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Migrations, Abundance, and Origins of Salmonids in Offshore Waters
of the North Pacific — 1998

Abstract

This report summarizes research on high seas salmonids conducted in FY98
(October 1997-September 1998) by the Fisheries Research Institute (FRI), University of
Washington, under contract to the U.S. National Marine Fisheries Service (NMFS). The
research was conducted in two major areas: (1) stock origin studies (including scale
pattern analysis and tagging) and (2) ocean ecology, carrying capacity, climate change,
and stock assessment.

FRI scientists participated in two NMFS salmon research cruises in the Aleutian
Islands and Gulf of Alaska, a wintertime cruise aboard a Japanese salmon research vessel
in the western and central North Pacific and Bering Sea, and two summertime cruises on
Japanese salmon research vessels with operations in the central North Pacific, Bering
Sea, and Gulf of Alaska. Fifty-five temperature-recording archival tags were placed on
salmonids, and thus far, four tags were returned. Data revealed that temperatures
encountered by the fish were higher at night, and that temperatures were more variable
during the daytime. Disk tags were attached to 963 salmonids on Japanese cruises and
seven salmon on a NMFS cruise. Seventeen Japan-U.S. tags were returned (14 chum, 1
pink, and 1 coho salmon, and 1 steelhead) in the last year. Ninety coded-wire tag
recoveries of chinook salmon caught by U.S. commercial groundfish fisheries included
the first information on summer distribution of Yukon River chinook in the offshore
waters of the eastern Bering shelf, the second recovery of Washington chinook in the
Bering Sea, and recoveries off the Washington coast of Snake River hatchery fish, which
are representatives of wild fall chinook listed under the U.S. Endangered Species Act.

The results of several stock identification and scale studies are summarized. A
study of age 0.3 chum salmon in the 1994 Bering Sea pollock B-season bycatch was
published. A sockeye salmon scale aging test involving salmon scientists from Russia,
Japan, Canada and the U.S. indicates a high degree of consistency in ocean ages but
substantial variation in freshwater ages. A study of timing of scale annulus formation in
chinook salmon revealed that annulus formation varied by freshwater age or behavioral
type. Historical results of high seas tag, scale pattern, and parasite stock identification
research were summarized to show overlap in ocean ranges of Russian and North
American sockeye, coho, and chinook and to identify gaps in information on stock
origins.

Summaries are presented of research cruise data, food habits, bioenergetics, and
carrying capacity modeling. Research gillnet catch, age, weight, and length data, and
stomach contents data from cooperative Japan-U.S. cruises were summarized by
oceanographic region. A 24-hour food habits study in the Bering Sea showed peak
feeding activity by sockeye and pink salmon immediately after sunset and by chum
salmon in mid- to late afternoon. Models of digestion and consumption rates were
sensitive to estimated start and end times of feeding. More intensive sampling is needed
at dawn and dusk, when salmon switch prey types. Bioenergetic modeling of pink
salmon in the Gulf of Alaska indicated that salmon can continually increase their growth
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rates, by eating an increasing proportion of squid as salmon body weight increases. An
index of squid abundance based on salmon food habits data was developed. Carrying
capacity model simulations indicated that as the size of central Alaskan pink salmon
decreases with increasing abundance, squid might change from being prey of salmon to a
competitor. Simulations also revealed that a build-up of salmon predators after an
“upward” regime shift (e. g., post-1976) might have severe consequences during a
“downward” regime shift because high populations of predators could rapidly reduce
declining salmon biomass.

Other research topics summarized in this report include: origin and catches of•
Dolly Varden in offshore waters; scale growth studies in the Gulf of Alaska; Russian
sockeye scale time series and carbon isotopes; and seasonal levels of insulin-like growth
factor-I. Results from these studies will be reported later. Research coordination with
the Auke Bay Laboratory and participation of FRI personnel in NPAFC meetings and
activities is also summarized.

Introduction

Since 1955, the U. S. Government has contracted the Fisheries Research Institute
(FRI), University of Washington, to conduct research on issues related to Pacific salmon
and steelhead (Oncorhynchus spp.) in the North Pacific Ocean and to participate in the
deliberations of the International North Pacific Fisheries Commission (INPFC, 1955-
1992) and the North Pacific Anadromous Fish Commission (NPAFC, 1993-present).
This report summarizes research on high seas salmonids conducted in FY98 (October
1997-September 1998) by FRI under contract to the Auke Bay Laboratory (ABL), U. S.
National Marine Fisheries Service (5OABNF700003). The research was conducted in
two major areas: (1) stock origin studies (including scale pattern analysis and tagging)
and (2) ocean ecology, carrying capacity, climate change, and stock assessment
(including cooperative international cruises, food habits and bioenergetics, growth
studies, models of carrying capacity, and coordination with ABL research). In addition
this report summarizes the participation of FRI personnel in NPAFC meetings and
activities.

I. International Cooperative High Seas Salmon Research

A. Stock Origin Studies for Research. Management, and Enforcement

1. HIGH SEAS TAGGING PROGRAM
In cooperation with ABL, FRI initiated a new program in 1998 of placing

temperature-recording archival tags on salmonids. FRI also assumed responsibility for
reporting high seas research vessel and domestic trawl fishery recoveries of coded-wire
tags to NPAFC, in addition to regular tag release and recovery activities.
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Temperature-recording archival tags
Fifty-five temperature-recording archival tags were placed on Pacific salmonids

in the North Pacific Ocean and Bering Sea during three research cruises (Walker et al.
1998a). In May six sockeye (0. nerka) and one coho salmon (0. kisutch) were tagged in
the Gulf of Alaska and eastern North Pacific. Twelve steelhead trout (0. mykiss) were
tagged in June in the central North Pacific, and 23 chum salmon (0. keta) were tagged in
July in the Bering Sea. Thirteen salmonids (4 sockeye, 1 chum, 4 pink (0. gorbuscha), 3
coho, and 1 steelhead) were tagged on transects along 165°W and 145°W in late June and
early July. Four tags have been returned to date.

Tag 189 - Pink salmon. A pink salmon, tagged at 56°N, 145°W in the Gulf of
Alaska on 3 July 1998, was caught by coastal seine at Cape Izhut, Afognak Island, on 24
July after 21 days at liberty (4,063 temperature data points at 7.5 minute intervals; Fig.
1). Great circle distance was 501 km from the tagging location, which indicates a
minimum travel speed of 23.9 km/day. The data on temperatures encountered by the fish
show two clear phases (Fig. 1). During the first phase, the fish remains at relatively
constant temperatures of 10-11°C during both day and night for five days (July 3-7). This
may represent a period of recovery from tagging trauma, where the fish remains in or
near surface waters, with few dives. The second phase shows fairly constant, higher
temperatures at night, and cooler but more variable temperatures during the day, with
moves between cooler and warmer waters. This may represent a normal pattern of
moving to surface waters at night, possibly feeding, and diving to deeper, cooler waters
during the day, but with frequent rises to warmer waters. Within this second phase, three
periods can be discerned. At first (July 8-11), the fish is in 11-12°C waters at night and
in cooler waters for most of the day. We think the fish is still in waters of the Dilute
Domain (Alaskan Gyre). Next (July 12-18), nighttime temperatures are slightly higher
and daytime data cover a wider range of temperatures. This is probably when the fish is
crossing the wanner waters of the Alaska Current. Finally (July 19-23), temperatures at
night are cooler again and the daytime temperature range is narrower. The fish was
probably in waters on the coastal side of the Alaska Current, where surface waters are
cooler, but warmer temperatures and the thermocline are found slightly deeper.

Tag 52- Coho salmon. A coho salmon, tagged at 56°N, 145°W in the Gulf of
Alaska on 3 July 1998, was caught by drift gillnet in Togiak Bay on 24 August after 52
days at liberty (5,857 data points at 15 minute intervals; Fig. 2). Combined great circle
distances (via Unimak Pass) are 1,858 km from the tagging location, which indicates a
minimum travel speed of 35.7 km/day. The data on temperatures encountered by the fish
show three clear phases (Fig. 2). Like the pink salmon, the coho seems to undergo a five-
day recovery from tagging trauma, remaining at relatively constant temperatures day and
night. The second phase (July 8-August 5) shows moves between cooler and wanner
waters, with night temperatures only slightly more constant than days. In the last phase
(August 6-24), the fish stops most of its sharp movements between warm and cool
temperatures. At this point the fish may have stopped feeding or whatever behavior
necessitated the dives and started travelling to its spawning river. During these last three
weeks, many days show a mid-day temperature peak approximately 0.5-3°C warmer than
the early and late portions of the day, and nighttime temperatures show gradual cooling.
The fish is probably swimming steadily near the surface, and the small rises and falls
reflect the diurnal pattern of daytime warming of surface waters and cooling at night.
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Tag 198 - Steelhead trout. A steelhead trout, tagged at 50°N, 145°W in the Gulf
of Alaska on 9 July 1998, was caught by drift gillnet inside Softuk Bar, Copper River
Delta on 14 August after 36 days at liberty (6,909 data points at 7.5 mm. intervals; Fig.
3). Great circle distance was 931 km from the tagging location, which indicates a
minimum travel speed of 25.9 km/day. The steelhead data also show a possible recovery
phase of relatively constant day/night temperatures (Fig. 3). The fish then began a diel
pattern of fairly constant, higher temperatures at night, and more variable temperatures
during the day. Unlike the pink salmon data, the daytime temperatures are frequently as
high or higher than night temperatures. Within this second phase, three periods can be
discerned. At first (July 13-28), the fish is in 11°C waters at night and waters ranging
from 7 to 12°C during the day. We think this is when the fish was still in the Subarctic
Current and the Ridge/Dilute Domains of the Alaskan Gyre. Next (July 28-August 9),
nighttime temperatures are higher, probably the warmer waters of the Alaska Current. In
the final period (August 11-14), there is no clear pattern; the fish is probably in waters on
the coastal side of the Alaska Current. During the entire time at liberty, many days show
a mid-day temperature peak approximately 1°C warmer than the early and late portions
of daylight hours. Steelhead are surface-oriented, and the warmer mid-day peaks may be
diurnal solar heating of surface waters. A surprising feature of the data is frequent
movement between warmer and cooler waters. Since steelhead have been assumed to be
surface-oriented, such frequent dives (probably down to about 50 m) were not expected.

Tag 259 - Chum salmon. A chum salmon, tagged at 52°30’N, 179°30’W in the
central Aleutians on 3 July 1998, was caught by setnet at the mouth of the Tokachi River,
Pacific coast of Hokkaido (42°39’N, 143°31’W), on 4 September after 63 days at liberty
(6,011 data points at 15 mm. intervals; Fig. 4). Great circle distance was 2,942 km from
the tagging location, which indicates a minimum travel speed of 46.7 km/day. We have
just received these data, and have not yet analyzed them in detail. The initial 23 days (3-
25 July) are puzzling, with very few moves between warmer and cooler water. This
could be a very prolonged recovery from tagging trauma, or perhaps it is “normal”
behavior in the Bering Sea, similar to that displayed by the coho salmon in the latter part
of its migration. The subsequent data show a pattern of moves between warmer and
cooler water. Like the pink salmon and steelhead, the chum is in warmer waters with
fewer dives at night. -

The fish tagged in the Gulf of Alaska (coho, pink, and steelhead) were at warmer
average temperatures than the chum salmon (Table 1). The chum salmon was also found
at a wider range of temperatures (Tables 1 and 2). This is probably mainly an effect of
the different oceanographic areas traveled by the fish, but may also be due to species
differences. Except for the coho salmon, fish generally were found at slightly higher
temperatures at night, with a lower variability (smaller temperature range and less
movement between temperatures). Percentage of time spent at different temperatures
may be useful for bioenergetics studies (Table 2).

High seas tagging
Scientists aboard the F/V Great Pacific in the Gulf of Alaska and eastern North

Pacific conducted tagging operations on viable salmonids caught by trawl (Fig. 5;
Carlson et al. 1998). Fish were tagged with FRI Petersen disk-tags. These tagging
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experiments resulted in the release of six sockeye and one coho salmon. A temperature
data archival tag was placed on each of these salmonids.

Tagging operations on viable salmonids caught by longlines were conducted by
scientists aboard the RIV Wakatake maru along a transect in the central North Pacific and
Bering Sea (43°00’N to 58°3OtN at 179°30W and at 56°30’N between 177°30W and
177°30’E; Fig. 5; Ueno et al. 1998). Fish were double-tagged with FAJ (Fisheries
Agency of Japan) and FRI Petersen disk-tags. These tagging experiments resulted in the
release of 884 salmonids, including 23 sockeye, 809 chum, 8 pink, 21 coho, 10 chinook
salmon (0. tshawytscha), and 13 steelhead trout. Temperature data archival tags were
attached to 12 of the steelhead and 23 of the chum salmon tagged with disk tags.

In 1998 aboard the T/S Oshoro maru ten salmon (11 in 1997) in the central
North Pacific Ocean, 41 salmon along the 165°W transect, and 28 salmonids (28
salmon in 1997) along the 145°W transect were tagged and released (Fig. 5; Walker
et al. 1998b). Temperature data archival tags were attached to one salmon released
along the 165°W transect and to 12 salmonids released along the 145°W transect.

High seas tag recoveries
From 1 September 1997 through 15 September 1998, seventeen Japan-U.S.

tags were returned (14 chum, 1 pink, and 1 coho salmon, and 1 steelhead; Myers et al.
1998a; Table 3). These tagged salmon were released in 1997 and 1998 during
cooperative Japan-US tagging operations aboard the Wakatake inaru and Oshoro
maru in the central Aleutian Islands, Bering Sea, and Gulf of Alaska in June and July.
The steelhead and pink and coho salmon were released in the central Gulf of Alaska
in July 1998 and recovered in Alaska; all carried temperature data archival tags. The
pink salmon was recovered off Afognak Island after three weeks, the steelhead was
recovered at the Copper River Delta after five weeks, and the coho was recovered in
Togiak Bay after seven weeks. The steelhead was the first Alaskan recovery of a
steelhead tagged on the high seas. The coho recovery extended the known range of
western Alaskan coho in the Gulf of Alaska northeastward by 550 km. Twelve
maturing chum salmon released in July 1997 in the central Aleutian Islands and
Bering Sea were recovered in Hokkaido and Honshu from September to November
1997. Two maturing chum carrying different types of archival tags were released in
early July 1998 in the central Aleutian Islands and Bering Sea and recovered
approximately two months later in Hokkaido.

Processing center for tag recoveries
FRI is the North American processing center for recovery of high seas salmonid

tags. This activity requires advertising for tag returns, returning tags and recovery
information to appropriate agencies, returning information on tag recoveries and a reward
to fishermen and processors who return high seas tags, and reporting new tag recoveries
in a document for NPAFC (Myers et al. 1997a, 1998a).

In the spring, we advertised for return of high seas salmon tags by mailing
approximately 1400 informational packets to addresses in Alaska, British Columbia,
Washington, Oregon, and California. These packets were sent to federal, state, and tribal
fisheries research and management agencies, fishermen’s organizations, salmon buyers
and processors, and post offices. The informational packet included a letter explaining
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the tagging program and the importance of returning tags, a poster advertising for tag
returns (Fig. 6), and a business-reply envelope that includes a form for recording
recovery information (tag number, date, location, fishing gear) and salmon biological
data (species, sex, body weight, and how to collect scales).

Since 1991, we have offered a cap as a reward for people who return high seas
tags. The reward caps are embroidered with the profile of a tagged salmon and the words
“International High Seas Tagging” to emphasize the cooperative nature of the high seas
tagging program of NPAFC-member countries.

Snout collectionforpotential recovery ofcoded-wire tags
Snouts were collected by the Wakatake maru from fin-clipped salmonids because

these fish may contain a coded-wire tag (Table 4). Twenty-four steelhead trout with
clipped fins were caught between 43°OO’N and 47°30’N. Clipped fins included adipose,
left ventral, left pelvic, and right pectoral fins. Snouts were salted and sent to ABL for
recovery of coded-wire tags. None of the snouts has been examined for tags as yet.

Aboard the Oshoro maru, snouts were collected from 46 salmonids lacking
adipose fins (35 steelhead and 6 coho, 2 sockeye, 2 chum, and 1 chinook salmon; Table
5). Snouts were salted or frozen and sent to ABL for recovery of coded-wire tags. None
of the snouts has been examined for tags as yet.

Maintenance and updating of tag release and recovery databases
The high seas salmon tag release and recovery databases were updated with data

provided at the 1997 NPAFC annual meeting. Japan reported double-tagging operations
conducted with the United States. The release database was updated with 41 operations
in which 818 fish were tagged and released. Eighteen fish were added to the tag recovery
database (12 recoveries from Japan, 1 recovery from Russia, 1 recovery from
Washington, 4 high seas recoveries). The updated databases are available to all national
sections. Preliminary information from documents prepared for the 1998 NPAFC annual
meeting indicates 963 fish were tagged in 44 operations. New tag release and recovery
information will be added to the databases in the next year of the contract.

Maintenance and updating ofhigh seas and observer coded-wire tag. iecovery databases
In 1998 FRI assumed responsibility for reporting recoveries of coded-wire

tags by high seas research vessels and the domestic trawl-fishery observer program.
This activity requires obtaining information from ABLon recovery data and tag
codes, entering it into the coded-wire tag recovery database, and reporting new tag
recoveries in a document for NPAFC. The coded-wire tag recovery database was
updated with trawl observer data provided by ABL. No data were available from
high seas research vessels at the time the report was completed (Myers et al. 1998b).

Information reported to NPAFC includes previously unreported release and
recovery data for 90 coded-wire tagged chinook salmon recovered in 1996 (21
recoveries), 1997(57), and 1998(12; Table 6). All reported recoveries were made by
U.S. observers on commercial groundfish vessels operating in the U.S. Exclusive
Economic Zone in the Bering Sea (62 recoveries), Gulf of Alaska (2), northeastern
Pacific Ocean (22), and unknown locations (4). The fish originated from releases in
the Yukon Territory (1 recovery), Alaska (27), British Columbia (40), Washington
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(11), Oregon (8), and California (3). Notable recoveries include: (1) the first
information on summer (June) distribution of Yukon River chinook salmon in the
offshore waters of the eastern Bering shelf, (2) the second reported recovery of a
Washington-origin chinook salmon in the Bering Sea, and (3) three recoveries off the
Washington coast in 1996 of Snake River, Washington, hatchery fish, which are
representatives of wild fall chinook salmon listed under the U.S. Endangered Species
Act (Myers et a!. 1998b). Recoveries of CWT salmonids from high seas research
vessel operations in 1998 will be reported later.

2. ScALE PATTERN ANALYSES

Origins of1994 chum salmon bycatch
The final results of a scale pattern study to estimate origins of chum salmon

caught incidentally in the 1994 eastern Bering Sea walleye pollock trawl fishery were
published (Patton et al. 1998). Approximately 74,500 chum salmon were intercepted in
the 1994 U.S. walleye pollock (Theragra chalcogramma ) B-season fishery in the eastern
Bering Sea and Aleutian Islands. Using scale pattern analysis, we estimated the stock
composition of age-0.3 chum salmon (fish that had spent three winters in the ocean) from
this incidental catch. A conditional maximum-likelihood discrimination model, assessed
through a series of simulation runs using hypothetical stock mixtures, was 83.3-92.3%
accurate. Our fleet-wide, unweighted proportion estimates closely resembled the results
of a concurrent stock composition study based on allelic frequencies of the 1994 chum
salmon bycatch. Interception estimates weighted by time, which depend on the accuracy
of National Marine Fisheries Service week-stratified bycatch estimates, indicated that
about 50% of the incidentally-caught chum salmon originated from Asia (Russia and
Japan), 18% from western and central Alaska, and 32% from southeast Alaska, British
Columbia, and Washington. The western and central Alaskan proportion increased over
the course of the B-season fishery, although the numbers intercepted remained stable. A
comparison of our regional interception estimates with estimated run sizes indicates that
bycatch in the 1994 B-season walleye pollock fishery did not greatly affect returns to
western Alaskan chum salmon fisheries. -

NPAFC sockeye salmon scale aging test
The most accurate results from stock identification of salmon using scale pattern

analysis are obtained when both baseline and mixture samples are composed of fish of
the same age class and brood year. For accurate stock identification results, therefore,
consistency in scale age determinations in both the baseline and mixture samples is
critical. For baseline samples, however, resource agency scale experts may have used
additional knowledge of stock-specific life history traits to assist in determining age from
scales. At the March 1997 NPAFC research planning meeting in Vancouver, B.C., the
Working Group on Stock Identification and Growth discussed the need to test inter
laboratory variation in scale age and growth data. A comparison of sockeye salmon scale
age determinations by 9 laboratories indicates a high degree of consistency in ocean ages,
but substantial variation in freshwater ages (Fig. 7; Myers 1998a).
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3. OTHER STUDIES OF STOCK ORiGINS

Ocean ranges ofRussian and North American sockeye, coho, and chinook salmon
The results of high seas tag, scale pattern, and parasite stock identification

research were summarized to provide a general overview of overlap in ocean ranges of
Russian and North American sockeye, coho, and chinook salmon and to identify gaps in
information on stock origins of salmon in offshore waters (Figs. 8-10). The sockeye tag
data show a broad overlap in the ocean ranges of Russian and North American sockeye
salmon in the Bering Sea and North Pacific Ocean between 160°E and 165°W (Fig. 8).
Scale pattern data extend the range of North American sockeye salmon throughout the
area south of 46°N, between 160°E- 170°E. The scale pattern results are based on
samples collected during a period of low abundance of Bristol Bay sockeye salmon
(1972-1976). During periods of high abundance, the overlap in ocean ranges of Russian
and North American sockeye may be much greater than is indicated by the data in Figure
8.

A broad region of overlap in the ranges of Russian and North American coho
salmon occurs in the North Pacific Ocean south of 52°N, between 160°E and 170°W
(Fig. 9). The tag and scale pattern information for this area apply only to maturing
(ocean age-. 1) coho salmon in summer (May-August). There is a large gap in coho
salmon stock information for the area between 175°W and 160°W, although research
vessel catch data show that maturing coho salmon range throughout this area in summer.
Scale pattern data extend the known range of North American coho salmon into the area
south of 46°N and west of 170°E, but information from tagging or other direct evidence
is needed to validate these results.

The combined results of tag, scale, and parasite data indicate extensive overlap in
the ocean ranges of Russian and North American chinook salmon, across the Bering Sea
south of 62°N, between 165°E and 175°W, and in the North Pacific Ocean from 160°E to
145°W (Fig. 10). The parasite data is viewed as indirect evidence (not proof of origin)
for Russian salmon because the indicator species (Myxobolus arcticus) is known to occur
in some North American chinook salmon stocks. The scale and parasite data pertain
primarily to immature, ocean age-.2 and age-.3 chinook salmon, which are the
predominant age groups of chinook salmon in offshore waters. There is a significant gap
in information on stock origins of chinook saIm~n in the eastern North Pacific Ocean
south of 50°N, between 130°W- 170°W.

Origins ofDolly Varden caught in the offshore waters of the central Bering Sea
Small numbers of Dolly Varden (Salvelinus malma) have been caught annually in

July in the offshore waters of the central Bering Sea during fishing operations of the
Wakatake maru. In the past, FRI has sent round samples to a Canadian char specialist for
confirmation of species identification. In 1998, 86 Dolly Varden were caught in the
central Bering Sea, five times more fish than catches from the previous seven years
combined. To take advantage of this rare opportunity, a variety of data and tissue
samples for genetic studies and age determination were collected on board. These
samples and additional round samples collected on the spring cruise of the Great Pacific
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will be sent to Canada for analysis. Data on the catches and origins of Dolly Varden in
these catches will be reported later.

Identzflcation ofscales from illegal dr~ftnet fishing
FRI evaluated and confirmed species identification and age determinations made

by an ABL scientist of 400 scales taken from two vessels illegally fishing driftnets for
salmon south of the western Aleutian Islands. All scales, collected by the U.S. Coast
Guard from surfaces and gear of the vessels, were of chum and sockeye salmon, mostly
three-ocean fish (-.3). The species mix was consistent with the area where the vessels
were intercepted. Lack of growth beyond the last annulus at the edge of the scale
indicated the fish were caught in spring. The age composition was typical of larger,
maturing fish.

B. Ocean Ecology. Carrying Capacity. Climate Change. and Stock Assessment

1. SALMON RESEARCH VESSEL CRUISES

Kaiyo maru
One FRI scientist (N. Davis) participated in the cooperative Japan-Russia-U.S.

salmon research cruise on board the Kaiyo maru from 3 February to 2 March, 1998 in the
western (165°E) and central (180°) North Pacific Ocean and Bering Sea (180°) (Fig. 5.;
Davis 1998, Ishida et al. 1998). This was the third overwinteringsalmonid survey
conducted on board the Kaiyo maru, and this cruise was the first wintertime salmon
research cruise in the central Bering Sea since 1963. Research objectives were to collect
samples and data on salmon distribution and biology in February; collect data on salmon
habitats such as environmental temperatures, primary production, and conditions for
salmon feeding that might contribute to wintertime salmon growth reduction and
mortality; and determine what differences might exist between mid-winter and summer
seasons in salmon habitat conditions, especially with respect to primary production and
production of salmon prey organisms. Salmon were caught at 14 of 19 trawl stations.
The total catch of salmon during the survey was 2,381 fish (49 sockeye, 1,433 chum, 843
pink, 24 coho, and 32 chinook). No steelhead were caught (Table 7). The majority of the
catch (66%) occurred at one station in the western North Pacific Ocean, where there were
relatively large catches of chum and pink salmon. The combined results of the December
1992, January 1996, and February 1998 surveys indicate that salmon in their first ocean
winter are distributed well offshore, and that in the western North Pacific Ocean, chum
and pink salmon are more abundant in offshore waters in February than in December or
January. Most of the salmon catch in February 1998 was distributed in a narrow band
from 42°-45°N in the western North Pacific Ocean (at 165°E), where sea surface
temperatures (at 5 m) were 3.9°-5.1°C, and from 43°-46°N in the central North Pacific
Ocean (at 180°), where sea surface temperatures were 5.7-6.8°C. Chinook salmon was
the only species caught in the Bering Sea.
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Wakatake maru
One FRI scientist (N. Davis) participated in the cooperative Japan-U.S. salmon

research cruise on board the Wakatake maru from 9 June to 25 July 1998 (Fig 5; Ueno et
al. 1998). Research cruise activities included collection of data on oceanography,
primary production, zooplankton, salmonids, and other fishes. Results of oceanographic
sampling indicated that the average sea surface temperature (SST) in the central North
Pacific was 9.1°C (0.4° cooler in 1998 than in this region in 1997) and the average SST
in July in the Bering Sea was 8.2°C (1.1°C cooler than in 1997). A total of 8,635
salmonids was caught by longline and gillnet. In the North Pacific Ocean, cohö salmon
was the most abundant salmon (57% of the salmonid catch), followed by chum (25%),
steelhead (8%), sockeye (5%), pink (3%), and chinook salmon (2%). One masu salmon
(0. masou) was collected at 46°00’N, 180°00’, which may be the eastern-most recorded
catch of this species. In the Bering Sea, chum salmon was the most abundant salmon
(84% of the salmonid catch), followed by sockeye (9%), chinook (5%), pink (1%), and
Dolly Varden (1%).

Oshoro maru
Two FRI scientists (R. Walker and K. Aydin) participated in the cooperative

Japan-U.S. salmon research cruise on board the T/S Oshoro maru from 30 June to 13
July 1997 (Fig. 5, Table 8; Walker et al. 1998b). Salmon surveys conducted aboard the
Oshoro maru along 180° longitude in the central North Pacific Ocean in June since 1978
have provided a valuable time series of fisheries and oceanographic data. This was the
fifth consecutive year of cooperative Japan-U.S. sampling for salmon along a 145°W-
longitude transect in the central Gulf of Alaska in early July, and the first year of a new
transect along 165°W. The primary objective of the 1998 cooperative research was to
continue the collection of oceanographic and biological data along the 180°, 165°W, and
145°W transects. In 1998, mid-June SSTs at gillnet fishing stations were about the same
as in 1997 at 43° and 45°N and 1.3°C cooler (5.9°C) at 47°N along the 180° transect.
Late-June mean SSTs were about 8.4°C at four gillnet stations on the 165°W transect,
and early July mean SSTs (10.2°C) were 2.2°C cooler along the 145°W transect than in
1997. This represents a return to cooler conditions found from 1991 to 1996 at 145°W
(mean 9.8°C). The Subarctic Current was further north (53°N) than hi previous years.
Catches by gillnet totaled 3,165 salmonids, including 256 salmonids (225 in 1997) in the
central North Pacific Ocean (180° transect), 645 salmonids along the 165°W transect, and
2,264 salmonids (1,811 in 1997) in the Gulf of Alaska.

Salmonid abundance, maturity, age, and size in the central North Pacific Ocean, Bering
Sea, and GulfofAlaska

Wintertime trawl catches by operations conducted by the Kaiyo maru indicated
that salmon were most abundant in the catches in the western North Pacific (165° B),
where ocean age .1 chum and pink salmon were the major component of the catch (58%
and 40%; Table 9; Davis 1998). A few sockeye (predominantly ocean age .2) and
chinook salmon (all ocean age .1) were also caught. In the Bering Sea, 12 chinook
salmon (mostly ocean age .1 )were caught. More intensive wintertime sampling in the
Bering Sea is required before conclusions can be made about salmon distributions in the
Bering Sea at this time of year. In the central North Pacific at 180°, chum and pink
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salmon were abundant and composed 85% of the catch. Sockeye and coho salmon were
• each 6% of the catch in this area, and chinook salmon was 2% of the catch. The pink
salmon were all ocean age .1, and the sockeye were a mixture of ocean ages .1 and .2. In
contrast to the western North Pacific, catches in the central North Pacific included more
older (ocean age .2) chum (90%) and chinook salmon (25%; Table 9).

Summertime catches by the research vessel Wakatake maru indicated that
sockeye salmon were less abundant in the Bering Sea in 1998 than in the past two years
(Table 10). Fifty-six percent of the sockeye caught in the Bering Sea were ocean age .1,
an increase in the proportion over last year (Table 11). Chum salmon, however, were
more abundant in the Bering Sea in 1998 than in 1997, and in 1998 the age composition
included older fish (.2 and .3) and a smaller proportion of ocean age .1 than in 1997
(Table 12). In 1997, pink salmon were more abundant than any other year from 1991 to
1998. The 1998 Bering Sea pink salmon catch per unit of effort was 1% of the value in
the previous year, continuing a strong pattern of high abundance in odd years and low
abundance in even years (Table 10). In 1998 the size of pink salmon caught in the Bering
•Sea was smaller (length and weight) than in the previous seven years despite their low
relative abundance (Table 13). Bering Sea chinook salmon, primarily ocean age .1, were
more abundant in 1998 than in the previous seven years (Table 14). In 1998 coho salmon
caught in the Subarctic Current were more abundant and larger (mean length and weight)
than they had been since 1991 (Tables 10 and 15). Steelhead were more abundant in the
Subarctic Current area in 1998 than in the past two years, and these fish comprised a
larger proportion of younger (ocean age .1) fish than in 1997 (Table 16).

The Oshoro maru salmon research cruise in the central North Pacific (180°, 39°-
50°N) is in mid-June, approximately one week earlier than the Wakatake maru cruise
(Table 17; Walker et al. 1998b). In 1998, as in 1997, sockeye salmon (1 in 1997,4 in
1998) were caught at 45°N, 180° in the Transition Domain, a region where sockeye
salmon had not been found in previous (1994-1996) surveys. The abundance of pink
salmon was substantially lower than in 1997 (near levels in 1996) in both the Transition
Domain and Subarctic Current. The abundances of coho and chum salmon were
substantially higher in the Transition Domain than in 1997, while coho abundance
remained low in the Subarctic Current. Along the 165°W transect in late June, salmonids
were caught by research gilinet in the Ridge Domain (50°N) and the Subarctic Current
(45°30’-48°30’N). Sockeye, chum, and pink salmon were abundant in both areas. Coho
salmon were absent in the Ridge Domain and abundant in the Subarctic Current.

Along the 145°W transect in early July, salmonids were caught by research gillnet
in the Subarctic Current (49°-53°N) and the Dilute Domain (54°N-56°N). The relative
abundance of sockeye salmon in catches in the Dilute Domain area of the 145°W transect
was lower than the 1997 peak but near the 1994-97 average (Table 17). Sockeye salmon
in the catch were predominantly maturing, ocean age .2 fish (Table 18). The abundance
of chum salmon (predominantly immature, ocean ages .1 and .2) in this area continued a
four-year decline (Tables 17 and 18). Chum salmon catches in the Subarctic Current
were higher than the previous two years, and those of sockeye were the highest observed.
The abundance of both pink and coho salmon in the Dilute Domain in 1998 rebounded to
levels nearing or exceeding the peaks of the previous four years. The few chinook
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salmon caught along 145°W are predominantly immature, and steelhead are
predominantly juvenile, ocean age .0 fish (Table 19). Fork lengths, body weights, and
condition factors of salmonids in the 1994-98 Oshoro maru research gilinet (C-gear)
catches are summarized by species, age group and oceanic area (Tables 20-22).
Preliminary statistical analyses of these biological data indicate that variation between
stations within one year is as high as variation between years or between oceanic areas.

2. FooD HABITS

Diel variation in feeding habits ofsockeye, chum, andpink salmon
Stomach contents of sockeye (n=215), chum (n=94), and pink (n~333) salmon

collected over a 24-hour period in the central Bering Sea (57°30’N, 178°30’N, 11-12 July
1997) were analyzed to determine die! changes in prey composition and stomach content
weight (Fig. 11, Davis et al. 1998a). Salmon were caught in eight gillnet sets (2-hour
soak time) spaced at equal time intervals throughout the day. Sockeye (mostly immature
ocean age.2) and maturing pink salmon fed on the same types of prey, including fish,
squid, euphausiids, copepods, and crab larvae. Chum salmon (immature and maturing
ocean ages .2 and 3) also fed on fish, squid, euphausiids, and copepods; however, their
diet was more diverse, including gelatinous zooplankton (medusae, ctenophores, and
salps), appendicularians, and pteropods. Sockeye salmon fed throughout the day, with a
peak of feeding activity just after sunset when the predominant prey groups were
copepods and euphausiids. The proportion of stomach contents in a fresh state of
digestion was higher during the sunset to early morning hours. Mean prey weight and the
proportion of fresh prey in sockeye salmon stomach contents decreased from mid- to late
afternoon. During daylight fish and crab larvae were important prey of sockeye salmon.
Pink salmon fed throughout the day, and, like sockeye salmon, had a peak in feeding
activity immediately after sunset, as shown by the high prey weight and high proportion
of fresh prey in their stomachs from nighttime until just after sunrise (Fig 11).
Euphausiids and copepods were important prey of pink salmon during the night. There
was a second peak in pink salmon feeding activity in the afternoon. In the afternoon pink
salmon preyed on fish, crab larvae, and squid. Pink salmon fed on fish during all time
periods. Chum salmon fed throughout the day, and prey weights were higher in chum
salmon than in sockeye and pink salmon in every time interval (Fig. 11). Chum salmon
exhibited a peak in feeding activity in the mid- to late afternoon (1500-1700) when fish
was a major component of the diet: The proportion of fish decreased from evening
through nighttime and then gradually increased again from morning to afternoon. Their
diet was most diverse during the night, when they fed on a mixture of squid, euphausiids,
copepods, gelatinous zooplankton, appendicularians, and unidentified material. Chum
salmon fed on gelatinous zooplankton during the day and night.

Estimaies ofdigestion rate andprey consumption
Based on diurnal sampling of stomach contents weight, estimates were made of

digestion and consumption rates for sockeye, chum, and pink salmon (Davis et al.
1998a). The models used require estimation of four parameters: start time of feeding, end
time of feeding, consumption rate, and digestion rate. Start and end times (and hence
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consumption and digestion rates) were estimated separately for different prey items
because prey items vary throughout the day. Diel consumption for sockeye salmon was
estimated by adjusting the summed consumption rate for individual prey items by feeding
diversity for sockeye (Table 23). Consumption rates for other species will be reported
later.

Sensitivity analysis of the results indicates that digestion and consumption rates
are sensitive to estimated start and end times of feeding. Future experiments should
include more intensive sampling at dawn and dusk, when salmon switch their types of
prey.

Food habits
Shipboard analyses were conducted on stomach contents of salmon caught during

the 28 April to 25 May 1998 cruise of the F/V Great Pacific. Stomach contents data
were summarized by salmon species, region, and major prey category (Table 24). The
major prey of sockeye salmon were pteropods and fish in coastal waters and squid and
amphipods in offshore waters. The stomach contents of chum salmon were often too
well digested to identify to major prey categories. When contents could be identified,
major prey of chum salmon included gelatinous zooplankton (offshore, western and
central Gulf of Alaska), pteropods (coastal, central Gulf of Alaska), and euphausiids
(coastal, Unalaska Island; offshore, Central Gulf of Alaska). Amphipods and pteropods
were the major prey of adult pink salmon in offshore waters (central Gulf of Alaska).
Adult coho salmon fed on squid in offshore waters (central Gulf of Alaska) and fish and
crab larvae in coastal waters (Washington). Chinook salmon caught in coastal areas fed
primarily on fish, squid, euphausiids, and crab larvae.

Five years of sampling along a 145°W transect by the Oshoro maru in the central
Gulf of Alaska have shown some striking differences in the food habits of salmonids in
Ridge/Dilute Domain versus Subarctic Current areas (Tables 25—26). In the Subarctic
Current, squid, primarily Berryteuthis anonychus, has been the dominant prey of all
species except chum salmon, which had a much more diverse diet (primarily euphausiids,
amphipods, pteropods, and gelatinous zooplankton). This corroborates the results of
earlier studies, and highlights the importance of B. anonychus in the diets of salmon in
the Subarctic Current area of the Gulf of Alaska. In the Dilute Domain, prey composition
of stomach contents of sockeye, chum, and pink salmon was more diverse and the mean
stomach content index (SCI; prey weight* 100/body weight) was often lower than in the
Subarctic Current. Coho, chinook, and steelhead tend to specialize in feeding on squid
and fish, regardless of oceanic area. The first year of sampling along a 165°W transect
showed some differences in salmonid food habits in the Subarctic Current compared with
feeding in that same oceanographic region along 145°W (Table 27). Squid were still an
important food item for all species except chum salmon, but not the dominant prey for
sockeye or pink salmon, which also ate many amphipods, or steelhead, which fed
primarily on fish. Food habits of sockeye, pink, and chum salmon in the Ridge Domain
were similar to those found in that domain and the Dilute Domain along 145°W.

Results of shipboard examination of salmonid stomach contents on the Wakatake.
maru indicated that sockeye and pink salmon were feeding on fish, squid, euphausiids,
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copepods, hyperiid amphipods, ostracods, crab larvae, and pteropods (Ueno et al. 1998).
The stomachs of Dolly Varden contained many of the same prey items as the pink
salmon, including fish, squid, euphausiids, copepods, and hyperiid amphipods. The
stomachs of chum salmon contained gelatinous zooplankton, fish, squid, euphausiids,
copepods, hyperiid amphipods, pteropods, polychaetes, and appendicularia. The
stomachs of coho and chinook salmon, and steelhead contained fish, squid, euphausiids,
and copepods. Three-spine sticklebacks (Gasterosteus aculeatus) were found in the
stomach contents of coho salmon and steelhead. Juvenile sculpins were found in chinook
salmon stomach contents. Other coho salmon prey included phoronomid amphipods,
ostracods, and pteropods. Chinook salmon and steelhead also fed on hyperiid
amphipods. Other steelhead stomach contents included crab zoea and floating debris.

An analysis of feeding habits of chum salmon caught in the central Bering Sea
(1991-1997) by age group indicated that ocean age .1 fish eat more amphipods than older
fish (Table 28; Ishida and Davis 1998). Older chum salmon (ocean age .2 to .5) eat more
gelatinous zooplankton, euphausiids and “other” prey, primarily appendicularia,
ostracods, heteropods and mysids. Mean prey weight is greater in mature fish than in
immature fish of the same age, ranging from 40% more for maturing ocean age .2 fish to
25% more for maturing ocean age .4 fish (Table 28). However, mean SCI is inversely
related to ocean age.

3. GROWTH STuDIES

Time ofscale annulus formation in chinook salmon
A large database (5,066 fish) of information on time of formation of the last ocean

annulus on scales collected from coded-wire tagged chinook salmon recovered in
Washington State coastal waters from 1988 to 1993 was analyzed (Hyun et al. 1998).
Variation in the time of armulus formation by year, recovery age, behavioral type,
recovery season, recovery area, and stock was investigated. The most important finding
was that time of annulus formation varied by freshwater age or behavioral type. Chinook
salmon that migrated to the ocean in their first year (freshwater age 0.) completed
formation of the last ocean annulus in March, and chinook salmon that migrated to the
ocean in their second year (freshwater age 1.) completed annulus formation in April (Fig.
12, Table 29). We hypothesize that inter- and intra-specific differences in time of
annulus formation on salmon scales reflect differences in growth rates, regulated by
feeding conditions.

Scale growth studies
Studies were conducted of growth on scales collected from salmon caught during

high seas research cruises in the Gulf of Alaska. This is an extension of an earlier study
of scale growth of pink and chum salmon south of the central Aleutian Islands (Walker et
al. 1998c). Measurements were made of scales of chum and sockeye salmon caught by
Japanese research vessels from 1982 to 1997 and examined for stomach contents.
Measurements were taken to the end of each annular mark and at the edge of the scale,
and to every circulus on the scale. Scale measurements (particularly growth at the edge
of the scale) were then compared to indices of stomach fullness and other measures of
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condition and growth. Edge growth of scales from 1993-97 for ocean age .2 chum and
sockeye shows no correlation with prey weight or SCL Edge growth of scales from
1983-85/1993-9511997 shows no correlation with stomach fullness indices. Early growth
(first and second ocean years) on sockeye salmon scales shows no trend with time, but
edge growth (third ocean year and edge growth variables) was less in the 1990s samples
than in 1980s samples. Chum salmon scale edge growth was also slightly lower in the
1990s. In the next contract period, measurements will also be made of scales collected in
the Gulf of Alaska in earlier years by U.S. and Japanese research cruises and from pink
salmon for the entire period.

Russian sockeye scale time series, carbon and nitrogen isotopes, and salmon growth
In 1995, a joint study by Dr. Thomas Brown at the Lawrence Livermore National

Laboratory in California, Dr. Robert Francis (School of Fisheries, UW), and Dr. Paul
Quay (School of Oceanography, UW) was initiated to explore the potential for using
salmon scales from different stocks in the North Pacific to reconstruct the ‘4C and ‘3C
levels of the surface waters of the subarctic North Pacific over the last century.
Preliminary measurements of 1951, 1960, and 1980 Kuril Lake sockeye salmon scales
from the FRI archives were encouraging, and in April 1997 a request was sent to
KamchatNlRO to provide additional samples. In response, KamchatNlRO provided FRI
with an extensive time series of sockeye salmon scales from the Ozernaya River (1929,
1937-38, 1941-43, 1945, 1949, 1960-62, 1964, 1966-67, 1969, 1971, 1973, 1975-78, and
1987), Kamchatka River (1928-29, 1932, 1939, 1941-42, 1944-45, 1947-49, 1965, 1975-
82, 1984-86, 1988-90), and Bolshaya River (1941, 1951-52, 1955-59, 1961, 1964-65,
1967, 1971, 1976, 1978, 1986, 1988-90). We are presently cataloging and archiving
these samples for use in future salmon scale growth studies. This year a summer student
intern measured a subset of the Ozernaya River samples to compare carbon and nitrogen
isotope levels and scale growth. The results of this analysis will be reported later.

Growth hormone studies
The first study of blood plasma levels of insulin-like growth factor-I (IGF-I) in

Pacific salmon in offshore waters of the North Pacific Ocean indicated there were
significant positive correlations between body weight, liver weight, and IGF-I levels in
all species except pink salmon (Myers et al. 1998c). IGF-I may be a useful measure of
ocean growth rates of salmon in the North Pacific, but additional data on the significance
of high or low levels of IGF-I are needed. In 1998, additional IGF-I samples were
collected in February (Kaiyo maru) and May (Great Pac~fic) in order to expand the time
of the year for which blood samples have been collected. Analysis of blood serum
samples collected during cruises of the Wakatake maru in 1996, the Oshoro maru in 1996
and 1997, the Great Paczflc in 1997 and 1998, and the Kaiyo maru in 1998 will be
reported later.
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4. BIoE’.~ERGErIcs AND CARRYING CAPACITY

Bioenergetic modeling
Bioenergetic modeling focused on determining the differences in growth rates in

maturing adult salmon in cases where size-dependent prey selection may influence
growth. Analyses of food habits data from the 1980s and 1990s (Gulf of Alaska, Oshoro
maru) indicate that prey composition varies between salmon of differing body weights
within a single species. Pink salmon show the most dramatic shift, consuming an
increasing proportion of squid as body weight increases (Fig. 13). Growth models that
contrasted spring and summer growth of maturing pink salmon were developed for two
scenarios: one in which herbivorous zooplankton is the only food available, and a second
in which squid availablity increases in proportion to salmon body weight. Temperature
profiles for the experiment were based on weekly average SSTs for the Gulf of Alaska
(1960s).

The model indicates that by eating an increasing proportion of squid as fish body
weight increases, the fish creates a “positive feedback,” whereby an increase in the
energy density of the diet continually increases growth rate (Fig. 14). Slow growth in the
early part the season, due to lower abundance of zooplankton or squid, disrupts this
positive feedback. As the season progresses differences in growth are magnified because
feeding efficiency decreases with increasing water temperature. Future runs of this
model will include data from archival tags to improve realism in modeling salmon
thermal habitat, and different model scenarios using recent data on the decadal change in
the timing of spring zooplankton blooms at Station P will be investigated.

Cariying capacity modeling
Analysis of food habits data has previously shown the importance of micronekton,

especially small gonatid squids, as prey of salmon in the high seas food web of the Gulf
of Alaska. In addition, bioenergetic growth models show the importance of micronekton
population variation in determining the energy density of available forage and thus in
determining the northeastern Pacific Ocean carrying capacity for salmon. However,
sampling techniques have not provided a method for measuring squid abundance.
Carrying capacity research has thus focused on three areas: -

1. A statistical methodology for using salmon food habits data as an abundance
index for squid was developed. Tests with simulation models of salmon (coho,
sockeye, and pink salmon) foraging indicate that this index corrects for nonlinear
preference and foraging effort functions in salmon foraging behavior, albeit with a
measurable bias at high squid abundance. Monte Carlo estimation is currently
being used to study the variance structure of this index. While this index cannot
be calibrated to actual squid biomass in samples without concurrent high seas
micronekton sampling, it can be used as a measure of variation in squid
abundance by feeding region and time.

2. The squid abundance index and newly-assembled historical data from the 1960s,
1980s, and 1990s, which include data on zooplankton, phytoplankton, and salmon
abundance, were combined with the high seas salmon food habits database to
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determine sources of interannual variability in the high seas Gulf of Alaska food
web. Data is currently being analyzed on local, yearly, and regional scales for
evidence of density dependence and trophic cascades (Aydin m.s. 1998a). One
important result is the correlation between sea surface temperature and the squid
abundance index. Squid abundance decreasesdramatically with increasing SST
(Figure 15). This decrease occurs independently of latitude or oceanographic
region, and it is significant both within and between years. The temperature range
of this decrease in squid abundance is well within the thermal limits previously
demonstrated for salmon stocks. Work is currently underway to see if salmon
distribution shows a tighter correlation with squid than with SST, and if this can
offer a bioenergetic explanation for salmon distribution. Whether squid is
replaced with zooplankton prey in salmon stomachs varies with latitude and year.
The interguild (multi-trophic level) predation of salmon makes it difficult to
detect to what extent squid abundance determines salmon abundance, or is
controlled by it. Further comparison between the 1960s and 1990s data may
clarify this result.

3. Historical records of changing salmon popuhition sizes and individual body
weights were used to estimate changes in salmon prey consumption based on size-
specific feeding detected in the food habits data. Records of returning central
Alaskan (primarily Prince William Sound) pink salmon show that when salmon
biomass more than doubles, prey consumption of herbivorous zooplankton almost
triples, and squid consumption actually decreases (Fig. 16, Table 30); as fewer
salmon grow large enough to consume squid, the salmon trophic level decreases
from 2.46 to 2.27. Thus, as salmon numbers increase at the expense of individual
size, squid may become competitors rather than prey. Lack of squid production
estimates make it difficult to calibrate this effect.

In addition to the above analyses, results were obtained for a trophic model of
carrying capacity based on results of three models, including the NPZ model (the
nutrient-phytoplankton-zooplankton model), ECOPATH, and ECOSIM (software
developed by D. Pauly, C. Walter, and V. Christensen). Results indicate that a buildup of
salmon predators, especially salmon sharks, after an “upward” regime shift may have
severe consequences during a “downward” regime shift, as higher populations of sharks
could rapidly reduce a declining salmon biomass far below pre-1976 levels (Figure 17;
Aydin m.s. 1998b). While anecdotal reports indicate a possible increase in salmon shark
biomass over the past several years, little information exists on the overall importance of
shark predation in determining changes in net salmon production.

Chinook life history models
A numerical life history model was developed to compare the effects of

preterminal and terminal fishing intensity on the population dynamics of ocean-type
chinook salmon (S. Hyun, unpublished manuscript 1998). Because gonad weight data
were not available, length was used as a maturity index. The life history model is a
variant of the von Foerster model, where a partial differential equation (PDE) was applied
to the dynamics of blood cell populations. The chinook salmon model uses a PDE that
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relates abundance to fish length (maturity) and time. The model includes the rate of
change in egg number with respect to time in order to connect subsequent cohorts. The
sigmoid relationship between maturation rate and length was used to develop a
maturation profile. Dimensions are removed by scaling. A numerical approach (rather
than an analytical one) is used to solve equations with non-constant coefficients.
Simulation runs were conducted for four different scenarios: (1) no fishing, (2)
preterminal fishing mortality is equal to natural mortality, and no terminal fishing
assumed, (3) preterminal fishing mortality is zero and terminal fishing mortality is equal
to natural mortality, and (4) fish population response under different maturity schedules
(precocity vs. late maturity). The simulation results showed that terminal fishing was
more detrimental to ocean-type chinook salmon populations than preterminal fishing.
This result can be attributed to the fecundity function in the model because the largest
fish have the greatest reproductive potential. The effect of preterminal fishing was
greater on late maturing fish than on precocious fish because offshore ocean residence
times axe shorter for precocious fish. On the basis of these results, maturation proportion
is another critical parameter in this model. This model has limitations. Because the
model has non-constant coefficients, there is no steady state point. Size selectivity of
fishing gear is not incorporated into the model. Real data are needed to validate the
model. Further development of this type of model with supporting data would provide
results that could be very useful to fishery managers.

5. RESEARCH COORDINATION WITH ABL

All research by FRI in FY98 was fully coordinated with ABL. This coordination
included assistance in the writing and review of research plans and results, participation
of two FRI scientists (K. Myers and S. Hyun) onboard an ABL-chartered research vessel
(Fig. 5; Carlson et al. 1998), provision of samples, databases, and other ocean salmon
research information to ABL, and participation in an annual review by ABL (29-30
September 1998) of the results of FRI’s high seas salmon research.

II. NPAFC Participation

K. Myers, R. Walker, and N. Davis participated as scientific advisors for the
Committee on Scientific Research and Statistics (CSRS) at the fifth annual meeting of the
NPAFC in Victoria, British Columbia, Canada, October 27-3 1, 1997. Seven documents
were submitted or co-authored for this meeting (Carlson et al. 1997; Dahlberg et al. 1997;
Mackas et al. 1997; Myers et al. 1997a,b, Nagasawa et al. 1997; Urawa et al. 1997). K.
Myers was appointed as the U.S. member of the Science Sub-Committee and 1998
Rapporteur for the CSRS.

K. Myers, R. Walker, and N. Davis participated in the NPAFC Research Planning
and Coordinating Meeting held in Vancouver, B.C., Canada, March 24-25, 1998.

K. Myers, R. Walker, N. Davis, K. Aydin, and S. Hyun participated in the
NPAFC Workshop on Climate Change and Salmon Production held in Vancouver,
Canada, March 26-27, 1998. Two presentations were made or co-authored (Aydin 1998;
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Kaeriyama et al. 1998). K. Myers was technical editor of the summary report of the
workshop proceedings (Myers 1998b).

K. Myers and C. Schwartz edited and produced three issues of the NPAFC
Newsletter (Vol. 1(2), Vol. 2 (1), and Vol. 2 (2)).

As a member of the Methodology Standardization Working Group, N. Davis is
summarizing the methodologies used on ABL research cruises, including the cruise series
of the F/V Great Pacific in the Gulf of Alaska and the Aleutian Islands (part of the Ocean
Carrying Capacity Program), and the inshore monitoring cruise series of the NOAA ship
John N. Cobb in southeastern Alaska (part of the U.S. GLOBEC program in the
northeastern Pacific Ocean).
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Figure 7. Results of the NPAFC sockeye salmon scale age test comparing freshwater
and ocean age determinations among nine laboratories. The original samples
(n =90 fish) were from adult salmon returning to Kamchatka in June and July
1995. Comparisons with original age determinations by Kamchatka experts
(chi square, a = .01) showed no statistically significant differences in ocean
ages, and significant differences in freshwater age determinations by the
Sakhalin (p = .0002), Vladivostok (p = .0547), Moscow (p = .0001), Sapporo
(p = .0494), and Anchorage (p = .003) laboratories.
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Figure 11. Mean weight (g) of each prey category observed in stomach contents of
sockeye, pink, and chum salmon caught over a 24-hour period. Time (hrs) is
the time period when the salmon were caught, SR=sunrise, SS=sunset. Prey
categories include FI=fish, SQ=squid, EU=euphausiids, CO=copepods,
CR=crab larvae, GE=gelatinous zooplankton (medusae, ctenophores, and
saips), AP=appendicularians, PT=pteropods, Unid (chum)=unidentffled prey,
Other (sockeye and pink)=amphipods, pteropods, polychaetes, chaetognaths,
appendicularians, mysids, and unidentified prey; Other (chum)=amphipods,
crab larvae, polychaetes, chaetognaths, mysids.
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Figure 12. Age variability in time of annulus formation in chinook salmon recovered in
Washington coastal waters. Recoveries are stratified by recovery age and month. Blank
part indicates the portion of Lastan 1 and shaded area is the portion of Lastan 2+3. The
number at the top of each bar represents the number of recoveries in each stratum.

Lastan 1 = last annulus had not started forming.

~ Lastan 2+ 3 = last annulus forming or completely formed.
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Figure 13.
Dependence of body size on feeding habits of pink salmon. Data from Alaskan Gyre food habits studies,
1980-1997. Bars show percentage of each of three trophic levels (squid, carnivorous zooplankton, and
herbivorous zooplankton). Solid line shows overall trophic level of each size class of salmon. Body size
reduction for average central Alaskan pink salmon across the 1976-1977 regime shift is approximately
from 1,750 to 1,250 g size category.
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Figure 14.
Simulated pink salmon specific growth rate during season of maturation from two scenarios. Scenario 1:
salmon diet consists only of herbivorous zooplankton. Scenario 2: diet switches to squid as body weight
increases. Both scenarios begin in the 100th day of the year, with initial body weight 500g. Temperature
used in simulation is fit to seasonal warming trend observed in NE Pacific surface waters. Specific growth
rates drops as temperature increases, with greater drop evident in salmon feeding on less energy-dense
prey.
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SST vs. squid availability • Squid index
~Regression (P<0~001)
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Figure 15.
Correlation between squid availability to salmon and sea surface temperature in the high seas Gulf of
Alaska in July, 198O~98. Squid index is calculated by correcting % occurrence of squid in salmon
stomachs for salmon species and size preferences. Index values are independent of the presence of other
prey items. Latitudinal trends in abundance have also been removed. R~ for regression is .40.
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Figure 16.
Relative changes in herbivorous zooplankton biomass, central Alaskan pink salmon biomass, high seas
Gulf of Alaska herbivorous zooplankton consumption, and squid consumption by maturing pink salmon, as
indicated by bioenergetic modeling. All values scaled so pre-regime values= 100.
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Figure 17.
Time track showing primary production, salmon prey, pink salmon, and salmon sharks during an ECOSIM
regime shift experiment. Four phases of control for salmon populations are identified in the cycle: bottom-
up in which production increases as the result of food availability (tl); accumulation in which salmon
biomass reaches a maximum (t2); top-down in which salmon predators increase to t3; top-down “collapse”
of salmon to minimum biomass (at t4) due to high predator build-up, and eventual recovery. Note the
“trough” (hatched area) during which salmon biomass falls below original pre-shift values.
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Table 4. Snouts recovered from fin-clipped salmonids by the Japanese salmon research
vessel Wakatake maru (R32), summer 1998. N=24. Gear: B=surface longline;
A and C=research gilinet, followed by mesh size (mm). Clipped fin:
AD~adipose fin, LVentral=left ventral fin, RPectoral=right pectoral fin,
LPelvic=left pelvic fin.

Sample No. Date Location Gear Species Fork Body Sex Gonad Clipped
(yrmoday) Length (mm) Weight (g) Weight (g) Fin

9-5 980623 43°00’N180°00’ C082 steelhead 508 1320 F 5 Ad
13-5 980623 43°00’N180°00’ C106 steelhead 462 1600 M 3 Ad, LVentral
21-8 980625 44°0(YN18O°OCY C121 steelhead 576 1840 M 3 Ad
22-17 980625 44°59’N180°00 B steelhead 580 1820 M 5 Ad
22-27 980625 44°59N180°00 B steelhead 534 1440 F 5 Ad
27-9 980626 45°0(YN18O°00’ C138 steelhead 762 4250 M 12 Ad
33-4 980626 45°00’N180°00’ AilS steelhead 538 1390 M 2 Ad
33-5 980626 45°00’N180°0(Y AilS steelhead 582 1680 M 1 Ad
42-10 980627 460001N180000? AilS steelhead 526 1280 F 5 Ad
42-14 980627 46°00’N180°OOt AilS steelhead 640 2520 F 26 Ad
49-7 980627 47°00’N180°00’ B steelhead 592 2000 F 3 Ad
53-8 980628 47°0(YN18O°00’ C138 steelhead 680 2900 F 25 Ad

55-12 980628 47°00’N180°0(Y AilS steelhead 740 4300 M 2 Ad
55-13 980628 47°00’N180°00’ AilS steelhead 680 3300 F 62 Ad
55-14 980628 47°0(YN18O°0(Y AilS steelhead 654 3050 M 2 Ad
55-15 980628 47°OCYN18O°00’ AilS steelhead 670 2450 F 38 Ad
55-16 980628 47°00’N180°00 AilS steelhead 582 1620 M 4 Ad, RPectoral
66-18 980628 47°30’N180°00’ B steelhead 590 2100 F 7 Ad
71-9 980629 47°30~N180°00 C121 steelhead 664 2400 F 54 Ad
73-4 980629 47°30’N180°00’ C082 steelhead 576 2100 F 15 Ad
76-14 980629 47°30’N180°00’ AilS steelhead 716 3650 M 10 Ad
76-16 980629 47°30’N180°00’ AilS steelhead 6S6 3000 F 24 Ad
76-17 980629 47°30~N180°00’ AilS steelhead 691 3450 F 40 Ad
76-18 980629 47°30’N180°00’ AilS steelhead S44 1680 F 14 Ad, LPelvic
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Table 5. Snouts collected from salmonids without adipose fins caught by T/S Oshoro maru, 1998.
Gear: A=commercial mesh gilinet; C=varied mesh gillnet; followed by mesh size (mm).
N=46 (35 steelhead, 6 coho, 2 sockeye, 2 chum, and 1 chinook)

Species Gilinet Date Latitude Longitude Gear Fork Weight Sex Gonad
station Length (mm) (g) weight (g)

Steelhead 9802 6/13/98 43°00’N 180°00’ A121 570 1660 M 3
Steelhead 9802 6/13/98 43°00’N 180°00’ A121 555 1740 F 10
Steelhead 9802 6/13/98 43°00’N 180°00’ C048 565 1780 M 2
Steelhead 9802 6/13/98 43°00’N 180°00’ C106 560 1740 M 5
Steelhead 9802 6/13/98 43°00’N 180°00’ C138 725 3450 F 48
Steelhead 9803 6/14/98 45°00’N 180000 C106 720 2550 M 2
Steelhead 9803 6/14/98 45°00’N 180°00’ C121 695 3400 M 21
Steelhead 9803 6/14/98 45°00’N 180°00’ C138 650 2600 F 20
Steelhead 9806 6/27/98 48°30’N 165 °00’W Al 15 580 2020 M 14
Steelhead 9806 6/27/98 48°30’N 165°00’W A115 605 M 5
Steelhead 9806 6/27/98 48°30’N 165°00’W C093 521 1300 F 11
Steelhead 9808 6/29/98 45°30’N l65°00’W C093 573 1940 F 32
Chum 9809 7/3/98 56°00N 145°00’W A115 614 2480 M
Coho 9809 7/3/98 56°00’N 145°00W A121 614 3150 F 61
Steethead 9810 7/4/98 55°00’N 145°00’W C055 358 480 F 4
Coho 9810 7/4/98 55°00’N 145°00W C121 634 3550 F 51
Coho 9811 7/5/98 54°00’N 145°00’W AilS 608 3400 F 135
Steelhead 9811 7/5/98 54°00’N 145°00W A115 615 2760 F 26
Chinook 9811 7/5/98 54°00N 145°00W A121 596 3150 F 23
Coho 9811 7/5/98 54°00’N 145°00’W C055 648 3800 M 16
Sockeye 9811 7/5/98 54°00’N 145°00’W C121 575 2600 M 92
Sockeye 9811 7/5/98 54°O0N 145°00’W C138 632 3650 M 96
Coho 9812 7/6/98 53°00’N 145°00W A12l 613 2840 F 32
Steelhead 9812 7/6/98 53°00’N l45°00’W C072 339 440 M 1
Chum 9813 7/7/98 52°00’N 145°00’W AllS 473 1300 F 14
Steelhead 9813 7/7/98 52°00N 145°00’W C055 313 320 M 1
Steelhead 9813 7/7/98 52°00N 145°00W C055 313 300 M 1
Steelhead 9813 7/7/98 52°00’N 145°00’W C063 321 325 F 2
Steelhead 9813 7/7/98 52°00N 145°00’W C063 369 580 F 2
Steelhead 9813 7/7/98 52°00’N l45~00’W C072 323 310 F 1
Steelhead 9813 7/7/98 52°00N 145°00W C072 321 330 M 1
Steelhead 9813 7/7/98 52°00’N 145°00W C072 320 290 - M 1
Coho 9813 7/7/98 52°00’N 145°00’W C082 622 3350 F 32
Steelhead 9814 7/8/98 51°00’N 145°00’W A121 604 3200 M 40
Steelhead 9814 7/8/98 5l°00’N 145°OOW C063 334 440 M 1
Steelhead 9814 7/8/98 51°00’N 145°00W C063 321 290 M 1
Steelhead 9814 7/8/98 51°00’N 145°00’W C063 353 390 M I
Steelhead 9814 7/8/98 51°00N 145°00’W C072 331 340 M 1
Steelhead 9815 7/9/98 50°00’N 145°00’W AilS *

Steelhead 9815 7/9/98 50°00’N 145°00’W C055 300 255 F 4
Steelhead 9815 7/9/98 50°00’N 145°00W C063
Steelhead 9815 7/9/98 50°00N 145°00’W C093 548 1920 F 9
Steelhead 9816 7/10/98 49°00’N l45°00W A115 653 3100 M 52
Steelhead 9816 7/10/98 49°00’N 145°00’W A121 608 2640 M 21
Steelhead 9816 7/10/98 49°00’N 145°00W C121 612 2660 M 7
Steelhead 9816 7/10/98 49°00’N 145°00W C138 612 2780 F 22

* no data taken; head only recovered from net; may not be ad-clipped
~ no data taken; head and body were separated
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Table 13. Ocean age composition (%), mean fork length (FL, mm), body weight (BW, g)
and standard deviation (sd) of pink salmon caught in the research—mesh gilinet
(C-gear) during fishing operations of the Wakatake maru, 1991-1998.

Ocean Age .1
Sampling % at Fork length (mm) Body weight (g)

Year Dates N Age mean sd mean sd

Central North Pacific - Transition Domain
(41°N-45°N, 1800)

1998 20-25 Jun
1997 21-25 Jun
1996 18-20 Jun 0
1995 22-24 Jun 6 100 467 33 1186 328
1994 21-24 Jun 7 100 469 38 1063 265
1993 23-25 Jun 0
1992 21-22 Jun 0
1991 15-19 Jun 2 100 431 21 860 198

Central North Pacific - Subarctic Current
(44°N-47°N, 180°)

1998 26-28 Jun
1997 26-28 Jun
1996 21-26 Jun
1995 25-27 Jun
1994 25-27 Jun
1993 26-28 Jun
1992 23-25 Jun
1991 20-2 1 Jun

Central North Pacific - Ridge Domain
(47°N, 180°)

1992 26-Jun 1 100 450

Bering Sea
(55°N-58°N, 177°E- 177°W)

1998 3-16 Jul 60
1997 3-17 Jul 1537
1996 4-l4Jul 43
1995 5-16 Jul 1749
1994 5-15 Jul 143
1993 6-16 Jul 1434
1992 4-14 Jul 100
1991 1-8 Jul 1315

4 100 450 20 1055 168
6 100 433 25 1045 279

3 100
79 100

5 100
18 100
66 100

8 100
2 100

21 100

476
433
436
459
455
429
458
423

10 1193
23 928
45 844
26 1070
28 1023
21 738

0 920
35 787

910

40 859
27 1117
35 1117
29 1298
30 1055
27 1106
27 1153
41 1108

83
135
349
360
210
134
57

252

342
244
275
266
262
240
255
362

100
100
100
100
100
100
100
100

414
446
455
470
444
449
451
447
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Table 15. Ocean age composition (%), mean fork length (FL, mm), body weight (BW, g)
and standard deviation (sd) of coho salmon caught in the research—mesh gilinet
(C-gear) during fishing operations of the Wakatake maru, 1991-1998.

Ocean Age .1
Sampling % Fork length (mm) Body Weight (g)

Year Dates N Age mean sd mean sd

Central North Pacific - Transition Domain
(41°N-45°N, 1800)

1998 20-25 Jun 110 100 519 34 1763 345
1997 21-25Jun 100 100 511 38 1771 442
1996 18-20 Jun 4 100 542 20 1925 155
1995 22-24 Jun 26 100 525 40 1786 328
1994 21-24Jun 43 100 516 39 .1563 414
1993 23-25 Jun 18 100 506 58 1562 472
1992 21-22 Jun 11 100 512 55 1678 486
1991 15-l9Jun 146 100 519 38 1611 343

Central North Pacific - Subarctic Current
(44°N-47°N, 180°)

1998 26-28 Jun 80 100 543 43 2122 494
1997 26-28 Jun 32 100 498 49 1468 398
1996 21-26 Jun 75 100 516 39 1653 399
1995 25-27 Jun 73 100 532 46 1836 512
1994 25-27 Jun 78 100 527 39 1829 415
1993 26-28 Jun 49 100 521 48 1755 512
1992 23-25 Jun 58 100 503 31 1514 340
1991 20-21 Jun 49 100 526 39 1821 419

Central North Pacific - Ridge Domain
(47°N, 180°)

1992 26-Jun 34 100 507 39 1611 367

Bering Sea
(55°N-58°N, 177°E-177°W)

1998 3-16 Jul 3 100 556 62 2430 725
1997 3-17 Jul 3 100 518 72 1740 1095
1996 4-14 Jul 1 100 630 3800
1995 5-16 Jul 5 100 605 35 2910 668
1994 5-l5Jul 0
1993 6-16 Jul 9 100 556 33 2166 581
1992 4-14 Jul 3 100 568 37 2450 492
1991 1-8 Jul 0
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Table 21. Number sampled, mean and standard deviation of fork length (F.L., cm),

body weight (B.W., g), and condition factor (C.F., B.W.JF.L.3 * 106) of pink
and coho salmon caught by the Oshoro maru research gilinet, 1994-98.

ISpecies IPink I

Ocean Age 1
Transect Ocean F.L. B.W. C.F.
Line Domain Year N mean s.d. mean s.d. mean s.d.
145W RID Domains 1998 170 469 31 1228 325 11.7 1.2

1997 102 475 27 1300 217 11.7 2.2
1996 73 466 32 1217 339 11.5 2.9
1995 170 483 31 1337 370 11.7 1.6
1994 186 483 28 1472 424 12.8 2.3

Subarctic Current 1998 104 480 30 1435 368 12.7 1.5
1996 30 493 32 1582 358 13.0 1.6

: 1995 18 475 25 1326 383 12.1 1.7
1994 28 491 22 1699 357 14.2 1.7

165 Ridge Domain 1998 14 437 23 1050 191 12.5 0.7
Subarctic Current 1998 40 452 33 1 106 270 11.7 0.9

180 Subarctic Current 1998 5 418 38 832 223 11.2 0.6
1997 58 418 24 841 136 11.0 2.3
1996 10 427 25 843 189 10.7 0.9
1995 44 410 28 733 141 10.7 1.8
1994 38 427 23 839 144 10.7 0.9

Transition Domain 1998 1 440 - 900 - 10.6 -

1997 22 426 26 884 243 10.1 3.4
1996 2 418 6 760 28 10.4 0.0
1994 11 430 15 894 95 11.2 0.8

~Species Icoho
Ocean Age 1

Transect Ocean F.L. B.W. C.F.
Line Domain Year N mean s.d. mean s.d. mean s.d.
145W R/D Domains 1998 54 615 34 3102 612 13.2 1.4

1997 50 580 47 2670 711 13.3 1.4
1996 111 587 44 2817 659 13.8 1.7
1995 51 579 40 2607 565 13.3 1.7
1994 87 602 50 3021 815 13.6 1.9

Subarctic Current 1998 28 616 48 3239 1011 13.5 1.6
1997 4 544 89 2390 1062 14.1 0.4
1996 12 602 40 3237 468 14.8 1.8
1995 15 566 57 2671 856 14.3 1.1

165W Subarctic Current 1998 31 567 45 2534 577 13.8 2.3
180 Subarctic Current 1998 2 510 28 1890 495 14.1 1.4

1997 4 465 83 1195 698 11.0 0.9
1996 69 505 42 1592 465 11.7 2.5
1995 72 519 38 1783 402 12.6 1.2
1994 33 529 41 1880 465 12.4 0.9

Transition Domain 1998 24 503 43 1537 403 11.2 2.6
1997 12 488 60 1474 741 11.0 3.7
1996 30 510 37 1547 341 11.7 2.1
1995 7 545 57 1940 469 11.9 1.3
1994 76 522 40 1759 420 12.2 1.5
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Table 23.
Daily consumption, feeding rate, digestion coefficient, and feeding time estimates for
major prey types of sockeye salmon, as determined by a 24-hour sampling experiment in
the Bering Sea, 1997. Analysis assumes that feeding on a particular prey type is constant
during a specific time interval (shown under Hdurs of feeding) and zero at all other times.
Feeding rate is the rate of prey ingestion of a single salmon during the feeding interval,
while total consumption is total food consumed by a single salmon over 24 hours.
Digestion coefficient is 1~ in the exponential stomach evacuation equation S=SO*exp(~~t),
where S is the average prey weight of a single prey type in a stomach at time t hours, and
SO is the prey weight at t=O hours. Numbers in parentheses are asymmetric 95%
confidence intervals for parameters; x indicates insufficient data for range estimation.

Prey type Digestion Total Feeding rate Hours of
Coefficient consumption (glhour) feeding
(hours-i) (g/day)

Euphausiids 0.15 (x) 3.8 (2.8-5.2) 0.97 (0.49-x) 1500-1900
Copepods 0.15 (x) 7.2 (4.5-11.0) 3.0 (i.2-x) 1500-1700
Fish 0.10 (0.01-0.18) 4.5 (3.5-6.0) 1.6 (0.65-x) 2100-0000
Crab larvae 0.16 (0.09-0.23) 4.3 (3.4-5.6) 0.47 (0.25-0.65) 0300-1200
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Table 24. Percentage composition ofprey in stomach contents of salmon in six

coastal and offshore regions of the Aleutian Islands and North Pacific
Ocean, 28 April-25 May 1998, F/V Great Pac~fic.
Prey categories: SQ = cephalopod (squid and octopus), FT = fish,
EU = euphausiid, CO = copepod, AM = amphipod, CR = decapod
(crab and shrimp), PT = pteropod, P0= polychaete, GE = gelatinous
zooplankton (jellyfish, saip, and larvacea), OT = other, UN
unidentified.

Sockeye Chum Pink Coho Chinook
Region Prey N % N % N % N % N %

Region 1: SQ 22 2.2 5 1.0 12 9.2 0 3 36.7
Coastal, Unalaska I. Fl 27.9 0.0 21.9 30.0
(166°-167°W, EU 13.1 33.0 10.6 33.3
53°-54°N) CO 1.1 20.0 2.5 0.0

AM 17.5 0.4 7.5 0.0
CR 1.1 0.0 0.0 0.0
PT 35.2 0.4 47.5 0.0
P0 0.0 0.0 0.0 0.0
CH 0.0 0.0 0.0 0.0
GE 1.8 26.0 0.8 0.0
UN 0.0 19.2 0.0 0.0

_______ OT 0.0 0.0 0.0 0.0

Region 2: SQ 54 36.8 46 0.2 1 0.0 0 1 100.0
Offshore, Western Fl 17.6 1.5 0.0 0.0
Gulf ofAlaska, EU 2.9 0.0 0.0 0.0
(152°-164°W, CO 15.2 6.7 95.0 0.0
50°-52°N) AM 6.3 0.2 0.0 0.0

CR 0.1 1.2 0.0 0.0
PT 3.7 2.1 5.0 0.0
P0 1.9 0.9 0.0 0.0
CH 0.0 0.0 0.0 - 0.0
GE 13.8 87.2 0.0 0.0
UN 1.7 0.0 0.0 0.0
OT 0.0 0.0 0.0 0.0

Region 3: SQ 0 27 0.0 0 0 14 0.0
Coastal, Kodiak I. - Fl 0.0 98.6
Shelikof Strait EU 0.0 1.4
(151°-157°W CO 0.0 0.0
56°-57°N) AM 0.0 0.0

CR 0.0 0.0
PT 28.3 0.0
P0 0.0 0.0
CH 0.0 0.0
GE 33.7 0.0
UN 38.0 0.0
OT 0.0 0.0
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Table 24. Continued.
Region4: SQ 38 6.1 37 0.0 0 0 9 1.1
Coastal, Central Fl 10.5 0.1 22.2
Gulf of Alaska EU 12.1 7.0 55.6
(145°W, 59°N) CO 5.3 0.3 0.0

AM 0.1 0.0 0.0
CR 0.0 0.0 12.2
PT 59.3 77.4 0.0
P0 0.0 0.8 0.0
CH 0.0 0.0 0.0
GE 6.7 4.7 0.0
UN 0.0 9.6 0.0
OT 0.0 0.0 8.9

Region 5: SQ 36 6.5 48 0.1 46 5.2 12 87.4 1 100.0
Offshore, Central Fl 6.9 0.0 3.1 0.0 0.0
Gulf of Alaska - EU 16.9 22.3 4.0 0.0 0.0
northeastern CO 13.3 1.2 3.9 0.0 0.0
North Pacific AM 33.2 9.9 51.4 0.1 0.0
(145°W, CR 0.0 0.0 0.0 0.0 0.0
43°-55°N) PT 7.6 3.8 27.9 12.5 0.0

P0 3.2 3.3 0.0 0.0 0.0
CH 0.0 0.0 0.0 0.0 0.0
GE 9.4 22.9 0.0 0.0 0.0
UN 2.8 36.6 4.3 0.0 0.0
OT 0.0 0.0 0.3 0.0 0.0

Region 6: SQ 0 0 0 9 0.0 13 0.0
Coastal, Washington Fl 62.2 61.5
(125°W, 48°N) EU 00 0.0

CO 0.0 0.0
AM 0.0 0.4
CR 37.8 38.2
PT 0.0 0.0
P0 0.0 0.0
CH 0.0 0.0
GE 0.0 0.0
UN 0.0 0.o
OT 0.0 0.0
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Table 29. ANOVA of final linear model, where the dependent variable is frequency of
Lastan 1 (last annulus not yet forming) and the independent variables are recovery age and
month (recmo).

Source Df Sum of Sq Mean Sq F Value p-value

age 2 78.25 39.13 6.85 0.002

recmo 3 233.83 77.94 13.65 0.000
age*recmo 6 74.75 12.46 2.18 0.057

Residuals 60 342.67 5.71
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Table 30.
Results from 10-day runs of two bioene:getics models of adult pink salmon in the
Alaskan Gyre in July at 70 C, simulating the possible change in forage demand across the
1976-77 regime shift. Food consumption estimates are based on size selectivity seen in
food habits data collected between 1980-97.

Characteristic Pre-1976 Post- 1976
Central Alaskan pink 11.7 25.5
salmon return (millions)
Adult pink salmon body 1.7 kg 1.4 kg
size
Mean per-capita growth 5.26 x 10-3 g/g/day 5.33 x 10-3 g/g/day
over 10 days (8.5 g/fishlday) (7.1 g/fishlday)
Total biomass growth over 970 mt 1,800 mt
iodays
Mean trophic level 2.46 2.27
Growth Efficiency 0.174 0.168
Total 10-day small 2,300 mt 6,750 mt
zooplankton consumption
Total 1 0-day large 1,600 mt 2,650 mt
zooplankton consumption
Total 10-day squid 1,800 mt 1,450 mt
consumption




