection information and size for the 12 populations of Pseudocentrotus depressus used in the study. (Abbrevia-
tions of populations correspond with those in Fig. 1.)

Sample Shell
Population  Date Sampled Size Diameter* Locality
(ram)
(Wild populations)
1. Wi Sept. 21-23, 91 70 50+ 6 Aba, Nagasaki City
Nov. 4-56, '91 (41-68) (Nagasaki Pref.)
2. W2 Nov. 4-6, '91 70 515 Mogi, Nagasaki City
(40-67) (Nagasaki Pref.)
3. W3 May 2, 92 52 51«5 Nomo, Nomozaki
(35-60) (Nagasaki Pref.)
4. W4 May 3, '92 65 44 + 8 Takahama, Nomozaki
(22-61) (Nagasaki Pref.)
5 WS June 23, '92 121 58 =7 Uta, Abu
(34-72) {Yamaguchi Pref.)
6. Wb Aug. 21, '92 111 59 = 10 Onpyong, Seongsan,
(35-85) Cheju L (Korea)
(Artificial populations)
7. Al Aug. 9, '89 109 47 = 4 Saga Pref. Sea Farming
(36-58) Center, Karatsu
8 A2 Oct. 21, 'N 100 223 Nagasaki City
Oct. 28, '91 (18-30) Fisheries Center
9. A3 July 5, '92 129 34 =4 Yamaguchi Pref.
(22-42) Fish. Exp. Station
(Mixture populations)
10. Ml Sept. 21-23, 91 67 536 Toishi, Nagasaki City
(40-72) (Nagasaki Pref.)
11, M2 Aug. 3-5, '92 66 52+ 6 Toishi, Nagasaki City
(40-63) (Nagasaki Pref.)
12. M3 May 2, '92 68 31+4 Nomo, Nomozaki
{19-40) (Nagasaki Pref.)

* Mean + standard deviation; ranges are in parentheses.
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Fig. 1 and Table 1) reared entirely in marine farming
institutions until release. The last three are mixed
populations of wild ones and non-wild ones originated
from the released artificial seeds (M1-M3; Fig. 1 and
Table 1) collected by the professional divers from the
sites where artificial seeds had been released in recent
years.

At the site where the mixed populations M1 and M2
were collected, artificial seeds were frequently released
during the last 10 years. At the site where the mixed
population M3 was collected, artificial seeds that were
spawned in autumn 1990 were released only once in the
early summer of 1991. Population M3 contains adults
from seeds released in 1991, judging from their size and
age. One of the wild population, W3, was collected from
the same site where M3 was collected, but it did not
contain artificial seeds released in 1991 because they were
considerably larger than individvals grown from artifi-
cial seeds released in 1991.

Live animals were transported to Nagasaki Univer-
sity in insulated containers containing wet seaweed or
newspapers with ice cubes or freeze packs. All the sea
urchins were dissected within several days after arrival
at the laboratory, while they were still alive. Dissected
gonad and oesophagus were stored at -40 or -85°C until
further analysis. The shell top of all the specimens,
including the genital plates, were dried and preserved
for age determination.

Enzyme nomenclature and enzyme commission num-
bers assigned followed the recommendations of the
International Union of Biochemistry (1984). Abbre-
viations of enzyme and locus and allele symbols fol-

lowed Shaklee et al. (1990).

Electrophoretic Procedures

Electrophoresis was carried out using standard hori-
zontal starch gel system (Hoelzel 1992). Thawed drips
of the two tissues, gonad and ocesophagus, were used as
crude extracts of enzymes (Numachi 1971). Filter
paper wicks saturated with the extracts were inserted
in the cut portien of the gel. Eight buffer systems (pH
6.0-9.2) were used. Two of those 8 buffer systems, C-
A pH 7.0 (modified from Clayton and Tretiak 1972)
and T-C pH 8.0 (modified from Siciliano and Shaw
1976}, were used through the study.

Twenty-five enzymes were examined in extracts of
gonad and intestine. Enzyme staining procedures fol-
lowed those of Siciliano and Shaw (1976) for ADH
(EC: 1.1.1.1), G3PDH (1.1.1.8), LDH (1.1.1.27),
GLYDH (1.1.1.29), MDH (1.1.1.37}, MEP (1.1.1.40),
IDHP (1.1.1.42), PGDH (1.1.1.44), G6PD (1.1.1.49),
S0D (1.15.1.1), AK (2.7.4.3), ACP (3.1.3.2), TPI
(5.3.1.1), MPI (5.3.1.8), GPI (5.3.1.9), PGM (5.1.2.2);
those of Shaw and Prasad (1970) for IDDH (1.1.1.14),
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XDH ¢1.2.1.37), CAT (1.11.1.6), HK (2.7.1.1), EST
(3.1.1.%), ALP (3.1.3.1); those of Ayala et al. (1972)
for ODH (1.1.1.73); those of Christfferson et al. (1978)
for AAT (2.6.1.1); and those of Kayano (1978) for LAP
(3.4.11.1).

Statistical Analysis

Significance of departure from Hardy-Weinberg pro-
portions was tested using the AIC (Akaike Information
Criterion, Akaike 1973) value of observed and ex-
pected allelic frequency at each locus in each popula-
tion sample.

Proportions of polymoerphicloci (P, ; frequency of the
most common allele <0.95}, number of alleles per locus
(A), and mean heterozygosity; both the observed (¥,) and
the expected (H,) were calculated for each population,

The amount of genetic divergence among popula-
tions was calculated by the genetic variance statistics
F, (Wright 1965) at each locus for the three groups:
wild, artificial, and mixed populations. In addition, a
mean F, for all loci was obtained for each group.

Nei’s genetic distance (D) was calculated between
all pairs of 12 populations (Nei 1972). A dendrogram
based on the genetic distance was constructed using the
unweighted pair-group arithmetic average (UPGMA)
clustering (Sneath and Sokal 1973).

RESULTS
Enzyme Activity and Zymogram Interpretation

Ten enzymes (G3PDH, IDDH, GLYDH, MEP, XDH,
AAT, AK, ALP, ACP, and TPI) did not show any
activity in any of the eight buffer systems, Eight
enzymes (ADH, G6PD, ODH, CAT, SOD, EST, LAP,
and MPI) showed some activity, but resolution of
zymograms was not improved by any buffer systems or
activities were not stable and could not be resolved for
all individuals. Seven enzymes (LDH, MDH, IDHP,
PGDH, HK, GPI, and PGM) showed both stable activ-
ity and good resolution of zymograms.
Polymerization structure, detected locus, and num-
ber of alleles at each locus were interpreted as follows:
LDH: monomorphic, one locus LDH*; MDH: polymor-
phic, dimer, two loci MDH-1* and MDH-2*, cach two
alleles; IDHP: polymorphic, dimer, one locus IDHP*,
three alleles; PGDH: polymorphic, dimer, one locus
PGDH¥*, three alleles; HK: polymorphic, monomer,
one locus HK*, three alleles; GPIL: polymorphic, dimer,
one locusGPI*, five alleles; PGM: polymeorphic, mono-
mer, two loci PGM-1* and PGM-2#*, each three alleles.

Genetic Variability
Allelic frequencies and genetic variability (PyAH,,
and H ) for 12 populations of Pseudocentrotus depressus
are shown in Table 2.



Natsukari, Tanaka, Chung, and Hirayama

Table 2. Allelic frequencies, proportion of polymorphic loci (P, ), number of alleles per locus (A) and heterozygosity;

0.95
observed (H_) and expected (H,) for 12 sample populations of Pseudocentrotus depressus. Number of individuals scored in

parentheses. (Abbreviations of population correspond with those in Table 1 and Fig. 1.)

Artificial Mixed
Wild Populations Populations Populations
Locus Allele W1 W2 W3 W4 W5 W6 Al A2 A3 M1 M2 M3

70 (0 (2 (6 (21) @)  (109) (100) (129) (67 (66) (68)

LDH* *a 1 1 1 1 1 1 1 1 1 1 1 1

MDH-I* *a 735 795 819 783 767 724 940 447 835 813 770 742
* 265 205 .181 217 .233 .276 D60 553 145 187 230 .258

MDH-2* *¢ 993 1 981 1 979 990 1 1 984 1 977 1
¥ 007 O .019 0 021 .010 0 0 .016 0 023 0

- IDHP* * 074 094 .098 .095 .229 .134 018 150 191 075 073 .238
*» 926 891 902 905 .771 .866 982 840 .8O9 925 919 .762

* 0 015 0 0 0 0 0 010 0 0 008 O
PGDH* *¢ 120 .172 .202 .082 .131 .129 o 041 .280 42 105 0O
*» 873 .820 .798 918 869 .871 1 938 720 858 895 1
* 007 008 0O 0 0 0 0 021 0 0 0 0
HEK* = 0 060 0 0 004 005 023 006 .031 008 0 0
*» 993 940 1 1 996 995 977 994 969 992 1 1
* 007 O 0 0 0 0 0 0 0 0 0 0

GPr* *« 015 0 020 .008 .013 .015 0 0 .018 015 025 0
*» 119 .149 216 .158 .178 .204 010 .111 .100 Jd64 221 .008
* 858 .843 755 .817 .797 771 990 .889 .837 806 738 992
** 0 0 0 017 .004 .005 0 0 .009 0 Ol 0
*e  .008 008 .009 O 008 005 0 0 036 015 0 0

PGM-i* *a O 055 0 0 009 .042 0 05 0 023 010 O
* 908 852 913 877 903 .875 986 .883 .888 901 912 856
*¢ 092 .093 .087 .123 .088 .083 014012 112 .076 .078 .144

PGM-2* *a 046 .116 .011 .008 O 027 108 021 .010 037 022 0O
* 886 .830 978 984 991 .957 892 963 975 840 924 1
* 068 .054 .011 .008 .009 .016 0 016 .015 023 054 0

Pogs 667 778 556 556 .556 .556 222 556 556 667 667 333
A 233 233 211 200 233 233 1.66 222 233 222 233 144
H, 168 206 .147 138 .15¢ .169 047 153 158 141 156 135
Hy 156 191 157 .139 .163 173 048 152 .170 J48 159 110
Hy/H; 1.08 1.08 941 .997 971 974 .9%0 1.01 .928 953 979 1.22
P Proportion of polymorphic loci (P<0.93)

A: Number of alleles per locus

H; Mean heterozygosites per locus (observed)

Hp Mean heterozygosities per locus (expected)
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Table 3. Fixation index (F_ ) for eight polymorphic loci in
three groups of Pseudocentrotus depressus.

Artificial population 1 {A1) and mixed population 3
(M3) had discernibly less genetic variation; and P
was 0.222 and 0.333, respectively. In contrast, values

Locus wild Artificial Mixed of the other 10 populations were 0.5-0.7. In addition,
(6 popu.) (@ popu) (3 popu) the number of alleles per locus of these two populations
was less than 2 for both populations.
. - In all populations except W2 and Al, observed het-
MDH-1 0.0062 0.2430 0.0049 erozygosities (H,) were similar and were from 0.135 to
MDH-2" 0.0070 0.0107 0.0152 0.169. In the remaining two, W2 and A1, H, was 0.047
and 0.206, respectively. Mean H , of the 12 populations
IDHP' 0.0243 0.0512° 0.0512" was 0.1480 (5D, 0.0340). The mean value of H /H_was
1.0105 (SD, 0.0815).
PGDH’ 0.0124 0.1461° 0.0478 F, for the three groups, wild (six populations, W1-
W6), artificial (three populations, A1-A3), and mixed
HE 00368  0.0057 0.0055 (three, M1-M3) are shown in Table 3. In 6 wild
. populations, the £, of each locus ranged from 0.0056
GPr 0.0079 0.0380 0.0744 t0 (0.04753 and the mean was 0.0139. Those in artificial
PGM-1" 0.0056 0.0452 0.0085 group were 0.1178 (mean), 0.0107 (min.), and 0.2450
(max.). In the mixed group, they were 0.0339 (mean),
PGM-2" 0.0475 0.0308 0.0206 0.0049 (min.) and 0.0744 (max.). The means were
largest in the artificial and smallest in the wild popu-
lations.
Mean 0.0139 0.1178° 0.033¢9
* 0.15<F_0.25:<  intensive genetic differentiation
** 015<F_015%<  moderategenetic differentiation
w4
M1
M2
1
W6
w1
W3
w2
W5
A3
M3
A1
A2
0.005 0.01 0.015 002 D

Figure 2. UPGMA dendrogram derived from genetic distance (Nei 1972) among 12 populations of Pseudocentrotus depressus.
Abbreviations of population correspond with those in Tables 1, 2, and 4, and Fig. 1.
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Table 4. Genetic distance (D; Nei 1972) between pairs of 12 populations of Pseudocentroutus depressus. (Abbreviations of
population correspond with those in Tables 1 and 2, and Fig. 1.)

wild

Artificial

w1 w2 W3 W4 W5 Wb Al A2 A3 M1 M2
w2 002219
W3 004053 004146
W 001827 003914 002679
w5 004950 006321  .003550 002769
W6 002182 003872 002374 001299  .001816
Al 008939 008965 013863 009332 015640 014593
A2 014407 021878 025086 017454 017258 01319  .035120
A3 008082 006054 003684 007322 004986 007279 .016436  .031459
M1 001561 001928 001139 001070 003742 001742 .008220 021118 .005153
M2 002088 003963 002031 001375 004042 001243 011756 .018654 009095  .001155
M3 008721 012339 015225 007072 006568 009262 013592 015638 014132 012842 .011096

Genetic Distance and Dendrogram

Nei’s genetic distance (D), calculated between all pairs
of 12 populations, are shown in Table 4. A dendrogram
based on genetic distance using the unweighted pair-
group method of analysis (UPGMA, Sneath and Sokal
1973) is shown in Figure 2.

None of the values of diverging points for the six
wild populations, W1 to W6, exceeded 0.004. Judging
from Figure 2, two of the three mixed populiation (M1
and M2) were genetically similar to the wild ones.
However, the diverging point of M3 population was
fairly large. In contrast, those values for the three
artificial populations, Al to A3, were all large. Among
the three, A2 is remarkably different from the others.
Genetic distance of the diverging point between A2 and
the other 11 populations all exceeded 0.02 (Fig. 2}.

DISCUSSION

Mean H for the 6 wild populations used in this study
were fairly high: 0.165 for H, (range: 0.138-0.206; SD:
0.024) and 0.163 for H_ (0.139-0.191; 0.018) in com-
parison to reported values for other species of the class
Echinoidea. A range of mean values of 0-0.05 (mean:
0.02) has been reported for the four species,
Toxopneustes pileolus, Tripneustes gratilla,
Pseudoboletia maculata, and Pseudocentrotus
depressus (Matsuoka 1985); 0-0.055 (mean: 0.033) for
the two species, Echinostrephus aciculatus and E.
molaris (Matsucka and Suzuki 1987); 0.031-0.043

(mean: 0.033) for Diadema setosum (Matsuoka 1989);
0.035 for Diadema savignyi (Matsuoka 1989); 0.027-
0.056 (mean: 0.0415) for Echinothrix calamaris
(Matsuoka 1989); 0.035 for Echinothrix diadema
(Matsuoka 1989); 0.028-0.088 (mean: 0.0632) for
Anthocidaris crassispina (Matsuoka and Suzuki 1989);
0.072 for Glyptrocidaris crenularis (Matsuoka and
Nakamura 1990); 0.0126-0.0127 (Watts et al. 1990)
and 0.055-0.07 (mean: 0.0653) for Echinometra
mathaei (Matsuoka and Hatanaka 1991); 0.032-0.038
(mean: 0.035) for Stomopneustes variolaris (Matsuoka
and Nakamura 1991). This difference might be caused
by an insufficient number of loci evaluated in the
present study. More than 15 loci were used in the
reported studies.

As shown by the lowF , value (0.0139) for the 6 wild
populations and their dendrogram (Fig. 2), the gene
pool of wild populations of Pseudocentrotus depressus
is geographically homogeneous, in spite of their benthic
behavior and poor mobility after settlement. However,
this homogeneity may be attributable to the fairly long
planktonic larval stages that occur before settlement.
Therefore, it was not unexpected that the F value was
highest in the artificial and lowest in the wild popula-
tion.

The dendrogram resulting from this study (Fig. 2)
suggests certain relationships among the three mixture
populations. Unexpectedly, two of the three mixed
populations, M1 and M2, were genetically similar to
the wild ones, while the diverging point of the M3 was
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fairly large and isolated from populations M1, M2, and
W1-W6. The populations W3 and M3 were collected
from the same site but differ from each other in size as
shown in Table 1. According to the age determination
as derived from the annual ring appeared in the genital
plates (Chung and Natsukari, unpublished), all indi-
viduals of M3 were 2 years old or less, and all of W3
were more than 3 years old. A year prior to the collec-
tion of M3, 1-year-old seeds that were fertilized in
1990 and whose origin was the same as artificial
population A2 were released at the site. No other seed
release was made except this release in 1991. Thus, W3
does not include released artificial seed, and all col-
lected were wild individuals. The population M3 should
be a mixture of wild and artifically reared urchins.
Considering the above facts, M3 was probably influ-
enced genetically by the released seed that had the
same origin as artificial seed A2.

Contrary to our expectations, the two mixed popu-
lations M1 and M2 were not genetically different from
the six wild populations. Artificial seeds were fre-
quently released extending over a 10-year period at the
site where the two were collected. The failure of M1
and M2 populations to be distinct from wild popula-
tions is attributable to the cumulataive effects of mul-
tiple seed releases.
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ABSTRACT

In 1989, Alaska Senate Bill 514 revitalized the shellfish culture industry. As a result of the
legislation, regulation changes were made that streamlined permit processing and added
more security for use of state tidelands for aquaculture. The stabilizing effect of the new
regulations has increased the number of aquatic farms from a handful in the mid-1980s to
72 at the end of 1992,

The majority of Alaska aquatic farmers culture Pacific oysters Crassostrea gigas
because spat are available, and the oysters grow very well on the abundant high quality
phytoplankton. Cold, clean water retards sexual maturation which results in high quality
half-shell oysters being marketable during the summer when oysters from other United
States farms are in reproductive condition and unsuitable for consumption. Small quantities
of blue mussels and scallops are cultured because spat are available from natural
reproducing populations. Littleneck clams, urchins, and abalone are potential candidates
for farming, but spat are not available and growth of these species is slow at northerly
latitudes. Giant kelp, Macrocystis integrifolia, culture was investigated, but further
research and development are needed. Young sporophytes are not available to stock the
farms.

Alaska has strict shellfish transportation regulations to control interaction between
cultured and wild species of shellfish and to prevent spread of diseases. As an example,
import restrictions allow only spat of the Pacific oyster into the state. Oyster spat must also
be less than 20 mm shell height to prevent importation of the parasite Mytilicola orientalis.
Alaska’s shellfish culture industry is severely hampered by the absence of a shellfish
hatchery in the state. In addition to import restrictions, detailed review of shellfish transport
and aquatic farm permit applications are major components of Alaska’s shellfish transportation
regulations. These strict regulations are a source of controversy between the shellfish
culture industry and the Alaska Department of Fish and Game. Due in part to the conflict,
the Alaska Department of Fish and Game is currently modifying the existing regulations,
A shellfish transport policy based on larval drift patterns is proposed.

Ral.onde

INTRODUCTION

Alaska’s shellfish aquaculture industry has a relatively
long history beginning in 1910 with introduction of the
Pacific oyster Crassostrea gigas. The oysters were
planted on beaches from Ketchikan to Homer, Alaska,
but they grew best in southeastern Alaska where meat
production reached a peak of 550 gallons in 1943
(Yancey 1966). The industry ended production in
1961.

Shellfish culture started again in the late 1970s with the
reintroduction of Pacific oyster spat into southeast Alaska.
This time the renewed industry cultured oysters for raw
consumption in the half-shell market. Restrained prima-
rily by lack of capital and restrictive tidelands permit

regulations, the industry was confined to a few farms in
southeastern Alaska near the community of Wrangell.

In 1989, passage of Alaska Senate Bill 514 revitalized
the shellfish culture industry. New regulations stream-
lined permit processing, agency coordination vastly im-
proved, and changes in tidelands permit regulations added
more stability to the industry. Improvements in permit
processing increased the number of applications. By the
end of 1992, 72 aquatic farms using 196 acres of tidelands
were permitted to culture seaweed, clam, scallop, blue
mussel, abalone, and sea urchin {(Table 1).

The new industry is now more dispersed with aquatic
farms located in five primary areas: Kodiak Island, Kenai
Peninsula, Prince William Sound, Yakutat, and south-
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Table 1. Number of aquatic farming permits by species for
69 farms permitted at the end of 1992.

Permit type Numbers of permits

Pacific oyster 49
Blue mussel 33
Scallop 9
Clam i1
Seaweed 21
Urchin 2
Abalone 1

eastern Alaska (Fig. 1). As a result of increased participa-
tion in shellfish aquaculture, sales of shellfish have in-
creased substantially since 1989 (Fig. 2).

Shellfish aquaculture in Alaska is a challenging enter-
prise. To begin with, the state of Alaska does not have a
shellfish hatchery and does not allow importation of any
fish or shellfish into the state other than Pacific oyster spat
that are less than 20 mm in length. Qyster spat are
purchased from shellfish hatcheries in Oregon, Washing-
ton, and California that are approved by the Alaska
Department of Fish and Game. These import restrictions
require shellfish farms, culturing species other than Pa-
cific oysters, to use only species native to Alaska. Seed
stock for the farms culturing native species must currently
be captured from wild populations,

High operation cost is another major problem faced by
Alaska shellfish farmers. The expense of shipping equip-
ment to the farms and product to market is a major problem.
Foerinstance, paralytic shellfish poison (PSP} toxin affects all
bivalve shellfish cultured in Alaska, and all shellfish cul-
tured in Alaska must pass the PSP test before the shellfish
can be shipped to market. The PSP problem has not seriously
harmed shellfish aquaculture, and over 10 years of extensive
PSP monitoring of shellfish farms throughout Alaska have
resulted in very few failed tests. However, PCP testing adds
to the expense of getting the product to market and adds
uncertainty to marketing. If toxicity is detected, the shellfish
cannot be delivered to market.

The constraints under which shellfish aquaculture in
Alaska operates are unique to the nation. Finding ways of
dealing with the constraints and taking advantage of the
promises are what will ultimately determine the success or
failure of each shellfish aguaculture venture.

PACIFIC OYSTER CULTURE

Pacific oysters do not reproduce in the cold waters of
Alaska. As a result, Alaskan oyster farmers must buy
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oyster spat from a shellfish hatchery. Unfortunately, Alaska
does not have a shellfish hatchery; thus, farmers must buy
spat from an out-of-state hatchery. This problem places
the farmers in a precarious position because spat are not
always available, shipments can be delayed, and spat may
not arrive at the farm at the optimum time to take advan-
tage of abundant feed from natural plankton blooms. An
example of the spat availability problem occurred in 1993
when only one oyster hatchery was certified to ship oyster
spat to Alaska, and several shipments were delayed.

Nearly all oyster farming in Alaska employs suspended
culture techniques. Qyster are cultured off the bottom in
lantern net cages and suspended from some form of
flotation, buoy, or raft. Suspended culture is labor inten-
sive and is a costly form of culture.

Alaska is an outstanding place for Pacific oyster cul-
ture. The Pacific oyster, although native to warmer waters,
is an attractive species for aquaculture in Alaska because
it grows very well in cold water providing there is abun-
dant, high quality plankton as a source of feed. Many
estuaries in Alaska produce an amazing quantity of high
quality plankton during bloom periods. This enables some
farms to match growth achieved in the warmer waters of
the Pacific Northwest (Fig. 3). Cold, ciean water also
reduces bactenial contamination, enables extended shelf-
life, assures safety for the consumer, and retards sexual
maturation making the Alaska oyster marketable during
the summer when the supply of half shell oysters is low.

PACIFIC BLUE MUSSEL CULTURE

Native populations of Pacific blue mussels (Mytilus
trossulus) live on many beaches in Alaska. Mussel farmers
cannot buy spat from a shellfish hatchery but must capture
spat from the wild population.

Mussel larvac generally set during the summer. Spat
are ready for transfer to culture gear during the fall or
spring following the set. The farmer removes spat from the
gear and packs them into a net mesh tube called a mussel
sock. The spat filled mussel sock is hung from a raft or
buoy until the mussels reach market size. In Alaska, blue
mussels grow from spat to a market size of 2 to 3 inches in
about 1 year (Fig. 4).

A major constraint for culturing mussels is the labor
required to culture, harvest, and process mussels for
market. Mussel culture has promise because cultured
mussels are fast growing and the meat high quality.
Attaining an adequate production level to allow mechani-
zation of some of the laborious tasks, providing a stable
flow of product to the market, and developing a marketing
strategy are some of the challenges facing mussel farmers.

SCALLOP CULTURE

The muscle from large scallops is in great demand and
commands a high price. For these reasons, scallop culture
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Figure 3. Comparative growth of Pacific oysters between
locations in Alaska, British Columbia, and Washingron,

is very attractive. Four scallop species have aguacuiture
potential. Of these species, weathervane scallop
FPatinopecten caurinus attracts the most attention since it
has a large, marketable size adductor muscle. Unfortu-
nately, weathervane scallop spat are not available because
shellfish hatchery technology is not able to produce spat
efficiently.

Wild spat collection, applied with great success to
capture spat of the Japanese scallop, Patinopecten
yessoensis, has not proven successful for capturing spat of
weathervane scallop. The growth rate for wild weathervane
scallop is slow. Although the growth rate of farmed
shellfish often exceeds that of their wild counterparts, the
question of potential growth for cultured weathervane
scallop needs study,

Culture of purple hinge rock scallop Crassadoma
gigantea has promise because this species also has a
large marketable size muscle. Spat can be hatchery
produced, but since Alaska has no shellfish hatchery,
this species is not currently feasible te culture. Collect-
ing spat from wild populations has not been successful.
Traditional shellfish culture gear cannot be employed
to culture purple hinge rock scallops, since 1-inch-size
scallops have the uncontrollable tendency to attach to
a hard surface. The only way to remove scallop from
the culture gear at harvest time is to cut them out and,
in the process, destroy the gear,

Collecting scallop spat from wild populations has not
been a total failure, because incidental captures of pink
scallop Chlamys rubida and spiny scallep C. hastata spat
have been very successful. Unfortunately, pink and spiny
scatlop do not grow large enough to produce a marketable
size muscle (Fig. 5). Farms currently culturing these
species hope to develop a whole scallop market. Although
of very good quality and easy to culture, whole scallop can
retain more PSP toxin than is accumulated in the scallop
muscle alone. Whole scallops must also be kept alive for
market but have a short shelf life out of water.
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Figure 4. Growth of Pacific biue mussel in Kachemak Bay,
Alaska (Hemming and Hemming 1984).

LITTLENECK CLAM

In Alaska, littleneck clam, Protothaca staminea, will be
cultured on the bottom and mixed with the existing wild
population of clams. Farming clams will cause the greatest
potential for interaction with wild species, since the clam
spat will be planted among the wild population. Culture of
littleneck clams in Alaska has not started since spat are not
available. Growth of littleneck clams is slow in the north-
ern latitudes, requiring up to 6 years for a crop to reach
market size of 35 to 50 mm in length (Fig. 6).

OTHER SPECIES

Abalone is a seafood commanding a very high price, but
culture of the Alaska pinto abaloneHaliotis kameschatkana
is not currently feasible because no spat are available.
Abalone grow slowly and are expensive to feed. A serious
potential abalone farmer should consider including sca-
weed culture as part of the farm operation to assure a
constant food supply. Sea urchin Strongylocentrotus sp.
culture has generated some interest in recent years because
the wild fishery is plagued by the inconsistency of gonad
quality. This causes wide fluctuations in market price.
Culturing urchins may help to eliminate this problem but
has not been explored in Alaska to date.

INTERACTION OF CULTURED SHELLFISH
WITH WILD SPECIES

Even though shellfish production of the current industry
is small and has a negligible effect on the wild shellfish
populations, the number of farms and production is ex-
pected to increase. Shellfish farmers and the Alaska
Department of Fish and Game are currently developing a
comprehensive shelifish transportation policy. Conflicts
concerning transportation issues are increasing. Alaska is
also a special place because our marine systems are often
in pristine condition and highly productive in their natural
state. For shellfish aquaculture to be compatible with the
current and future uses of state marine ecosystems, the
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in the Kodiak region with spiny scallop cultured in Sitka Sound,

Alaska.

potential problem of wild and cultured species interaction
must be addressed.

Shellfish farmers are very apprehensive about the
potential implications of the developing shellfish trans-
port policy. The farmers feel that to some degree they
must have the ability to move shellfish between se-
lected locations. The question is how far and where
should shellfish be allowed to be transported within the
state of Alaska.

The state of Alaska has several regulatory controls that
can effectively limit the impact cultured species have on
wild shellfish populations. These controls are in the form
of an import ban on exoctic species that also applies to
native species that are located outside the state. Essen-
tially, the regulation prohibits any aquaculture species to
be transported across the state boundary into Alaska with
the exception of Pacific oysters. Before importation into
the state, the oyster spat must come from a certified disease
free source, and spat must be less than 20 mm in shell size
to prevent importation of the parasiteMytilicola orientalis.
The aquatic farm permit application process also screens
applications to determine the impact cultured species will
have on the local marine ecology and existing uses of the
uplands and marine resources. The aquatic farm permit
review process is extensive and may require more than a
year to complete (Fig. 7). The third controlling mechanism
is the shellfish transport permit. This permit provides the
Alaska Department of Fish and Game with the most potent
tool to control shellfish transportation by enabling depart-
ment-wide scrutiny to identify and respond to the potential
effects of shellfish transport on wild shellfish populations.
A shellfish transport permit is required for any individual
to transport or hold shellfish. The permit application must
be approved by the Alaska Department of Fish and Game
pathology section, district and regional fisheries manag-
ers, mariculture coordinator, the genetics section, and
director of the department. All permit applications must be
signed by the commissioner of Fish and Game (Fig. 8).

RaLonde

This review process takes approximately 45 days and can
be a very complex and controversial process.

The shellfish transport permit review done by the
Alaska Department of Fish and Game must assure au-
thorities that the shellfish are disease free, not genetically
harmful to the existing wild populations of the same
species, and that the intensity of culture will not signifi-
cantly effect biodiversity of the marine life in the area.
Currently, permit review is done on a case-by-case basis.
Shellfish farmers view this as too arbitrary and restrictive.

A major part of the current problem with shellfish
transport regulations is that a comprehensive shellfish
transport policy has not been developed and decisions
concerning shellfish transportation are made cautiously,
Adequate information about the genetic impacts of aquac-
ulture on wild speciesis not available to formulate a policy,
and the industry is very concerned about the potential for
a very restrictive policy being developed. In addition, the
state legislature has passed funding to construct a shellfish
hatchery. Operation of this facility will require developing
broodstock. With no clear policy about shellfish transport
or how many regional broodstocks must be developed,
future operation of the new shellfish hatchery is not clear.
If transportation of shellfish is very restrictive, how real-
istic will it be for a shellfish hatchery to manage numerous
broodstocks, one to supply each region of the state.

Current thinking about shellfish transport within the
industry and the Alaska Department of Fish and Game is
directed toward developing an initial policy based on
shellfish larval drift patterns. Shellfish transportation
then can occur within the normal drift pattern of the
shellfish of concern.

A policy based on drift patterns of larva requires
information about ocean currents, estimates of shellfish
reproduction location and timing, measurements of shell-
fish larva development time, and an understanding of
metamorphosis and spat setting. Unfortunately, ocean
current data is incomplete and complex, and larva devel-
opment data is estimated only from laboratory research.
Even with these limitations, however, a rough larval drift
pattern can be developed.

SEA SURFACE CURRENT INFORMATION

The northeastern Pacific is dominated by the Alaska current
that flows northward along the coast of southeastern Alaska,
then turns in a counterclockwise direction west along the
south-central region passing Kodiak Island, then along the
Aleutian chain (Fig. 9). The velocity of the Alaska current
varies between 8.6 and 12.9 ki/day with the higher veloci-
ties occurring on the outside of the current and closer to the
Alaska shoreline. Current velocities along the Alaska stream,
which flows from the Kenai Peninsula southwest past
Kodiak Island and into the Aleutians, run between 21.6 and
43.2 km/day (Favorite 1970}.
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Figure 6. Comparison of littleneck clam growth between Prince
Willian Sound and British Columbia (data from Paul et al. 1976,
Quayle and Brown 1972).

In southeastern Alaska, the average surface current
velocity along the western shore is approximately 15.12
km/day (Ingraham et al. 1976). Sea surface current direc-
tion and velocity through the islands of southeastern
Alaska, commonly called the inside waters, is more com-
plex, cansed by the irregularity of the shoreline, influence
of tidal currents, and forces added from freshwater runoff.
Studies by Martin (1969), Washburne (1989), and Crean
(1967) show a complex surface current flow picture for the
inside waters south of Sumner Strait (Fig. 10). The surface
current in this vicinity flows north and east during ebb tide
and south and west during flood tides. The general trend
of surface current is directed southeast, out of Clarence
Strait, then flowing north along the west coast of Prince of
Wales Island. North of Sumner Straits, the currents are
dominated by a northerly flow pattern. Currents flow both
east and west across the southemn tip of Kuiu Island, but the
westerly flow dominates. Chatham Strait has both a north
and south current, but the north current dominates. For
channels nearest the mainland, the surface current is
predominantly directed north. Velocities in the inside
water vary from O to 8.1 km/hr. The average current
velocity is approximately 2.8 km/hr.

Sea surface currents within Prince William Sound
flow west as demonstrated by deposition of oil from the
Exxon Valdez oil spill which fouled the beaches of the
Kenai Peninsula, Cook Inlet, and Kodiak Island (Fig.
11). The average velocity of the surface current in this
vicinity is estimated to be over 12 km/day. The surface
currents that enter into Cook Inlet flow into the inlet
along the northern shore of the Kenai Peninsula, change
direction at the northern extreme of the inlet, and then
flow southwest reaching Kodiak Isiand and the Aleu-
tian chain (Fig. 12). Current velocities within Cook
Inlet range from 1.8 to 5.6 kms/hr (Rosenburg et al.
1967). Around Kodiak Island, the prevailing surface
current flows southeast toward the Aleutian chain (Fig.
13).
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SHELLFISH LARVAL DEVELOPMENT

Shellfish larval development is most dependent on water
temperature (Strathmann 1987). In Alaska, bivalve larvae
begin to appear in significant numbers during May and June
{Coyle and Paul 1990, Overseas Fisheries Cooperation
Foundation of Japan et al. 1989). Of the Alaska bivalve
species, the Pacific blue mussel and spiny scallop are most
widely dispersed, and larval development data is available to
estimate the length of their drifting planktonic phase.

Sea surface temperature data from June through Sep-
tember indicates a warming trend during the summer and
sudden cooling in September. The surface water tempera-
ture for the inside waters of southeastern Alaska are found
in Table 2, while Fig. 14 and Table 3 show the locations
and surface temperatures for the Alaska current. This data
was used to estimate larval growth for inside waters in
southeastern Alaska and the Alaska current.

Pacific blue mussel development was estimated using
growth rate data reported by Widdows (1991) (Table 4).
Within the ocean surface temperature ranges found in
Alaska, the rate of larval growth was assumed to have a
linear relationship with temperature causing settling to
occur within 24 to 56 days. Hodgson and Bourne (1988)
estimated spiny scallop larva setting times based on tem-
perature. From their conclusions, estimates of larva
development were calculated assuming a linear relation-
ship between larval growth and temperature (Table 5).
Settling occurs between 31 and 50 days after spawning.

A point of caution is due at this point. The larval
development data obtained from most research is done
under laboratory conditions where temperatures and nu-
trition of the larva are controlled. The growth rates
calculated from laboratory studies can only be an estimate
of natural growth rates. Bivalve larva also have the ability
to extend their larval life if environmental conditions at
the setting site are not suitable or if food deficiency slows
the growth rate. Spiny scallop larvae, for example, can
extend their larval life phase by 95 days before evidence
of deterioration occurs (Hodgson and Bourne 1988).
Widdows (1991} reported that blue mussel larva can
extend their larval life by up to 3 months. One factor
common to both studies, however, is that mortality of
larvae is increased substantially during an extended
larval growth period.

Combining the effect of sea surface temperature on
development, the length of larval life of blue mussels and
spiny scallop, and the direction and velocity of surface
currents, a pattern of larval drift was estimated. These
estimated larval drift patterns and setting location will be
discussed by region.

LARVAL DRIFT IN SOUTHEASTERN ALASKA

In southeastern Alaska, the effect of water temperature
indicates that Pacific blue mussel larva can drift, during
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Figure 7. Aquatic farm permit processing flow chart (from Alaska Department of Fish and Game).
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Shelifish Transport Permit
Review Process

1. Regional Supervisor

2. Fish Health Services Pathologist
3. Principal Geneticist

4. Mariculiure Coordinator

5. Director - Division of Commercial
Fisheries Management
and Development

6. Director of Fish and Game

7. Commissioner of Fish and Game

Figure 8. Shellfish transportation permit review procedure for
the Alaska Department of Fish and Game.

Figure 9, Sea surface current pattern in the Gulf of Alaska (from
Schumacker and Reed 1987).

their normal development period, 30 days during the
month of June (Table 6). Estimated current velocities
during the larval development period can disperse bivalve
larva throughout much of southeast Alaska and, in the
Alaska current, larvae can drift the entire distance from
Dixon Entrance to Cape Spencer. For the inside waters,
however, tidal influences can cause bivalve larvae to drift
back and forth for extended periods. This is particularly
true for the region south of Sumner Strait (Table 7). The
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150 Kilimeters

Figure 10. Surface current flow pattern for the inside waters of
southeastern Alaska (compiled from Martin 1969 and Washburne
1989).

southeastern Alaska region appears to be separated from
Prince William Sound since mussel larva, even when
starting a northerly drift at Cape Spencer, must have an
extended larval period to reach Cordova in Prince William
Sound.

Larvae dispersal and setting is similar for spiny scallop
larvae. Scallop larva drifting for 31 days in a northerly
direction along the coast of southeastern Alaska have
ample time to be widely dispersed. Setting will occur
between 31 and 50 days at summer water temperatures
which means that scallop larvae starting their drift at
Dixon Entrance can set throughout much of southeastern
Alaska. Larvae starting their drift at Cape Spencer, like
blue mussel, will reach settle size before arriving at Prince
William Sound (Table 8).

LARVAL DRIFT IN SOUTH-CENTRAL ALASKA

Blue mussel and spiny scallop larvae drifting out of Prince
William Sound can reach much of the Kenai Peninsula,
Kachemak Bay, Kodiak Island, and portions of the Aley-
tian chain within normal larval development times (Table
9). Table 10 presents a summary of settling sites for the
blue mussel and spiny scallop larva and indicates several
important features.

Bivalve larvae in the outside waters of southeastern
Alaska will most often drift north, and the long section of
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Figure 12. Sea surface currents around Cook Inlet, Alaska

{modified from Burbank 1977).

Figure 13. Sea surface currents around Kodiak Island (Galr
1979).

coastline between Cape Spencer and Prince William Sound
effectively separates southeastern larvae from south-central
larvae when their development time is normal and the
setting environment is suitable. For south-central Alaska,
with the predominant currents flowing west, the eastern
stock of bivalves impacts more on the westemn stocks and the
influence may extend from Prince William Sound to the
Aleutian chain. Western stocks of bivalves do not influence
more eastern stocks, except for possible short distance
transport influenced by tides and freshwater runoff. For
reproducing bivalve species, a shellfish transport policy
based on larval drift appears to have some merit.

OTHER SHELLFISH TRANSPORT ISSUES

‘While considering shellfish transportation, the potential
for spread of disease also must be considered. This issue is
not addressed in this paper. Obviously, shellfish farmers
and the Alaska Department of Fish and Game want to
prevent importation or spread of disease. This issue needs
to be addressed independently of larval drift arguments.

It is important to keep in mind what else affects the
survival of bivalve larva to adult age, other than larval
drift. Blue mussel populations have been found to be
genetically similar for broad regions, particularly the
younger age classes (McDonald and Koehn 1988 and
McDonald et al. 1991), but selective pressure caused by
environmental conditions can significantly change the
genetic characteristic of the adult population from that of
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Table 2. Surface water temperature data for the inside
waters of southeastern Alaska (compiled from Jones 1978).

Table 4. Rate of blue mussel development with temperature
(Widdows 1991).

Degrees centigrade
Location June July August  September Oclober
Guard island 13,60 14.40 14.80 13.10 10.40
Uncoln Rock  12.50 13.30 14.30 12.00 .70
Five Fingers 5.80 8.90 10.30 8.70 7.90
Point Retreat 10,80 12.80 12.40 2.80 7.20
Eidred Rock  13.10 13.30 12.20 8.90 5.80

Note: Refer to Figure 10 for locations.

Table 3. Surface water temperature data for the
northeastern Pacific (compiled from Brower et al. 1989).

Degrees cantigrade
Region  June July August  September Qctober
A 10.00 1200 13.00 12.50 11.00
B 9.50 12.50 14.00 13.00 9.50
C 8.00 11.50 12.50 11.50 9.00
D 7.00 10.00 11.50 10.00 8.50

Note: Refer to Figure 14 for location of regions.

GULF OF ALASKA

Figure 14. Sea surface temperature zones designated in Table 3.

the origin spat set (McDonald and Sicbenallar 1989).
Generalizing the assumption that selective pressure will
sort out shellfish transportation mistakes can also be
dangerous since scallop, for example, have been shown to
have less selective pressure and a number of subpopulation
genotypes can coexist in the same area (Beaumont 1982,
Kijima et al. 1984, Krase 1989).

RESEARCH NEEDS

A comprehensive shellfish transportation policy needs fur-
ther research to establish regulations using sound informa-
tion. Genetic studies need to be conducted on several impor-
tant bivalve species including the Pacific blue mussel,
littleneck clam, and scallop. Studies that can determine the
extent of selective pressures will be useful to refine guide-
lines for reviewing shellfish transport permit applications
and to estimate the prospects for success of culturing or
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Tempercitures Developmental rate  Days required
C microns/day to settle
7 3.96 56
8 4.53 49
@ 5.10 43
10 675 33
1 7.42 30
12 8.10 27
13 878 2
14 .45 23
15 10.13 21

Table 5. Number of days to setting for spiny scallop larva
based on water temperature (estimates based on data from
Hodgson and Bourne 1988).

Temperature  Days

10 set
7 80
8 48
Q 46
10 44
11 42
12 39
13 37
14 35
15 33
16 KY

transplanting a bivalve species from one location to another.
Reciprocal transplants and studies comparing spat and adult
population genetic characteristics should be conducted to
estimate the effects of natural selection. In southeastern
Alaska, research needs to be conducted to determine if there
are populations of bivalveS isolated by counter surface
current flows. Other laboratory techniques used to define
shellfish transportation policy are only estimates of natural
phenomena and should be treated as such.

CONCLUSIONS

1. The use of larval drift for evaluation of shellfish
transport permit application appears to have merit.

2. Drift of larva from a single location can spread
over a wide area, and in the Gulf of Alaska the
drift is predominantly north for southeastern and
west for south-central Alaska.
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Table 6. Summary of larval development and setting times of blue mussel larvae for the inside waters of southeastern Alaska.

Current drift section Month Kilometers Temperatures Developmentalrate Doaystodift  Daysto
C microns/day through section®  settle
Ketchikan to Wrangeil June 143.20 13.61 919 8.29 23.95
Ketchikan to Wrangeil July 143,20 14.44 9.75 8.29 22.57
Ketchikan to Wrangell August 143.20 14.83 10.01 8.29 21.98
Ketchikan fo Wrangell September 143.20 13.00 8.78 8.29 25,07
Ketchikan to Wrangell October 143.20 10.44 7.05 8.29 31.22
Wrangell to Petersburg June 64.36 12,50 8.44 3.72 2607
wrangell to Petersburg July 64,34 13.33 9.00 3.72 24.45
wrangell to Petersburg August 64.36 14.28 .64 3.72 22,82
Wrangell to Petersburg September 64.36 11.94 8.06 3.72 27.30
Wrangell to Petersburg October 64.36 Q.72 6.56 3.72 3353
Petersburg to Juneau June 173.77 10.83 7.3 10.05 30.00
Petersburg to Juneau July 173.77 12.78 8.63 10.05 2550
Petersburg to Juneau August 173.77 12.39 8.36 10.05 2.3
Patersburg to Juneau September 173.77 2.83 6.64 10.05 33.16
Petersburg to Juneau October 173.77 717 4.06 10.05 54,15
Juneau o Haines June 160.9 13.06 8.82 2.30 24,96
Juneau to Halnes July 160.9 13.33 9.00 2.30 24,45
Juneau to Halnes August 160.9 12.22 8.25 2.30 26.67
Juheau to Haines September 160.9 8.89 504 2.30 43.67
Juneau fo Haines October 160.9 5.83 3.30 9.30 66.59

* Agsines maximum drift velocity of 20 cm/sec (17.28 Kms/day).

Table 7. Summary of development and setting times for blue mussel larvae drifting in the Alaska current.

Curent drift section Kilometers Diftdays  Larva growth Cumulative Proportion of growth at - Cumulative proportion of
through section it June growth satting at 220 microns development toward
at 15cms/sec sating at 220 microns *
Dixon Enfrance to Craig 142.60 .75 65,70 65.70 0.30 0.30
Craig to Port Alexcnder 135.20 9.23 62,21 12751 0.28 0.58
Port Alexander to Sitka 151.86 10.37 59.89 197.80 0.32 0.90
Sitka to Cape Spencer 157.42 10.75 72.45 27025 0.33 123
Cape Spencer to Cordova F7599 55.00 387.75 357.35 116 1.69"
Cordova to Seward 27039 11.356 51.47 51.47 0.23 023
Cordova 1o Homer 500.04 28.00 12699 12699 0.58 0.58
Cordova to Kodiak land 51854 38.00 172.14 17214 0.78 078

* A proportion equal to 1 indicatesthat the larva hasreached setting size. If the proportionis significantly greater than 1, the larvadoes not reach the destination within normal
developmenttime.

3. Alarval drift policy must also account for localized transporting shellfish if the transplant is to be
shift in currents as occurs in southeastern Alaska successful.
which may cause mixing of populations of shellfish 7. Extensive research is necessary for eventual
in more than one direction of current flow. development of a comprehensive shellfish
4. The south-central region, with current flow from transport policy.

east to west, causes extensive dispersion of east-

ern population of bivalve toward the western LITERATURE CITED

region ranging from Prince William Soundtothe  Beaumont, A.R., 1982. Geographic variation in allele

Aleutian chain. frequencies at three loci in Chlamys opercularis from
5. Transporting shelifish over a long distance with Norway in the Brittany coast. Journal of the Marine

significant environmental differences can result Biological Association of the United Kingdom 2(2):243-

in high mortalities and is not an effective way to 261.

manage an aquaculture operation. Brower, W.A., J.L. Wise, HW. Harold, HLF. Diaz, and
6. Environmental similarities, particularly tempera- A.S. Prochtel, 1989. Climatic Atlas of the Outer Con-

ture and salinity, are important to consider when tinental Shelf Waters and Coastal Regions of Alaska:
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Table 8. Summary of larval development and drift timing for spiny scallop in southeastern Alaska.

Current drift section Month Kilometers Temperature Daystodrift  Normal days to
in length C through section®  setlement
Ketchikan to Wrangell  June 143,20 13.61 8.29 38.00
Ketchikan to Wrangell  July 143.20 14.44 829 38.00
Ketchikan to Wrangell  August 143.20 14.83 829 36.00
Ketchikan to Wrangell  September 143.20 13.00 8.2¢ 40.00
Ketchikan to Wrangell October 143.20 10.44 829 46.00
Wrangell to Petersburg June 64,36 12,50 372 40,00
Wrangell to Petersburg July 64.36 13.33 372 40,00
Wrangell to Petersburg  August 64.36 14.28 3.72 38.00
Wrangell to Petersburg September 64.36 11.94 3.72 12.00
Wrangs!l to Petersburg October 64.36 9.72 3.72 46.00
Petersburg to Juneau  June 173.77 10.83 10.05 44.00
Petersburg to Juneau  July 173.77 12.78 10.05 40.00
Petersburg to Juneau  August 173.77 12.39 10.05 42.00
Petersburg to Juneau  September 173.77 .83 10.05 46,00
Petersburg to Juneau  October 173.77 7.17 10.05 52.00
Juneau to Haines June 160.90 13.06 .30 40.00
Juneau to Haines July 160.90 13.33 9.30 40.00
Juneau to Haines August 160.90 12.22 2.30 42,00
Juneau 1o Haines September 160.90 8.89 .30 48.00
Juneau to Haines October 160.90 583 9.30 54.00

* Assumes a drift velocity of 20 cm/sec.

Table 9. Summary of development and setting times for spiny scallop larvae drifting in the Alaska current.

Current drift section Kiometers  Driftdays® Temperaotwe Development Cumulative days
through secfion days to set of development

Dixon Entrance to Craig 142.60 2,75 10.00 44,00 Q.75

Croig to Port Alexonder 13520 9.23 10.00 44.00 1898

Port Alexander to Stka 151.86 10.37 10.00 44,00 29.35

Sitka to Cape Spencer 157.42 10.75 10,00 44.00 40.10

Cape Spencer fo Cordova 775.99 55.00 10,00 44,00 95,10

Cordova to Seward 27039 11,35 8.0 48.00 1135

Cordova to Homer 500.04 28.00 8.00 48.00 28,00

Cordov