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Preface

Dramatic fluctuations in the ocean growth and survival
of many Asian and North American salmon populations over
the past decade have been attributed to changes in the Ber-
ing Sea and other marine ecosystems. The absence of sci-
entific observations for salmon, ecologically related species,
and environmental conditions in the North Pacific Ocean has
limited our understanding of these changes and how they af-
fect salmon populations and economies around the Pacific
Rim. International research efforts to address these issues
were developed by the NPAFC, as part of its Science Plan.
The research plan, called BASIS (the Bering-Aleutian Salm-
on International Survey), began in 2002 as a coordinated
program of cooperative research on Pacific salmon in the
Bering Sea. The goal of BASIS research was to clarify the
mechanisms of biological response by salmon to the condi-
tions caused by climate change in the Bering Sea.

The International Symposium on Bering-Aleutian Salm-
on International Surveys (BASIS): Climate Change, Produc-
tion Trends, and Carrying Capacity of Pacific Salmon in the
Bering Sea and Adjacent Waters was held in the Sheraton
Seattle Hotel, Seattle, WA, USA on November 23-25, 2008.
The Symposium was hosted by the North Pacific Anadro-
mous Fish Commission (NPAFC) and organized by the
Symposium Steering Committee (T. Azumaya, R. Beamish,
E. Farley, Jr. (chairperson), K.B. Seong, V. Sviridov, and S.

Urawa) in cooperation with the NPAFC Secretariat. Local
arrangements were made by the Local Organizing Commit-
tee (H. Bartlett, J. Helle, K. Myers, and J. Seeb) formed by
the host country, the United States.

The purpose of the symposium was to summarize BA-
SIS research conducted during 2002 to 2006 and increase
our understanding about how climate change will affect
salmon growth and survival in the North Pacific Ocean. The
symposium topics were:

1. Overviews of Climate Change, Bering Sea Ecosystems,
and Salmon Production
2. Biological Responses by Salmon to Climate and Ecosys-
tem Dynamics

2.1. Migration and Distribution of Salmon

2.2. Food Production and Salmon Growth

2.3. Feeding Habits and Trophic Interactions

2.4. Production Trends and Carrying Capacity of Salmon

There were 34 oral, and 30 poster presentations followed
by a session of discussion and summary on BASIS 2002-
2006 (Where do we go from here?). This bulletin includes
33 papers which were peer reviewed and edited. Reviewers
are listed at the end of the bulletin.

© 2009 North Pacific Anadromous Fish Commission
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Opening Remarks

Birth of Bering-Aleutian Salmon International Survey
(BASIS)

Fran Ulmer, President of NPAFC from 1999 through
2001, initiated discussions with members of the Committee
on Scientific Research and Statistics (CSRS) that lead to the
formation of BASIS (Bering-Aleutian Salmon International
Survey). I met with Fran several times during the Annual
Meeting in Tokyo in 2000. Fran believed that the NPAFC
was a unique organization that could provide the forum to
support international research that would be beneficial to
each nation. Her belief was that collaborative research sup-
ported by each nation with a common objective would pro-
vide more extensive research results than research accom-
plished by each country working independently. She asked
me what were the major science issues within the CSRS?
Were any of the major issues common to all the member
countries?

Fran and | discussed the new ecosystems studies with
emphasis on juvenile salmon in the Gulf of Alaska initiated
by NOAA Auke Bay Laboratory’s Ocean Carrying Capacity
Program (OCC) in 1995. The OCC program worked with
Canadian Department of Fisheries and Oceans biologists de-
veloping gear to sample juvenile salmon off shore. Large
trawls towed near the surface proved to be successful in
capturing juvenile salmon in the ocean along the continental
shelf. Earlier, the Russians, Japanese, and Canadians had
been successful in developing different types of surface nets
to sample juvenile salmon in coastal and offshore waters. In
the late 1990’s, in response to declining ocean survival of
sockeye salmon returning to Bristol Bay, the OCC program
initiated early marine studies on juvenile sockeye salmon in
the southeastern Bering Sea. I discussed these studies with
Fran and also pointed out that western Alaska stocks of chum
salmon in the Yukon and Kuskokwim rivers were declining
and little was known of the early marine life history of North
American salmon in the Bering Sea. Only a few small stud-
ies had looked at early marine survival of salmon in Bristol
Bay and near the mouth of the Yukon River.

At the Annual Meeting in Tokyo Fran met with Kate
Myers, University of Washington, several times and the
three of us met several times. Fran talked with Canadian,
Japanese, and Russian scientists about collaborative research
at this time as well. Kate’s extensive experience working
with the Japanese in salmon research on the high seas in both
the North Pacific Ocean and the Bering Sea provided an in-
ternational background to our discussions. We discussed the
declining stocks in the eastern Bering Sea that included not
only sockeye salmon in Bristol Bay but also stocks of chum
salmon from the Yukon and Kuskokwim rivers. At the same

time chum salmon stocks in Japan and Russia also were
experiencing declines. The commonality of the use of the
Bering Sea by Asian and North American stocks of salmon
suggested that ocean conditions in the Bering Sea may be
responsible for the declines.

Kate Myers initiated discussions in the Science Sub-
Committee (SSC) at the Tokyo meeting about our discus-
sions of collaborative research in the Bering Sea. The SSC
(V. Karpenko, Russia, Chair; R. Beamish, Canada; S. Urawa,
Japan; and K. Myers, U.S.A.) drafted a new Science Plan
and included in the plan suggested coordinated research by
the Parties in the Bering Sea.

In early December 2000, Fran held a teleconference
with U.S. delegates to the NPAFC to discuss the “Next
Steps” towards further development of the NPAFC Science
Plan, and “our common goal of more focused and more co-
ordinated Bering Sea salmon research.” Fran’s call to action
and identification of potential funding sources quickly led
to development by the OCC staff (S. Ignell and E. Farley)
and K. Myers of a new research initiative for international
cooperative research on salmon in the Bering Sea. Kate My-
ers recommended the new international research program
be called “BASIS” (Bering-Aleutian Salmon International
Survey), because the results would provide a solid scientific
foundation for addressing current and future research, man-
agement, and conservation issues concerning salmon in the
Bering Sea.

Discussions with Fran about collaborative international
research became more focused at the Research Planning and
Coordinating Meeting (RPCM) in Seattle in March 2001,
chaired by Y. Ishida of Japan. Kate and I met with Fran sev-
eral times during this meeting. The United States presented
its BASIS proposal, which was well received by interna-
tional participants. Discussions continued in the SSC (M.
Fukuwaka substituted for S. Urawa), and R. Beamish and K.
Myers were tasked with developing a fully-coordinated BA-
SIS research plan in two weeks (NPAFC Doc. 525). Shortly
after the meeting, the draft BASIS plan was completed, re-
viewed and amended by all national parties, and submitted
to F. Ulmer for her further consideration and use for seeking
financial support.

At the 2001 Annual Meeting of the NPAFC in Victoria,
Canada, plans for making BASIS a reality progressed. In
the CSRS meeting, chaired by Y. Ishida, the draft BASIS
plan developed in Seattle in April was expanded and the four
countries — Canada, Japan, Russia, and the United States of
America — agreed to plan and coordinate the new interna-

Vii
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tional research plan (NPAFC Doc. 582). A BASIS Working
Group (BWG) was formed to coordinate individual national
plans and draft an “Annual Implementation Plan” for joint
BASIS research. The BWG appointments were: Canada —
R. Beamish; Japan- S. Urawa and T. Azumaya; Russia — V.
Karpenko, S. Sinyakov, and V. Lapko; U.S.A. —J. Helle, D.
Eggers, and K. Myers.

This was Fran’s final meeting as NPAFC President, and
in her closing remarks she said, “The revolutionary BASIS
science plan is an example of an approach that can provide
valuable insights into salmon and their environment in a
way that has not been previously attempted. We are moving
quickly to become the cutting-edge of scientific collabora-
tion for the new millennium. I believe BASIS will help us
achieve this collaboration.”

The spring RPCM in 2002 was held on March 12—13
in Vancouver, British Columbia. The BWG prepared a de-
tailed draft Agenda (NPAFC Doc. 592) for a major meeting
to take place in Vladivostok, Russia, to plan the research and
cruise activity for the summer/fall of 2002.

The BASIS Working Group Meeting in Vladivostok on
May 27-28, 2002 was attended by additional delegates from
each country (NPAFC Doc. 599). In addition to the official
working group members, two from Canada, one each from
Japan and the U.S.A., 14 from Russia and 3 from the Secre-
tariat participated in the meeting. J. Helle was elected Chair
of the BWG. Russia appointed O. Temnykh to replace V.
Lapko on the official working group.

During the Vladivostok meeting detailed discussions
were held about preparations for the upcoming field season.
Financial support for BASIS research from internal and ex-
ternal sources was discussed. Vessel support for the exten-
sive sampling would be provided by fisheries agencies in
Japan and Russia — the RV Kaiyo maru, and the RV TINRO.
The U.S.A. would charter two private fishing vessels, the
FV Northwest Explorer for mid-ocean sampling and the FV
Sea Storm for more coastal sampling. Because each coun-
try would use different nets for sampling during this eco-
system research in the epipelagic zone, detailed discussions
concerned how and where to calibrate the gear between the
three countries’ vessels. Discussions also took place on how
to compare and calibrate different methods for sampling
plankton, oceanography, salmon tagging, age and maturity,
food habits and bioenergetics, migration and growth mod-
els, ecologically related species, parasites and diseases, and
stock identification. Protocols for collecting samples and ex-
change of samples and data were discussed. Contact persons
within each country were appointed for each sampling meth-
od. These people would coordinate the exchange of data and
samples for each method. Timetables for reports, publica-
tions, workshops, and symposia were discussed. By the end
of this meeting the plans and commitments were in place to
launch ships from Japan, Russia, and the U.S.A. that would
sample nearly the entire Bering Sea with synoptic surveys of

salmon. These three ships met near Attu in the remote west-
ern Aleutian Islands in 2002 to tow their nets side by side in
the ocean swells to calibrate their gear. I will never forget
the excitement expressed in the message I received from J.
Murphy, Chief Scientist, aboard the FV Northwest Explorer
about the sight and communications with each nation’s ships
doing side-by-side cooperative research in the open ocean.
It was a day that none of the participants will ever forget!

Fran delivered a keynote address, “BASIS as a Mod-
el for International Scientific Collaboration: the Project is
Greater than Just the Sum of its Parts,” at the NPAFC’s BA-
SIS Workshop in Sapporo, Japan, in October 2004 (NPAFC
Tech. Rep. 6). In this address, she reminded us that “policy
makers, regulators, fishermen, community leaders, univer-
sity faculty, foundation and grant-giving organizations and
media representatives must be educated about BASIS. They
need to know about the progress underway at NPAFC to pro-
vide a new paradigm for international science and informa-
tion sharing. I for one, plan to do so whenever the opportu-
nity presents itself.”

At a 1-day symposium “Science Bridging Five Nations:
The Bering-Aleutian Salmon International Survey,” held at
the 2005 Annual Meeting of the American Fisheries Society
in Anchorage, Alaska, Fran reviewed the history and impor-
tance of BASIS: “This process is unique in its level of coop-
eration and productivity. Although it has an unusual founda-
tion: a treaty signed by the member nations enabling them to
share data and resources for a common mission (the protec-
tion of anadromous fish), its success lies in something else:
mutual trust and respect among the participating scientists
and the shared vision that no one country can accomplish
this mission alone.”

The Birth of BASIS can be attributed to the visualiza-
tion, persistence, and international coordination of Fran Ul-
mer. She had a special ability to listen and talk to scientists
from different countries and backgrounds and get them to
plan and execute a cooperative research program that had a
common goal that would provide mutual benefits to all the
parties.

Photo by J.H. Davis

John H. (Jack) Helle
Chairman of the BASIS
Working Group (2002-2007)
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Greetings

BASIS (Bering-Aleutian Salmon International Survey)
evolved out of a shared goal: to learn more about the com-
plex Bering Sea ecosystem and how changing conditions,
caused in part by climate change, are impacting salmon and
inter-related species. NPAFC scientists were interested in
migration patterns, feeding patterns, juvenile survival and
growth, and many other areas of research. Since no one na-
tion had sufficient resources to do all of the data accumula-
tion and analysis that was needed, and since salmon move
over vast areas beyond any one nation’s boundaries, the idea
of sharing research efforts evolved. This could not have hap-
pened without the mutual respect and trust of the researchers

from the member nations that grew over time.

A great deal has been accomplished through BASIS, in
spite of meager funding. | am proud that | was able to play a
small role in helping to get it launched, and | am glad that it
continues today.

I have two hopes for the future: 1) that BASIS will ob-
tain some additional funding to continue data collection and
help analyze, publish and disseminate the results of the re-
search that is done on the Bering Sea. 2) that BASIS will be
used as an example of international, collaborative research
for other regions of the world.

Fran Ulmer
Former NPAFC President
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Distribution and CPUE Trends in Pacific Salmon,
Especially Sockeye Salmon in the Bering Sea and
Adjacent Waters from 1972 to the mid 2000s

Toru Nagasawa! and Tomonori Azumaya

Hokkaido National Fisheries Research Institute, Fisheries Research Agency,
116 Katsurakoi, Kushiro 085-0802, Japan
'Present Address National Salmon Resources Center, Fisheries Research Agency,
2-2 Nakanoshima, Toyohira-ku, Sapporo 062-0922, Japan

Nagasawa, T. and T. Azumaya. 2009. Distribution and CPUE trends in Pacific salmon, especially sockeye salmon
in the Bering Sea and adjacent waters from 1972 to the mid 2000s. N. Pac. Anadr. Fish Comm. Bull. 5:
1-13.

Abstract: We present the mean CPUE distributions of five species of Pacific salmon in the Bering Sea and adjacent
waters, based on long-term data from Japanese research-gilinet operations, 1972-2002. Many populations of
three abundant Pacific salmon species (pink, chum, and sockeye salmon), have feeding migrations in the Bering
Sea. There are two distinct patterns in the fluctuations in CPUE of major North Pacific salmon species in the Bering
Sea. The CPUEs of pink and Chinook salmon increased after 1988 and remained high to 2005. The CPUEs of
sockeye and chum salmon were low prior to 1977, peaked in 1980, declined until 1989, and then increased again
until 2005. The trends in CPUE of sockeye and chum salmon seem to coincide with fluctuations in Bering Sea
sea surface temperatures (SST) with higher densities of sockeye and chum salmon in the Bering Sea during warm
periods and lower densities during cool periods, especially in sockeye. These increases and decreases in CPUE
seem to coincide with the hypothesized regime shifts in 1977 and 1989. We also discuss the effects of the semi-

decadal fluctuations in the Bering Sea SST, and related fluctuations in sockeye salmon abundance.

Keywords: horizontal distribution, CPUE trends, SST, Bering Sea, sockeye salmon

INTRODUCTION

Japanese high-seas salmon research has been conducted
since 1952. Until recently, we used research driftnets as the
standard gear for most salmon research programs (Takagi
1975). We have many data from these surveys that were con-
ducted during the months of June, July and August (Ishida
and Ogura 1992). The Bering-Aleutian Salmon International
Surveys (BASIS) began in 2002, and was designed to cover
both the high seas and waters within the 200 naut. mi. limit of
the USA and Russia in the Bering Sea using a surface trawl
net. Today the surface trawl net is the semi-standard fishing
gear for salmon research in the North Pacific Ocean. Al-
though, the time series data obtained from trawl net surveys
are not yet adequate, Japanese gillnet surveys will likely de-
crease in the near future because of the high cost of support-
ing both trawl and gillnet surveys for salmon. Studies on the
horizontal distribution of major Pacific salmon species using
data from Japanese research gillnet surveys have been re-
viewed (Godfrey et al. 1975; French et al. 1976; Neave et al.
1976; Major et al. 1978; Takagi et al. 1981). However, the
results of Japanese research cruises conducted after 1972 are

not well described in these articles. In this paper, we present
a retrospective analysis of driftnet data collected from 1972
to 2008, especially on the distribution of each species, clas-
sified by age. We think mean CPUE horizontal distribution
patterns by species, by month, and by ocean age will be a
helpful tool for further understanding the nature of Pacific
salmon.

After the late 1980s many researchers described the
synchrony observed between fish stock fluctuations and cli-
mate fluctuations (e.g., Kawasaki et al. 1991). Beamish and
Bouillon (1993) introduced the relationships between Pacific
salmon catches and decadal-scale climate trends. The Ber-
ing Sea is a major feeding area for the many economically
important salmon stocks of both Alaskan and Asian origin.
While there is coherence in long-term trends in climate
change effects on salmon production at basin scales, anal-
ysis of CPUE trends in this area may further contribute to
our knowledge of relationships between salmon population
abundance and climate change.

The objectives of this paper were to 1) map CPUE in
relation to sea surface temperature (SST) by age and month,
2) compare temporal trends in CPUE by species, 3) compare

All correspondence should be addressed to T. Nagasawa.
e-mail: nagasat@affrc.go.jp
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temporal trends in CPUE and SST, 4) compare CPUE and
fork length of sockeye salmon (Oncorhynchus nerka) to the
Bristol Bay sockeye salmon catch, and 5) compare sockeye
salmon fork length to walleye pollock (Theragra chalco-
gramma) abundance.

MATERIAL AND METHODS

We analyzed catch data obtained by Japanese research-
gillnet operations (Takagi 1975) for distribution patterns in
mean CPUE from 1972 to 2002, because Japanese research-
gillnet operations have decreased since 2002. To describe
the distributions, we stratified the whole area by 2-degree
latitude and 5-degree longitude grid sections, following Azu-
maya and Ishida (2000). We calculated the long-term mean
density of each species by age group and month. We used
the mean CPUE for each month for the density index. The
mean CPUE in each grid was calculated as follows:

CPUE = total catch in number / total effort (in units
of 30 tans of research-gillnet).

Mean monthly SST data were provided for 2° x 2° grids
from 1972 to 2002 by the Japan Meteorological Agency. The
proportions of maturing and immature fish in each grid were
calculated based on maturity definitions that are based on go-
nad weight (Takagi 1961; Ishida et al. 1961; Ito et al. 1974).
We estimated fish age by scale observations following Ito
and Ishida (1998). In this paper we used the “European” sys-
tem for age designation, in which the winters in fresh water
after hatching and the winters in sea water are identified and
separated by a period. Because estimated freshwater ages
of sockeye and Chinook salmon (O. tshawytscha) varied by
reader, we did not determine freshwater ages of sockeye and
Chinook but we did use ocean ages. In these cases, an x.2
fish has spent an unknown number of winters in fresh water,
and two winters in sea water.

Although the main research areas of Japanese research-
gillnet operations have been restricted since 1992, we have
been able to maintain the summer research operations in the
Bering Sea. Therefore, we analyzed the mean July CPUE
in the Bering Sea from 1972 to 2008 to obtain the long-term
density trends in salmon in the Bering Sea. To detect the
trends in decadal fluctuation patterns or longer-term trends,
we used five-year running means (SYRM) for both salmon
CPUE and SST. A five-year running mean is an effective
filter to exclude annual fluctuations.

The Bristol Bay sockeye salmon stock is a large stock
in the North Pacific. We used commercial catch statistics for
Bristol Bay as an index of sockeye salmon abundance. We
compiled this catch data from INPFC Statistics Year Books,
NPAFC Statistics Year Books, and from Eggers (2004) for
1993. We also calculated the annual mean fork length (FL)
of sockeye salmon of each ocean age caught by Japanese re-
search-gillnet operations in July. The mean FL in each year
was calculated as the arithmetic average of all samples from

Japanese research-gillnet operations in the Bering Sea in
July. We also calculated the growth rate of sockeye salmon
between age x.1 and x.2 as: growth rate of t year = average
fork length of age x.2 sockeye salmon in July in t year — av-
erage fork length of age x.1 sockeye salmon in July in t -1
year.

RESULTS
Horizontal Distribution of Sockeye Salmon Mean CPUE

Most age x.1 sockeye salmon were immature. In June,
age x.1 sockeye salmon were mainly distributed in the North
Pacific Ocean where SST ranged from 5-8°C; a few were
distributed in the Bering Sea, but few in areas < 5°C (Fig. 1).
In July, some portion of immature age x.1 sockeye salmon
entered the Bering Sea, but the rest remained in the North
Pacific Ocean either along the Aleutian archipelago, or in the
Gulf of Alaska. The SST over most of the distribution area
ranged from 7-10°C, but ranged from 9-12°C in the Gulf of
Alaska. In August, most age x.1 sockeye salmon appeared
along the Aleutian archipelago and the eastern coast of Kam-
chatka. The catch of age x.1 sockeye salmon occurred at
temperatures < 11°C.

In June, catch of age x.2 sockeye salmon mainly oc-
curred in waters ranging from 5-8° C (Fig. 2). Around the
eastern part of the Aleutian archipelago and the Alaska Pen-
insula, especially in the eastern Bering Sea near Bristol Bay,
CPUE of maturing sockeye salmon was high. In other wa-
ters, the proportion of maturing fish was < 50%. In July,
age x.2 sockeye salmon CPUE was high around the Alaska
Peninsula and the eastern portion of the Gulf of Alaska. The
proportion of maturing fish was also high around Kamchat-
ka, but CPUE was not high. The CPUE of immature age x.2
sockeye salmon was high in the North Pacific Ocean along
the Aleutian archipelago. The catch of immature age x.2
sockeye salmon occurred in waters at 7-9°C, and the catch
of maturing age x.2 sockeye salmon in waters at 7-12°C. In
August, a small catch of maturing age x.2 sockeye salmon
occurred around Kamchatka, but they were not found in the
other waters. A catch of immature x.2 sockeye salmon oc-
curred in both the Bering Sea and North Pacific Ocean at
8-11°C.

Most age x.3 sockeye salmon were maturing fish. In
June, the catch of age x.3 sockeye salmon occurred in wa-
ters at 3-9°C, and CPUE was high around the Alaska Pen-
insula and along the eastern Aleutian archipelago (Fig. 3).
In July, maturing age x.3 sockeye salmon occurred in wa-
ters at 7-12°C, with two high CPUE areas, one around the
Alaska Peninsula, and another near Kamchatka. In August,
a few maturing sockeye salmon were distributed around
Kamchatka, the Aleutian archipelago, and northern waters
of the Bering Sea, but none occurred in the central portion
of the Bering Sea.
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Fig. 1. Monthly ocean distribution of ocean age .1 (x.1) sockeye
salmon in the North Pacific Ocean. Circle size indicates catch per
unit effort (CPUE). Solid symbols indicate maturing fish (MAT), open
symbols indicate immature fish (IMM), X indicates 0 CPUE. Lines
indicate Sea Surface Temperature (SST).

Horizontal Distribution of Chum Salmon Mean CPUE

Most age 0.1 chum salmon (O. keta) were immature. In
June, the distribution of age 0.1 chum salmon occurred in
waters at 5—10°C, but did not occur in the Bering Sea (Fig.4).
In July, the catch of age 0.1 chum salmon occurred broadly
in waters at 7-12°C. High densities were recorded in the
central part of the Bering Sea and the central North Pacific
between 170°E—170°W, but few occurred in the eastern Ber-
ing Sea. In August, the catch of age 0.1 chum salmon mainly
occurred in waters < 12°C. High CPUEs occurred in the
central and northeastern Bering Sea.

In June, the catch of age 0.2 chum salmon mainly oc-
curred in waters at 6-10°C (Fig. 5). Small catches also
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Fig. 2. Monthly ocean distribution of age x.2 sockeye salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

occurred in waters at 3—6°C including the Bering Sea, and
10-13°C. No catch occurred in the northwestern portion of
the Gulf of Alaska. The proportion of maturing fish was <25
% in all waters. In July, catches of age 0.2 chum salmon oc-
curred broadly in waters at 7-15°C. High CPUEs occurred
in the central Bering Sea at 7-8°C, and in the Gulf of Alaska
at 10-12°C. Around Kamchatka, the proportion of matur-
ing fish was higher than in other waters. In August, catches
of age 0.2 chum salmon occurred in waters < 15°C. High
CPUEs occurred in the Bering Sea.

In June, catches of age 0.3 chum salmon occurred in wa-
ters < 17°C. The catches of immature age 0.3 chum salmon
only occurred in waters at 5-9°C (Fig. 6). The proportion
of maturing chum was higher in coastal areas on both sides
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Fig. 3. Monthly ocean distribution of age x.3 sockeye salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

of the North Pacific Ocean than in offshore waters. In July
catch of age 0.3 chum salmon occurred in waters < 13°C.
The two areas of high CPUE were around Kamchatka and
in the Bering Sea. The proportion of maturing chum salmon
was high in the waters around Kamchatka and near Bristol
Bay. In August, the catch of age 0.3 chum salmon occurred
in waters < 14°C. The proportion of maturing fish was lower
than that in July.

Most age 0.4 chum salmon captured were maturing. In
June, the catch of age 0.4 chum salmon occurred in waters at
3-17°C (Fig.7). High CPUEs occurred near Bristol Bay, the
central Bering Sea, and around Kamchatka. In July, catches
of age 0.4 chum salmon occurred in the Bering Sea in waters
at 7-9°C; CPUE was low elsewhere. In August, catches of
age 0.4 chum mainly occurred in waters at 10—12°C in the
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Fig. 4. Monthly ocean distribution of age 0.1 chum salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

central North Pacific Ocean between 160°W and 180°; few
were captured elsewhere.

Horizontal Distribution of Pink Salmon Mean CPUE

Because they have a two-year life span, all pink salmon
(O. gorbuscha) caught in research-gillnet operations were
maturing. In June, catches of pink salmon occurred broadly
in waters at 3—17°C, and high CPUEs occurred in waters of
the western North Pacific at 5-10°C (Fig.8). In July, two
areas of high CPUE distribution occurred, one in the west-
ern North Pacific, especially around Kamchatka at 8-11°C,
and another in the central Bering Sea at 6-7°C. In August,
catches of pink salmon only occurred in waters off the Asian
coast.
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Horizontal Distribution of Coho Salmon Mean CPUE

All coho salmon (O. kisutch) caught by research-gillnet
operations were maturing, because their growth period in-
cludes one winter in the sea. In June, catches of coho salmon
occurred in waters at 5-13°C. The high CPUEs occurred
at 7-11°C in the central North Pacific between 160°E and
160°W. CPUESs were low in other waters. Few catches oc-
curred in the Bering Sea. In July, catches of coho salmon
occurred at 7-16°C, however, coho salmon were rare in re-
search-gillnet samples. In August, catches of coho salmon
occurred in waters at 8-14°C. Coho salmon CPUEs around
Kamchatka were higher than those in the central North Pa-
cific.
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Fig. 6. Monthly ocean distribution of age 0.3 chum salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

Horizontal Distribution of Chinook Salmon Mean
CPUE

In June, the catch of age x.1 Chinook salmon occurred in
waters at 3—7°C in the Bering Sea, and 6-9°C in the central
North Pacific (Fig. 10). In July, the catch of age x.1 Chinook
salmon occurred in waters at 7-11°C. In August, catches of
age x.1 Chinook salmon occurred in waters < 13°C.

In June, catch of age x.2 Chinook salmon occurred
widely at temperatures > 2—10°C, including the North Pa-
cific, Bering Sea, Okhotsk Sea, and Gulf of Alaska (Fig. 11).
In July, the catch of age x.2 Chinook salmon occurred widely
at 7-12°C. In August, the catch of age x.2 Chinook salmon
occurred in waters < 13°C.

In June, catches of age x.3 Chinook salmon occurred
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Fig. 7. Monthly ocean distribution of age 0.4 chum salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

in waters at 3—10°C in the Bering Sea, the North Pacific,
and the Sea of Okhotsk (Fig. 12). In July, age x.3 Chinook
salmon occurred widely at temperatures < 12°C. In August,
catches of age x.3 Chinook salmon were small, but occurred
in waters < 12°C.

The catch records of age x.4 Chinook salmon in research
gillnets were few. In June the catch of age x.4 Chinook oc-
curred in waters at 4—8°C (Fig. 14). In July the highest catch
of age x.4 Chinook salmon occurred at 7-8°C in the Bering
Sea, and at 9-10°C in the western North Pacific. In August,
catches of age x.4 Chinook salmon were not recorded any-
where.

CPUE Fluctuation of Salmon in the Bering Sea

There were two patterns of CPUE fluctuation, one for
sockeye and chum salmon (Fig 14A), the other for pink and
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Fig. 8. Monthly ocean distribution of age 0.1 pink salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

Chinook salmon (Fig. 14B). Until 1977, the CPUEs for
sockeye and chum salmon were low; they then became high
by 1980, became low again by 1989, and then became high
until the present. The CPUEs of pink and Chinook salm-
on became high and remained so after 1988; prior to 1988
CPUEs were consistently low (Fig. 14B). Among these four
species, the 5-year running mean (5YRM) CPUE trends in
sockeye and chum salmon were similar to the S5YRM SST
fluctuation, especially in sockeye (Fig. 15). It seems that
sockeye salmon density was higher in warm periods than in
cool periods in the Bering Sea. There was positive linear
correlation between SYRM SST and 5YRM CPUE of sock-
eye salmon (Fig. 16).

After 1980, commercial catches of the sockeye salmon
in Bristol Bay have remained at high levels (Fig. 17). The
five-year running mean of sockeye commercial catches after
1980 had two modes, one was in 1983, and the other was in
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Fig. 9. Monthly ocean distribution of age x.1 coho salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

1994. The SYRM CPUE of sockeye salmon by Japanese
research-gillnet operations also had two modes: one was in
1981 and the other was in 1995. The high and low fluctua-
tion patterns of both index values were very similar.

Size Trends of Sockeye Salmon Caught in the Bering
Sea

The mean FL of age x.1 sockeye salmon in the Bering
Sea was low between 1972 and 1976 (excluding 1973 (Fig.
18)). After 1977, the mean FL became larger (exceeding 340
mm) until 1984. In 1986, the mean FL of age x.1 sockeye
salmon was the smallest (about 290 mm), and then increased
up to 1994. After 1995, the mean FL of age 0.1 sockeye
salmon fluctuated between 319-348 mm. The trends in
mean FL of age x.2 and older sockeye salmon were opposite
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Fig. 10. Monthly ocean distribution of age x.1 Chinook salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

to the trend in age 0.1 fish. The mean FL of age 0.2 sockeye
salmon was largest in 1976, and exceeded 510 mm between
1986 and 1990. The trend in mean FL of age x.3 sockeye
salmon was similar to that of age x.2. The calculated growth
between age x.1 and x.2 were large from 1974-1977 and
1986—1989. During these periods, mean FL of age x.1 sock-
eye salmon was small.

Although the mean FL of age x.1 sockeye salmon
fluctuated annually, 5YRM showed clear oscillations. The
oscillation pattern of the S5YRM of FL of age x.1 sockeye
salmon showed two peaks, one in 1978-1983 and the other
in 1992-1995 (Fig. 19). The peaks and valleys of this oscil-
lation pattern were similar to the trends in S5YRM commer-
cial catches of Bristol Bay sockeye salmon.
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Fig. 11. Monthly ocean distribution of age x.2 Chinook salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

DISCUSSION

After overwintering, many populations of Pacific salm-
on migrate to the Bering Sea to feed. During the summer,
age x.1 and age x.2 immature sockeye salmon appeared in
the central Bering Sea, although some part of the population
remained around the Aleutian archipelago. Recent genetic
analysis has revealed that most immature sockeye salmon
sampled in the central Bering Sea, were Bristol Bay stocks
(Habicht et al. 2005). Thus, both the Bering Sea and the
southern portion of the Aleutian archipelago are important
feeding grounds for Bristol Bay sockeye stocks. Horizontal
distribution patterns in this study showed that older chum
salmon intrude into the cool Bering Sea earlier than younger
chum in spring, but in summer, the most abundant salmon
in the Bering Sea was age 0.1 chum salmon and the second

Chin Age-3 CPUE JAun, ,|"
& At ; U
i~ ) o F
(o , iy

™' |

M

-

e W e |}

__-1_:_.1" "':'-..__ - 1
]

—— e
-

i 1
130 E 140 E 153E 1BSE ITOE 180 170 Wed W sh'W 140 Wwdd W

Thin Ape-d UL AN

n, .
L

HH h . .

an N at
f‘ ..
P
L

o Y
Mu! -l;

Sh ‘i'} _._-_____,.-"‘"l 1'_
-""-'.__-d_':_..r--h.._____.-ﬂ -

. " =

. e i e 15— J

¥ "___'"_‘———-:4.'.-——-——-3 r-
'-'l-n..‘..u -

T "n"-—-_________' no,

JoH -
T E 140E 1=0F 16aF 1rOF 180 1/0 W 160 kS0W 1O T W

. -
.-

Ol Agie3 CPUE Aug, -,

B

FaM =

¥
':-'\-;‘--r"'

v T, H
1aM
TIOF MOF M F E0E TME 1M W DRI W ISR AW I

Fig. 12. Monthly ocean distribution of age x.3 Chinook salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

was age 0.2 immature chum salmon. Maturing pink salmon
were more abundant in the western part of the North Pacific
than in the Bering Sea. Although maturing pink salmon of
eastern Kamchatka and western Alaska stocks appear in the
Bering Sea in June (Myers et al. 1996), they must return to
their natal rivers by August. Maturing coho salmon were
relatively rare in the Bering Sea in each month, but abun-
dant in the northern North Pacific Ocean. Although Chinook
salmon were rather few, they occurred widely in the Bering
Sea and northern North Pacific Ocean from June to August.
It seems that the Bering Sea is not an important feeding area
for most stocks of coho salmon. Although there are many
maturing pink salmon feeding in the Bering Sea, their feed-
ing period is shorter than that of other Pacific salmon which
have a longer ocean life. Immature and maturing Chinook
salmon appear in all seasons in the central Bering Sea, but
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Fig. 13. Monthly ocean distribution of age x.4 Chinook salmon in the
North Pacific Ocean. Symbols as in Fig. 1.

the species is not abundant. The Bering Sea is an important
feeding area for salmon which have a long ocean life period
(chum, sockeye and Chinook salmon). For other salmon, the
subarctic region of North Pacific Ocean is a more important
area than the Bering Sea, as a feeding migration area.

Azumaya et al. (2007) described the upper and lower
thermal limits for 5 Pacific salmon (sockeye, chum, pink,
coho, and Chinook salmon) based on data from several BA-
SIS cruises and Japanese research-gillnet operations, how-
ever ocean-age differences in thermal limits for each species
were not considered. In this study, we showed the different
distribution patterns for each ocean-age class. For exam-
ple, in June, age 0.1 chum salmon occurred at temperatures
> 5°C; older chum salmon occurred in waters < 4°C. Appar-
ently, older chum salmon enter the cool Bering Sea earlier
than younger chum.
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Fig. 14. Mean July CPUE trends in Japanese research-gillnet sur-
veys for four Pacific salmon species in the Bering Sea. Panel Ashows
sockeye and chum salmon, and Panel B, pink and Chinook salmon,
Pale gray vertical lines indicate the hypothesized regime shifts.

In this study, we showed the time series of fluctuations
in CPUE in salmon and SST in the Bering Sea from 1972 to
recent years. There are two patterns in CPUE fluctuation,
one for pink and Chinook salmon, the other for sockeye and
chum salmon. The CPUE of pink and Chinook salmon in-
creased and remained at high levels after 1988. Before 1988,
the mean CPUE for these two species was rather low. The
regime shift in 1988/1989 might have affected the change
in these CPUE trends. Based on tagging experiments, most
Chinook salmon distributed in the central Bering Sea belong
to either the Arctic-Yukon-Kuskokwim (AYK) or Bristol
Bay stocks (Major et al. 1978; Myers et al. 1984). However,
our CPUE time series trend was very different from the com-
mercial catches of the AYK and the Bristol Bay stocks.

In our data, the SYRM CPUE trends in sockeye and
chum salmon are similar to the S5YRM SST fluctuation. It
seems that sockeye salmon densities were higher in warm
than in cool periods in the Bering Sea. Some researchers
have hypothesized that the ocean condition shifted to a high
production regime in 1977 and then shifted back to a low
production regime in 1989 (Beamish and Bouillon 1993;
Hare and Mantua 2000). However, during the hypothesized




NPAFC Bulletin No. 5

Nagasawa and Azumaya

Fig. 15. Trends in 5-year running means (5YRM) for July CPUE
(Japanese research vessels) of chum (upper panel), and sockeye
(lower panel) salmon in the Bering Sea. Hatched lines indicate the
5-year running mean of July sea-surface temperatures in the Bering

Sea.
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low production regime, the mean CPUE of four Pacific salm-
on species (sockeye, chum, pink and Chinook salmon) in the
Bering Sea were at high levels. Our data showed a positive
linear correlation between 5YRM SST and 5YRM CPUE of
sockeye salmon. Additionally, the 5YRM sockeye salmon
CPUE oscillation was similar to the SYRM commercial
catch of Bristol Bay sockeye salmon. These results indicate
that warm periods lead to a high abundance of Bristol Bay
sockeye salmon. We showed the similarity in oscillation
patterns between size trends of age x.1 sockeye salmon and
abundance of Bristol Bay sockeye salmon stocks. When the
S5YRM FL of'age x.1 sockeye salmon became large, the Bris-
tol Bay sockeye salmon abundance increased. Farley et al.
(2007a) showed that the warmer sea temperatures during the
spring and summer increased the productivity in the eastern
Bering Sea, enhancing sockeye salmon growth; and Farley
et al. (2007b) support the “bigger is better” hypothesis for
sockeye salmon (Beamish and Mahnken 2001). Our analy-
sis in the central Bering Sea also supports his hypothesis for
sockeye salmon populations.

We observed two periods with small mean FL of age x.1
sockeye salmon from 1972 to 2005. One was from 1974 to
1977, and the other from 1986 to 1989. During these peri-
ods, the mean FL of age x.2 and age x.3 sockeye salmon was
larger than usual. In both periods calculated growth rates
between age x.1 and age x.2 sockeye in summer were very
high. On the other hand, during 1978-1984 and 19921998
with large mean FL of age x.1 sockeye salmon, the mean FL
of age x.2 and age x.3 sockeye salmon were small. These
results indicate the occurrence of intra-population, density-
dependent effects on growth after age x.1 in sockeye salmon
in the Bering Sea. Ruggerone and his colleagues pointed out
that the population abundance of Asian pink salmon affected
the growth of the Bristol Bay sockeye salmon population,
based on scale analysis (Ruggerone et al. 2003, 2005), but
they did not mention intra-population competition. In our
data, mean pink salmon CPUE in the Bering Sea was low be-
tween 1972 and 1989, so interspecies competition between
Asian pink salmon and Bristol Bay sockeye salmon stocks
should have been at low levels. However, large fluctuations
in growth of sockeye salmon at sea occurred during this
period. Intra-population competition may be more impor-
tant than interspecific competition on the growth of Bristol
Bay sockeye. Farley et al. (2007a) pointed out that age O
year walleye pollock were important food items for juvenile
sockeye salmon along the eastern Bering Sea shelf. Accord-
ing to a recent assessment, the estimated abundance of age
1 walleye pollock was high around 1979 and 1993, and low
around 1988 and 2005 (Ianelli et al. 2008). This fluctuation
pattern is similar to the mean FL of age x.1 sockeye salmon
in the central Bering Sea (Fig. 20). Considering this, abun-
dance of YOY walleye pollock along the eastern Bering Sea
shelf should be one of the key factors affecting the growth
and survival of juvenile Bristol Bay sockeye salmon. When
age 1 walleye pollock are abundant, we can expect numerous

YOY walleye pollock as a food organism for age x.1 sockeye
salmon in the eastern Bering Sea. An abundant food supply
may accelerate the early growth of age x.0 sockeye salmon
in the eastern Bering Sea shelf.

In this study, we showed that SST fluctuations affected
some characteristics of Pacific salmon. The SST and other
oceanographic components were, in turn, influenced by cli-
mate change. Among the climate indices, the PDO was well
associated with Alaskan sockeye stocks (Mantua et al. 1997;
Hare et al. 1999). The PDO was an index of SST fluctuation;
it was also associated with our SST data on the central Ber-
ing Sea. The detected regime shifts in the PDO occurred in
1977 and 1989. After the 1977 regime shift, the Bering Sea
became warmer and the mean FL of age x.1 sockeye salmon
increased until 1985. Mean FL became smaller in 1986 and
1987 (Figs. 18 and 19). After the 1989 regime shift, mean
FL of age x.1 sockeye salmon increased until 1995. The
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1977 regime shift marked a significant increase in many
Alaskan salmon stocks (Hare and Francis 1994), but trends
after the 1989 regime shift were unclear. Some research-
ers indicated the occurrence of a 1998 regime shift (Minobe
2002). Ifitis true, we can now identify three regime shifts,
1977, 1989, and 1998, in our time series of CPUE and SST
data in the Bering Sea. Among these three years, both the
SST and CPUE showed two up-and-down cycles with the
minimum value around each regime shift year. Addition-
ally, we can see a similar trend in the commercial catch of
Bristol Bay sockeye salmon. What has happened to sock-
eye salmon during the warm periods (such as around 1980
and 1996)? We propose a possible process affecting sockeye
salmon characteristics in Fig 21. In warm periods, salmon
grow faster during early marine life in the eastern Bering
Sea, with the larger size resulting in higher survival rates.
The result of higher early life survival is a higher abundance
of age x.1 sockeye salmon. If, after age x.1, the survival rate
of salmon is semi-constant, then a high abundance of age
x.1 fish results in an increased commercial catch (population
size). Because of intra-population density effects, growth
rates between age x.1 and age x.2 sockeye salmon become
lower because of the influence of a high density of age x.1
fish. Effects of slower growth rates are unclear, but may
affect reproduction through the adult size, fecundity, or egg
quality.

In this paper, we have shown the possibility of semi-
decadal fluctuations in the Bering Sea SST, and related fluc-
tuations in sockeye salmon abundance, although cause and
effects of the fluctuations are still unclear. Climate change
and its effects on the salmon populations are one of the se-
rious problems affecting salmon population management
(Beamish 2007).
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Abstract: A microsatellite baseline incorporating over 53,000 chum salmon (Oncorhynchus keta) sampled from
over 380 locations in Asia and North America was applied to estimate stock composition in mixed-stock fishery
samples from the Gulf of Alaska. High resolution of these mixed-stock samples was possible, with 1 reporting
group developed for Korean populations, 7 groups for Japanese populations, 8 groups for Russian populations,
15 groups for Alaskan populations, 5 groups for Canadian Yukon River populations, 16 groups for British Columbia
populations, and 5 groups for Washington populations. In February 2006 samples from the Gulf of Alaska (145°W),
chum salmon in more northern areas (54°N) were primarily of North American origin (55% British Columbia, 30%
Alaska), but in more southern areas (48°N), nearly 40% of chum salmon sampled were of Japanese origin (Sea
of Okhotsk and Pacific coasts of Hokkaido), and 30% were of Russian origin (Kamchatka and northeast Russia).
Ocean age-1 chum salmon spending their first winter in the Gulf of Alaska were almost entirely from southeast
Alaska (39%), Prince William Sound (31%), or southern British Columbia (26%). However, by the second winter,

30% of ocean age-2 chum salmon were identified as of Asian origin (18% Japanese, 12% Russian).

Keywords: chum salmon, winter, Gulf of Alaska, stock identification, microsatellites

INTRODUCTION

Stock composition information is important in deter-
mining areas of ocean rearing of stocks of immature chum
salmon (Oncorhynchus keta), and the migration routes used
by immature salmon to reach seasonal rearing areas, as well
as the routes used by maturing chum salmon to return to na-
tal rivers. Although scale pattern analysis has been used in
chum salmon stock identification (Tanaka et al. 1969; Ishi-
da et al. 1989), stock identification based upon analysis of
genetic variation has been the main method used in stock
identification applications. Initial applications centered on
allozymes, whereby the genetic structure of populations po-
tentially contributing to a mixed-stock fishery was determined
(Okazaki 1982a,b; Wilmot et al. 1994; Winans et al. 1994;
Seeb and Crane 1999a; Efremov 2001) and then this struc-
ture was used to estimate the stock composition of samples
from mixed-stock fisheries (Beacham et al. 1987; Urawa et
al. 1997, 2000, 2009; Wilmot et al. 1998; Winans et al. 1998;
Seeb and Crane 1999b). Additionally, sequence variation in
mitochondrial (mt) DNA has been used to evaluate popula-
tion structure (Ginatulina 1992; Sato et al. 2001, 2004) and
to estimate stock compositions of chum salmon in the Bering

Sea and North Pacific Ocean (Moriya et al. 2007; Sato et al.
2009). Microsatellites have also been demonstrated to be ef-
fective in determining population structure of chum salmon
and estimating stock composition in fisheries in local areas
in both Asia (Beacham et al. 2008b,c) and North America
(Beacham et al. 2008a), as well as providing high resolu-
tion stock composition estimates for complex mixed-stock
samples in North Pacific and Bering Sea sampling (Beacham
et al. unpub. data).

Accurate, cost-effective identification of chum salmon
to region of origin is important to our understanding of stock-
specific responses to recent climatic regime shifts in the
north Pacific Ocean (Welch et al. 2000; Mueter et al. 2002).
Identification of marine factors responsible for survival
variation observed in salmon stocks requires identification
of fish sampled in marine environments to stock of origin as
an initial step. The potential mixing of many chum salmon
stocks throughout their marine existence necessitates identi-
fication of fish from mixed-stock samples for delineation of
stock-specific migration pathways and marine feeding areas
(Brodeur et al. 2003), and for evaluation of physiological
status during spawning migrations (Cooke et al. 2004).

In the present study, mixed-stock samples from the Gulf

All correspondence should be addressed to T. Beacham.
e-mail: Terry.Beacham@dfo-mpo.gc.ca
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of Alaska were analyzed for stock composition through anal-
ysis of 14 microsatellites by incorporating a 381-population
baseline including populations from Korea, Japan, Russia,
Alaska, the Yukon Territory, British Columbia, and Wash-
ington. Comparisons of presence and absence of specific
stocks of salmon in the areas surveyed are outlined.

MATERIALS AND METHODS
Baseline Populations

The baseline survey consisted of the analysis of over
53,000 chum salmon from 381 populations from Korea,
Japan, Russia, Alaska, Canada, and Washington, with the
sampling sites or populations surveyed in each geographic
region outlined by Beacham et al. (unpub. data). Informa-
tion on regional population structure has been outlined pre-
viously for Japanese populations (Beacham et al. 2008b),
Russian populations (Beacham et al. 2008¢), western Alaska
populations (Beacham et al. 2009b) and British Columbia
populations (Beacham et al. 2008a). Pacific Rim population
structure of chum salmon was reported by Beacham et al.
(2009a).

Marine Samples and Laboratory Analysis

A series of six samples was collected during a research
cruise in the Gulf of Alaska during February 2006 between
approximately latitude 48°N—53°N along longitude 145°W
(Fig. 1). The age of virtually all individuals in these six sam-
ples was determined by analysis of scales, and variation in
stock composition attributable to both location and age was
conducted subsequently.

Laboratory Analysis

Tissue samples from the marine samples were collected,
preserved in 95% ethanol, and DNA subsequently extracted.
Extracted DNA from 2006 Gulf of Alaska samples was sent
to the Molecular Genetics Laboratory (MGL) at the Pacific
Biological Station for subsequent analysis. Once extracted
DNA was available, surveys of variation at 14 microsatel-
lite loci were conducted: Ots3 (Banks et al. 1999), Oke3
(Buchholz et al. 2001), Oki2 (Smith et al. 1998), Okil00
(Beacham et al. 2008b), Omm1070 (Rexroad et al. 2001),
Omyl011 (Spies et al. 2005), Onel01, Onel02, Onel04,
Onelll, and Onel14 (Olsen et al. 2000), Ots103 (Nelson and
Beacham 1999), Ssa419 (Cairney et al. 2000), and OtsG68
(Williamson et al. 2002).

PCR DNA amplifications were conducted using DNA
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Fig. 1. Map indicating the locations of six samples collected during a February 2006 cruise of the R/V Kaiyo-maru in the Gulf of Alaska and

eastern Pacific Ocean.
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Engine Cycler Tetrad2 (BioRad, Hercules, CA) in 6-ul
volumes consisting of 0.15 units of Taq polymerase, 1 pl
of extracted DNA, 1x PCR buffer (Qiagen, Mississauga,
Ontario), 60 uM each nucleotide, 0.40 uM of each primer,
and deionized H,O. The thermal cycling profile involved
one cycle of 15 min at 95°C, followed by 3040 cycles of 20
sec at 94°C, 30-60 sec at 47-65°C and 30-60 sec at 68—72°C
(depending on the locus). Specific PCR conditions for a par-
ticular locus could vary from this general outline and were
outlined by Beacham et al. (2009b). PCR fragments were
size fractionated in an ABI 3730 capillary DNA sequencer,
and genotypes were scored by GeneMapper software 3.0
(Applied Biosystems, Foster City, CA) using an internal lane
sizing standard.

Estimation of Stock Composition in Mixed-stock
Samples

The BAYES routine of Pella and Masuda (2001) was
modified by our laboratory to a C++-based program (cBayes),
which is available from our laboratory website (Neaves et
al. 2005). In the analysis, ten 20,000-iteration Monte Carlo
Markov chains of estimated stock compositions were pro-
duced, with initial starting values for each chain set at 0.90
for a particular population that was different for each chain.
Estimated stock compositions were considered to have con-
verged when the shrink factor was < 1.2 for the 10 chains
(Pella and Masuda 2001), and thus the starting values were
considered to be irrelevant (uninformative prior). Stock
composition estimates converged before 20,000 iterations,
and no further improvements in the estimates were observed
in excess of 20,000 iterations. Therefore, 20,000 iterations
was set as the standard in the analysis. The last 1,000 itera-
tions from each of the 10 chains were then combined, and for
each fish the probability of originating from each population
in the baseline was determined. These individual probabili-
ties were summed over all fish in the sample, and divided by
the number of fish sampled to provide the point estimate of
stock composition. Standard deviations of estimated stock
compositions were determined from the last 1,000 iterations
from each of the 10 chains incorporated in the analysis.

RESULTS

Winter distribution of chum salmon along 145°W lon-
gitude in 2006 was evaluated between 48°N and 53°N. In
the most northerly location sampled (53°N), sample size was
modest (N=32), but chum salmon originating from the cen-
tral coast of British Columbia (19%), the Fraser River (15%)
in southern British Columbia, and southeast Alaska (12%)
were identified as the most relatively abundant stocks (Table
1). Contributions were also identified from chum salmon
originating from southern coastal British Columbia (8%) and
Prince William Sound (7%). Asian chum salmon detected
were limited to those from Kamchatka (8%) and northeast

Russia (3%). Sampling at 52°N indicated that chum salmon
from southeast Alaska (23%), the Fraser River (23%), Prince
William Sound (15%), and the west coast of Vancouver Is-
land (13%) accounted for 74% of the chum salmon sampled.
Asian chum salmon accounted for 8% of the fish sampled
from this location, with the largest stock from the Sea of
Okhotsk coast of Hokkaido (5%). Sampling at 51°N indi-
cated that chum salmon from southeast Alaska were the most
relatively abundant stock (22%), followed by chum salm-
on from Prince William Sound (17%) and the Fraser River
(9%) (Table 1). Chum salmon from Norton Sound and the
lower Yukon River constituted approximately 11% of the
individuals sampled. Asian chum salmon were estimated
to constitute 26% of the individuals sampled, with Russian
chum salmon identified almost exclusively from Kamchatka
(7%) and northeast Russia (8%), and Japanese chum salmon
almost exclusively from the Sea of Okhotsk coast and Nem-
uro Strait region of Hokkaido (10%). Sampling from these
three sites indicated an increasing proportion of Asian chum
salmon from north to south, a dominant presence of chum
salmon from southeast Alaska and Prince William Sound in
the samples, little evidence of chum salmon from northern
British Columbia, and evidence of chum salmon from south-
ern British Columbia, Washington, and western Alaska.

In the southern section of the survey, starting at 50°N,
the single most abundant stock was the Sea of Okhotsk coast
of Hokkaido (13%), followed by the southeast Alaska (12%)
and Prince William Sound stocks (10%) (Table 1). Asian
chum salmon accounted for 39% of the sample (23% Japa-
nese, 16% Russian), with the Russian contribution largely
accounted for by Kamchatka and northeast Russia stocks.
Chum salmon from northern North America in Kotzebue
Sound (3%), Norton Sound (7%), and the Yukon River (3%)
were also identified as present in the sample. Asian chum
salmon increased substantially in relative abundance in the
sample from 49°N, with Japanese (34%) and Russian (35%)
chum salmon substantial contributors to the catch. Japanese
chum salmon were largely from the Pacific coast (21%) and
Nemuro Strait (12%) regions of Hokkaido. Russian chum
salmon were largely from northeast Russia (24%), Magadan
(6%), and Kamchatka (4%). North American chum salmon
were largely from southeast Alaska (12%) and Washington
(12%). Asian chum salmon again dominated at the most
southern sampling site (48°N), with 66% of the fish sam-
pled of Asian origin. Japanese chum salmon, at 37% of the
fish sampled, were largely from the Sea of Okhotsk coast
(28%) and Pacific coast (9%) regions of Hokkaido. Russian
chum salmon, constituting 28% of the fish sampled, were
largely from Kamchatka (12%), northeast Russia (7%), and
Sakhalin Island (6%). Chum salmon from North America
were identified as originating mainly from southeast Alaska
(15%) and Prince William Sound (9%). Asian chum salm-
on dominated at the southern sampling sites, with Japanese
chum salmon estimated to be largely derived from the Sea of
Okhotsk, Nemuro Strait, and Pacific coastal regions of Hok-
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Table 1. Estimated stock compositions (percentage, SD in parentheses) of six mixed-stock samples of chum salmon sampled in the Gulf of
Alaska during February 2006. Region codes are: QCI (Queen Charlotte Islands), BC (British Columbia), ECVI (east coast Vancouver Island),
WCVI (west coast Vancouver Island).

Latitude 53°01" N 52°09' N 50°52’ N 49°52'N 48°53'N 47°54'N
Longitude 145°00° W 144°58 W 144°52° W 144°53' W 144°49° W 144°49° W
Date 16 February 16 February 17 February 17 February 18 February 18 February

Number of samples 32 64 130 136 34 111
Honshu Sea of Japan 0.0 (0.4) 0.0 (0.2) 0.1 (0.3) 1.3 (2.6) 0.3(1.7) 0.0 (0.2)
Honshu Pacific 0.0 (0.3) 0.0 (0.2) 0.3(0.7) 0.2 (0.6) 0.3 (1.4) 0.1 (0.5)
Hokkaido Sea of Japan 0.0 (0.3) 0.0 (0.2) 0.0 (0.1) 0.0 (0.2) 0.3 (1.3) 0.0 (0.2)
Hokkaido Sea of Okhotsk 0.4 (1.5) 4.9 (2.8) 3.3(2.0) 13.1 (4.7) 0.6 (2.2) 27.8 (5.2)
Nemuro Strait 0.0 (0.2) 0.0 (0.2) 6.2 (2.5) 2.3(3.3) 11.8 (6.7) 0.1 (0.4)
Hokkaido eastern Pacific 0.0 (0.2) 0.0 (0.2) 0.7 (1.5) 0.0 (0.2) 11.6 (6.0) 3.4 (3.5)
Hokkaido western Pacific 0.0 (0.3) 0.0 (0.2) 0.8 (1.4) 6.0 (3.6) 9.1 (6.4) 5.7 (3.3)
Sakhalin 0.0 (0.4) 0.0 (0.2) 0.0 (0.1) 0.0 (0.1) 0.0 (0.3) 5.7 (2.5)
Magadan 0.1 (1.0) 2.6 (2.6) 0.2 (0.7) 2.4 (1.8) 6.1 (5.5) 3.0(24)
Northern Sea of Okhotsk 0.0 (0.2) 0.0 (0.2) 0.4 (1.1) 0.0 (0.2) 0.1(1.2) 0.0 (0.3)
West Kamchatka 5.9 (6.5) 0.3(1.1) 4.3 (3.3) 9.3(3.2) 3.3(4.8) 12.3 (4.4)
East Kamchatka 1.9 (3.9) 0.0 (0.5) 2.4 (2.6) 0.1 (0.6) 0.9 (2.4) 0.0 (0.3)
Northeast Russia 3.3(4.7) 0.0 (0.3) 7.7 (2.6) 4.5 (2.1) 24.1 (8.9) 7.4 (4.0)
Kotzebue Sound 0.0 (0.5) 0.2 (0.8) 0.9 (1.8) 25(1.7) 0.2 (1.3) 0.0 (0.2)
Norton Sound 1.2 (3.1) 2.9(3.4) 6.1(4.4) 7.1(4.5) 1.7 (3.2) 4.2 (2.9)
Yukon lower summer 1.8 (3.6) 0.2 (1.0) 4.4 (3.4) 1.1(2.3) 0.1 (0.9) 0.3(1.2)
Yukon upper Alaska fall 0.0 (0.4) 0.0 (0.2) 0.2 (0.8) 1.7 (1.5) 0.1 (0.8) 0.7 (1.2)
Yukon mainstem Canada 0.0 (0.4) 0.0 (0.2) 0.0 (0.3) 0.4 (0.8) 0.0 (0.3) 0.0 (0.3)
Yukon Porcupine Canada 0.0 (0.4) 0.0 (0.2) 0.0 (0.2) 0.1 (0.4) 0.0 (0.2) 0.0 (0.3)
Nushagak summer 0.0 (0.5) 0.0 (0.4) 0.4 (1.2) 0.1 (0.6) 0.0 (0.5) 0.0 (0.4)
Kuskokwim Bay/ River 0.5(2.2) 0.1 (0.5) 0.1 (0.7) 1.7 (2.8) 0.4 (1.7) 0.4 (1.2)
Northeast Bristol Bay 0.0 (0.5) 3.6 (4.0) 0.0 (0.3) 1.8 (2.4) 0.1 (0.6) 0.1(0.4)
Southwest Bristol Bay 0.0 (0.4) 0.0 (0.3) 0.1 (0.6) 0.0 (0.2) 0.0 (0.4) 0.0 (0.1)
North Peninsula 0.0 (0.2) 0.0 (0.4) 2.7(1.7) 1.2(1.4) 0.0 (0.3) 0.0 (0.2)
Southwest Peninsula 0.6 (2.2) 0.0 (0.2) 0.0 (0.3) 0.1 (0.6) 0.2 (1.0) 0.0 (0.2)
Southeast Peninsula 0.3(1.2) 0.1 (0.5) 0.1(0.4) 0.0 (0.2) 0.0 (0.4) 0.1 (0.3)
Kodiak Island 0.0 (0.3) 0.0 (0.2) 0.0 (0.2) 1.6 (1.1) 0.0 (0.2) 0.0 (0.2)
Prince William Sound 7.2 (6.5) 15.3 (5.8) 16.8 (3.7) 9.6 (3.0) 0.4 (1.5) 9.3(3.0)
SE Alaska 12.2(10.4) 23.2(8.0) 21.8 (4.8) 11.8 (4.0) 12.2 (6.2) 15.0 (3.9)
Taku 0.1 (0.8) 0.7 (2.0) 0.1 (0.5) 0.1 (0.6) 0.0 (0.4) 0.0 (0.3)
QCl west 1.9 (4.0) 0.0 (0.4) 0.1 (0.4) 0.3(0.8) 0.0 (0.5) 0.0 (0.3)
QCl east 0.1(0.9) 0.4 (1.5) 0.1(0.4) 0.1 (0.5) 0.4 (1.7) 0.1 (0.4)
QCI Skidegate 0.1 (0.8) 0.2 (1.1) 0.0 (0.2) 0.6 (1.2) 0.0 (0.4) 0.1 (0.4)
BC north 2.4 (6.9) 0.6 (1.9) 1.2(2.2) 0.3 (1.0) 0.9 (2.7) 0.1 (0.5)
Skeena 0.0 (0.7) 0.5 (1.6) 0.1 (0.6) 0.0 (0.2) 0.0 (0.6) 0.3(0.9)
BC Grenville 6.0 (10.5) 0.1 (0.8) 0.0 (0.4) 0.1 (0.4) 0.2 (1.3) 0.1 (0.6)
BC central 19.4 (10.4) 0.5(1.7) 4.4 (2.9) 0.5(1.2) 0.7 (2.5) 0.3(1.0)
BC Rivers Inlet 0.2 (1.3) 0.0 (0.5) 0.1(0.4) 0.1 (0.4) 0.0 (0.4) 0.0 (0.3)
Johnstone Strait 0.2 (1.6) 0.3 (1.4) 0.0 (0.2) 0.0 (0.3) 0.0 (0.4) 0.3(0.7)
BC south 8.4 (8.4) 2.8 (4.7) 0.4 (1.1) 2.9(3.1) 0.6 (2.4) 0.7 (1.3)
ECVI 4.0 (6.9) 0.5 (1.6) 0.3(1.0) 2.1(2.7) 0.2 (1.4) 0.0 (0.3)
WCVI 0.5 (2.6) 13.1 (4.6) 3.7 (2.0) 71(2.7) 0.3(1.5) 0.0 (0.2)
Fraser 15.2 (9.1) 22.6 (7.1) 9.2 (3.1) 4.5(2.7) 0.9 (2.9) 2.3(1.9)
North Puget Sound 0.1(1.1) 1.4 (3.5) 0.0 (0.3) 0.4 (1.5) 1.0(3.1) 0.2 (0.7)
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Table 1 (continued).

Latitude 53°01" N 52°09' N 50°52’ N 49°52'N 48°53'N 47°54’' N
Longitude 145°00° W 144°58 W 144°52° W 144°53' W 144°49° W 144°49° W
Date 16 February 16 February 17 February 17 February 18 February 18 February
South Puget Sound 2.2 (4.3) 0.1 (0.5) 0.090.2) 0.0 (0.1) 0.6 (2.3) 0.0 (0.1)
Hood Canal 0.0 (0.3) 1.5(2.9) 0.0 (0.1) 0.0 (0.1) 0.0 (0.1) 0.0 (0.1)
Juan de Fuca Strait 3.2(5.9) 1.0 (2.4) 0.0 (0.1) 0.0 (0.2) 10.0 (7.0) 0.0 (0.2)
Coastal Washington 0.2 (1.2) 0.0 (0.2) 0.0 (0.1) 0.7 (1.3) 0.0 (0.3) 0.0 (0.2)
Values by region
Japan 0.4 (1.7) 4.9 (2.8) 11.392.9) 23.0(3.7) 34.1(8.1) 37.1(4.8)
Russia 11.3(7.5) 3.0 (2.6) 15.1 (3.8) 16.3 (3.8) 34.5(8.7) 28.4 (5.2)
Western Alaska 3.6 (4.6) 6.9 (3.5) 12.2(3.3) 16.0 (3.6) 2.6 (3.8) 5.6 (2.9)
Central/Southeast Alaska 20.3 (10.7) 38.7 (8.3) 41.6 (5.5) 244 (4.4) 12.9 (6.3) 244 (4.4)
Canada Yukon 0.0 (0.7) 0.0 (0.3) 0.1(0.4) 0.4 (0.9) 0.0 (0.5) 0.1 (0.5)
Northern British Columbia 30.2 (12.7) 3.2(44) 6.1 (3.7) 2.1(2.2) 2.4 (4.0) 1.0(1.7)
Southern British Columbia 28.3 (11.7) 39.3(7.5) 13.6 (3.5) 16.6 (3.7) 2.04.2) 3.2(2.2)
Washington 5.8 (5.2) 4.0 (4.6) 0.1(0.4) 1.2(1.9) 11.6 (6.9) 0.2 (0.7)

kaido. Russian chum salmon were identified as primarily
from Kamchatka and northeast Russia.

Stock composition showed considerable differences
among the age-classes of chum salmon evaluated. Chum
salmon typically spend 1-4 winters rearing in the ocean.
Ocean age-1 chum salmon spending their first winter in the
ocean were almost entirely from southeast Alaska (39%),
Prince William Sound (31%), or southern British Columbia
(26%) (Table 2). No ocean age-1 individuals were iden-
tified as Asian in origin. However, by the second winter,
30% of chum salmon of ocean age-2 were identified as of
Asian origin (18% Japanese, 12% Russian). Ocean age-2
North American fish were estimated to be from British Co-
lumbia (27%), Prince William Sound (18%), western Alaska
(13%), and southeast Alaska (8%). Asian chum salmon ac-
counted for 36% of ocean age-3 chum salmon (20% Japa-
nese, 16% Russian), with ocean age-3 North American chum
salmon ranging from western Alaska to Washington (Table
2). Ocean age-4 chum salmon were predominately (66%)
Asian in origin (36% Japanese, 30% Russian). Higher pro-
portions of ocean age-4 chum salmon from North America
were generally observed in more northerly stocks (central
and southeast Alaska 14%, southern British Columbia 4%,
and Washington 4%).

DISCUSSION

The present microsatellite stock identification study
indicated that various stocks of Asian and North American
chum salmon stocks intermingled in the central Gulf of Alas-
ka during winter. A similar result was obtained by allozyme
analysis for chum salmon collected in the same region dur-
ing the winter of 1996 (Urawa et al. 1997).

Ocean age-1 chum salmon spending their first winter in
the ocean in the Gulf of Alaska along 145°W were all of

North American origin, primarily from regions directly ad-
jacent (Prince William Sound, southeast Alaska) to the sam-
pling locations. No migration of ocean age-1 (2004 brood
year) Asian chum salmon into the region was observed. Al-
lozyme stock identification has indicated that Japanese chum
salmon inhabit in the western North Pacific Ocean during
their first winter, move into the Bering Sea in the summer,
and migrate into the Gulf of Alaska for their second winter
(Urawa 2000, 2004; Urawa et al. 2001, 2009). The pres-
ent study supported this migration model, and indicated that
ocean age-2 Asian chum salmon had moved into the Gulf
of Alaska after the second summer of marine rearing (2003
brood year), as did chum salmon from western Alaska.
However, Russian chum salmon of this age were primarily
of northeast Russia origin, with virtually no 2003 broodyear
chum salmon from Kamchatka observed. Substantial dif-
ferences in survival rates, broodyear spawning abundances,
or sampling variation could account for the observed dif-
ferences in age composition between northeast Russia and
Kamchatka, but perhaps the results may reflect a differential
migration pattern between chum salmon of northeast Russia
and Kamchatka origin chum salmon of this age. Older Rus-
sian chum salmon were primarily of Kamchatka origin, so
it is possible that the lack of 2003 brood year salmon from
Kamchatka may reflect a slower rate of migration into the
Gulf of Alaska of this stock. In the Gulf of Alaska, Russian
chum salmon originated primarily from northeast Russia and
Kamchatka, so these differences reflect either differences in
survival and spawning abundance, or a more eastward mi-
gration pattern of these stocks compared with other stocks in
Russia.

Japanese chum salmon in the Gulf of Alaska originated
entirely from the Sea of Okhotsk coast, Nemuro Strait, and
Pacific coast regions of Hokkaido. Production from these
areas accounts for about 75% of total production of Japanese
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Table 2. Estimated stock compositions (percentage, SD in parentheses) by age of 519 chum salmon sampled in the Gulf of Alaska during Febru-
ary 2006. Region codes are as outlined in Table 1.

All Ocean age 1 Ocean age 2 Ocean age 3 Ocean age 4 Undetermined

Number of samples 519 30 212 162 104 12

Honshu Sea of Japan 0.0 (0.1) 0.0 (0.4) 0.0 (0.2) 0.0 (0.3) 0.0 (0.3) 0.0 (1.0)
Honshu Pacific 0.0 (0.1) 0.0 (0.4) 0.0 (0.1) 0.1(0.4) 0.3(0.9) 0.0 (0.9)
Hokkaido Sea of Japan 0.0 (0.0) 0.0 (0.3) 0.0 (0.3) 0.0 (0.1) 0.0 (0.1) 2.7 (5.8)
Hokkaido Sea of Okhotsk 11.7 (1.8) 0.0 (0.3) 8.1(2.7) 12.1 (3.3) 24.9 (5.3) 1.0 (3.8)
Nemuro Strait 1.4 (1.1) 0.0 (0.2) 0.0 (0.1) 4.7 (3.1) 0.6 (1.8) 2.0 (5.0)
Hokkaido eastern Pacific 2.6 (1.0) 0.0 (0.3) 1.7 (1.9) 3.0(2.0) 3.7 (2.5) 1.4 (4.3)
Hokkaido western Pacific 5.6 (1.3) 0.0 (0.3) 8.2 (2.3) 0.3(0.9) 6.6 (3.2) 1.6 (4.3)
Sakhalin 1.0 (0.5) 0.0 (0.3) 1.6 (1.0) 0.1 (0.3) 1.8(1.7) 0.0 (0.6)
Magadan 1.5(0.8) 0.0 (0.6) 0.4 (0.8) 0.0 (0.3) 6.7 (3.1) 0.0 (1.0)
West Kamchatka 6.9 (1.6) 0.1 (0.9) 0.6 (1.1) 15.1 (3.5) 9.4 (4.2) 0.0 (0.9)
East Kamchatka 0.9 (1.5) 0.0 (0.6) 0.3 (0.7) 0.3(1.1) 22(4.2) 0.0 (1.0)
Northeast Russia 7.2(1.4) 0.0 (0.2) 9.2 (2.2) 0.4 (1.0) 9.3(3.2) 0.0 (0.5)
Kotzebue Sound 1.9 (0.8) 0.0 (0.4) 21(1.2) 0.1 (0.4) 0.0 (0.3) 0.0 (0.9)
Norton Sound 4.8 (1.5) 0.0 (0.5) 8.5 (2.5) 7.4 (3.0) 0.3 (1.0) 7.0 (7.3)
Yukon lower summer 0.2 (0.6) 0.0 (0.6) 0.1 (0.5) 0.6 (1.4) 4.5(2.9) 0.4 (2.6)
Yukon Upper Alaska fall 0.9 (0.6) 0.0 (0.3) 15(1.3) 0.6 (0.9) 0.0 (0.1) 0.0 (0.7)
Yukon mainstem Canada 0.1 (0.3) 0.0 (0.3) 0.4 (0.9) 0.0 (0.3) 0.0 (0.1) 0.0 (0.9)
Yukon White 0.0 (0.0) 0.0 (0.3) 0.0 (0.0) 0.1(0.3) 0.0 (0.1) 0.0 (0.6)
Yukon Porcupine Canada 0.0 (0.1) 0.0 (0.3) 0.1 (0.5) 0.1(0.3) 0.0 (0.1) 0.0 (0.7)
Nushagak summer 0.1(0.4) 0.0 (0.2) 0.0 (0.1) 1.5(1.9) 0.0 (0.2) 0.3 (2.4)
Kuskokwim Bay/ River 0.3(0.7) 0.0 (0.4) 0.3(0.8) 0.2 (0.9) 0.2 (0.8) 0.7 (2.7)
Northeast Bristol Bay 0.9(1.2) 0.0 (0.3) 0.8 (1.3) 0.3(1.0) 0.1 (0.6) 0.0 (0.6)
North Peninsula 0.9 (0.5) 0.0 (0.3) 1.7 (1.0) 0.0 (0.1) 2.3(1.9) 0.0 (0.8)
Southwest Peninsula 0.0 (0.1) 0.3(1.3) 0.1 (0.3) 0.0 (0.3) 0.1 (0.4) 0.0 (0.5)
Southeast Peninsula 0.1(0.2) 0.0 (0.4) 0.6 (1.0) 0.0 (0.1) 0.0 (0.3) 0.0 (0.9)
Kodiak Island 0.4 (0.3) 0.0 (0.2) 0.6 (0.6) 0.6 (0.6) 0.0 (0.1) 0.0 (0.6)
Prince William Sound 11.3 (1.6) 30.5 (10.6) 17.9 (2.9) 4.1(1.8) 2.8 (2.7) 1.0 (4.4)
SE Alaska 18.0 (2.2) 38.7 (12.0) 7.5 (3.6) 18.2 (3.8) 9.3(3.9) 42.5 (15.5)
Taku 0.1 (0.3) 0.6 (2.7) 0.0 (0.2) 0.3 (0.8) 0.0 (0.3) 9.3(8.9)
QCl west 0.0 (0.1) 0.5(2.2) 0.1(0.4) 0.0 (0.2) 0.1 (0.6) 0.0 (1.2)
QCI east 0.1(0.3) 1.0(3.3) 0.0 (0.3) 0.0 (0.2) 0.0 (0.3) 0.0 (1.6)
QCI Skidegate 0.1(0.2) 0.1(0.7) 0.1(0.4) 0.0 (0.2) 0.2(0.7) 0.0 (1.4)
BC north 0.3(0.8) 0.3 (1.7) 0.5(1.2) 0.3(1.1) 0.9 (1.9) 0.3 (2.7)
Skeena 0.0 (0.1) 0.4 (1.8) 0.0 (0.2) 0.0 (0.2) 0.0 (0.2) 0.1(2.2)
BC Grenville 0.4 (0.7) 0.2 (1.7) 6.5 (3.5) 0.0 (0.3) 1.6 (2.2) 0.0 (1.1)
BC central 1.7 (1.0) 0.6 (2.4) 2.7 (2.0) 3.5(2.7) 3.4 (3.7) 0.0 (2.5)
BC Rivers Inlet 0.0 (0.1) 0.1 (0.8) 0.0 (0.2) 0.0 (0.1) 0.7 (1.9) 0.0 (1.1)
Johnstone Strait 0.0 (0.2) 0.4 (1.6) 0.0 (0.2) 0.0 (0.2) 0.0 (0.3) 0.0 (1.7)
BC south 3.6 (1.5) 6.4 (7.3) 4.1(2.6) 0.4 (1.2) 0.1(0.5) 14.0 (14.7)
ECVI 1.5(1.7) 10.0 (9.3) 2.3(2.3) 5.5(3.3) 0.1(0.7) 12.6 (15.4)
WCVI 4.6 (1.2) 0.6 (2.4) 4.4 (1.7) 5.2(2.3) 1.8(1.5) 0.0 (1.3)
Fraser 7.3(1.6) 8.9 (8.1) 6.4 (2.4) 7.1(2.9) 2.2(2.8) 1.9 (6.1)
North Puget Sound 0.0 (0.2) 0.0 (0.5) 0.5(1.1) 0.3(1.1) 3.7 (3.7) 0.7 (3.1)
South Puget Sound 0.2 (0.4) 0.0 (0.6) 0.0 (0.1) 2.6 (1.7) 0.0 (0.1) 0.0 (0.7)
Hood Canal 0.2 (0.4) 0.0 (0.3) 0.0 (0.1) 0.9 (1.5) 0.0 (0.1) 0.1(1.3)
Juan de Fuca Strait 1.0(0.8) 0.0 (0.3) 0.1(0.4) 3.5(1.8) 0.0 (0.2) 0.0 (0.8)
Coastal Washington 0.0 (0.2) 0.0 (0.3) 0.00.1) 0.2 (0.7) 0.0 (0.1) 0.0 (0.7)
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Table 2 (continued).

All Ocean age 1 Ocean age 2 Ocean age 3 Ocean age 4 Undetermined

Values by region

Japan 21.3(1.9) 0.0 (0.9) 18.0 (2.8) 20.2 (3.3) 36.0 (4.9) 8.7 (7.8)
Russia 17.5(2.0) 0.2 (1.4) 12.2 (2.6) 16.0 (3.4) 29.5 (5.2) 0.0 (2.0)
Western Alaska 9.3 (1.5) 0.0 (1.2) 13.2 (2.6) 10.8 (2.7) 5.1 (2.7) 8.3 (7.6)
Central/Southeast Alaska 30.6 (2.4) 69.6 (9.9) 28.3 (4.2) 23.0 (3.9) 14.4 (4.9) 43.6 (14.7)
Canada Yukon 0.1 (0.3) 0.0 (0.6) 0.5(1.0) 0.2 (0.5) 0.0 (0.2) 0.0 (1.6)
Northern British Columbia 2.7 (1.3) 3.7 (5.9) 10.0 (3.9) 4.2(2.9) 7.0 (4.6) 9.8 (10.3)
Southern British Columbia 17.1(1.9) 26.4 (9.1) 17.1 (2.9) 18.3(3.8) 4.3 (3.1) 28.6 (12.9)
Washington 1.4 (0.8) 0.1 (1.0) 0.6 (1.1) 7.4 (2.7) 3.7 (3.7) 0.8 (3.6)

chum salmon, so if Japanese chum salmon are present, sub- L.W. Barner. 1987. Biochemical genetic survey and

stantial contributions from these regions would be expect-
ed. However, it is noteworthy that few chum salmon from
Honshu or the Sea of Japan coast of Hokkaido were observed
in the sampling in the Gulf of Alaska, so chum salmon from
these regions either do not migrate as far east as other Japa-
nese chum salmon, or they were south of 48°N during winter
residence in the Gulf of Alaska.

Chum salmon from North America were distributed in
the more northerly regions sampled in the Gulf of Alaska,
and, conversely, Asian chum salmon were more prevalent
in the southern regions. Chum salmon from western Alaska
were observed in the Gulf of Alaska in winter after two sum-
mers of marine residence, but not after one summer. Urawa
etal. (2000) indicated that western Alaskan stocks were rare-
ly present among ocean age-1 chum salmon, and increased
among ocean age-2 and -3 in the central Gulf of Alaska dur-
ing the summer of 1998. Therefore, western Alaska chum
salmon might not migrate to the Gulf of Alaska after one
summer of rearing. Chum salmon from northern British Co-
lumbia were only observed in significant proportions in the
most northern sample (53°N), perhaps indicative of a more
northerly distribution in the Gulf of Alaska for chum salmon
from this region. Fraser River chum salmon were also more
prevalent at more northern sampling locations in the Gulf of
Alaska. Clearly, there was a nonrandom distribution of chum
salmon in the Gulf of Alaska during the winter of 2006.
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Abstract: The arctic region has experienced warming in recent years, resulting in decreased summer sea ice
cover and increased sea surface temperatures. In September 2007, the U.S. BASIS survey extended surface
trawling into the Chukchi Sea. Juvenile (young-of-the-year) chum salmon were collected at most stations. Genetic
methods using microsatellite and SNP loci were applied to identify the origin of a subset of juvenile chum salmon
collected in the Chukchi Sea and Bering Strait. Most of the juvenile chum salmon caught in the Bering Strait were
from populations of the Anadyr-Kanchalan river system of northeastern Russia and the majority of fish collected in
the Chukchi Sea site were from populations of northwestern Alaska.

Keywords: genetic stock identification, juvenile chum salmon, Bering Sea, Chukchi Sea

INTRODUCTION

The sea surface temperature in the arctic marginal seas
has increased since the mid-1960s. The extent of arctic sum-
mer sea ice cover has decreased dramatically in recent years
(Steele et al. 2008). In 2007, the NOAA ship Oscar Dyson
was used for the U.S. BASIS survey of the eastern Bering
Sea, which extended northward for the first time into the
Chukchi Sea. Along with juvenile Chinook (Oncorhynchus
tshawytscha), pink (O. gorbuscha) and sockeye salmon (O.
nerka) and various forage fish species, juvenile (young-of-
the-year) chum salmon (O. keta) were caught in most of the
trawl hauls in the surface waters of the Chukchi Sea (Moss
et al. 2009). The objective of this study was to identify the
populations or regional groupings of populations that con-
tribute to the juvenile chum salmon collected in this northern
region.

MATERIALS AND METHODS

Genetic methods were applied to identify the origin of
the juvenile chum salmon collected from two locations, the
Bering Strait (three trawl hauls pooled; n = 185) on Septem-
ber 13, 2007, and the eastern Chukchi Sea (one trawl haul; n
=186) on September 7, 2007 (Fig. 1). A microsatellite base-
line that is compatible with data assembled by Fisheries and

Oceans Canada (Beacham et al. 2008) is being developed
and will be coupled with data from single-nucleotide-poly-
morphism (SNP) markers from nuclear and mitochondrial
loci (M.R. Garvin, unpub. data; Garvin and Gharrett 2007).
For our study, nine microsatellite loci (Oki100, Omy1011,
Onel01, Onel02, Onel04, Onell4, Ots103, Otsg68, and
Ssa419) and 21 SNPs representing one mitochondrial and
nine nuclear loci were used (M.R. Garvin, unpub. data). A
preliminary 89-population genetic baseline currently incor-
porates sufficient genetic information of western Alaskan
and Asian populations for stock identification analysis of
chum salmon caught in the Bering and Chukchi seas. Eight
regional groupings were used for this analysis. Baseline
simulations for the eight regional groupings and estimates of
stock proportions present in the juvenile chum salmon from
Bering Strait and Chukchi Sea were made using the program
SPAM 3.7b (Debevec et al. 2000).

RESULTS AND DISCUSSION

Regional estimates of origin of the juvenile chum salm-
on caught in the Bering Strait and Chukchi Sea indicate an
eastward, then northward migration route used by northeast-
ern Russian populations (Anadyr-Kanchalan rivers) and a
westward, then northward route used by western Alaskan
populations from coastal waters in late summer-early fall

All correspondence should be addressed to C. Kondzela.
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(Table 1). Most of the juvenile chum salmon caught at the
Bering Strait location were from the Anadyr-Kanchalan riv-
ers of northeastern Russia with small contributions from the
Kamchatka Peninsula and northwestern Alaska. Approxi-
mately two-thirds of the juvenile chum salmon caught in the
Chukchi Sea location were from Kotzebue Sound, with less-
er contributions from populations on the Seward Peninsula
and in Norton Sound. It would be necessary to process ad-
ditional samples to determine whether juvenile chum salmon
from these northernmost populations also have a southward

migration component. A previous study suggests that the
movement of juvenile chum salmon in this region may be
more complex: juvenile chum salmon from northeastern
Russia populations were caught in the fall of 2002 south of
St. Lawrence Island (Farley et al. 2004), indicating a south-
easterly component in their migration route, at least in some
years. It is not known if northeastern Russian fish continue
through the Bering Strait and into the Chukchi Sea.

The Chukchi Sea lies over the shallow continental shelf
in the Arctic Ocean—and is unique among the arctic margin-

Fig. 1. Location (solid circles) of juvenile chum salmon samples genetically analyzed in this study from the Chukchi Sea and Bering Strait, col-
lected during the 2007 fall U.S. BASIS survey using the NOAA ship Oscar Dyson.

Table 1. Estimates and standard errors of regional proportions assigned to juvenile chum salmon samples from the Bering Strait (n = 184) and
Chukchi Sea (n = 183) using genetic methods based on nine microsatellite and 10 SNP loci. Number of populations in each grouping is given

in parentheses after the region name.

Regiont . Bering Strait . Chukchi Sea
Estimate SE Estimate SE
Western Asia (19) 0 0 0 0
Kamchatka Peninsula (6) 0.0600 0.0044 0.0030 0.0002
Northeastern Russia (3) 0.7650 0.0563 0 0
Kotzebue Sound (4) 0 0 0.6915 0.0511
Seward Peninsula—Norton Sound (9) 0.0925 0.0068 0.2710 0.0200
Yukon River (11) 0.0443 0.0033 0.0304 0.0022
Kuskokwim (6) 0.0349 0.0026 0.0040 0.0003
Bristol Bay—Washington (31) 0.0033 0.0002 0 0

'Baseline simulations of these eight groupings indicated at least 80% correct assignment for simulation allocations set to 100%, except for the Kuskokwim
grouping, which was 67%, with mis-allocation primarily to the Yukon and Seward-Norton regions.
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al seas in that waters are transported from the North Pacific
via the Bering Sea into the Chukchi Sea (Weingartner 1997).
While movement of juvenile chum salmon from northeastern
Russian and northwestern Alaska populations coincides with
the northward flow of water from the Bering Sea shelf into
the Bering Strait and Chukchi Sea, juvenile chum salmon
from the Yukon River do not appear to follow this north-
ward flow. For the locations sampled in this study there is
little contribution from Yukon River populations. The winter
habitat of juvenile chum salmon that utilize the northern Ber-
ing and Chukchi seas is unknown.
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Abstract: Stock origin and ocean distribution of chum salmon in the Bering Sea and its adjacent North Pacific
waters during the summer and fall of 2002—2004 were estimated using a mitochondrial DNA control region. The
percentage of immature chum salmon samples was more than 97% in the fall of 2002 and 2003, and 80-88% in
summer 2003 and 2004. The genetic stock identification (GSI) and GSl-estimated CPUE (catch per unit effort)
suggested that immature chum salmon were mostly from Japanese and Russian stocks, and they were widely
distributed in the Bering Sea. The abundance of North American stocks was much lower than that of Asian stocks
in the Bering Sea, while it increased in the North Pacific Ocean in the fall of 2003. In the central Bering Sea, Japa-
nese chum salmon stocks were most predominant among regional stocks. All regional stocks were distributed in
proportion to sea surface temperatures (6.6—11.9°C) available during each survey period. The distribution pattern
and abundance of chum salmon CPUE in the Bering Sea was different among years and seasons, while those

changes were not significantly related to the favorable sea surface temperature range in the Bering Sea.

Keywords: chum salmon, genetic stock identification, mitochondrial DNA, distribution, Bering Sea

INTRODUCTION

Chum salmon (Oncorhynchus keta) are the most widely
distributed salmon species around the Pacific Rim and are
considered an important commercial fisheries resource. Es-
timation of stock origins of chum salmon is important to
clarify the stock assessment and the patterns of ocean migra-
tion.

Stock identification of chum salmon on the high seas has
been attempted with tagging methods, thermal otolith mark-
ing, and genetic characters (e.g. Ishida et al. 1989; Wilmot
et al. 1998; Seeb and Crane 1999; Urawa et al. 2000b). Off-
shore tagging experiments indicated that maturing Japanese
chum salmon were widely distributed in the Bering Sea and
North Pacific Ocean in summer (Ogura and Ito 1994). Oto-
lith-marked chum salmon were collected in the Bering Sea
and North Pacific Ocean, and of those, approximately 90%
were found to have been released from Japanese hatcheries
(Sato et al. 2009). Genetic stock identification (GSI) analy-
sis were performed using allozyme and mitochondrial DNA

(mtDNA) markers, and the results showed that Japanese and
Russian chum salmon stocks are predominant in the central
Bering Sea during summer and fall (Urawa et al. 2004, 2005,
2009; Moriya et al. 2007, 2009). Those results support the
ocean migration model of Japanese chum salmon that shows
that immature fish inhabit mainly the Bering Sea after over-
wintering in the North Pacific Ocean (Urawa 2000; Urawa
et al. 2001). However, it is still unclear whether or not the
marine distribution of particular stock shows inter-annual
changes.

Marine habitat conditions affect salmonid ocean distri-
bution. Ocean temperatures should be an important factor
affecting the ocean distribution of chum salmon (Urawa et
al. 2000a). Welch et al. (1995) also postulated thermal limits
and sea surface temperature (SST) as determinants of salmo-
nid distribution in the open ocean. However, the relation-
ships between distribution pattern of specific stocks and SST
are unclear.

Japanese scientists have participated in the Bering/Aleu-
tian Salmon International Survey (BASIS) program to clar-
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ify the effect of environmental factors on the distribution of
Pacific salmon in the Bering Sea. In the 2002 and 2003 sum-
mer and fall seasons, biological data on Pacific salmon and
oceanographic data were collected in the Bering Sea and its
adjacent North Pacific waters (Azumaya et al. 2003; NPAFC
2004). In summer 2004, biological and oceanographic sur-
veys for Pacific salmon were also conducted in the Bering
Sea and North Pacific Ocean (Azumaya et al. 2005). The
objective of the present study was to clarify the inter-annual
changes in ocean distribution patterns of chum salmon stocks
and to examine the relationships between stock distribution
patterns and marine habitat conditions, particularly SST. We
estimated the stock origin and ocean distribution of chum
salmon in the Bering Sea and North Pacific Ocean during
the summer of 2004 using a mtDNA marker. The 2004 es-
timates were compared with the previous 2002-2003 data
and the relationships between stock-specific distribution and
SST were examined using randomization tests.

MATERIALS AND METHODS
Fish Samples and DNA Extraction

Samples of chum salmon were collected from 18 sta-
tions in the Bering Sea and North Pacific Ocean (50°38’N—
57°58°N, 175°14°’E-170°00°W) aboard the research vessel
R/V Kaiyo maru between 24 June and 8 July 2004 (Table
1). A net was trawled in the surface layer (down to 50m)
for 1 hour at 5 knots. We calculated the catch per unit ef-
fort (CPUE) of chum salmon as the number of chum salmon
caught per one hour of trawling at a station. Whole blood
samples were collected from the caudal vasculature or gills
of chum salmon (n = 1,014) and frozen at -40°C. DNA was
isolated from the whole blood samples by a Puregene™ DNA
purification kit (QIAGEN Inc., Valencia, CA) following the
manufacturer’s instructions. DNA was extracted at the labo-
ratory of the National Salmon Resources Center, Fisheries
Research Agency.

MtDNA Analysis and GSI Estimation

Thirty mtDNA haplotypes of chum salmon that were
collected from the Bering Sea and North Pacific Ocean were
detected by the DNA microarray method (Moriya et al. 2005)
and assigned origins (Japanese, Russian, or North American
stocks) using a previously reported mtDNA dataset (Yoon
et al. 2008) as baseline data. This baseline data was created
from about 4,200 individuals from 96 populations of chum
salmon in the Pacific Rim. In previous simulation stud-
ies using this baseline data, estimates for the Japanese and
North American regions were about 90% accurate (91.6%
for Japanese stocks and 94.5% for North American stocks),
whereas an estimate for the Russian region was 80.2% ac-
curate (Moriya et al. 2009).

Stock contributions of the mixed samples were estimat-

ed via a conditional maximum likelihood (Pella and Milner
1987; Masuda et al. 1991). A conjugate-gradient search-
ing algorithm using a square root transformation was used
because it provides good performance with large baselines
and small stock differences (Pella et al. 1996). Standard
deviations and 90% symmetric confidence intervals were
estimated by 1,000 bootstrap resamplings of the baseline
and mixture samples. Estimates were made to individual
stock and then pooled to regional stock groups: Japan, Rus-
sia, and North America. These regional stock groups were
categorized based on previous genetic analysis for the base-
line data set of 96 populations of chum salmon in the Pacific
Rim (Yoon et al. 2008). Computations were performed with
the Statistics Programs for Analyzing Mixtures (SPAM ver-
sion 3.7b), which was originally developed by Debevec et al.
(2000).

Estimation of Stock-specific CPUE

GSl-estimated CPUE of chum salmon by stock ori-
gin in the Bering Sea and North Pacific Ocean was calcu-
lated for five areas: central Bering Sea (55°57°’N—58°30°N,
179°42°E—-174°42°W), southern Bering Sea (51°41’N-
54°40°N, 179°42’E-174°59°W), eastern Bering Sea
(53°05°N-56°00"N, 169°57°W-170°34’W), western Bering
Sea (52°52°’N-56°10°N, 172°30’E-177°29’E), and North
Pacific Ocean (49°50°N—53°29°N, 164°46’W—174°49"W)
in each survey period (2002 fall, 2003 summer and fall, and
2004 summer). The GSI data during summer and fall of
2002 and 2003 were referenced from Moriya et al. (2009).
CPUE data for chum salmon during 2002—-2004 are shown in
Fig. 1.

Randomization Test

The randomization test of cumulative frequency was
used to show the difference in distribution for each regional
stock group and SST (Perry and Smith 1994). In this test,
the Cramer-von Mises test statistics and 999 permutations
of random combinations of 2 variants were used for the sig-
nificance (Syrjala 1996). Relationships between the distri-
bution of each regional stock and SST were tested by the
randomization test for cumulative functions of CPUE and
stations over SST in each year. The randomization test was
calculated using an EXCEL macro.

RESULTS
Distribution and Maturity

A total of 2,149 chum salmon were collected in summer
0f2004. Chum salmon were widely distributed in the survey
areas during 2002-2004 (Fig. 1). The abundance of chum
salmon in the Bering Sea was higher than the abundance in
the North Pacific Ocean during summer/fall 2003 and sum-
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Table 1. Survey areas and stations, sampling locations, date of collection, sea surface temperature, number of genetic samples, and stock contribution estimates of immature chum salmon
in the Bering Sea and North Pacific Ocean during the summer of 2004. SST, sea surface temperature; N, number of genetic samples; SD, standard deviation; Cl, symmetric confidence

interval.
Estimate + SD (90% Cl)
Areas/Stations Latitude Longitude Date SST N
Japan Russia North America
Central Bering Sea
HO7 57°58'N 174°42’W  Jun 29 8.7 72 0.674+0.125 (0.493-0.919) 0.196+0.157 (0.001-0.466) 0.130+0.135 (0.000-0.365)
HO9 56°01'N 174°42’W  Jun 30 8.2 76 0.613+0.122 (0.415-0.838) 0.243+0.160 (0.008-0.518) 0.143+0.135 (0.000-0.364)
H20 56°21'N 179°52'W Jul 6 8.3 80 0.599+0.129 (0.423-0.863) 0.191+0.175 (0.001-0.510) 0.210+0.172 (0.001-0.470)
H21 57°20'N 179°53'W Jul 6 8.4 53 0.596+0.148 (0.366-0.868) 0.361+0.166 (0.064-0.613) 0.043+0.088 (0.000-0.261)
Total 8.4* 281 0.647+0.087 (0.525-0.798) 0.236+0.113 (0.060-0.427) 0.117+0.098 (0.000-0.295)
Southern Bering Sea
H11 54°10'N 175°02’W Jul1 7.9 84 0.333+0.147 (0.124-0.615) 0.581+0.193 (0.214-0.846) 0.087+0.138 (0.000-0.395)
H18 54°35'N 179°46'E Jul 5 7.7 93 0.475+0.141 (0.271-0.763) 0.367+0.206 (0.022-0.684) 0.158+0.173 (0.000-0.460)
Total 7.8* 177 0.389+0.126 (0.188-0.610) 0.488+0.161 (0.205-0.723) 0.123+0.120 (0.000-0.355)
Eastern Bering Sea
HO3 53°05'N 170°22’W  Jun 27 7.6 57 0.257+0.144 (0.047-0.523) 0.607+0.203 (0.243-0.908) 0.136+0.168 (0.001-0.472)
HO4 53°56'N 170°01'W  Jun 27 7.2 34 0.470+0.174 (0.175-0.750) 0.474+0.203 (0.093-0.804) 0.056+0.109 (0.000-0.332)
HO5 55°04’'N 170°01'W  Jun 28 8.5 34 0.535+0.148 (0.312-0.804) 0.157+0.208 (0.001-0.595) 0.309+0.208 (0.003-0.590)
HO6 55°40'N 170°05W  Jun 28 9.1 42 0.655+0.163 (0.380-0.945) 0.177+0.184 (0.003-0.530) 0.168+0.154 (0.003-0.430)
Total 8.1* 167 0.462+0.108 (0.292-0.654) 0.430+0.150 (0.157-0.660) 0.108+0.110 (0.000-0.322)
Western Bering Sea
H22 55°57'N 175°17'E Jul 7 8.8 75 0.177+0.127 (0.007-0.442) 0.522+0.265 (0.084-0.906) 0.300+0.254 (0.001-0.685)
H23 55°05'N 175°14'E Jul 7 7.9 77 0.190+0.124 (0.028-0.424) 0.542+0.295 (0.060-0.927) 0.268+0.284 (0.001-0.717)
H24 53°57'N 175°16’E Jul 8 8.1 21 0.143+0.114 (0.000-0.360) 0.367+0.367 (0.002-0.959) 0.490+0.348 (0.006-0.905)
H25 52°58'N 175°16’E Jul 8 7.2 13 0.160+0.110 (0.000-0.366) 0.138+0.165 (0.002-0.465) 0.703+0.191 (0.313-0.980)
Total 8.0* 186 0.156+0.090 (0.008-0.330) 0.557+0.187 (0.247-0.855) 0.267+0.179 (0.012-0.576)
North Pacific Ocean
HO1 50°53'N 170°10'W  Jun 26 8.8 65 0.498+0.156 (0.273-0.811) 0.198+0.213 (0.005-0.607) 0.305+0.195 (0.002-0.570)
HO02 51°49'N 170°00'W  Jun 26 8.6 71 0.450+0.137 (0.257-0.720) 0.327+0.207 (0.002-0.655) 0.223+0.181 (0.006-0.543)
H13 51°40'N 175°06°'W Jul 2 8.3 56 0.412+0.118 (0.230-0.618) 0.416+0.223 (0.011-0.743) 0.173+0.194 (0.000-0.542)
H14 50°38'N 180°00’ Jul 3 7.4 11 0.282+0.143 (0.091-0.545) 0.018+0.045 (0.001-0.041) 0.700+0.153 (0.421-0.907)
Total 8.6* 203 0.431+0.100 (0.273-0.610) 0.337+0.163 (0.060-0.591) 0.233+0.141 (0.033-0.482)

*Average SST in each survey area.
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mer 2004. However, their distribution patterns in the Bering
Sea were different among those three years and seasons. In
2002, chum salmon were mainly collected in the southern
Bering Sea between 172°30°W-177°30’W (Fig. 1A). In
2003, chum salmon were widely distributed in the survey
areas of the Bering Sea, but the CPUE in fall was higher than
that in summer (Fig. 1B, C). In 2004, about 30% of chum
salmon were caught at a single station (H18, see Fig. 1D).
The percentage of immature chum salmon samples was >
97% in the fall of 2002 and 2003. On the other hand, the
occurrence of immature fish was < 90% in summer 2003 and
2004 (80.2% in 2003 and 88.1% in 2004).

Genetic Stock Identification

The stock composition of immature chum salmon in the
Bering Sea and North Pacific Ocean in the summer of 2004
is shown in Table 1. The stock composition in the central
Bering Sea (H07, H09, H20, and H21) was 59.6-67.4%
Japanese, 19.1-36.1% Russian, and 4.3-21.0% North
American stocks. The estimated stock composition of chum
salmon in the southern Bering Sea (HI11 and HI8) was
33.3-47.5% Japanese, 36.7-58.1% Russian, and 8.7—15.8%
North American stocks. Chum salmon in the eastern Ber-
ing Sea (H03-06) were estimated to be 25.7-65.5% Japa-

nese, 15.7-60.7% Russian, and 5.6-30.9% North American
stocks. The stock composition in the western Bering Sea
(H22-H25) was 14.3-19.0% Japanese, 13.8-54.2% Russian,
and 26.8-70.3% North American stocks. In the North Pacif-
ic Ocean (HO1, HO2, H13, and H14), the stock composition
was estimated to be 28.2-49.8% Japanese, 1.8—41.6% Rus-
sian, and 17.3-70.0% North American chum salmon.

CPUE Distribution

GSl-estimated CPUE analysis of immature chum salmon
indicated that Asian (Japanese and Russian) stocks were
widely distributed in the surveyed areas, and were relatively
abundant in the central and southern Bering Sea (Fig. 2, Ta-
ble 2). Particularly, Japanese stocks were predominant in the
central Bering Sea during 2002-2004. Stock abundance in
the southern Bering Sea fluctuated highly among years. The
CPUE of Russian stocks was higher than that of Japanese
and North American stocks in the western Bering Sea during
2002-2004. The abundance of North American stocks was
much lower than that of Asian stocks in the Bering Sea (Fig.
2, Table 2). In the North Pacific Ocean, North American
stocks showed a high CPUE in fall 2003, while their CPUE
was almost the same or lower than other stocks in summer
2003 and 2004 (Fig. 2).

Fig. 1. Catch per unit effort (CPUE) distribution of chum salmon in the Bering Sea and North Pacific Ocean in the fall of 2002 (A), the summer
(B) and fall (C) of 2003, and the summer of 2004 (D). CPUE indicates the number of catches per one-hour trawl.
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Table 2. Estimation of stock-specific CPUE of immature chum salmon in five surveyed areas of the Bering Sea and North Pacific Ocean during
the summer and fall of 2002-2004. CPUE, the number of catches per one hour trawl; St., number of stations in each survey area; Cl, symmetric
confidence interval. Genetic-estimated CPUE data from 2002-2003 were calculated using GSI data from Moriya et al. (2009).

CPUE (Mean + SD (90% Cl))

Japan

Russia North America

Seasons (sampling date)/Areas St.  Mean SST
2002 fall (Sep 3-18)
Central Bering Sea 4 10.2
Southern Bering Sea 9.0
Western Bering Sea 6 9.9
2003 summer (Jun 28-Jul 18)
Central Bering Sea 5 8.0
Southern Bering Sea 4 7.7
Western Bering Sea 4 7.3
Eastern Bering Sea 3 9.1
North Pacific Ocean 7 9.5
2003 fall (Aug 30-Sep 19)
Central Bering Sea 4 10.8
Southern Bering Sea 4 9.3
Western Bering Sea 4 101
Eastern Bering Sea 3 10.7
North Pacific Ocean 7 1.7
2004 summer (Jun 26-Jul 8)
Central Bering Sea 4 8.4
Southern Bering Sea 2 7.8
Western Bering Sea 4 8.0
Eastern Bering Sea 4 8.1
North Pacific Ocean 4 8.3

72.8+10.9 (55.3-90.6)
55.3+18.6 (33.4-89.5)
27.149.6 (15.9-46.1)

55.7+10.5 (38.4-72.8)
46.6+10.2 (30.2-64.6)
38.416.5 (15.3-37.0)
58.7+9.9 (39.4-72.4)
7.042.4 (3.9-11.3)

89.8+17.0 (63.6-119.1)

104.8+19.9 (74.6-139.8)
36.3£10.7 (20.5-55.6)
34.9+13.1 (15.3-56.1)
20.7+6.0 (11.7-28.7)

79.6+10.7 (64.6-98.2)

154.2+50.0 (74.5-241.9)
13.0£7.5 (0.7-27.5)
25.646.0 (16.2-36.3)
33.37.7 (21.1-47.2)

40.5+14.7 (12.0-61.7)
87.2+39.0 (11.1-131.2)
41.5+19.7 (3.5-63.7)

26.3+13.0 (3.9-47.0)
29.8+14.2 (3.9-51.4)
22.418.8 (8.5-43.7)

34.3+13.5 (11.7-55.0)
13.6+5.8 (3.9-23.1)

58.4+24.0 (17.1-96.3)
63.7+27.6 (19.7-110.3)
64.8+20.5 (28.3-95.0)
67.2+25.4 (22.8-106.0)
23.4414.7 (3.1-46.4)

29.0+13.9 (7.4-52.5)
193.5463.8 (81.3-286.7)
46.4+15.6 (20.6-71.2)
23.9+8.3 (8.7-36.6)
26.1+12.6 (4.6-45.7)

6.5+10.2 (0.0-29.8)
25.5+33.1 (0.0-9409)
12.3+12.3 (0.0-47.3)

10.6£8.6 (0.0-27.6)

10.7£11.0 (0.0-32.7)
6.246.4 (0.2-27.5)
9.4%9.7 (0.0-29.0)
9.345.6 (0.4-18.9)

23.1418.2 (0.3-58.1)
45.5+23.5 (10.7-86.8)
24.1+17.8 (0.4-56.4)
44.0+22.9 (10.7-84.2)
56.3+14.2 (26.9-69.8)

14.4+12.1 (0.0-36.3)
48.8+47.6 (0.0-140.8)
22.2+14.9 (1.0-48.0)
6.046.1 (0.0-17.9)
18.0+10.9 (2.5-37.3)

Relationships between Stock-specific Distribution and
SST

Associations between cumulative frequencies of genetic-es-
timated CPUE for three regional stocks and cumulative fre-
quency of SST in each survey period were estimated based
on stock CPUE and SST data at each survey station. All
regional stocks were distributed in proportion to the avail-
able SST (6.6-11.9°C) in each survey period (Fig. 3). The
test values for statistical significance in 2002 fall indicated
negative values (Japanese stock, P = 0.085; Russian stock, P
=0.401; North American stock, P = 0.534) (Fig. 3A). In the
2003 summer and fall, the randomization test showed non-
significant correlations between the distribution of each re-
gional stock and observed SST (summer: Japanese stock, P
=0.187; Russian stock, P = 0.972; North American stock, P
=0.699) (Fig. 3B); (fall: Japanese stock, P = 0.052; Russian
stock, P = 0.981; North American stock, P = 0.508) (Fig.
3C). In the summer of 2004, the test values for statistical
significance also indicated negative values (Japanese stock,
P = 0.876; Russian stock, P = 0.749; North American stock,
P =0.1) (Fig. 3D).

DISCUSSION

Our genetic stock estimates and GSI-estimated CPUE
indicated that immature chum salmon were mostly of Asian
(Japanese and Russian) origin, and were widely distributed
in the surveyed areas of the Bering Sea during summer and
fall. The abundance of immature North American stocks
was lowest in the Bering Sea during 2002-2004. Previous
allozyme analysis indicated that the relative abundance of
immature North American stocks was low in the Bering Sea
and high in the eastern North Pacific Ocean (Urawa et al.
2005, 2009). Many otolith-marked chum salmon released
from North American hatcheries were found in the southern
Bering Sea and eastern North Pacific Ocean (Urawa et al.
2005, 2009). These results suggest that the North American
stocks are mainly distributed in the North Pacific Ocean.

Japanese stocks were predominant in the central Ber-
ing Sea during summer and fall of 2002-2004 compared
to chum salmon stocks from all other countries. Allozyme
analyses also indicated that Japanese immature chum salmon
were most abundant in the central Bering Sea during summer
and fall 2002 and 2003 (Urawa et al. 2004, 2005). Why do
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Japanese chum salmon migrate and distribute themselves in
the central Bering Sea? Urawa et al. (2005, 2009) suggested
that one reason may be related with their overwintering habi-
tats. Japanese chum salmon stay in a narrow region of the
western North Pacific Ocean in the first winter and in the
Gulf of Alaska during the following winters (Urawa 2000).
During the overwintering period, chum salmon prefer wa-
ter with low temperatures between 4°C and 8°C (Nagasa-
wa 2000). The habitat in this temperature range was more
widely available in the eastern North Pacific than the western
North Pacific Ocean (Urawa et al. 2005). For Japanese chum
salmon in the eastern North Pacific, the shortest homing mi-
gration route is through the Bering Sea (Urawa 2000; Urawa
et al. 2005). MtDNA analysis of chum salmon in the North

Pacific Ocean in spring 2006 indicated that the abundance
of Japanese stocks was higher in the central (180°) than in
the western (165°E—175°E) North Pacific Ocean (Sato et al.
2007). Perhaps Japanese chum salmon start to move into the
Bering Sea in late June or early July as estimated by Urawa
et al. (2001, 2005, 2009), and then rapidly move into the
central Bering Sea.

The CPUE distribution of chum salmon in the Bering
Sea was different among years and seasons. The chum salm-
on CPUE in fall 2002 was higher than in fall 2003, while
the CPUE in summer 2003 was lower than in summer 2004.
The CPUE of chum salmon in fall 2003 was also higher than
in summer 2003. Previous studies indicated that the density
and distribution of chum salmon in the Bering Sea fluctuates

Fig. 2. Estimation of stock-specific CPUE of immature chum salmon in the five surveyed areas of the Bering Sea and North Pacific Ocean dur-

ing 2002-2004. CPUE as in Fig. 1.
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Fig. 3. Relationships between cumulative frequencies of GSl-estimated CPUE of immature chum salmon for three regional stocks (Japan,
Russia, and North America) and sea surface temperature (SST) in the fall of 2002 (A), the summer (B) and fall (C) of 2003, and the summer of

2004 (D).

between odd and even years, because the interaction between
pink (O. gorbuscha) and chum salmon changes their density
and distribution (Azumaya and Ishida 2000). On the other
hand, most pink salmon leave from the offshore of the Ber-
ing Sea by August for their spawning migration. Thus, pink
salmon may influence the spatial and temporal distribution
and abundance of chum salmon during early and mid sum-
mer, while pink salmon may have no impact on the distribu-
tion of immature chum salmon in the late summer and fall.

Myers et al. (2007) reported that there was a strong
negative relation between the relative abundance of Rus-
sian chum salmon and SST in the central Bering Sea. They
estimated that this correlation might reflect the influence of
ocean temperature on run timing: in warm SST years Rus-
sian salmon may mature faster and leave the central Bering
Sea sooner, resulting in lower CPUEs in July. However, this
may not be the case for immature fish. Our randomization
test showed non-significant correlations between the distri-
bution of each regional stock of immature chum salmon and
observed SST during each survey period. These results sug-
gest that a response to SST may be different for maturing and
immature chum salmon.

Azumaya et al. (2007) showed that the upper thermal
limit was 15.6°C for chum salmon and that the southern limit
of chum salmon distribution was located in the Transition
Domain (43°N) in summer. In our study, all regional stocks
were distributed in proportion to the available SST (6.6—

11.9°C) during summer and fall. This SST range is basically
within the “preferred” temperature range of chum salmon.
Furthermore, SST anomalies (relative to 1970-2000 mean
values) in the Bering Sea for summer and fall of 2002-2004
showed + 0-2°C (Japan Meteorological Agency, data cita-
tion: 19 December, 2008). These results suggest that chum
salmon can inhabit most areas of the Bering Sea in sum-
mer without being affected by thermal limitations. In other
words, SST may not be the main factor limiting the distribu-
tion of immature chum salmon in summer in the Bering Sea.
The ocean distribution and migration patterns of salmon may
be affected by the abundance of food organisms, interactions
within or between species, ocean conditions, timing and lo-
cation of spawning, as well as winter habitat (Urawa et al.
2005, 2009). In future studies, we should clarify factors in-
fluencing the migration and distribution of chum salmon in
the ocean.
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Abstract: With climate change, scientists and others are interested in the future of Pacific salmon in the Arctic.
Chum, pink, sockeye, coho, and chinook salmon have been encountered in the Beaufort Sea, well within Canadian
Arctic waters. Chum is the only salmon species regarded as natal to the Mackenzie River watershed, although
both pink and chum salmon appear to be natal to Alaska’s North Slope rivers. It is not possible to say whether
apparent recent increases in the frequency of occurrence of salmonids in the Arctic is an effect of climate change,
but it appears there are either increases in the survival of natal fish from the Mackenzie, or in the wandering of
non-natal fish to the Mackenzie, or both. We propose three hypotheses to explain how chum salmon survive
cold marine winter conditions, and thereby persist in the North American Arctic: (1) Bering Sea Refuge — young
salmon migrate to the Bering Sea and Gulf of Alaska where they remain until they are ready to return to spawn;
(2) Atlantic Layer Beaufort Refuge — salmon remain in the Beaufort Sea, wintering offshore deep under pack
ice; and (3) Freshwater Beaufort Refuge — salmon remain in the Beaufort Sea region, wintering in the brackish,
under-ice Mackenzie River plume or in fresh water adjacent to the Beaufort Sea. As a preliminary test of these
hypotheses, we examined the strontium-to-calcium ratios (Sr:Ca) of otoliths from chum salmon from the Colville
(Alaska’s North Slope) and Tanana (Yukon River drainage) rivers. Yukon River chum salmon were assumed to
reside in the Gulf of Alaska and the Bering Sea. Otolith Sr:Ca ratios were similar between rivers, implying that
fish from each group lived in similar environments, but also exhibited significant fluctuations often associated with
migrations between freshwater and marine environments. Age compositions and sizes of adult chum salmon
from the upper Mackenzie River watershed did not differ from chum from a Yukon River tributary. We are not
able to refute any of our hypotheses, but the most parsimonious explanation is that arctic chum salmon live in the
North Pacific for most of their marine life, rather than in the Beaufort Sea region. Because of the long distance to
migrate between the mouth of the Mackenzie and the North Pacific Ocean, we suggest salmon may spend their
first winter deep within the Beaufort Sea (i.e., a combination of Hypotheses 1 and 2). Additional elemental and
isotopic signature measurements will enable a more thorough testing of these hypotheses, allow us to understand
how chum salmon survive cold winter conditions, and thereby better predict potential climate change effects on
salmon in the Arctic.

Keywords: salmon, Arctic, Beaufort Sea, Bering Sea, chum salmon, climate change, oceanography,

Mackenzie River; low temperature

INTRODUCTION

The subarctic North Pacific Ocean, especially the
Bering Sea and Gulf of Alaska (Fig. 1), is a major rearing
area for many Pacific salmon. Differences in the distribu-
tion and growth of salmon in this region between warm
and cold years imply that salmon productivity and growth
closely track the thermal regimes and productivity of ma-
rine waters. Thus, future effects of climate change may be

significant. Northward ecological community shifts must
have occurred at the end of the last ice age, and recent
shifts have been documented in the Bering Sea (Mueter
and Litzkow 2008). Extensive shifts in species distribu-
tions are projected in consequence to changing sea-ice and
temperature distributions (Vermeij and Roopnarine 2008).
Kaeriyama (2008) predicts distributional changes for chum
salmon, with the Arctic becoming increasingly important as
ecosystems continue to shift over time.

All correspondence should be addressed to J. Irvine.
e-mail: James.Irvine@dfo-mpo.gc.ca
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What is the potential of the Arctic Ocean, including the
Chukchi and Beaufort seas for Pacific salmon? With climate
change, will this area become a major salmon rearing en-
vironment? Will arctic watersheds become important salm-
on producers? In order to answer these types of questions,
we need to better understand the current importance of the
Arctic for Pacific salmon, the factors that currently limit
salmon production there, and how these factors are likely to
respond to climate change.

After briefly describing the oceanography of North
American Arctic Ocean and reviewing the status of Pacific
salmon in it, we propose three hypotheses to explain the per-
sistence of salmon in the Arctic. The Bering Sea Refuge,
the Atlantic Layer Beaufort Refuge, and the Freshwater
Beaufort Refuge hypotheses differ primarily in where salmon
are purported to spend their winters. We present results on
strontium-to-calcium ratios (Sr:Ca) of otoliths from northern
chum salmon, examine size and age-frequency data as a pre-
liminary testing of these hypotheses, and identify additional
research to further test these hypotheses. Understanding how

Fig. 1. Study area showing major rivers and ocean currents.

salmon from the Arctic are able to survive winter will enable
us to better anticipate future climate change impacts.

OCEANOGRAPHY

We focus on the North American portion of the
Arctic known to have Pacific salmon, which includes
Alaska’s North Slope and the Western Canadian Arctic.
Various rivers, including the Colville, drain this portion
of the coast, but the Mackenzie River, with a mean annual
discharge of 9130 m’/s (Water Survey of Canada, http://
www.wsc.ec.ge.ca/staflo/index_e.cfm?cname=main_e.cfm,
accessed 12 June 2009), is by far the largest (Fig. 1).

Although the oceanography of the Arctic Ocean is per-
haps not as thoroughly observed as most ocean areas to the
south due to difficulty of year-round access, a reasonable
understanding of ice motion, stratification, seasonality of
shelf regions, and ocean currents has been developed during
the past three decades. There is a vigorous inflow through
Bering Strait (85 km wide, 50 m sill depth; Woodgate and
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Aagaard 2005) into the western Arctic Ocean, and ice mo-
tion of the permanent pack is characterized by a clockwise
drift within the Beaufort Gyre (Fig. 1; Aagaard 1984). Due
to the strong inflow, the upper layers of the western Arctic
Ocean derive largely from the Pacific Ocean (McLaughlin et
al. 1996; Yamamoto-Kawai et al. 2008), whereas the deeper
water below 200 m or so originates in the Atlantic Ocean
(Macdonald et al. 1989). Surface waters (< 50 m) tend to be
less salty because of freshwater inflow from the large pan-
arctic drainage basin (Carmack et al. 2008). Surface water
also undergoes a strong modulation in temperature, exhibit-
ing near freezing temperatures (-1.2 to -1.8 °C) in winter and
warmer temperatures in open water around the ocean margin
in summer. Below the surface water there is a cold halo-
cline that exhibits near freezing temperatures throughout the
year (50-200 m). Below about 200 m where Atlantic water
is encountered, the temperatures exceed 0°C throughout the
year and salinity increases to above 34.8 (Fig. 2; Carmack et
al. 1989). The Alaska Coastal Current forms part of a long
transport system that moves fresh water, contained in low-
salinity surface water, northward along the North American
coast and into the Chukchi Sea where the current then moves
eastward along the Alaskan northern coast. Below the sur-
face waters, however, the Beaufort Undercurrent runs east-
ward along the shelf slope (Aagaard 1984). Carmack and
Macdonald (2002) describe the complex seasonal influence
of the Mackenzie River on the oceanography of the Beaufort
Sea; whether the Mackenzie River plume goes west into the
Beaufort Gyre, or east into Amundsen Gulf, is influenced
each year by the amount of persistent summer ice cover, its
proximity to shore, and the direction, strength, and persis-
tence of prevailing winds.

STATUS OF PACIFIC SALMON IN THE ARCTIC

Of all Pacific salmon, chum (Oncorhynchus keta) and
pink (O. gorbuscha) salmon have the broadest distributions,
occasionally being encountered west of the Lena River in
Siberia, and east of Canada’s Mackenzie River (Heard 1991;
Salo 1991; Stephenson 2006). Documentation from the
1881 Alaskan voyage of the Revenue-Steamer Corwin (Bean
1883), to our knowledge, provides the first published records
of Pacific salmon in Arctic North America. Bean (1883)
reported pink and chum salmon in the Bering Strait, chum
salmon in Hotham Inlet (Kotzebue Sound), and pink salmon
in the Colville River. There is also anecdotal evidence of
increased numbers of pink salmon in northern-draining riv-
ers of the Russian north (V. Karpenko, Kamchatka Research
Institute of Fisheries and Oceanography, Petropavlovsk-
Kamchatsky, Russia, pers. comm.). Recent reviews of salm-
on in the Canadian Arctic (Babaluk et al. 2000; Stephenson
2006; Irvine et al. 2009) document the capture of Chinook
(O. tschwatscha), sockeye (O. nerka), and coho (O. kisutch)
salmon, in addition to chum and pink salmon, but note there
is no clear evidence of recent increases in abundance. Num-
bers of chum salmon estimated at individual locations in the
Western Canadian Arctic over the years ranged from 1 to
5000 (Stephenson 2006); Irvine et al. (2009) estimated that
at least several hundred chum salmon returned to the Liard
River in the upper Mackenzie River watershed (Fig. 1) dur-
ing two years of intensive study.

Coho, sockeye, and Chinook salmon are rare east of
Point Hope (western North Slope Alaska), and pink salm-
on east of Prudhoe Bay (central North Slope Alaska) are
generally considered to be vagrants (Craig and Haldorson
1986). Chum salmon appear to be the only species natal
to the Mackenzie River watershed as they are the only spe-
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Fig. 2. Typical vertical profiles of temperature (open circles) and salinity (closed circles) for the southern Beaufort Sea of the Canada Basin. Wa-
ter above about 200 m is cold and comes predominantly from the Pacific Ocean via Bering Strait, whereas water deeper than 200 m is warmer
and comes from the Atlantic Ocean via the Barents Sea and Fram Strait.
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Fig. 3. Catch per unit effort for pink and chum salmon from a nearshore marine fyke net survey in the North Slope, Alaska (data from Fechhelm
et al. (2008) and Bob Fechhelm, LGL Ecological Research Associates, Bryan, Texas, USA, pers. comm.).

cies consistently captured in good numbers in upstream
areas with many individuals exhibiting pre-reproductive
development. Traditional knowledge supports this the-
ory; chum is the only salmon species with a name in the
Inuvialuktun and Dene languages of this area (Coad and
Reist 2004; Stephenson 2006). Closer to the Bering Strait,
both pink and chum salmon are reported from various rivers
in the Prudhoe Bay area, including the Colville (Craig and
Haldorson 1986). We assume pink and chum are natal in
many of these streams, but this has not been confirmed.

Salmon abundance time series are rare. One exception
is the monitoring program operated ~50 km west of Prud-
hoe Bay to evaluate potential effects of oil and gas explora-
tion in the area (Craig and Haldorson 1986; Fechhelm et al.
2008). Small numbers of pink and chum salmon have been
caught in most years in a nearshore fyke net, which has been
maintained since 1981, and larger numbers of pink salmon
were caught in 2008 (Fig. 3). It is impossible to know if the
high 2008 pink salmon catches reflect a spike in actual abun-
dance, or are some sort of artefacts.

The Canadian Arctic Salmon Sampling Program
monitors salmon caught by subsistence harvesters, ab-
original and commercial fishers, and others in and near the
Mackenzie River. During the past decade, salmon catches
have increased, especially for pink and chum salmon (J. Re-
ist, unpubl. data). While it is not possible to know if the
apparent increase in frequency of occurrence is a climate
change effect, something appears to have changed to either
increase the survival of natal fish from the Mackenzie, the
wandering of non-natal fish to the Mackenzie, or both.

To summarise, salmon in the Arctic are uncommon. All
five species have been captured, and while there is some evi-
dence implying recent increases in abundance, this does not
necessarily mean additional spawning in the Arctic. Chum
and pink salmon are encountered more frequently than coho,
sockeye, and Chinook salmon, and there is general agree-
ment that only chum salmon are natal to the Mackenzie

River watershed while chum and pink salmon are probably
natal to several rivers in Alaska’s North Slope.

WHERE DO ARCTIC SALMON OVERWINTER?

While recent dramatic reductions in the extent of
summer ice coverage in the Arctic have been well-doc-
umented (e.g., Stroeve et al. 2008), ice coverage during
winter continues to extend beyond the Arctic Ocean south-
ward into the Bering Sea. The ability of salmonids to toler-
ate cold waters varies among species, but in general, accli-
matized salmon can survive subzero temperatures provided
they do not come in contact with ice crystals (Brett and
Alderdice 1958; Fletcher et al. 1988).

We focus here on chum salmon because they are the
only species thought to return regularly to the Mackenzie
River. We present three hypotheses (Bering Sea Refuge,
Atlantic Layer Beaufort Refuge, and Freshwater Beaufort
Refuge) to explain how chum salmon are able to persist in the
Arctic. In all cases, chum salmon fry are transported down-
stream by river flows, arriving at the mouth of the Mackenzie
(or other) River in June/July of the year following spawn-
ing. We assume chum usually spend three winters at sea
(occasionally two or four) as found by Irvine et al. (2009)
for chum from the Liard River, returning to the mouth of
their spawning river in late summer or early autumn. Each
hypothesis differs in where chum spend their winters, mean-
ing that the temperatures and salinities fish are exposed to in
the marine environment also vary. Although incomplete, our
understanding of the physical and chemical oceanography of
the Arctic Ocean is sufficient to speculate on the influence of
these conditions on chum salmon.

Hypothesis 1 - Bering Sea Refuge

According to this hypothesis, after arriving in the ocean,
young-of—the-year chum salmon are carried north (offshore)
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Fig. 4. A satellite thermal image taken of the Southern Beaufort Sea on 17 September 2008. The influence of the Mackenzie Plume likely ex-
tends westward at least as far as 142° W where it connects with a continuous band of what is probably warm Alaskan coastal water (SeaWiFs
data were obtained from OCDP Archive, NASA/Goddard Space Flight Center).

and sometimes west towards the icepack in the Mackenzie
plume (Fig. 4). From there young chum are transported west
towards the Chukchi Sea either by means of wind-driven
longshore currents, as proposed by Fechhelm and Fissel
(1988) for Arctic cisco (Coregonus autumnalis), and/or by
taking advantage of the westerly flowing Beaufort Gyre near
the ice edge, which in some years also transports substantial
amounts of Mackenzie River water (Macdonald et al. 1999).
To arrive in the Bering Sea before freeze-up, young Mack-
enzie River chum salmon need to cover the distance (~1800
km) at a speed of ~24 km/d (assuming 75 days to complete
the migration). Young chum salmon from Alaskan North
Slope rivers, with a shorter distance to swim to reach the
Bering Strait, rely chiefly on wind-driven currents to move
them west.

Because the dominant flow leaving the Bering Sea is
northward (Woodgate and Aagaard 2005), young chum exit-
ing the Chukchi Sea would normally have to swim against
the current, perhaps saving energy by remaining close to the
Asian side of the Bering Strait where currents are generally
slowest (Fig. 1). Alternatively, fish could be assisted by oc-
casional southerly flow reversals consequent to periods of
northerly winds (see Woodgate et al. 2006).

Once in the Bering Sea, arctic chum salmon probably
adopt a migratory strategy similar to that proposed by Myers
et al. (2007) in their conceptual model for Pacific salmon in
the open ocean. According to Myers et al., salmon move
southeastward towards the Gulf of Alaska in fall, and back
to the Bering Sea in summer. After typically three winters
in the Bering Sea and Gulf of Alaska, arctic chum salmon
return to the Mackenzie (or other) River, taking advantage
of the Alaska Coastal current, arriving at the mouth of their

natal river in late summer or early autumn.

Although this hypothesis requires young chum salmon
to migrate a long distance, it is attractive because for the
majority of their life, arctic chum salmon occupy the same
environment as many chum from the North Pacific.

Hypothesis 2 - Atlantic Layer Beaufort Refuge

This hypothesis proposes that young-of-the-year chum
salmon carried north towards the icepack avoid freezing
temperatures by swimming down to water of Atlantic origin
(> 200 m) in fall. After wintering at depth in these waters,
which exceed 0°C throughout the year (Fig. 2), chum return
towards the surface, and spend the ice-free period within the
Beaufort Sea actively feeding and growing. This seasonal
vertical migratory pattern is repeated typically during three
years at which point the salmon return to the Mackenzie (or
other) River and migrate upstream to spawn.

This hypothesis is appealing from the standpoint that
salmon do not need to migrate over the long distance re-
quired to reach the Chukchi Sea, or swim against the cur-
rent to enter the Bering Sea. Furthermore, from what we
know about the replenishment process for the Atlantic layer,
heat has been sustained here reliably over a long time-frame
and is not affected by either local ice conditions or weather.
Other studies have reported chum in the North Pacific at the
depths and temperatures required under this hypothesis. For
instance, Walker et al. (2000) recorded chum in very cold
waters (-1°C to 1°C), possibly several hundred metres deep.
Ueno (1992) found that chum salmon were frequently caught
in trawls at depths exceeding 200 m.
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Fig. 5. A diagram showing the disposition toward the end of winter (May) of Mackenzie River water that has invaded the nearshore under the
ice of the Canadian Beaufort Shelf. The inset section shows the depth and salinity of the brackish water, which extends out to the rough ice
(stamukhi) located at the end of the landfast ice zone. This seasonal, under-ice lake covers approximately 16,000 km? by the end of winter

(Macdonald et al. 1995).

Hypothesis 3 - Freshwater Beaufort Refuge

In this case, chum salmon adopt a strategy similar
to other arctic fish species. For instance, Dolly Varden
(Salvelinus malma) and several coregonine species common
in the Arctic spend their summers in the Beaufort Sea, typi-
cally near the coast, but retreat into fresh or brackish waters,
at temperatures at or close to zero in winter, thereby avoiding
sub-zero (-1.9 °C) temperatures associated with more saline
water during winter (Fig. 2; Craig 1984; Craig 1989). Fish
may also over-winter in groundwater-influenced stream en-
vironments, near the bottoms of coastal lakes, or within parts
of the Mackenzie River plume that flows underneath a large
portion of the landfast ice (Fig. 5; Macdonald et al. 1995).

The Freshwater Beaufort Refuge Hypothesis is also
attractive because salmon do not have to migrate long dis-
tances, including an upstream migration through the Bering
Strait. However, as chum salmon elsewhere are not known
to rely on fresh or brackish refugia as a means of avoiding
cold marine environments, if it occurs, this strategy would
likely be a specific adaptation to the Arctic. Furthermore,
fish over-wintering in the plume under the ice would endure
very uncertain conditions where they might be exposed to
either below-freezing water near the bottom or frazil ice for-
mation at interfaces.

PRELIMINARY TESTING OF HYPOTHESES

While the most direct way to test these hypotheses would
be to sample the proposed winter environments for arctic
chum salmon, the likelihood of capturing salmon during win-
ter in the Arctic is extremely low. Most winter fish sampling
techniques are not only dangerous but tend to be passive, and
unlikely to catch uncommon non-migrating fish. If arctic
salmon are in the Bering Sea, they will be mixed with many
more numerous salmon populations. Genetic techniques
could theoretically be applied to identify arctic salmon in
the Bering Sea, but an inadequate baseline for arctic salmon
and small sample sizes makes this approach impractical at
this time. Fortunately we can take advantage of the different
chemical signatures of the various environments potentially
used by arctic salmon to evaluate the hypotheses. We can
also compare growth and age patterns of salmon from the
Arctic with salmon from other northern areas.

If Hypothesis 1 (Bering Sea Refuge) is correct, salm-
on are exposed to relatively constant salinity (maximum
34.45) during their marine period, but significant seasonal
variability in temperatures (~2.7 to 15.6 °C, Azumaya et al.
2007). If Hypothesis 2 (Atlantic Layer Beaufort Refuge) is
correct, fish are exposed to winter salinities similar to those
in Hypothesis 1, but reduced summer salinities, and lower
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minimum and maximum temperatures (~1 and ~8 °C). With
Hypothesis 3 (Freshwater Beaufort Refuge), salinity profiles
are much more variable, with the lowest minimum values for
fish retreating to fresh or brackish water in winter. In addi-
tion, salmon wintering in the Mackenzie plume would prob-
ably be exposed to colder winter temperatures than those
retreating to fresh water.

As a preliminary test of the Freshwater Beaufort Refuge
Hypothesis, we examined the Sr:Ca ratios of otoliths from six
returning adult chum salmon collected in the Colville River
and six returning adult chum salmon collected in the Tanana
River, a major tributary of the Yukon River (Fig. 1). Secor et
al. (1995), Zimmerman (2005), and others have documented
that the ratio of Sr to Ca is generally greater in otolith mate-
rial precipitated in marine rather than in fresh water, and that
analysis of Sr:Ca ratios across fish otoliths can reveal their
migratory histories between marine and freshwater environ-
ments. We also compared the size and age of chum salmon
from the Liard River with those caught in the Porcupine
River, another tributary of the upper Yukon River. The life

history of chum salmon from the Yukon River and tributar-
ies is similar to that of other non-arctic chum; they migrate
to the ocean during their first summer and remain in marine
waters until they return to spawn (Salo 1991). We hypoth-
esized that if Colville River chum salmon overwintered in
marine waters of the Bering Sea/Gulf of Alaska, similar to
Yukon River chum salmon, then the two groups would have
similar otolith Sr:Ca profiles, sizes, and age compositions.
If Colville chum wintered deep within the Beaufort Sea, or
within the freshened water of the Mackenzie River plume
or adjacent areas (i.e., Hypotheses 2 and 3), their otolith
Sr:Ca profiles might exhibit larger oscillations, particularly
for Hypothesis 3. Otolith Sr:Ca profiles for chum winter-
ing in fresh or brackish waters should exhibit larger oscil-
lations than Tanana River chum salmon, similar to those of
Arctic char Salvelinus alpinus (Halden et al. 1995), inconnu
Stenodus leucichthys (Howland et al. 2001), and other ana-
dromous salmonids that annually migrate between high and
low salinity environments. If chum salmon remain in the
Beaufort Sea region, their growth (i.e., size at age) should
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Fig. 7. Length frequency distribution of adult chum salmon from the Liard River (from Irvine et al. 2009).

be depressed compared to fish in the Bering Sea and North
Pacific Ocean, and perhaps they might return to spawn as
older fish, due to the colder winter temperatures.

Using methods described by Brown et al. (2007), Sr
and Ca concentrations were measured in chum salmon from
the Tanana and Colville rivers, at a series of points from the
core of each otolith (precipitated early in life) to its margin
(precipitated late in life). These data were converted to mo-
lar ratios of Sr:Ca using equivalency equations presented by
Brown and Severin (2008), and plotted as ontogenetic pro-
files (Fig. 6). In these preliminary analyses, comparisons
were limited to descriptive assessments of patterns of Sr:Ca
variation (Fig. 6).

Strontium:Ca profiles of the Colville River chum salm-
on were similar to those of Tanana River chum salmon (Fig.
6), suggesting these fish experienced similar environments
throughout life. Freshwater regions near the core were nar-
row and all fell in the range of Sr:Ca < 1 mmol:mol. Several
members of each group had an elevated region of Sr:Ca (> 1
mmol:mol) in the core that is probably a maternal contribu-
tion of marine Sr via the egg, a phenomenon documented by
Arai and Miyazaki (2002) for chum and Volk et al. (2000)
for other anadromous salmonids. All chum salmon from
the Colville and Tanana river groups exhibited an initial rise
in Sr:Ca to levels ranging between approximately 1 and 2
mmol:mol. A general increasing ontogenetic Sr:Ca trend
was evident for chum salmon within both groups rising to
maximum levels ranging from just under 3 mmol:mol (Fig.
6, Colville 5 and Tanana 5) to just over 4 mmol:mol (Fig.
6, Colville 2 and Tanana 2). An exception to this trend was
sample Colville 6, for which the outer region consisted of
vaterite. Vaterite regions of otoliths are visually distinctive
and have been shown to exhibit very low levels of Sr that
do not reflect environmental chemistry (Brown and Severin
1999; Tzeng et al. 2007).

Somewhat surprisingly, chum salmon from both groups
exhibited Sr:Ca oscillations in the latter portion of their pro-
files that spanned as much as 2 mmol:mol. Oscillations of
this magnitude are normally associated with migrations be-

tween freshwater and marine environments (e.g., Brenkman
et al. 2007). Because the Tanana River chum salmon are not
thought to migrate annually between marine and fresh wa-
ters, the oscillations seen in their Sr:Ca profiles may reflect
physiological responses within the marine environment, as
reported by Arai and Miyazaki (2002) for chum salmon from
the Otsuchi River in Japan. We are not able to refute any of
our hypotheses based on these results.

Chum salmon captured in the Liard River ranged be-
tween 55 and 78 cm fork length (Fig. 7) and 2000 and 6200
g. Four-year-old fish predominated, with some three- and
five-year-olds also caught; approximately 61% of the catch
was male, and 39% female (n = 167, Irvine et al. 2009).
Irvine et al. (2009) compared these results with those for
chum from the Yukon River watershed as documented by
Boyce (2001, 2002), Boyce and Vust (2002), and Boyce and
Wilson (2001). In the Porcupine River, a tributary of the
Yukon, for the four years considered, returning chum ranged
in age from three to six years. The majority were age three
to five with age-four fish being the most common, the same
as found for chum from the Liard. Male and female chum
caught in weirs in the Yukon did not differ in abundance,
while in the Liard, males were caught most frequently, per-
haps a result of sex-biased sampling by gill nets. Irvine et al.
(2009) did not find significant differences between the sizes
of male and female chum of each age caught in the Liard
and those in the Yukon, although in some cases, sample sizes
from the Liard River were small.

Similar growth patterns for chum from the Mackenzie
and Yukon rivers support Hypothesis 1 (Bering Sea Refuge).
Furthermore, if chum salmon are living in the Beaufort Sea
region (Hypotheses 2 and 3) for a significant period of their
lives, one would expect that subadult fish would have been
reported in some of the many sampling projects that have
been conducted along the Beaufort Sea coast of Canada and
Alaska (e.g., Kendel et al. 1975; Percy 1975; Bond 1982;
Craig 1984; Craig et al. 1985; Bond and Erickson 1989, 1992;
Jarvela and Thorsteinson 1999; Brown 2008; Fechhelm et
al. 2008; and many more); yet subadult size chum salmon
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have never been reported, other than in recent surveys in the
Chukchi Sea (Kondzela et al. 2009; Moss et al. 2009). We
believe these lines of evidence are most consistent with the
Bering Sea Refuge Hypothesis although the long distance
chum would need to migrate between the Canadian Arctic
and the Bering Sea needs to be considered.

The speed required for chum to reach the Bering Sea in
their first season (~24 km/d) is significantly greater than their
normal swimming speed. Even if the chum migration is as-
sisted by currents, it may not be possible to reach the Chukchi
Sea in the first year, so perhaps chum spend their first winter
in the Beaufort Sea below 200 m to avoid freezing tempera-
tures. Adopting this strategy would give them extra time to
complete their migration, and also provide them the oppor-
tunity to reach a larger size, when they would presumably
be more capable of migrating against the current to reach
the Bering Sea. We note that Japanese chum salmon spend
their first winter in a narrow region of the western North Pa-
cific, arriving at the Bering Sea in their second summer-fall
(Myers et al. 2007).

Although we are unable to exclude any of the three
hypotheses based on our preliminary evaluation, the most
parsimonious explanation is that arctic chum salmon live in
the North Pacific for most of their marine life, rather than
the Beaufort Sea region. Because of the long distance to
migrate between the mouth of the Mackenzie and the North
Pacific Ocean, they may spend their first winter deep within
the Beaufort Sea (i.e., a combination of Hypotheses 1 and
2). However, it is not possible to eliminate the Freshwater
Beaufort Refuge Hypothesis due to the surprising range of
otolith Sr:Ca values for chum salmon from the Colville and
Tanana river samples.

FUTURE WORK NEEDED TO TEST HYPOTHESES

We recommend additional elemental and isotope anal-
yses to fully test our hypotheses. For instance, Arai and
Hirata (2006) found that, in addition to Sr, concentrations
of Mg, Zn, and Ba also differed between the freshwater and
seawater growth zones of chum otoliths. Unfortunately, el-
emental results can sometimes be confusing due to natural
variability in elemental concentrations within environments.
In addition, temperature and salinity, the two primary envi-
ronmental parameters to differentiate among our hypotheses,
can have an interactive effect on otolith microchemistry (Els-
don and Gillanders 2002). In contrast, the 8Sr:3Sr ratios for
particular freshwater systems tend to be constant and often
different from those in the ocean (Kennedy et al. 2002). Mil-
ton and Chenery (2003) described anadromous migrations of
a tropical shad by examining variation in the ratio of ¥Sr:%¢Sr
isotopes, along linear transects. The dietary history of a fish
is recorded in the organic matrix of its otolith; 6*S, 6"C,
and 8N are particularly useful at tracing this history since
these stable isotopes are more enriched in marine versus
freshwater prey (Hesslein et al. 1993; Doucett et al. 1999;

Weber et al. 2002; L. Godbout, unpubl. data). Measures of
these stable isotopes in prey from locations associated with
the hypotheses (Gulf of Alaska, Bering Sea, Beaufort Sea,
Mackenzie River plume and nearby freshwater habitats)
as well as in salmon otoliths from Mackenzie River chum
salmon will allow one to determine in which environments
salmon are most likely to have lived. Isotopic signatures of
salmon prey are likely to differ among the various locations,
as there is evidence for differences in salinities and food
webs among locations. For instance, 8"*C is enriched in Ber-
ing Sea zooplankton compared to Beaufort Sea zooplankton
(Saupe et al. 1989) and this difference is likely to occur at
other trophic levels.

Measures of stable oxygen isotopes can also be used to
reconstruct the water temperatures at which fish lived. This
is possible because there is temperature-dependent fraction-
ation during the formation of the otolith; increases in water
temperature result in lower 6'%0 (Hwoie et al. 2004). Because
the slopes of fractionation equations are constant among spe-
cies (Storm-Suke et al. 2007), a general fractionation equa-
tion could be used to describe the thermal conditions in rela-
tive terms. This approach would be useful to differentiate
between the Bering Sea Refuge and Atlantic Layer Beaufort
Refuge hypotheses.

Additional exploration can be done at lower levels of
temporal resolution of life histories by measuring isotopic
signatures from tissue samples such as muscle and scales.
Finally, additional fish growth patterns, as reflected by oto-
lith and/or scale growth, should be compared among arctic
salmon and other reference fish of known history.

In summary, to thoroughly evaluate the hypotheses pro-
posed, which would allow one to evaluate potential climate
change effects on arctic salmon, we recommend that elemen-
tal and isotopic signatures be measured in:

» Otoliths and tissue from arctic and more southerly

salmon populations;

¢ Tissue from fish of known habitats; and

* Prey and water samples from the Bering Sea,

Beaufort Sea, Mackenzie River plume and nearby
freshwater habitats

Fortunately some of this work has been completed. For
instance, the Canadian Arctic Salmon Sampling Program has
been gathering salmon samples from the western Canadian
Arctic since 1986. The U.S. Fish and Wildlife Service have
access to salmon samples from the Prudhoe Bay region.
Similarly, reference fish samples are available from all ar-
eas, and some have been analysed for elemental and isotopic
ratio levels. However, fewer environmental samples, espe-
cially of salmon prey, have been collected and essentially
no relevant laboratory analyses of these samples have been
completed.

Anticipating climate effects on arctic salmon is an inter-
national issue. Much valuable information has resulted from
events such as the International Polar Year, and through the
cooperative research by agencies such as the North Pacific
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Anadromous Fish Commission. We encourage a continuing
collaborative approach among scientists to better understand
likely impacts of climate on salmon and other creatures in
the Arctic.
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Abstract: We describe migratory patterns of western Alaska and Yukon Chinook salmon (Oncorhynchus
tshawytscha) using stock-structured distribution data from United States Bering-Aleutian Salmon International
Surveys (BASIS), 2002—-2007. Juvenile Chinook salmon were distributed within water depths less than 50 m and
their highest densities were found close to river mouths of primary Chinook salmon-producing rivers in the eastern
Bering Sea (Yukon, Kuskokwim, and Nushagak rivers) through their first summer at sea. This reflects a later
marine dispersal from freshwater entry points than typically found in Gulf of Alaska stream-type Chinook salmon
and resulted in the presence of juvenile Chinook salmon in shallow, non-trawlable habitats during the surveys.
Juvenile Chinook salmon stock proportions in the northern shelf region (north of 60°N) were: 44% Upper Yukon,
24% Middle Yukon, 31% Coastal Western Alaska, and 1% other western Alaska stock groups. Juvenile Chinook
salmon stock proportions present in the southern shelf region (south of 60°N) were: 95% Coastal Western Alaska,
1% Upper Yukon, and 4% other western Alaska stock groups. It is believed that these stock mixtures do not
support significant northward migration of stocks from the southern shelf, and reflect limited mixing of salmon
from the two production regions during their first summer at sea. Spatial distribution patterns and coded-wire
tag recoveries provide evidence that the distribution of Yukon River Chinook salmon extends northward into the
Chukchi Sea during their first summer at sea. Although the juveniles present in the Chukchi Sea represent a minor
portion of the total Yukon River juvenile population, continued warming of the Arctic could increase the proportion

of Yukon River Chinook salmon migrating north into the Chukchi Sea.

Keywords: Bering Sea, Chinook salmon, distribution, migration, stock structure

INTRODUCTION

Migratory corridors used by Chinook salmon (Onco-
rhynchus tshawytscha) and their distribution within the cor-
ridors provide key information on the early marine ecology
and life-history strategies of juvenile salmon important to
their growth and survival (Brodeur et al. 2000). Juvenile
Chinook salmon from western Alaska and Yukon, Canada
enter the marine waters of the eastern Bering Sea during the
spring and summer and migrate along the coast of western
Alaska during their first summer in the ocean (Healey 1991).
An understanding of the underlying migratory patterns of
salmon is also required to interpret and apply research sur-
vey data to population studies of Chinook salmon (Farley et

al. 2005).

Although much of the historical work on salmon migra-
tion has relied on tagging and marking research (Hartt and
Dell 1986; Orsi and Jaenicke 1996; Farley et al. 1997; Court-
ney et al. 2000), genetic methods have expanded the ability
of research surveys to define migratory behavior of salmon
in the ocean (Seeb et al. 2004; Templin et al. 2005). Recent
developments in single nucleotide polymorphism (SNP)
markers and genetic baselines provide efficient and accurate
assignment of Chinook salmon to freshwater origin (Smith
et al. 2005; Templin et al. 2005). SNP data can be collected
and scored very rapidly compared to other genetic markers,
thus increasing its power and efficiency to discriminate stock
origins.

All correspondence should be addressed to J. Murphy.
e-mail: jim.murphy@noaa.gov
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Farley et al. (2005) initially described migratory path-
ways of juvenile Chinook salmon in the eastern Bering Sea
using information on juvenile salmon size distribution. Re-
constructing migration corridors from size data capitalizes
on the fact that much of the variability in juvenile size re-
flects the time of ocean entry. Dispersal patterns of juve-
nile salmon from points of ocean entry are apparent in the
spatial distribution of size, with the largest juvenile salmon
(earliest out-migrants) distributed the greatest distance from
their point of ocean entry. In the following analysis, migra-
tory patterns of juvenile western Alaska and Yukon Chinook
salmon are described using information on ocean distribu-
tions and freshwater origin from coded-wire tags and genetic
stock identification methods.

METHODS

Juvenile Chinook salmon were collected with surface
rope trawls during the U.S. Bering-Aleutian Salmon Interna-
tional Survey (BASIS) on the eastern Bering Sea shelf from
2002-2007 (Table 1). Start dates of the survey ranged from
August 14 to August 21; end dates ranged from September
20 to October 8 (Table 1). Variation in start and end dates
each year reflected changes in vessel availability and survey
coverage and design. The initial survey design (2002 and
2003) used transect-based sampling along latitude and longi-
tude lines (Farley et al. 2005). A grid-based sampling design
with stations at each degree of longitude and 30 minutes of
latitude was used from 2004 to 2007.

Juvenile Chinook salmon and other pelagic fish were
collected with surface rope trawls built by Cantrawl Pacific
Limited of Richmond, British Columbia (Reference to trade
names does not imply endorsement by the National Marine
Fisheries Service, NOAA.). Trawls were 198 m long, had
hexagonal mesh in wings and body, and included a 1.2-cm
mesh liner in the codend (Murphy et al. 2003). Trawls were

towed at the surface at an average speed of 4.3 knots, re-
sulting in an average vertical mouth opening of 14 m and
horizontal mouth opening of 58 m. Sampling depths were
slightly deeper than the vertical opening as the center of
the trawl often was just below the surface during the trawl
deployment. Water depths shallower than 20 m were con-
sidered non-trawlable and were not sampled. Nor’eastern
Trawl Systems 5-m alloy doors with 60-m bridle lengths
were deployed typically 360 m astern of the boat. Buoys
were secured to the wing-tips and center of the headrope to
help keep the trawl at the surface and wingtip buoy wakes
were monitored to ensure the headrope was maintained at
the surface during the tow. Trawl speeds were adjusted to
keep the trawl at the surface and trawl doors in the water. A
Simrad FS900 net sounder was used to monitor the fishing
dimensions and trawl geometry during each tow. All trawls
were towed astern of the vessel for 30 min at each station.
Catch per unit of fishing effort, CPUE, was used to describe
salmon spatial distributions and the standardized unit of fish-
ing effort was effort during a 30-min trawl set. Average area
swept by the trawl at each station was 0.25 km?.

Stations were sampled between 07:30-21:00 hours
(Alaska Standard Time), and typically four stations were
sampled each day. Stations were sampled during daylight
with the exception of the first station of each day. The first
station of the day was sampled just after sunrise, and occa-
sionally sampling would occur during sunrise depending on
the schedule set for vessel operations by the chief scientist.
Salmon catch rates from the crepuscular time-period were
not significantly different from other daylight samples (Far-
ley et al. in press). Sample dates differed by location due to
the order in which stations were sampled during the survey.
Average sample dates were estimated with a weighted aver-
age date with weights provided by the catch at each station.

Standard research trawl protocols were used to process
the trawl catch. All salmon were sorted and counted by spe-

Table 1. Number of surface trawl stations sampled during U.S. BASIS surveys on the eastern Bering Sea shelf by year and vessel, 2002—

2007.
Year Vessel Start Date End Date Number_of
Trawl Stations
2002 F/V Sea Storm 20-Aug-02 07-Oct-02 152
F/V Northwest Explorer 08-Sep-02 06-Oct-02 44
2003 F/V Sea Storm 21-Aug-03 08-Oct-03 151
2004 F/V Sea Storm 14-Aug-04 30-Sep-04 143
2005 F/V Sea Storm 14-Aug-05 06-Oct-05 127
2006 F/V Sea Storm 14-Aug-06 20-Sep-06 105
F/V Northwest Explorer 21-Aug-06 04-Sep-06 53
2007 F/V Sea Storm 15-Aug-07 08-Oct-07 136
NOAA Ship Oscar Dyson 05-Sep-07 26-Sep-07 50
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cies and life-history stage; all juvenile Chinook salmon were
examined for a missing adipose fin. Snouts were removed
from juvenile Chinook salmon with a missing adipose fin and
examined for the presence of a coded wire tag at the Auke
Bay Laboratories in Juneau, Alaska. Individual lengths and
weights were collected from a subsample of up to 50 Chi-
nook salmon and genetic samples were collected from these
fish.

Kriging models implemented in ArcGIS software pack-
age (ESRI 2006) were used to construct the spatial distribu-
tion map of juvenile Chinook salmon on the eastern Bering
Sea shelf. The spatial mean was removed with a local poly-
nomial regression model prior to fitting the Kriging model
and the spatial covariance of juvenile Chinook salmon was
modeled with a spherical variogram (Cressie 1991). The
spatial model was used to estimate the distribution of juve-
nile Chinook salmon in non-trawlable habitats with the ad-
dition of boundary conditions. Boundary conditions were
created by adding with zero catch points on land at spatial
scales matching the survey sampling grid.

Freshwater stock origins of juvenile Chinook salmon
were determined from coded-wire tag (Jefferts et al. 1963)
recoveries and from genetic stock identification analysis.
Coded-wire tags were assigned to freshwater origin using
the coast-wide mark database maintained by the Pacific
States Marine Fisheries Commission (http://www.rmpc.org/)
and by coded-wire tag release information provided by the
Whitehorse Rapids Fish Hatchery (YRJTC 2009).

A coast-wide baseline of 42 SNP genetic markers for
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Fig. 1. Approximate locations of regional genetic stock groups of ju-
venile Chinook salmon (Coastal Western Alaska, Middle Yukon, and
Upper Yukon) captured during U.S. BASIS surface trawl surveys on
the eastern Bering Sea shelf.

Chinook salmon (updated from Templin et al. 2005) was
used to assign freshwater origin of juvenile Chinook salm-
on. SNP data were obtained from 1,356 juvenile Chinook
salmon collected during 2002-2006 following the methods
of Seeb at al. (2009), and stock mixtures were estimated for
three locations on the eastern Bering Sea shelf. Mixed stock
proportions at each location were estimated using condition-
al maximum likelihood models implemented in the SPAM
3.7 mixed-stock software program (Debevec et al. 2000).
Accuracy of mixed stock assignment to freshwater origins
considered in this analysis was greater than 90% using the
42-SNP baseline (Templin et al. 2005).

Chinook salmon outside of the eastern Bering Sea were
not assumed to be present in the area sampled by the U.S.
BASIS survey during their first summer at sea (juvenile life-
history stage); therefore, only Chinook salmon stocks from
eastern Bering Sea river systems were considered in the
mixed stock analysis. Stock groups included in the analysis
were: the Upper Yukon River stock group, the Middle Yukon
River stock group, the Coastal Western Alaska stock group,
and an ‘Other’ stock group (Fig. 1). The Coastal Western
Alaska stock group included the Lower Yukon Chinook
salmon stocks and all other western Alaska stock groups
outside of the Yukon River except the Upper Kuskokwim
River and North Alaska Peninsula stock groups. For sim-
plicity, these two stock groups were combined into a single
‘Other’ stock group. The Lower Yukon stock group included
Alaskan tributary streams draining the Andreafsky Hills and
Kaltag Mountains; the Middle Yukon stock group included
Alaskan tributary streams in the upper Koyukuk River and
Tanana River basins; the Upper Yukon stock group included
Canadian tributary streams draining the Pelly and Big Salm-
on mountains (Lingnau and Bromaghin 1999).

Juvenile mixtures in the northern shelf region (north of
60°N) were compared with expected adult stock mixtures in
the Yukon River. Expected adult stock mixtures were esti-
mated by the average mixtures present in historical and re-
cent commercial and subsistence harvests in the Yukon River
(DuBois and DeCovich 2008; Bue and Hayes 2009). These
estimates were not corrected for potential stock selective
harvest.

RESULTS

Juvenile Chinook salmon were primarily distributed
within water depths less than 50 m through their first sum-
mer at sea (middle of August through the middle of October).
The highest densities of juvenile Chinook salmon were found
close to river mouths of primary Chinook salmon-producing
rivers in the eastern Bering Sea (Yukon, Kuskokwim, and
Nushagak rivers) (Fig. 2). Juvenile Chinook salmon were
distributed as far north as the Chukchi Sea and the southern
extent of their distribution was along the north shore of Bris-
tol Bay. The migratory corridor of juvenile Chinook salmon
was broader in the northern shelf (north of 60°N) than in the
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Fig. 2. Distribution of juvenile Chinook salmon during U.S. BASIS Fig. 3. Genetic stock mixtures of juvenile Chinook salmon (Coast-
surface trawl surveys on the eastern Bering Sea shelf (mid August to al Western Alaska, Middle Yukon, Upper Yukon, and ‘other’ stock
early October), 2002—2007. Distribution is based on catch per unit groups) captured during U.S. BASIS surface trawl surveys on the
of effort (CPUE) with a 30-min trawl haul used as the standard unit eastern Bering Sea shelf (mid August to early October), 2002—2006.
of effort. Individual trawl catches are overlaid on the CPUE predic- Mixtures are overlaid on a map of juvenile Chinook salmon distribu-
tion surface from a Kriging spatial model. Contours are shaded at tion and black bars identify the spatial extent of samples used for
geometric intervals of the prediction surface. each mixture. Genetic mixtures are overlaid on the CPUE prediction

surface from a Kriging spatial model. Contours are shaded at geo-
metric intervals of the prediction surface.

Table 2. Estimated stock mixtures of juvenile Chinook salmon (with 95% confidence intervals) collected during U.S. BASIS surface trawl surveys
on the eastern Bering Sea shelf by region and location, 2002—-2006. Average sample dates and DNA sample sizes are included.

A Stock Group
Stock Region Location S\;leéa?: Sample
Mixture g p Size Coastal Middle Upper
Date Western Other
Yukon Yukon
Alaska
Southern
. . 0.95 0.00 0.01 0.04
1 B;,I:‘,? <167°W 24-Aug 819 (0.89-0.98)  (0.00-0.00)  (0.00-0.01)  (0.02-0.11)
Northern
. . . ) 0.31 0.23 0.44 0.02
2 B;:g}? 60°N<>62°N  24-Sep 238 (023-0.37)  (0.15-0.30)  (0.37-0.52)  (0.00-0.08)
Northern
. . . ] 0.30 0.26 0.43 0.01
s B;J:’h? 62°N<>64.5°N  10-Sep 299 (025-0.35)  (0.20-0.32)  (0.37-0.50)  (0.00-0.03)
Northern
. ) . ) 0.31 0.24 0.44 0.01
2&3 B;J:’h? 60°N<>64.5°N  14-Sep 537 (026-0.35)  (0.20-029)  (0.40-0.49)  (0.00-0.03)
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southern shelf region. Peak densities of juvenile Chinook
salmon occurred in the shallowest water depths sampled
during the survey. Significant numbers of juvenile Chinook
salmon were estimated to be present in water depths shal-
lower than could be sampled by the trawl gear (20 m).

Average sample dates of the genetic mixtures differed
due to the order in which stations were sampled during the
survey (Table 2). The average sample date of mixtures 1, 2,
and 3 were: August 24, September 24, and September 10,
respectively. The average sample date of mixtures 2 and 3
combined was September 16.

Stock mixtures differed by region and location (Table
2, Fig. 3). In the southern Bering Sea shelf (mixture 1),
stock proportions were: 95% Coastal Western Alaska, 1%
Upper Yukon, and 4% other western Alaska stock groups.
In the northern Bering Shelf, mixture 2 contained 44% Up-
per Yukon, 23% Middle Yukon, and 31% Coastal Western
Alaska stocks, and 2% other western Alaska stock groups.
Mixture 3 was similar to mixture 2 with 43% Upper Yukon,
26% Middle Yukon, 30% Coastal Western Alaska, and 1%
other western Alaska stock groups. Stock proportions from
mixtures 2 and 3 combined, were 44% upper Yukon, 24%
Middle Yukon, 31% Coastal Western Alaska stocks, and 1%
other Western Alaska stock groups.

Stock proportions between juvenile populations and
adult harvests were similar enough to discount significant
bias due to incomplete sampling of the juvenile popula-
tion within the northern shelf region. The proportion of the
Coastal Western Alaska stock group in the juveniles from the
northern shelf region (mixtures 2 and 3 combined, 31%, SD

= 3%) was slightly higher than the proportion in the harvest
(21%, SD = 8%), but within the range expected for Yukon
River harvests (DuBois and DeCovich 2008). The propor-
tion of the Middle Yukon River stock group in the juvenile
population (24%, SD = 3%) was similar to the proportion
observed in historic harvests (23%, SD = 10%). The propor-
tion of the Upper Yukon stock group in the juvenile popula-
tion (44%, SD = 3%) was lower than the average propor-
tion in historic harvests (56%, SD = 8%), but higher than the
proportion in recent harvests. The Upper Yukon stock group
comprised 37% and 36% of the total harvest in 2007 and
2008, respectively (Bue and Hayes 2009).

Coded-wire tags all matched tag codes from the White-
horse Rapids Fish Hatchery located near Whitehorse, Yukon.
Coded-wire tag codes from juvenile Chinook salmon released
by the Whitehorse Rapids Fish Hatchery in 2002 included
release location codes (Table 3). Tag codes from 2007 only
included information on agency and year of release. How-
ever, as no other tagged Canadian juvenile Chinook entered
the ocean in the Bering Sea in 2007, it was possible to assign
origin to the Whitehorse Rapids Fish Hatchery.

Coded-wire tags were recovered at the mouth of the Yu-
kon River and just south of the Bering Strait (Fig. 4). Coded-
wire tags from 2002 were recovered near the mouth of the
Yukon River at 63°N and at 64.1°N. Coded-wire tags recov-
ered from 2007 were all recovered just south of the Bering
Strait at 65.2°N, confirming the presence of a northward mi-
gration corridor for juvenile Yukon Chinook salmon.

All coded-wire tagged juveniles were age-0 (or fall-type
Chinook salmon), a known life-history feature of Chinook

Table 3. Coded-wire tag recoveries from juvenile Chinook salmon captured during U.S. BASIS surface trawl surveys on the eastern Bering Sea
shelf, 2002-2007. Release information provided by the Whitehorse Rapids Fish Hatchery (YRJTC, 2009).

Release Data

Recovery Data

Freshwater Origin Tag Code
Date Weight (g) Date Latitude Longitude Length (mm) Weight (g)
Whitehorse Rapids
Hatchery: Michie 185061 2-Jun-02 3.2 4-Oct-02 63.0°N 166.0°W 155 49
Creek
Whitehorse Rapids
Hatchery: Michie 185106 10-Jun-02 3.2 3-Oct-02 64.1°N 164.5°W 193 79
Creek
Whitehorse Rapids 2-3Un-02
Hatchery: Wolf 185102 3.1 3-Oct-02 64.1°N 164.5°W 153 43
Creek
Whitehorse Rapids 18 2007 - 13-Sep- 5N 168.1°W 176 58
Hatchery 07
Whitehorse Rapids 18 2007 - 13-Sep- g5 168.1°W 125 18
Hatchery o7
Whitehorse Rapids 18 2007 - 13Sep- ggoen  168.1°W 179 58
Hatchery 07
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Fig. 4. Locations of coded-wire tag recoveries of Whitehorse Rap-
ids Fish Hatchery Chinook salmon from the Yukon River during U.S.
BASIS surface trawl surveys on the eastern Bering Sea shelf (mid
August to early October), 2002-2007. Circles indicate coded-wire
tag recovery locations and are overlaid on a map of juvenile Chinook
salmon distribution. Numbers in each circle indicates the number of
coded-wire tags recovered at each location and are overlaid on the
CPUE prediction surface from a Kriging spatial model. Contours are
shaded at geometric intervals of the prediction surface.

salmon produced from the Whitehorse Rapids Fish Hatch-
ery. The size of hatchery juveniles (125-193 mm; 18-79
g) were significantly smaller than the average size of juve-
nile Chinook salmon captured during the survey (213 mm,
127 g), and hatchery juveniles still had visible parr marks
at the time of capture (average date of September 10). The
presence of parr marks on hatchery juveniles indicates an
ocean entry date much later than most wild juvenile Chinook
salmon on the eastern Bering Sea shelf and is consistent with
their classification as ocean-type Chinook salmon.

DISCUSSION

The estuarine and early ocean habitats of juvenile salm-
on in the Bering Sea differ from juvenile salmon habitats in
the Gulf of Alaska. Juvenile salmon occupy a broad shal-
low shelf with relatively stable waters in the Bering Sea. In
the Gulf of Alaska, juvenile salmon occupy habitats ranging
from a network of narrow corridors associated with fjords

in southeast Alaska, to the narrow shelf and highly dynamic
waters of northern California (Brodeur et al. 2000; Orsi et al.
2000). Migratory corridors of juvenile salmon in summer
are largely thought to be constrained to epipelagic waters
over the continental shelf once they reach the open ocean
in the Gulf of Alaska (Brodeur et al. 2000; Orsi et al. 2000;
Fisher et al. 2007). Juvenile salmon migratory corridors in
all open ocean regions are most likely defined by oceano-
graphic, not bathymetric features; however, the close asso-
ciation of these features in the Gulf of Alaska (Mundy 2005)
often results in the use of the continental shelf to describe
juvenile salmon migratory corridors. The broad continental
shelf of the Bering Sea provides the opportunity to inves-
tigate biological and physical features such as water mass
types and frontal regions that structure migratory pathways
of juvenile salmon.

Juvenile Chinook salmon were primarily distributed
within water depths < 50 m throughout their first summer at
sea (middle of August through the middle of October) and
the highest densities of juvenile Chinook salmon were found
close to river mouths of primary Chinook salmon-producing
rivers in the eastern Bering Sea (Yukon, Kuskokwim, and
Nushagak rivers). This reflects a later dispersal from fresh-
water entry points than typically found in Gulf of Alaska
stream-type Chinook salmon (Fisher et al. 2007). This is
likely the effect of later ocean entry dates and slower marine
dispersal rates of juvenile Chinook salmon on the eastern
Bering Sea shelf.

Foraging behavior of salmon within the Coastal Domain
may play a key role in defining juvenile Chinook salmon
habitat and dispersal rates during their first summer at sea.
The Coastal Domain is typically found in water depths < 50
m on the eastern Bering Sea Shelf (Schumacher and Stabeno
1998) and is associated with reduced water column stability,
tight pelagic-benthic coupling, and high benthic productiv-
ity (Grebmeier et al. 2006). These structural components of
the Coastal Domain favor forage fish species such as capelin
and Pacific sand lance, which are the principal prey of juve-
nile Chinook salmon (Farley et al. in press). It is possible
that feeding behavior of Chinook salmon on these forage
fish species may be contributing to a delayed dispersal from
the Coastal Domain. An apparent preference for the Coast-
al Domain is also seen in coho salmon (Farley et al. 2005)
which also preferentially feed on the forage fish species in
the Coastal Domain (Farley et al. in press).

The adequacy of the U.S. BASIS survey design for ju-
venile Chinook salmon populations differed by region. The
broad migratory corridor of juvenile Chinook salmon and
later survey sampling dates in the northern Bering Shelf re-
gion resulted in most juvenile Chinook salmon from this re-
gion present within trawlable habitats (> 20 m). The narrow
migratory corridor and earlier sampling dates in the southern
shelf region resulted in a higher proportion of the juvenile
salmon population present in non-trawlable habitats. The in-
ability to distinguish between primary stock groups contrib-

56



Distribution of juvenile Chinook salmon in the eastern Bering Sea

NPAFC Bulletin No. 5

uting to the southern shelf index area also limits our ability
to evaluate how well the survey reflects juvenile Chinook
salmon stocks in this region.

Stock mixtures of juvenile salmon did not support sig-
nificant northward migration of stocks from the southern
shelf, reflecting limited mixing of salmon from different
production regions during their first summer at sea. Juvenile
Chinook salmon in the southern region were primarily from
the Coastal Western Alaska stock group (95%). Therefore,
the presence of juveniles from the southern region would in-
crease the proportion of juvenile Chinook salmon assigned
to the Coastal Western Alaska stock group. Similarity in ju-
venile salmon stock mixtures from both spatial strata in the
northern region indicates that if juveniles from the southern
shelf region were migrating north, they would need to be
equally present in both northern spatial strata. This is un-
likely, given the apparent dispersal rates of juvenile Chinook
salmon from the southern region. Comparisons between
stock proportions of the juvenile population in the northern
shelf region and Yukon River harvests also did not support
significant northward migration of southern stocks. If sig-
nificant numbers of juvenile Chinook salmon from southern
shelf were migrating north, the estimated proportions of the
Coastal Western Alaska stock group would be significantly
higher in the northern shelf region than expected for Yukon
River Chinook salmon. The proportion of Coastal Western
Alaska stocks in the northern shelf region was within the
range expected for Yukon River Chinook salmon. Stock
differences between the juveniles and historic harvests are
most likely the result of reduced production of the Upper
Yukon stock group relative to historic returns to the Yukon
River (Bue and Hayes 2009). Limited northward migration
of juvenile Chinook salmon from the southern shelf region
is consistent with the interpretation of size and distribution
data summarized by Farley et al. (2005).

Coded-wire tag recoveries of Yukon River Chinook
salmon near the Bering Strait provide evidence that Yukon
River Chinook salmon distributions can extend northward
into the Bering Strait. The combined pattern of juvenile
Chinook salmon distribution and coded-wire tag recoveries
(Fig. 4) suggests that Yukon River Chinook salmon distribu-
tions can also extend into the Chukchi Sea. Although the
proportion of Yukon River Chinook salmon that are believed
to migrate into the Chukchi Sea is small relative to their to-
tal marine distribution, anticipated changes in Arctic climate
and sea-ice levels could alter the proportion of Yukon River
salmon migrating into the Chukchi Sea (Moss et al. 2009).
The northward extension of juvenile Chinook salmon dis-
tribution into the Chukchi Sea was primarily due to catches
in 2007—a year with record loss of Arctic sea ice and an
exceptionally warm summer (Moss et al. 2009). Northward
advection or migration of Yukon River Chinook salmon is
in contrast to the lack of significant northward advection or
migration observed in juvenile Chinook salmon from the
southern shelf region. This may reflect differences in marine

habitats (water depths, freshwater discharge levels, seasonal
currents, surface temperatures, prey fields, e.g.) or simply
differences in the behavior or life-history of juvenile Chi-
nook salmon from the two regions.

Life-history differences between wild and hatchery fish
can result in different marine distributions; therefore it is not
appropriate to characterize the distribution of Yukon River
stocks with hatchery coded-wire tag recoveries alone. Stock
identification data are needed to adequately describe marine
distributions. Wild Yukon River Chinook are characterized
as stream-type Chinook salmon (also known as spring-type
as they generally enter the marine habitat in the spring) (Gil-
bert 1922). Hatchery Yukon River Chinook salmon are char-
acterized as ocean-type Chinook salmon (also known as fall-
type as they enter the marine habitat in the fall), which have a
freshwater age of zero (age-0) (YRITC 2009). However, life
histories of wild and hatchery Yukon River Chinook salmon
are not completely unique. Several unmarked or wild juve-
nile Chinook salmon were similar in size to or smaller than
hatchery Chinook salmon and had visible parr marks during
September. This suggests that ocean-type or age-0 juveniles
are present in wild populations; although, they are believed
to represent only a minor portion of the total juvenile popu-
lation. Size and timing of ocean entry of Yukon River Chi-
nook salmon summarized by Martin et al. (1987) also sug-
gests the presence of age-0, -1, and older Chinook salmon in
wild Yukon River stocks. The presence of freshwater age-0
Yukon River Chinook salmon in wild populations emphasiz-
es the importance of freshwater age plasticity in stream-type
Chinook salmon as part of their natural life-history variation
and not simply an artifact of hatchery rearing (Beckman and
Dickhoff 1998).

The following conclusions can be made concerning the
U.S. BASIS survey data as it applies to juvenile Chinook
salmon populations on the eastern Bering Sea shelf. Juvenile
Chinook salmon are present in non-trawlable habitats; there-
fore, the effect of non-trawlable habitats needs to be consid-
ered when applying survey data to juvenile Chinook salmon
populations, particularly in the southern shelf region. Limited
mixing of juvenile Chinook salmon from different production
regions (northern and southern shelf regions) is thought to oc-
cur during their first summer at sea. However, stock mixtures
of juvenile Chinook salmon within each region will be needed
to evaluate the status of managed stock groups. Although
Yukon River Chinook salmon stocks can extend northward
into the Chukchi Sea, the proportion of Yukon River Chinook
salmon present in the Chukchi Sea is small relative to the total
marine distribution of juvenile Yukon River salmon. How-
ever, it is also important to recognize that changes in Arctic
climate and the loss of sea ice could increase the proportion
of Yukon River Chinook salmon present in the Chukchi Sea
during their first summer at sea.
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Abstract: Vertical movement patterns of chum salmon (Oncorhynchus keta) during their homing migration were
examined using archival tags. Vertical movements through the thermocline with a periodicity of less than 1 h were
observed during the day in the North Pacific. To examine the dynamics of these short-term vertical movements,

we developed a simple one-dimensional vertical movement model.

It is assumed that chum salmon have an

optimal body temperature and that they regulate their dive behavior to depths with relatively high prey densities in
a manner that conserves their body temperature. The model reproduced the short-term vertical movements such
as those observed from archival tagging data. The model provides evidence that the high frequency movements
allow conservation of the body temperature at an optimal level during foraging dives for prey.

Keywords: chum salmon, vertical movements, archival tag, model

INTRODUCTION

It is known that chum salmon (Oncorhynchus keta)
are widely distributed in the North Pacific Ocean and ad-
jacent waters. Japanese stocks of chum salmon remain in
the North Pacific Ocean and the Bering Sea for one to seven
years before returning to spawn in their natal rivers. Recent
studies using archival tags have determined the character-
istics of swimming patterns and the ambient environmental
conditions to which homing adult chum salmon are exposed
(Wada and Ueno 1999; Tanaka et al. 2000; Walker et al.
2000; Friedland et al. 2001; Ishida et al. 2001; Azumaya and
Ishida 2005). These studies demonstrated that diel vertical
movements are pronounced in the open ocean on time scales
of days. Chum salmon remain near the surface at night, but
they show short-term vertical movements lasting < 1 hour
during the day. Thus they experience a wide range of wa-
ter temperatures, occasionally higher than 10°C. It has been
suggested that these night/day behaviors of chum salmon are
related to feeding and/or searching for prey (Walker et al.
2000; Ishida et al. 2001). Euphausiids (Thysanoessa lon-
gipes), walleye pollock (Theragra chalcogramma) and atka
mackerel (Pleurogrammus monopterygius) comprise more
fractions of stomach contents of chum salmon in the after-
noon than in the morning (Osamu Sakai, National Research
Institute of Far Seas Fisheries Research Institute, Shizuoka,
Japan, pers. comm.). Age-0 walleye pollock > 55 mm fork
length (FL) appear to migrate through the thermocline on a
diel basis (Swartzman et al. 2002). Larval or juvenile atka
mackerel are mainly distributed above depths of 50-60 m

throughout the day according to observations made using
a split-beam echo-sounder system operating at 38 and 120
kHz (Orio Yamamura, Hokkaido Fisheries Research Insti-
tute, Hokkaido, Japan, and Osamu Sakai, National Research
Institute of Far Seas Fisheries Research Institute, Shizuoka,
Japan, pers. comm.). Iguchi and Ikeda (2004) reported that
T. longipes also showed diel distributions, occurring mainly
between 30-300 m at night and dropping to between 150-500
m during the day. Thus, prey distribution for chum salmon
during the day might extend to depths of 50-60 m. Chum
salmon have been observed diving to such depths for prey
(Wada and Ueno 1999; Azumaya and Ishida 2005).
Azumaya and Ishida (2005) reported that the difference
between the ambient and body cavity temperatures of chum
salmon increased during the course of short-term vertical
movements through the thermocline during the day. The
water temperatures experienced by chum salmon while be-
low the thermocline were occasionally lower than the lower
thermal limit (2.7°C) for the species as determined by Azu-
maya et al. (2007). Azumaya and Ishida (2005), using a heat
budget model, suggested that chum salmon used short-term
vertical movements to maintain their body cavity tempera-
ture within their thermal tolerance while actively diving to
feed in water even colder than that considered physiological-
ly suboptimal for them. However, how their diving behavior
might be modified under various environmental conditions
remains unclear. To examine the dynamics of high frequency
vertical movements by chum salmon we developed a simple
one-dimensional vertical movement model.

All correspondence should be addressed to T. Azumaya.
e-mail: azumaya@fra.affrc.go.jp
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MATERIALS AND METHODS
Archival Tags

Archival tagging operations were conducted in the Ber-
ing Sea during July 1998. Archival tags (Northwest Marine
Technology, Inc., WA, USA) were inserted into the abdomi-
nal body cavity of chum salmon on board the research ves-
sel. Wada and Ueno (1999) reported on these tagging op-
erations. The tags consisted of a cylindrical stainless steel
tube, 1.6 cm in diameter and 10 cm long, with a 20-cm-long
Teflon light/external temperature sensor stalk protruding
from one end. The tag weight in air was 52 g. The external
sensor stalk of the tag was allowed to trail out of the fish
at the site of the incision. The archival tags measured and
recorded both external (ambient) and internal (body cavity)
temperatures, pressure (depth), and ambient light intensity
near the tagged fish every 256 (Chum #894) or 512 (Chum
#256) seconds. Temperature was measured with a resolution
of 0.2°C. Depth was measured with a resolution of I mto a
depth of 126 m, and 3 m at depths > 126 m. The two tagged
chum salmon were released in the Bering Sea and recovered
along the coast of Hokkaido, Japan within 68 and 87 days,
respectively, after their release (Table 1).

Heat Budget Model

The heat budget model consisted of the ambient and
body cavity temperatures (Stevens and Sutterlin 1976; Hol-
land et al. 1992; Brill 1994; Kitagawa et al. 2001; Azumaya
and Ishida 2005). The equation for the body cavity tempera-
ture in the heat budget model can be written as

Tb,,, = k(Ta,, ,~Tb)At + TmAt + Th, (D)
where: Tb is body temperature, Ta is ambient temper-
ature (°C), t is time (s), At is a time step, k is the whole-
body heat-transfer coefficient 1.48X103(s) between the
fish and the water, and Tm is the internal heat production

2.14X10*(°C-s?) of the fish (Azumaya and Ishida 2005).
Here, we neglected Tm because this term is smaller than k
by about 1 order of magnitude. In this study, we focused on
the movement on 4 September for Chum #894 and that on 11
August for Chum #256, because on these days the differences
between body cavity temperatures and ambient temperatures
were relatively large, and short-term vertical movements
were documented within the archival tag data. In order
to check the reproducibility of the heat budget model on 4
September for Chum #894 and on 11 August for Chum #256,
the body cavity temperature was predicted using equation
(1). The time steps (At) in equation (1) were 256 and 512
seconds which were periods equal to the sampling intervals
of the archival tags of Chum #894 and Chum #256, respec-
tively. The resulting temperature profiles were compared
with the observed body cavity temperatures.

One-dimensional Vertical Movement Model

To model the vertical movements of chum salmon, we
developed a one-dimensional vertical movement model. The
model was kept simple to determine the mechanism for the
vertical movements of chum salmon. The model included
a heat budget component for body temperature and a sepa-
rate component to model active swimming. The direction
of active swimming was assumed to be only vertical, either
upward or downward. This directional swimming speed
was a constant value: 1 body length/second (BL-s™) (Ware
1978; Azumaya and Ishida 2004). We could not distinguish
whether chum salmon preferentially swim either toward an
area with their preferred SST or toward an area with abun-
dant zooplankton. Therefore, in this study, we defined their
average body cavity temperature during the day (range:
4.6°C-7.3°C) as the optimal body temperature (5.95°C +
1.35°C SD), and set a rule for directional swimming as fol-
lows: if the body cavity temperature was within the range of
the optimal body temperatures, chum salmon would swim
toward the zone with abundant zooplankton; if the body cav-
ity temperature was below optimal body temperature, chum

Table 1. Release and recapture information for two chum salmon tagged with archival tags in the Bering Sea and recovered in Hokkaido, Japan.
Days at sea: days between release and recovery days. Distances: shortest distance between release and recovery sites. Age was determined

from scales (Ito and Ishida 1998)*. FL = fork lemgth.

. Release Recapture
Fish
No. . FL . FL Days at Distance Swimming
Date Location (mm) Age Date Location (mm) liberty (km) Sex speed (m-s")
256 July 5 Bering Sea 650 5 Sep. 10  Shibetsu coast 690 68 2,797 female 0.475
1998 54° 30'N 1998 43° 54'N
179° 30'W 145° 06'E
894 July 18  Bering Sea 570 4 Oct. 10 Shibetsu coast 598 87 2,964 female 0.394
1998 56° 30'N 1998 43" 51'N
177° 30'W 145" 06'E

*Fish of age-1 migrate to the sea after emergence from the stream gravel in March to April and spend several months in coastal waters. In the next year, the age

of the fish is age-2.
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salmon would swim toward the warmer sea surface. They
would then remain in surface waters until their body cav-
ity temperature was within the range of the optimal body
temperatures. Chum would then swim back toward the zone
with abundant zooplankton. The body cavity temperature in
the model was calculated using the heat budget component
of equation (1). The forcing of the model by the vertical
density-distribution of zooplankton assumed a normal dis-
tribution with a standard deviation of 10 m. The vertical
integration of the density of zooplankton was assumed to be
constant. The mean position of zooplankton changed in a
sinusoidal manner, with a period of 24 hours from maximum
density occurring at the sea surface during the night to maxi-
mum density occurring at 60 m during the day. The vertical
profile of the ambient water temperature as another driver of
the model was approximated by an exponential curve as fol-
lows:
Ta

t+AL

=exp(-aZ,, +b)

t+At

)
where: Z,  is the vertical position (m) of the fish at t+At, and
a and b are the attenuation coefficients (0.028-0.046 m™)
and constants (2.6-2.7) of water temperature, respectively.
The values of a and b in equation (2) were estimated from
the depth and ambient temperatures of the archival tag data
on the target days using the least squares method for each
target date. The vertical position of the fish in the model was

calculated at each time step as follows:
3)

where: w(BL) is swimming speed (0.6 m's™) (Table 1), and is
a function of the body length, because the swimming speed
was assumed to be 1 BL's™. The model was numerically
integrated by time step (At), 0.1 seconds, and was run for 24
hours. The start position of the fish was at the surface. The
value At in equation (1) also corresponded to the one-dimen-
sional vertical movement model. Data from the model were
output every 256 or 512 seconds, periods equal to the sam-
pling intervals of the archival tags of Chum #894 and Chum
#256, respectively. In order to check the reproducibility of
the body cavity temperatures by the heat budget component,
the difference between the body cavity temperature calculat-
ed by one-dimensional movement model and the body cavity
temperatures predicted using the heat budget component of
equation (1) and the ambient temperature output every 256
or 512 seconds from the one-dimensional vertical movement
model were examined. When the body cavity temperature
was predicted using the heat budget model and output data
from the model, the time steps (At) in equation (1) were 256
and 512 seconds, corresponding to Chum #894 and Chum
#256, respectively.

According to equations (2) and (3), the vertical move-
ment of chum salmon will be affected by the vertical profile
of the ambient temperature and swimming speed. Substitut-
ing for Z from equation (3) into equation (2) and substituting

Z,,=Z+wW(BLAt

Ta from equation (2) into equation (1), and integrating with
respect to time t, equation (1) becomes
Ta,k Ta,k
Tb(t) = (m) exp(-aw(BL)) +(Tb,, - m) exp(~kt) (4)
where: Ta, . (10°C) and Th, . (10°C) are the initial values of
Taand Thb , respectively. The value Tb, . includes b in equa-
tion (2). The depth that chum salmon are able to reach, while
maintaining a body cavity temperature above 5°C in one dive
was quantitatively examined using equation (4) with respect
to the swimming speeds and attenuation coefficients of water
temperature.

RESULTS
Archival Tags

Chum #256 and Chum #894 were recovered after 68 and
87 days at sea, respectively. On 4 September, Chum #894
showed pronounced oscillatory vertical movements during
the day (Fig. 1, top). Chum salmon experienced water <2°C
and > 10°C during a typical 24-h period. A relatively large
difference between ambient and body cavity temperatures
corresponded with periods of diving into the cold water. Al-
though the ambient temperature changed corresponding to
the vertical excursions, the body cavity temperature did not
reflect the variation in the ambient temperature (Fig. 1, bot-
tom). Rather, the changes in observed body cavity tempera-
tures were less extreme and lagged slightly behind ambient
temperatures, because it takes time for heat to transfer be-
tween the water and the body cavity and to reach equilibrium.
Thus, the daytime variability in body cavity temperatures (£
2.3°C) was smaller than that in the ambient temperature (£
3.6°C). On 11 August, Chum #256 seemed to remain for
relatively long periods (up to 60 minutes) at a depth of about
50 m, where it experienced an ambient temperature < 4°C
(Fig. 2, top). However, the body cavity temperature did not
decrease to < 5°C, and the SD (+ 2.8°C) of body cavity tem-
perature was smaller than that of the ambient temperature (£
4.5°C) during the day (Fig. 2, bottom).

The body cavity temperature predicted by the heat bud-
get model (thin line) was generally quantitatively similar to
the observed body cavity temperature (thick line) in Chum
#894 (Fig. 1, bottom). The correlation between the body
cavity temperature predicted by the heat budget model and
the observed value was significant (R>=0.88, P <0.01). On
the other hand, for Chum #256, the body cavity temperature
predicted by the heat budget model (thin line) was dissimi-
lar to the observed value (thick line, Fig. 2, bottom). The
predicted body cavity temperature decreased to the ambient
temperature, whereas the observed body cavity temperature
did not. The correlation between the predicted body cavity
temperature and the observed profile for Chum #256 was not
significant (R =0.026, P > 0.01).
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One-dimensional Vertical Movement Model

Figure 3 shows the vertical movement of chum salm-
on simulated by the one-dimensional vertical movement
model in the case of output every 256 seconds (the same
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Fig. 1. Time series of archival depth data (top panel, thick line),
archival ambient temperature (top, thin line), archival observed body
cavity temperature (lower, thick line), and body cavity temperature
predicted by the heat budget model (lower, thin line) over a 24- hour
period on 4 September for Chum #894. For both panels, the shaded
period is night.
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Fig. 2. Time series of archival depth data (top panel, thick line),
archival ambient temperature (top, thin line), archival observed body
cavity temperature (lower, thick line), and body cavity temperature
predicted by the heat budget model (lower, thin line) over a 24-hour
period on 11 August for Chum #256. For both panels, the shaded
period is night.
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Fig. 3. Time series of modeled depth (top panel, thick line), modeled
ambient temperature (top thin line), modeled body cavity tempera-
ture by the one-dimensional movement model (lower, thick line), and
body cavity temperature predicted by the heat budget model (lower,
thin line) over a 24-hour period using an output interval of 256 sec-
onds (the same as the archival tag data on 4 September for Chum
#894). Horizontal dashed lines are a minimum optimal (4.6°C) and
a maximum optimal (7.3°C) temperature, respectively. The range
from 4.6°C to 7.3°C of the thin dashed lines is the optimal body tem-
perature.
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Fig. 4. Time series of modeled depth (top panel, thick line), mod-
eled ambient temperature (top, thin line), modeled body cavity tem-
perature by the one-dimensional movement model (lower, thick line),
and body cavity temperature predicted by the heat budget model
(lower, thin line) over a 24-hour period using an output interval of 512
seconds (the same as the archival tag data on 11 August for Chum
#256). Horizontal dashed lines are a minimum optimal (4.6°C) and
a maximum optimal (7.3°C) temperature, respectively. The range
from 4.6°C to 7.3°C of the thin dashed lines is the optimal body tem-
perature.
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Fig. 5. Detailed time series of modeled depth, modeled ambient
temperature, and modeled body cavity temperature by the one-
dimensional vertical movement model from 0900 to 1100 hours in
model time using an output interval of 0.1 seconds (thin line). Time
series output interval of 256 seconds from the one-dimensional verti-
cal movement model is shown by the thick line and dots. Time series
of body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Hori-
zontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

as the tag data for Chum #894). The calculated vertical
movements were similar to the observed diel movements of
chum salmon. The model-generated profile also remained
near the sea surface (depth of < 10 m), when zooplankton
were distributed at the sea surface (at night). Body cavity
temperatures and the ambient temperature during the night
were equivalent to one another. The density of zooplankton
that chum salmon encountered was almost constant during
the night (not shown). The variation in ambient temperature
was considerably larger than that in body cavity temperature,
and similar to the observed values when zooplankton were
distributed at depth of 60 m (daytime). The body cavity tem-
perature predicted by the heat budget model (thin line) using
output data from the one-dimensional movement model was
generally similar to the body cavity temperature (thick line)
output by the one-dimensional movement model. Although
the temperatures of the cold water where zooplankton were
distributed during the day were not the optimal temperatures
for chum salmon, they were predicted to swim into the cold
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Fig. 6. Detailed time series of modeled depth, modeled ambient
temperature, and modeled body cavity temperature by the one-
dimensional vertical movement model from 0900 to 1100 hours in
model time using an output interval 0.1 seconds (thin line). Time se-
ries of output interval of 512 seconds from the one-dimensional verti-
cal movement model is shown by the thick line and dots. Time series
of body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Hori-
zontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

water to encounter zooplankton. Because the body cavity
temperature of the chum salmon remained within range of
optimal body temperatures, the results of the one-dimension-
al movement model suggest that high frequency movements
are related to both conservation of body temperature and the
acquisition of the prey.

In the case of output every 512 seconds (the same as
the tag data for Chum #256), the one-dimensional move-
ment model produced a profile in which the chum salmon re-
mained in water that was colder than the optimal body tem-
perature for chum at 0600, 1000, 1200, 1400 and 1600 hours
in model time (Fig. 4, top). The body cavity temperatures
output by the one-dimensional vertical movement model
(thick line), however, did not decrease to the ambient tem-
perature. Furthermore, the body cavity temperature predicted
by the heat budget model (thin line) using output data from
the one-dimensional movement model was not equivalent to
the body cavity temperature output by the one-dimensional
movement model (thick line). The predictions from the one-
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dimensional movement model suggest that changes in body
cavity temperature should be less variable than ambient tem-
perature changes, and that body temperatures remain above
the minimum observed ambient temperature. The features
seen in the one-dimensional movement model were similar
to the archival tag observations.

DISCUSSION

Chum salmon # 256 remained for up to 60 minutes at
depths near 50 m and at ambient temperatures < 4°C dur-
ing the day. However, the body cavity temperature did not
decrease to the ambient temperature, as shown in Fig. 2
(bottom). On the other hand, the body cavity temperature
predicted by the heat budget model was not consistent with
the observed body cavity temperature; rather, it decreased to
the ambient temperature. Why was the heat budget model
not able to reproduce the daytime body cavity temperature
observed for Chum #256? The nighttime body cavity tem-
perature predicted by the heat budget model was consistent
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Fig. 7. Detailed time series of modeled depth, modeled ambient tem-
perature, and modeled body cavity temperature by the one-dimen-
sional vertical movement model from 0900 to 1100 hours in model
time using an output interval of 0.1 seconds (thin line). Time series of
an output interval of 665 seconds from the one-dimensional vertical
movement model is shown by the thick line and dots. Time series of
body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Hori-
zontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

with the one observed, and the body cavity temperature of
Chum #894 predicted by the heat budget model was also
good. When Tm was included in the heat budget model, it
did not have any effect on the results (not shown). In the
one-dimensional vertical movement model experiment, the
parameters of the model were the same except for the out-
put interval. Thus, we suggest that the inconsistency is not
due to the parameters of the heat budget model, but that the
reproducibility of the heat budget model was affected by the
sampling interval.

In this study, the time series of depth, and ambient, and
body cavity temperatures were integrated by a 0.1-second
time step in the one-dimensional movement model. The dif-
ferences between this time series of output every 0.1 seconds
and the time series of output every 256 or 512 seconds were
then examined. Figures 5 and 6 show the detail of time series
from 0900 to 1100 hours in model time. With output every
256 seconds (Fig. 5a, b, ¢), the output time series (thick line)
of depth, and ambient and body cavity temperature were
similar to the time series of output every 0.1 seconds (thin
line). However, with output every 512 seconds, there was no
third peak in the output time series (thick line) of depth and
ambient temperature before 1000 hours in model time (Fig.
6a, b), although there were six peaks in the time series output
every 0.1 seconds of depth and ambient temperature (thin
lines). Thus, the output time series (thick line) of depth, and
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Fig. 8. Time series of modeled depth (top panel, thick line), modeled
ambient temperature (top, thin line), and modeled body cavity tem-
perature by the one-dimensional movement model (lower, thick line),
and body cavity temperature predicted by the heat budget model
(lower, thin line) over a 24-hour period using an output interval of
256 seconds (the same as the archival tag data on 4 September for
Chum #894, but utilizing a swimming speed 0.01 m's™'). Horizontal
dashed lines are a minimum optimal (4.6°C) and a maximum optimal
(7.3°C) temperature, respectively. The range from 4.6°C to 7.3°C of
the thin dashed lines is the optimal body temperature.
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ambient temperature did not reflect the time series of output
every 0.1 seconds (thin line) well. The likely cause was that
the output interval of 512 seconds (dots, Fig. 6) was either
the same or larger with respect to the period of variation in
the time series of output every 0.1 seconds (thin line). On
the other hand, the phase difference between the ambient
temperature and the body cavity temperature was about 90
degrees (Azumaya and Ishida 2005), and data was output at
the peaks and valleys in the time series of output every 0.1
seconds. Thus, the feature of the time series of output every
512 seconds (Fig. 6, thick line) for body cavity temperature
was similar to the time series of output every 0.1 seconds
(Fig. 6¢, thin line). However, the body cavity temperature
predicted by the heat budget model (dashed line) using ambi-
ent temperature (thick line) from the one-dimensional move-
ment model was not equivalent to the body cavity tempera-
ture output by the one-dimensional movement model (thick
line) before 1000 hours in model time, because body cavity
temperature was predicted by the heat budget model using
the ambient temperature indicated by the dot before the peak.
These features were also seen in the time series of Chum #
256. Hanawa and Mitsudera (1987) reported that when the
sampling frequency is not at least 2x higher than the highest
frequency of the input signal, aliasing can occur. Thus, it is
possible that during the day the movement of Chum #256
derived from the archival tag data was not practical.

Figure 7 shows a time series with an output interval of
665 seconds as an extreme case of the occurrence of alias-

Swimming speed (m-s1)

Attenuation coefficient of water temperature (m-1)

Fig. 9. Depth that chum salmon are predicted to be able to reach
in one dive while maintaining their body cavity temperature at > 5°C
with respect to swimming speed and the attenuation coefficient of
water temperature. Thick curves are for 500, 400, 300, 200 and 100
m, and thin curves are for 80, 60, 40 and 20 m. Shaded area indi-
cates < 60 m, where zooplankton are not distributed during the day
in the model.

ing. Although there were no variations in the time series of
output every 665 seconds for depth and ambient temperature
(thick line) (Fig. 7a, b), there were variations in the time se-
ries of output every 665 seconds for body cavity temperature
(thick line) (Fig. 7c). In this case the output interval (dots)
and the period of variation (thin line) of the time series of
output every 0.1 seconds were the same. Variation was not
seen the time series for body cavity temperature predicted
by the heat budget model (dashed line), because the ambi-
ent temperatures at the dots were constant. Thus, there is a
discrepancy between the body cavity temperature predicted
by the heat budget model (dashed line) and the body cav-
ity temperature predicted by a model with output every 665
seconds (thick line). Furthermore, the body cavity tempera-
ture predicted by the heat budget model (dashed line) was
less than the optimal body temperature of the model. If the
archival tag records the depth and the ambient temperature
only when the chum salmon were diving as shown in Fig. 7a,
it can be interpreted that chum salmon were able to remain
in the cold water with a body cavity temperature higher than
the ambient temperature. These results suggest that the time
series data on vertical movements of Chum #256 exhibited
aliasing. Thus, we note the existence of aliasing in the time
series data.

In the one-dimensional movement model, we assumed
the swimming speed of chum salmon to be 1BL-s™ (0.6 m's™?).
Swimming speed estimated from the horizontal distance be-
tween tag release and recovery over the course of a fish’s time
at sea has been estimated at nearly 1BL-s* (Table 1). The
same value has been observed directly using a current meter
(Tanaka et al. 2005). However, vertical swimming speed es-
timated from the change in depth per unit time observed in
archival tag data was considerably lower: 0.003-0.015 m-s!
(Azumaya and Ishida 2005). We examined this difference
between vertical and horizontal swimming speed of chum
salmon using the one-dimensional vertical model. Figure
8 shows the model result at a swimming speed of 0.01m-s™.
The result was cyclic vertical excursions with a period of
about 120 minutes, not similar to our daytime observations.
Further, the chum salmon were not predicted to dive to
depths of 60 m where zooplankton occur at a relatively high
densities because the model predicted that their body cavity
temperature would decrease to less than optimal before they
reached 60 m. This suggests that chum salmon subjected
to the observed temperature profiles might not be able to
encounter food during the day at swimming speeds ranging
from 0.003-0.015 m's™. By contrast, model results using a
swimming speed of 1BLs? were similar to daytime archival
tag observations (Fig. 3). The vertical swimming speed that
was estimated from archival tag data was an underestimation
due to aliasing as previously mentioned. Therefore, we con-
sider the vertical swimming speed of 1BL s to be appropri-
ate.

The one-dimensional movement model suggests that
short-term vertical movement of chum salmon resulted
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from both optimizing body temperature and the requirement
to dive to feed on prey. Thus, both the swimming speed
(W(BL)) and the attenuation coefficient (a in equation (4))
of ambient temperature play critical roles in regulating the
depth to which chum salmon are able to dive. The depth that
chum salmon are able to reach under the observed tempera-
ture conditions, while maintaining a body cavity temperature
above 5°C in one dive, with respect to swimming speed and
the attenuation coefficient, was examined using equation (4).
Results of this analysis are shown in Fig. 9.

When swimming speed is taken as a constant, the depth
that chum salmon can reach becomes shallower (deeper) as
the attenuation coefficient becomes larger (smaller). This
implies that chum salmon are not able to dive into the cold
water that is close to the freezing point in the Okhotsk Sea,
nor into the dicothermal layer characterized by the minimum
temperatures found the North Pacific Ocean and the Bering
Sea. This suggests that chum salmon cannot use the layer
of maximum temperature located beneath the mixed layer at
a depth of about 300 m for wintering in the Bering Sea, al-
though Chinook salmon (O. tshawytscha) are known to over-
winter in this layer (Walker et al. 2006). On the other hand,
if the attenuation coefficient is taken as a constant, then the
depth that is reached becomes deeper (shallower) as swim-
ming speed becomes higher (lower). This implies that chum
salmon of larger body size can dive to deeper depths and
suggests that during the day the average vertical distribution
of chum salmon of small body size (i.e., younger age) should
be shallower than that of chum of larger body size (older age)
because swimming speed is a function of the body length in
this study. Assuming that the whole-body heat-transfer coef-
ficient depends on the body size, the average vertical distri-
bution of chum salmon of small body size should be much
shallower than that of fish of larger body size - but only if the
water temperature profile associated with preferred feeding
depth exceeds the thermal capacities of smaller fish.

In conclusion, the one-dimensional vertical movement
model could reproduce the observed short-term vertical
movements. Chum salmon have an optimal body tempera-
ture, and the model results were consistent with the hypothe-
sis that chum salmon regulate their short-term movements in
relation to body temperature while foraging for prey. If the
body temperature of chum salmon is in the range of the op-
timal body temperature, they will be able to obtain the prey
in water that is colder than the optimal body temperature. In
the case of Chum #256, it is possible that aliasing occurred
in the data due to the short-term vertical movements and the
sampling intervals.
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Abstract: Seasonal stock-specific distribution and abundance of immature sockeye salmon (Oncorhynchus nerka)
in the western Bering Sea in summer 2003 and fall 2002-2004 were determined using scale pattern analysis of
Bering-Aleutian Salmon International Survey (BASIS) samples. Most (nearly 100%) of the sockeye salmon in
BASIS catches were immature. Four age groups, 1.1, 1.2, 2.1 and 2.2, accounted for more than 90% of immature
fish. Sockeye salmon of Asian (primarily Kamchatka) origin dominated catches throughout the region. In general,
abundance of immature sockeye salmon was highest in the northwestern Bering Sea, where sockeye salmon
of North American origin (primarily Bristol Bay stocks) were more abundant than in the southwestern Bering
Sea. Estimated abundance of immature sockeye salmon in the western Bering Sea in 2002-2004 was high
compared to estimated run sizes of adult returns, particularly in Asia. BASIS stock assessment methods may have
overestimated the abundance of salmon or adult run-size statistics may be inaccurate, or both. Nevertheless, our
stock-composition estimates were corroborated by other (genetic) studies. We concluded that the western Bering
Sea in summer—fall is an important area of intermixing of immature sockeye salmon of Asian and North American

origin.

Keywords:
identification, western Bering Sea

INTRODUCTION

The Bering-Aleutian Salmon International Survey (BA-
SIS) was initiated in 2002 to detect and monitor changes
in climate-ocean and ecosystem states and Pacific salmon
(Oncorhynchus spp.) in the Bering Sea (NPAFC 2001, 2003,
2004, 2005). One of the major objectives of BASIS was to
estimate seasonal stock-specific distributions of salmon in
the Bering Sea. Previous stock identification research in-
dicated that ocean foraging areas of sockeye salmon can be
distant from their spawning grounds (e.g., Konovalov 1971;
French etal. 1976; Forrester 1987). Prior to BASIS research,
very little was known about the stock composition of imma-
ture sockeye salmon (O. nerka) migrating in the Bering Sea
in summer—fall, particularly inside of the Russian Federa-
tion’s Exclusive Economic Zone (REEZ). Previous marine
stock-identification research in the Russian Far East focused
primarily on maturing salmon during their prespawning mi-
grations (e.g., Konovalov 1971; Temnykh et al. 1994, 1997;
Temnykh 1996; Varnavskaya 2001; Bugaev 2003a,b,c). Ag-
gregations of maturing sockeye salmon in western Bering
Sea waters adjacent Kamchatka and contiguous waters of the
western North Pacific Ocean likely include only Asian-origin

abundance, age, biomass, distribution, immature, scale pattern analysis, sockeye salmon, stock

stocks (Bugaev 2003b). However, immature sockeye salm-
on in this oceanic region might include a mixture of Asian
and North American stocks. Historical stock-identification
research by the International North Pacific Fisheries Com-
mission (INPFC) indicated only that “some portion” of im-
mature sockeye salmon of North American origin (primarily
Bristol Bay) were distributed in the central and western Ber-
ing Sea in summer—fall (at least to 60°N and west to 166°E;
French et al. 1976).

Habicht et al. (2005) used genetic (DNA) methods to
identify the origin of sockeye salmon in BASIS samples
from 2002-2003. The results of Habicht et al. indicated that
sockeye salmon of Bristol Bay origin were the dominant
stock in all regions of the Bering Sea in summer—fall, ex-
cept in the southwestern REEZ where Russian (Kamchatka)
stocks dominated. Bugaev (2004, 2005, 2006) used scale
pattern analysis to estimate the stock composition of imma-
ture sockeye salmon in 2002—-2004 BASIS samples from the
REEZ. In general, Bugaev’s preliminary results were simi-
lar to those of Habicht et al. (2005). In this paper, we up-
date the results of (Bugaev et al. 2004, 2005, 2006), briefly
review BASIS data on distribution and abundance of imma-
ture sockeye salmon, and provide provisional estimates of
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e-mail: bugaev2@kamniro.ru
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the abundance and biomass of Asian and North American
sockeye salmon in the western Bering Sea.

MATERIALS AND METHODS

Analysis of scale patterns has been used since the 1950s
to estimate the regional stock composition of salmon caught
in mixed-stock fisheries on the high seas. Major et al. (1972)
outlined the basic principles and procedures of scale pattern
analysis. Our methods were similar to those described by
Bugaev (2003a, 2004, 2005, 2006). Briefly, we used scale
pattern analysis of representative (baseline) samples of Asian
and North American sockeye salmon to estimate the propor-
tions of these stock groups in BASIS (mixture) samples and
their potential abundance in the western Bering Sea.

Mixture Samples

Mixture samples of sockeye salmon and associated bio-
logical and catch data were collected by the staff of the TIN-
RO-Center in trawl catches of the RV TINRO in the western
Bering Sea in summer (July—August) 2003 and fall (Sep-
tember—October) 2002-2004 (NPAFC 2003, 2004, 2005). A
standard midwater rope trawl (PT/TM 80/396 m) was used
to survey the upper epipelagic layer (~upper 40 m).

Shipboard sampling of sockeye salmon included deter-
mination of maturity and collection of a scale sample from
each fish. Maturity was determined by visual evaluation of
the stage of gonad maturation (Pravdin 1966). All fish at
stages II and II-1II were considered immature (e.g., Mosher
1972; Bugaev 1995; Ito and Ishida 1998). The body area of
scale collection was recorded using a classification scheme
developed by TINRO-Center (Bugaev et al. 2009). Collec-
tion of preferred scales (Clutter and Whitesel 1956; Knudsen
1985; Davis et al. 1990) was not always possible, as salmon
caught in trawls frequently loose many scales. Both pre-
ferred and non-preferred scales were used to estimate age
composition. Only preferred scales were used to estimate
stock composition, because different rates of scale growth on
different parts of the fish’s body can influence the results of
scale pattern analysis.

Ages of immature sockeye salmon in the mixture sam-
ples were determined in the laboratory by counting the num-
ber of freshwater and marine annuli on scales, which is the
standard method accepted for Pacific salmon (e.g., Ito and
Ishida 1998). Age was designated by the European method,
whereby the number of freshwater annuli and number of
ocean annuli are separated by a dot (Koo 1962). For exam-
ple, a 1.2 fish has one freshwater annulus and two ocean an-
nuli on its scale, and is in its third summer—fall in the ocean.
Although juvenile sockeye salmon (.0 fish) were present in
BASIS trawl catches, samples were insufficient for stock-
identification analysis due to scale loss during trawl opera-
tions.

Samples of immature sockeye salmon collected in Dis-

tricts 8 and 12 (Fig. 1) accounted for approximately 90% of
all biostatistical and scale data. Therefore, we pooled sam-
ples from individual districts into two geographic regions —a
“northern” region that included samples from Districts 1-8
and a “southern” region that included samples from Districts
9-12. The total mixture sample from all districts (3,691 fish)
was used to estimate age composition by year, season, and
region, and a subset of preferred scales from this sample
(2,678 fish) was used to estimate stock composition.

Baseline Samples

Baseline scale samples were collected by regional fish-
ery agency personnel (KamchatNIRO, ChukotNIRO, Sev-
vostrybvod (North-East Fishery Protection Service), and the
Alaska Department of Fish and Game) from adult sockeye
salmon returning to principal commercial watersheds in Asia
and North America in 2003-2005. Scale samples and asso-
ciated age data from 36 stocks of sockeye salmon of Asian
(Kamchatka and Chukotka) and North American (Alaska)
origin were used to form the baselines (Fig. 2).

Two different baselines were formed for each stock and
adult return year (2003-2005) by pooling samples of the
four most common age groups of adult sockeye salmon by
freshwater age: (1) ages 1.2 + 1.3 and (2) ages 2.2 + 2.3.
These baselines were used to estimate stock composition of
fish of the same freshwater age group in the previous year’s
(2002-2004) mixture sample of immature ocean ages .1 and
.2 sockeye salmon. This approach was taken to reduce the
effects of year-to-year variation in scale growth patterns
caused by environmental factors. However, pooling by
ocean age (.2 + .3 fish) was necessary to obtain a sufficient
number of scales for each stock in the two baselines.

For each baseline stock, we selected a stratified random

Fig. 1. TINRO-Center biostatistical districts in the western Bering
Sea (Shuntov 1986; Volvenko 2003).
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Fig. 2. Locations (numbered black circles) of 12 sockeye salmon stock groups represented in the 2003—2005 scale pattern baselines. The
baseline scale samples and associated data were collected by scientists of KamchatNIRO, ChukotNIRO, Sevvostrybvod, and the Alaska Depart-

ment of Fish and Game.

1 = northwestern Kamchatka, 2 = western Kamchatka, 3 = southwestern Kamchatka, 4 = southeastern Kamchatka,

5 = eastern Kamchatka, 6-8 = northeastern Kamchatka, 9 = Chukotka, 10 = central Alaska (Bristol Bay), 11 = southwestern Alaska (Alaska

Peninsula), 12 = Kodiak Island.

sample of scales that accounted for spatial and temporal
population structure (early-, mid-, and late-run timing). This
method varied somewhat depending on available sample
size. When sample size was small the entire sample was
used in the analysis.

Scale Measurement

Scales were measured using an optical digitizing system
(Biosonics model OPR-513, OPRS, BioSonics Inc., Seattle,
WA, USA (Davis et al. 1990)). Measurements were made
in the freshwater and first annual ocean zone along an axis
perpendicular to the boundary of the sculptured and unsculp-
tured fields of the scale (Fig. 3). Scale pattern variables were
calculated from inter-circulus measurements. Variables in-
cluded the total radius of the freshwater zone (FW), total ra-
dius of the first ocean zone (O1), total number of circuli in
the first ocean zone (Cl), six triplets (TR) in the first ocean
zone, and six reverse triplets (RTR) in the first ocean zone

(Fig. 3).
Estimates of Stock Composition

The 36 baseline stocks were combined into a reduced
number of stock groups according to similarity in scale pat-
tern variables, as determined by t-tests (P < 0.05), hierarchi-
cal cluster analysis of Euclidian distances between stock cen-
troids, and canonical discriminant analysis (Bugaev 2007).

Computer simulations were used to evaluate the accura-
cy of the baseline stock groups using a maximum-likelihood
estimation procedure (Millar 1987, 1990; Patton et al. 1998).
The estimation procedure included 500 iterations of random-

ly sampled scales in the model (with replacement) for 100%
representation by one baseline in the simulated mixture.

The baseline data were used to calculate maximum like-
lihood estimates of stock composition of sockeye salmon in
the mixture samples (Patton et al. 1998). Confidence inter-
vals (95%) of the stock composition estimates were calcu-
lated from bootstrap resampling (500) of the baseline and
mixture samples (Efron and Tibshirani 1986).

Fig. 3. Image of a sockeye salmon scale showing the scale pattern
variables used for stock identification. FW = the total radius of fresh-
water zone, O1 = total radius of the first annual ocean growth zone,
C1 = number of circuli in the first annual ocean growth zone, TR1-
TR6 = radii of groups of three circuli (triplets) in the first ocean zone
(six triplets), RTR1-RTR6 = radii of groups of three circuli (reverse-
triplets) in the first ocean zone (six reverse-triplets).
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Estimates of Distribution and Abundance

We reviewed information on the distribution and abun-
dance of immature sockeye salmon during BASIS research in
the western Bering Sea in summer 2003 and fall 2002-2004
(Glebov 2007). Estimates of the abundance and biomass of
sockeye salmon in the Bering Sea REEZ were provided by
the TINRO-Center. The TINRO-Center estimates were cal-
culated from BASIS trawl catch data using an area-swept
formula with a fishing efficiency coefficient of 0.3 for im-
mature salmon (Temnykh et al. 2003). The TINRO-Center
estimates were stratified by year, season, maturity group, and
biostatistical district. For each year and season, we pooled
the TINRO-Center estimates for immature sockeye salmon
into northern (districts 2-8) and southern (districts 9-12) ar-
eas (Fig. 1), and apportioned these estimates to stock (Asia
and North America) using our estimates of stock compo-
sition weighted by age group. As a rough measure of the
validity of these estimates, we compared them to published
information on the abundance of adult sockeye salmon runs
in Asia and North America.

RESULTS
Age Composition of Immature Sockeye Salmon

The 2002-2004 catches of immature sockeye salmon in
the western Bering Sea were dominated (84.8 to 94.6%) by
four age groups (1.1, 1.2, 2.1, and 2.2), which we referred
to as “available age groups” because sample sizes of the
other age groups were not large enough for scale pattern
analysis (AAG; Table 1). Over the entire survey period, per-
centages of young immature sockeye salmon in their sec-
ond ocean summer (primarily 1.1 and 2.1 fish) were higher

(~50-80% of total) than those of older ocean age groups of
immature sockeye salmon. In fall 2002-2004, percentages
of 1.1 sockeye salmon were higher than percentages of 2.1
sockeye salmon in the northern districts, while percentages
of the two age groups were relatively similar in the south-
ern districts. From summer to fall 2003, percentages of 1.1
sockeye salmon increased and percentages of 2.1 sockeye
salmon decreased in northern districts. Immature sockeye
salmon in their third ocean summer (primarily 1.2 and 2.2
fish) ranged from approximately 20-40% of the total sam-
ple. In fall 2002, percentages of 1.2 and 2.2 fish were higher
than percentages of 1.1 and 2.1 fish in the northern districts.
Samples sizes of other age groups of sockeye salmon were
usually < 10% of the total sample in each year, season, and
area stratum.

Stock-Specific Differences in Scale Patterns

Bugaev (2007) reported the detailed results of a statisti-
cal evaluation of differences in the scale patterns of local
stocks of adult sockeye salmon of Asian and North American
origin that were used in the baseline models. In general, the
results of cluster and canonical analyses indicated that sock-
eye salmon of Ozernaya River (western Kamchatka) origin,
which is the main stock in Asia, were well differentiated from
other stocks. In contrast, stocks of eastern Kamchatka origin
(Kamchatka River and a group of minor stocks of northeast
Kamchatka origin) were often similar in scale structure to
sockeye salmon of Alaskan origin (primarily Bristol Bay
stocks). The scale patterns of adult 2.2 + 2.3 sockeye salmon
of Asian and North American origin were significantly dif-
ferent (t-tests, P < 0.05). This result was important to our
objective to estimate abundance and biomass of Asian and
North American sockeye salmon in the western Bering Sea,

Table 1. The age composition (% of total sample size) of immature sockeye salmon in BASIS trawl catches by the R/V TINRO in the western
Bering Sea. N =sample size, AAG = available age groups for identification by scale pattern analysis. North = Districts 1-8 and South = Districts
9-12 (Fig. 1). Juvenile (age x.0) sockeye salmon were not included in the analysis because of scale loss during trawl operations.

Year-Season Age composition (%) AAG
Area 0.1 0.2 0.3 1.1 1.2 1.3 1.4 2.1 2.2 23 3.1 3.2 4.1 %
2002-Fall
North 438 1.4 2.1 - 23.1 30.4 3.2 - 14.2 19.6 1.8 1.0 3.2 87.3
South 642 2.8 29 0.1 22.6 20.6 2.2 22.6 19.0 2.9 3.3 0.9 - 84.8
2003-Summer
North 527 2.6 1.0 0.4 36.8 11.4 0.2 38.9 5.5 0.4 2.1 0.6 0.2 92.6
South 447 5.1 1.6 0.7 29.5 16.1 1.8 26.8 14.3 0.4 2.2 1.3 - 86.8
2003-Fall
North 310 29 1.6 51.6 11.0 1.6 - 21.0 7.4 0.6 1.9 0.3 91.0
South 566 5.5 0.9 32.0 14.0 1.1 0.2 29.2 12.0 0.9 3.4 1.1 87.1
2004-Fall
North 295 1.7 0.7 - 42.7 16.3 29.8 5.8 2.7 - 0.3 94.6
South 466 6.4 1.3 0.4 36.9 10.5 39.5 3.2 1.3 0.4 - 90.1
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because 2.2 and 2.3 are the dominant age groups of the two
major Asian stocks of sockeye salmon—Lake Kuril (Ozer-
naya River) and Lake Azabache (Kamchatka River). For 1.2
+ 1.3 sockeye salmon, there were fewer statistically signifi-
cant differences between Asian and North American stocks,
as well as between Asian stocks, than were found for 2.2 +
2.3 fish (t-tests, p < 0.05). In general, this was due to similar-
ity in scale patterns of 1.2 + 1.3 sockeye salmon of eastern
Kamchatka and Alaska origin, and to the wide diversity in
scale phenotypes of minor stocks of western Kamchatka and
eastern Kamchatka origin. In addition, there was consider-
able annual variation in differences in scale growth patterns
between 1.2 + 1.3 stocks, which was likely due to annual
changes in freshwater and early ocean foraging conditions.
Nevertheless, similar trends were observed in all age 1.2 +
1.3 baselines, and errors due to annual variation in scale pat-
terns were considered to be standard throughout the entire
period of observations.

Accuracies of Stock Identification Models

Computer simulations indicated that the accuracies of
the maximum-likelihood stock identification models were
relatively high (mean 84.5-91.2%; Tables 2-7). While
baseline-dependent simulations might overestimate the true
accuracy of the models, we considered these accuracies ade-
quate for identification of stocks at the regional level. Three
models (1.2 + 1.3 fish in 2003 and 2004, 2.2 + 2.3 fish in
2003) included a multi-regional stock, i.e., a stock composed
of stocks originating in both Asia and North America (Table
2,no. 2; Table 3, no. 5; Table 4, no. 4). Four models included
a multi-regional stock composed of local stocks originating
in both eastern and western Kamchatka (age 2.2 +2.3 in
2002 and 2003; 1.2 + 1.3 in 2004, 2.2 +2.3 in 2005) (Table
3, no. 5, Table 4, no. 5; Table 7, no. 4). To estimate biomass

and abundance of sockeye salmon by region, the estimated
proportions of multi-regional stocks in the mixture sample
were later apportioned to the component regional stock with
the highest abundance of adult returns.

Stock Composition Estimates

Regional stocks of Asian origin dominated all time-area
strata of 2.1+2.2 immature sockeye salmon, while propor-
tions of stocks of North American origin (primarily Bristol
Bay) were relatively high in time-area strata of 1.1+1.2 im-
mature sockeye salmon (Table 8).

In fall 2002, estimated percentages of the 1.1+1.2 multi-
regional stock (primarily sockeye salmon of Bristol Bay ori-
gin) were relatively high in both northern (51.7%) and south-
ern areas (44.1%), and estimated percentages of 2.1+2.2
Bristol Bay sockeye salmon were relatively low in both the
northern (23.6%) and southern areas (2.6%).

In summer 2003, estimated percentages of all age
groups of Bristol Bay sockeye salmon were lower in north-
ern (34.4% of 1.1+1.2 fish and 18.3% of 2.1+2.2 fish) and
southern (11.3% of 1.1+1.2 fish and 0.9% of 2.1+.2.2 fish)
areas than in fall 2002.

In fall 2003, estimated percentages of 1.1+1.2 Bristol
Bay sockeye salmon were slightly higher in the northern area
(53.6%) and considerably lower in the southern area (17.7%)
than in fall 2002, and estimated percentages of 2.1+2.2 Bris-
tol Bay sockeye salmon were relatively low in both the
northern (10.9%) and southern areas (6.3%).

In fall 2004, estimated percentages of 1.1+1.2 Bristol
Bay fish were lower in the northern area (27.2%) than in
2002 and 2003, and were similar to fall 2003 in the southern
area (20.4%). For 2.1+2.2 fish, no sockeye salmon of Bristol
Bay origin were detected in either the northern or southern
areas in fall 2004.

Table 2. Evaluation of the accuracy of a 5-region maximum likelihood estimate model for ages 1.2 and 1.3 sockeye salmon in 2003, as indicated
by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Regional stock

Maximum likelihood estimate/standard deviation

1 2 3 4 5
1. Northeastern Kamchatka + Chukotka 303 0.8889 0.0642 0.0028 0.0381 0.0035
0.0694 0.0474 0.0072 0.0391 0.0087
2. Central (Bristol Bay) and Southwestern Alaska + Northeastern 477 00673 08239 00003 00730  0.0078
0.0686 0.0831 0.0024 0.0779 0.0146
3. Kodiak I. 150 0.0177 0.0069 0.9869 0.0030 0.0001
0.0204 0.0139 0.0215 0.0089 0.0010
4. Eastern (Kamchatka R.) and Northeastern Kamchatka 231 0.0254 0.0924 0.0095 0.8770 0.0034
0.0336 0.0762 0.0201 0.0832 0.0084
5. Western and Southwestern Kamchatka 301 0.0007 0.0126 0.0005 0.0089 0.9852
0.0023 0.0180 0.0029 0.0125 0.0171
Mean accuracy (%) 91.24
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Table 3. Evaluation of the accuracy of a 6-region maximum likelihood estimate model for ages 2.2 and 2.3 sockeye salmon in 2003, as indicated
by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5 6
1. Northeastern Kamchatka + Chukotka 337 0.8144 0.0234 0.0096 0.0047 0.0830 0.0002
0.0827 0.0256 0.0157 0.0103 0.0521 0.0024
2. Central Alaska (Bristol Bay) 150 0.0092 0.9321 0.0180 0.0043 0.0959 0.0003
0.0237 0.0569 0.0312 0.0156 0.0722 0.0023
0.0527 0.0310 0.0463 0.0009 0.0370 0.0000
4. Kodiak I. 200 0.0079 0.0079 0.0012 0.8599 0.0459 0.0000
0.0126 0.0194 0.0040 0.0817 0.0506 0.0000
5. Southwestern Alaska + Northeastern Kamchatka 384 0.0864 0.0186 0.0030 0.1310 0.7360 0.0000
0.0726 0.0374 0.0114 0.0829 0.0971 0.0000
6. Southwestern Kamchatka (Ozernaya R.) 100 0.0018 0.0004 0.0512 0.0000 0.0027 0.9995
0.0054 0.0028 0.0316 0.0004 0.0079 0.0033
Mean accuracy (%) 87.65

Table 4. Evaluation of the accuracy of a 6-region maximum likelihood estimate model for ages 1.2 and 1.3 sockeye salmon in 2004, as indicated
by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5 6
1. Kodiak I. 279 0.9586 0.0037 0.0109 0.0043 0.0017 0.0031
0.0343 0.0074 0.0156 0.0104 0.0046 0.0061
2. Central Alaska (Bristol Bay) 195 0.0302 0.8038 0.0374 0.0873 0.0396 0.0053
0.0323 0.1092 0.0519 0.0829 0.0420 0.0175
3. Eastern Kamchatka (Kamchatka R.) + Chukotka 295 0.0006 0.0618 0.8421 0.0860 0.0611 0.0384
0.0040 0.0580 0.0974 0.0785 0.0503 0.0357
4. Southwestern Alaska + Northeastern Kamchatka 333 0.0001 0.0935 0.0917 0.8029 0.0409 0.0038
0.0017 0.1012 0.0910 0.1102 0.0522 0.0150
5. Northeastern and Northwestern Kamchatka 200 0.0064 0.0249 0.0171 0.0163 0.8192 0.0595
0.0112 0.0343 0.0268 0.0315 0.0793 0.0644
6. Western and Southwestern Kamchatka 349 0.0041 0.0123 0.0008 0.0032 0.0375 0.8899
0.0094 0.0232 0.0057 0.0098 0.0520 0.0734
Mean accuracy (%) 85.28

Distribution and Assessment of Relative Abundance

Catches of immature sockeye salmon were highest in
Districts 8 and 12 (Fig. 4). Average catches were approxi-
mately 100-500 fish/km? In 2002 and 2003, catches of
sockeye salmon at some stations were very high (> 1000
fish/km?). In District 8, sockeye salmon were distributed
throughout the entire area in fall 2002-2003 or concen-
trated in the northern part of the district in summer 2003
and fall 2004. In District 12, catches were highest west of
167-168°E, and substantially lower near the border of the

REEZ. Seasonal variation in 2003 might reflect southward
migration of some immature sockeye salmon from northern
districts in fall (Glebov 2007).

Estimates of Abundance and Biomass of Immature Sock-
eye Salmon

The estimated maximum abundance/biomass of imma-
ture sockeye salmon occurred in fall 2002 (77 million fish/92
thousand t in Districts 5-8; 75 million fish/86 thousand t in
southern District 12; Table 9). Estimated abundance and
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Table 5. Evaluation of the accuracy of a 5-region maximum likelihood estimate model for ages 2.2 and 2.3 sockeye salmon in 2004, as indicated
by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5
1. Eastern Kamchatka (Kamchatka R.) + Chukotka 325 0.9233 0.0892 0.0645 0.0038 0.0464
0.0602 0.0593 0.0542 0.0089 0.0585
2. Central (Bristol Bay) and Southwestern Alaska 423 0.0155 0.7835 0.0345 0.0098 0.0090
0.0319 0.1006 0.0607 0.0260 0.0245
3. Kodiak I. 293 0.0369 0.0923 0.8870 0.0030 0.0034
0.0472 0.0726 0.0773 0.0093 0.0125
4. Southwestern Kamchatka (Ozernaya R.) 202 0.0044 0.0205 0.0126 0.9825 0.0001
0.0103 0.0318 0.0217 0.0280 0.0012
5. Southeastern Kamchatka 32 0.0199 0.0145 0.0014 0.0009 0.9411
0.0319 0.0255 0.0067 0.0046 0.0635
Mean accuracy (%) 90.35

Table 6. Evaluation of the accuracy of a 5-region maximum likelihood estimate model for ages 1.2 and 1.3 sockeye salmon in 2005, as indicated
by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5
1. Central Alaska (Bristol Bay) 150 0.9121 0.1155 0.0077 0.0134 0.0384
0.0852 0.0875 0.0175 0.0275 0.0501
2. Eastern (Kamchatka R.) and Northeastern Kamchatka 411 0.0585 0.7520 0.0583 0.0053 0.0466
0.0836 0.1150 0.0501 0.0155 0.0658
3. Southwestern Alaska + Kodiak I. 401 0.0000 0.0392 0.9259 0.0058 0.0085
0.0002 0.0371 0.0501 0.0097 0.0137
4. Northwestern, West, and Southwestern Kamchatka 453 0.0199 0.0201 0.0049 0.8930 0.0203
0.0267 0.0242 0.0095 0.0677 0.0301
5. Northeastern and Southeastern Kamchatka 220 0.0095 0.0732 0.0032 0.0825 0.8862
0.0218 0.0658 0.0080 0.0638 0.0805
Mean accuracy (%) 87.38

biomass of immature sockeye salmon were very high in
two biostatistical districts (8 and 12). In the northern area
(District 8) estimated abundance and biomass in fall 2003
were substantially lower in fall 2003 than in fall 2002 and
2004. In the southern area (District 8) in fall, there was a
declining trend in estimated abundance and biomass over the
three-year period. In 2003, estimated abundance/biomass
decreased from summer to fall in the northern area and in-
creased from summer to fall in the southern area.

Abundance and Biomass of Asian and North American
Stocks

In all time and area strata, estimates of abundance and
biomass of immature sockeye salmon (1.1+1.2+2.1+2.2 fish)

were consistently higher for Asian stocks than for North
American stocks (Table 10). Estimates of abundance and
biomass of North American stocks were highest in the north-
ern area in fall 2002 and summer 2003. Although estimated
percentages of North American stocks in the northern area
were similar in fall 2002 and 2003, the estimated total abun-
dance and biomass of immature sockeye salmon was sub-
stantially lower in fall 2003 than in fall 2002. In the southern
area in fall, the estimated abundance and biomass of North
American stocks decreased over the period from 2002 to
2004.

For Asian stocks, estimates of abundance and biomass of
immature sockeye salmon (1.1+1.2+2.1+2.2 fish) were further
apportioned to two groups: (1) eastern Kamchatka+Chukotka
stocks and (2) western Kamchatka stocks. In the northern
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Table 7. Evaluation of the accuracy of a 6-region maximum likelihood estimate model for ages 2.2 and 2.3 sockeye salmon in 2005, as indicated

by computer simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5 6
1. Chukotka 76 0.8430 0.0106 0.0294 0.0068 0.0009 0.0168
0.0641 0.0157 0.0253 0.0182 0.0041 0.0188
2. Central Alaska (Bristol Bay) + Kodiak I. 450 0.0048 0.6571 0.0295 0.0004 0.1229 0.0278
0.0165 0.1505 0.0485 0.0030 0.1186 0.0399
3. Eastern Kamchatka (Kamchatka R.) 150 0.0460 0.1349 0.9344 0.0417 0.0148 0.0000
0.0392 0.0773 0.0554 0.0359 0.0248 0.0000
4. Northeastern Kamchatka + Northwestern 142 00702 00051 00002 09045 00004  0.0185
Kamchatka
0.0522 0.0110 0.0014 0.0517 0.0031 0.0267
5. Southwestern Alaska 195 0.0164 0.1595 0.0065 0.0018 0.8059 0.0106
0.0296 0.1252 0.0190 0.0064 0.1288 0.0329
6. Southwestern Kamchatka (Ozernaya R.) 150 0.0196 0.0328 0.0000 0.0448 0.0551 0.9263
0.0324 0.0408 0.0000 0.0375 0.0620 0.0576
Mean accuracy (%) 84.52
.1 September- ' * 1 July- ' =
L 1 1 [T} L | - r " & om 3
. October S : ; Auguslt Yo a e
Bl E{H]I i . 3 3‘“'3‘ : |.- _. PR
R - 3 .-i . - - .‘
g L ] & "'
1] : H '_ w” B m -ll' . 5 .L_.. 1 .
R ek 8 & # =" iy = -..
s .~'f¥'.1'-|- s oo o ow e |-||.|.."
Sl 8 ees B omE L -'l-i'-. "
sl fr 8 & o# ows ¥ '-W"_'.".I :
"_."l-‘_ -. T L ;5".' .'\'."q. -:lul
L a '\.' o auf” e . -
.' '. . 2 - b : T s pd = a -
£ i : e b
el |8} IHICE FCE b I W WFE IE MEE ITPE IR IO BTV
| + 1 September- w31 ] nE : September- B
. October ! = it October . oy
“| o, 2003 % s 2004 =+,
.I .* L ‘ . L] f;.-" -:.d- __'Ir [ ] L %
. o |' ‘ "'.‘ i ol a. o B &
5 __r_ : W os w @ i L -'H w & @ r o e
. - - . & -:.- i :II L - L3 -
&7 . B ] - o w ' "1 [ -..'.’.1. "
el . . | el N
o] o0 L, S
i P
wl® o z = = .r = -
2t s o = — . A : = T i
. . T T g
MaE MR MEE  ITTE IWE e W ITEW 158 ISFE  1eEE IR FE. IE. B T

Fig. 4. The spatial distribution and relative abundance of sockeye salmon determined by BASIS research in the western Bering Sea, 2002-2004.
Note that scales vary among years. The size of the circles indicates relative abundance (number of fish/km?). Upper left panel (2002): 1 = no
catch, 2 = 1-10, 3 = 11-100, 4 = 101-1000. Upper right and lower left panels (2003): 1 = no catch, 2 = < 50, 3 = 51-100, 4 = 101-250, 5 =

251-500, 6 = 501-1000, 7 = > 1001.

Lower right panel (2004): 1 = no catch; 2 = 1-10; 3 = 11-100; 4 = 101-500.
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Table 8. Evaluation of the accuracy of a 6-region maximum likelihood (MLE) estimate model for ages 2.2 and 2.3 sockeye salmon in 2005, as
indicated by computer simulations of 100% representation by one regional stock group (indicated by grey shading). Cl (95%) = 95% confidence
interval, N = sample size, SD = standard deviation. Geographic locations of regional stocks are shown in Fig. 2. CAK = Central Alaska (Port
Moller, Bristol Bay), Chuk = Chukotka, EKam = Eastern Kamchatka, Kodiak |. = Kodiak Island, NEKAM = Northeastern Kamchatka, NWKAM =
Northwestern Kamchatka, SEKAM = Southeastern Kamchatka, SWAK = Southwestern Alaska, SWKAM = Southwestern Kamchatka, WKAM =
Western Kamchatka.

Year & Bering Sea

Season Area Age N Regional stock MLE SD Cl (95%)
2002 Fall Northern 1.1-1.2 193 NEKam-Chuk 0.2696 0.0503 0.1656-0.3707
CAK-SWAK-NEKam-SEKam 0.5167 0.0576 0.4003-0.6386
Kodiak . 0.0162 0.0140 0.0000-0.0467
EKam-NEKam - - -
WKam-SWKam 0.1975 0.0336 0.1283-0.2692
2.1-2.2 135 NEKam-Chuk 0.1641 0.0504 0.0458-0.2278
CAK 0.2355 0.0690 0.1003-0.3943
EKam-SEKam-NWKam 0.4408 0.0721 0.2919-0.5902
Kodiak I. - - -
SWAK+ NEKam - - -
SWKam 0.1596 0.0378 0.0983-0.2476
Southern 1.1-1.2 214 NE Kam.-Chuk 0.2466 0.0455 0.1473-0.3384
CAK- SWAK-NEKam-SEKam 0.4537 0.0614 0.3198-0.5910
Kodiak I. - - -
EKam- NEKam 0.0581 0.0397 0.0000-0.1445
WKam-SWKam 0.2416 0.0356 0.1733-0.3218
2.1-2.2 232 NE Kam.-Chuk 0.1104 0.0316 0.0372-0.1441
CAK 0.0264 0.0359 0.0000-0.1201
EKam-SEKam-NWKam 0.6137 0.0548 0.4729-0.7077
Kodiak I. - - -
SWAK-NEKam - - -
SWKam 0.2495 0.0361 0.1908-0.3667
2003 Northern 1.1-1.2 Kodiak . 0.0132 0.0114 0.0000-0.0419
Summer CAK 0.3437 0.0793 0.1607-0.5288
EKam-Chuk 0.2858 0.0659 0.1531-0.4354
SWAK-NEKam 0.3017 0.0798 0.1187-0.4675
NEKam-NWKam - - -
WKam-SWKam 0.0556 0.0354 0.0000-0.1358
2.1-2.2 180 EKam-Chuk 0.4444 0.0617 0.3205-0.5913
CAK-SWAK 0.1829 0.0609 0.0000-0.2246
Kodiak I. - - -
SWKam 0.3727 0.0567 0.3095-0.5796
SEKam - - -
Southern 1.1-1.2 120 Kodiak . 0.0085 0.0099 0.0000-0.0344
CAK 0.1138 0.0699 0.0000-0.2583
EKam-Chuk 0.1225 0.0708 0.0000-0.3013
SWAK-NEKam 0.5800 0.0994 0.3445-0.7744
NEKam-NWKam 0.0370 0.0442 0.0000-0.1369
WKam-SWKam 0.1382 0.0569 0.0227-0.2725
2.1-2.2 127 EKam-Chuk 0.5471 0.0647 0.4179-0.6864
CAK-SWAK 0.0088 0.0422 0.0000-0.0831
Kodiak I. - - -
SWKam 0.4441 0.0654 0.2893-0.5709
SEKam - - -
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Table 8 (continued).

g::;cf;w Er:a Age N Regional stock MLE SD Cl (95%)
Fall Northern 1.1-1.2 178 Kodiak I. - - -
CAK 0.5358 0.0650 0.3849-0.6654
EKam-Chuk 0.3852 0.0600 0.2599-0.5126
SWAK-NEKam - - -
NEKam-NWKam - - -
WKam-SWKam 0.0790 0.0397 0.0000-0.1761
2.1-2.2 86 EKam-Chuk 0.4370 0.0756 0.2876-0.5833
CAK-SWAK 0.1094 0.0644 0.0000-0.2285
Kodiak I. - - -
SWKam 0.4536 0.0745 0.3266-0.6241
SEKam - - -
Southern 1.1-1.2 225 Kodiak I. - - -
CAK 0.1766 0.0555 0.0509-0.2708
EKam-Chuk 0.4085 0.0607 0.2616-0.5242
SWAK- NEKam 0.0499 0.0564 0.0000-0.1865
NEKam-NWKam - - -
WKam-SWKam 0.3650 0.0485 0.2533-0.4716
2.1-2.2 200 EKam-Chuk 0.2327 0.0477 0.1354-0.3478
CAK-SWAK 0.0626 0.0442 0.0000-0.1385
Kodiak I. - - -
SWKam 0.7047 0.0509 0.6030-0.8324
SEKam - - -
2004 Northern 1.1-1.2 163 CAK 0.2725 0.0764 0.0693-0.4306
Fall EKam-NEKam 0.6508 0.0883 0.4355-0.8604
SWAK-Kodiak I. 0.0767 0.0410 0.0114-0.1830
NWKam-WKam-SWKam - - -
NEKam-SEKam - - -
2.1-2.2 115 Chuk 0.1239 0.0448 0.0211-0.2214
CAK-Kodiak I. - - -
EKam 0.5773 0.0726 0.4120-0.7185
NEKam-NWKam 0.1114 0.0548 0.0000-0.2133
SWAK 0.0567 0.0579 0.0000-0.1532
SWKam 0.1307 0.0619 0.0255-0.2689
Southern 1.1-1.2 155 CAK 0.2039 0.0706 0.0378-0.3372
EKam-NEKam 0.4822 0.1028 0.2603-0.6995
SWAK-Kodiak I. 0.1239 0.0409 0.0484-0.2201
NWKam-WKam-SWKam - - -
NEKam-SEKAM 0.1900 0.0706 0.0286-0.3498
2.1-2.2 163 Chuk 0.0552 0.0253 0.0000-0.0929
CAK-Kodiak I. - - -
EKam 0.2057 0.0460 0.1150-0.3130
NEKam-NWKam 0.2744 0.0548 0.1709-0.3960
SWAK - - -
SWKam 0.4647 0.0584 0.3526-0.5856
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Table 9. The estimated abundance and biomass of immature sockeye salmon in the epipelagic zone of the western Bering Sea in 2002—2004.
Coefficient of trawl catch = 0.3. Data source: TINRO-Centre, Vladivostok. The locations of biostatistical districts are shown in Fig. 1.

Biostatistical districts

Year-Season

1 2 3 4 5 6 7 8 9 10 1 12 Total
Abundance (millions of fish)
2002-Fall - - - - 0.5 - 0.1 76.6 - - - 75.3 152.5
2003-Summer - 0.3 5.8 0.6 13.1 - 0.9 50.1 1.1 - - 40.0 1M1.7
2003-Fall - - - - 0.2 - 25 30.1 0.2 - - 68.2 101.3
2004-Fall - - 0.1 - 0.7 - 0.1 72.9 - - - 48.2 122.0
Biomass (thousands of tons)
2002-Fall - - - - 0.6 - 0.2 91.6 - - - 86.1 178.4
2003-Summer - 0.2 3.8 0.4 8.8 - 0.7 39.1 0.6 - - 30.0 83.8
2003-Fall - - - - 0.1 - 2.3 26.3 0.2 - - 61.7 90.6
2004-Fall - - 0.1 - 0.5 - 0.1 63.9 - - - 443 108.9

Table 10. Estimates of the number (no., millions of fish) and biomass (thousands of metric tons) of immature sockeye salmon (1.1+1.2+2.1+2.2
fish) of Asian and North American origin in the western Bering Sea in 2002-2004. The northern area includes Districts 1-8 and the southern

area includes Districts 9-12 (Fig. 1).

Total abundance

Regional stock

Year-Seagon and biomass Asia North America
B.S. Region
no. tons % no. tons % no. tons
2002-Fall
Northern 77.18 92.36 58.9 45.46 54.40 41.1 31.72 37.96
Southern 75.30 86.06 76.9 57.91 66.18 23.1 17.39 19.88
2003-summer
Northern 70.68 53.07 57.0 40.29 30.25 43.0 30.39 22.82
Southern 41.04 30.78 65.2 26.76 20.07 34.8 14.28 10.71
2003-Fall
Northern 32.82 28.72 60.6 19.89 17.40 394 12.93 11.32
Southern 68.46 61.90 84.9 58.12 52.55 15.1 10.34 9.35
2004-Fall
Northern 73.80 64.60 77.0 56.83 49.74 23.0 16.97 14.86
Southern 48.15 44.30 83.9 40.40 37.17 16.1 7.75 7.13

area, percentages of the total estimated abundance/biomass
were consistently higher for eastern Kamchatka+Chukotka
stocks (40.9% in fall 2002, 36.3% in summer 2003, 40.5%
in fall 2004, and 71.6% in fall 2004) than for western Kam-
chatka stocks (18.0% in fall 2002, 20.7% in summer 2003,
20.1% in fall 2004, and 5.4% in fall 2004). In the southern
area, percentages of the total estimated abundance/biomass
were higher for eastern Kamchatka+Chukotka stocks in fall
2002 (52.2%), summer 2003 (35.6%), and fall 2004 (60.0%)
than for western Kamchatka stocks in fall 2002 (24.7%),
summer 2003 (29.6%), and fall 2004 (23.9%). In fall 2003,

percentages of the total estimated abundance/biomass of im-
mature sockeye salmon were substantially higher for western
Kamchatka (52.4%) than for eastern Kamchatka+Chukotka
(32.5%).

DISCUSSION
Maturity, Age Composition, and Distribution

Glebov (2007) reviewed information on the distribution
and migrations of sockeye salmon during BASIS surveys in
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the western Bering Sea in summer and fall 2002-2006. Most
(nearly 100%) of the sockeye salmon in trawl catches by the
RV TINRO in summer and fall 2002-2004 were immature.
A single maturing sockeye salmon was caught during the
summer 2003 survey. The near absence of maturing sockeye
salmon in trawl catches in the western Bering Sea was ex-
pected, because prespawning aggregations of maturing sock-
eye salmon in the western Bering Sea (primarily of eastern
Kamchatka origin) are usually completed by the second half
of July (Bugaev 2003a,d). Juvenile (ocean age .0) sockeye
salmon were more prevalent than maturing fish in BASIS
trawl catches in the western Bering Sea. However, we could
not use scale pattern analysis to estimate stock composition
of juvenile salmon because of scale loss during BASIS trawl
fishing operations. While it seems reasonable to assume that
juvenile sockeye salmon in summer—fall BASIS catches in
the western Bering Sea were of Asian origin, similarities
in scale patterns indicated possible intermixing of eastern
Kamchatka, Chukotka, and Alaskan stocks during their first
ocean year. This issue will likely be resolved by future ge-
netic (DNA) stock identification analyses.

The age structure of immature sockeye salmon in the
western Bering Sea during the 2002-2004 BASIS surveys
was typical for this period of ocean life (French et al. 1976;
Burgner 1991). For our stock-identification analysis, we
used baselines composed of the four dominant age groups
of sockeye salmon (1.2, 1.3, 2.2 and 2.3). These age groups
account for about 90% of all adult returns of sockeye salmon
in Asia and North America (Burgner 1991; Bugaev 1995).

Comparison of Stock Composition Estimates to Other
Studies

The results of preliminary scale pattern analyses indi-
cated that the western Bering Sea in summer and fall is an
area of intermingling of immature sockeye salmon of Asian
and North American origin, and that there is considerable
spatial, seasonal, and annual variation in the proportions of
Asian and North American origin stocks distributed in this
region (Bugaev 2004, 2005, 2006). In general our results
were similar to these preliminary analyses. Nevertheless,
there were some notable differences. For example, in fall
2002 catches our estimated percentages of Alaskan stocks
were 10-20% higher than those of Bugaev (2004), while our
estimated percentages of western Kamchatka stocks were
correspondingly lower. In summer 2003 catches, our esti-
mated percentage of Alaskan stocks in the southwestern Ber-
ing Sea (Districts 9—12) was 34.8%, which was 25.9% lower
than the preliminary estimate (Bugaev 2005). Brood-year
specific baselines were not available for use in preliminary
analyses, and likely resulted in errors in the models when
there was significant interannual variation in freshwater and
early marine scale growth patterns.

In general, the results of genetic stock identification
studies corroborate our scale pattern analysis results. Adirect

comparison of our stock composition estimates with those
of genetic analyses of 2002-2004 BASIS mixture samples
(Habicht et al. 2005; Gritsenko et al. 2007) is not possible
because of differences in experimental design among stud-
ies. For example, investigations differed in the number and
geographic range of stocks included in the baseline models,
the number of mixture samples analyzed, and the biological
(age), spatial, and temporal stratification of results. Never-
theless, a broad comparison of the results of these studies
with respect to estimated proportions of immature sockeye
salmon of Asian and North American origin is possible.

Habicht et al. (2005) used a DNA baseline (13 micro-
satellite and two single nucleotide polymorphism (SNP)
markers) to estimate stock proportions of immature sockeye
salmon in summer—fall 2002-2003 BASIS samples. Their
mixture samples were pooled over years. Similar to our re-
sults, Habicht et al. estimated that immature sockeye salm-
on of Asian origin were the dominant (~80%) stock in the
southwestern Bering Sea. In contrast to our results, Habicht
et al. estimated that Asian stocks accounted for < 50% of
immature sockeye salmon in the northwestern Bering Sea.
However, their Asian baseline was not comprehensive, in-
cluding only Kamchatka River and Lake Kuril populations.
Updated estimates using a more comprehensive (SNP) base-
line indicated that Asian populations dominated BASIS
catches in both southern (~94%) and northern (~62%) areas
of Bering Sea (Districts 8 and 12, Fig. 4) in fall 2002-2004
(C. Habicht, chris.habicht@alaska.gov, pers. comm.).

Gritsenko et al. (2007) analyzed fall 2004 BASIS sam-
ples of immature sockeye salmon from the Bering Sea REEZ
using genetic (SNP) analysis. Their estimated percentage of
Asian stocks in the northwestern Bering Sea (72%) was sim-
ilar to that of C. Habicht (chris.habicht@alaska.gov, pers.
comm.). Our results also indicated that Asian stocks domi-
nated BASIS samples from this region in fall 2004, although
the total percentage of Asian stocks was substantially higher
among age 2.1+2.2 fish (94%) than age 1.1+1.2 fish (65%;
Table 8).

Our results and those of other (genetic) studies cor-
roborate conceptual models of ocean migrations of sockeye
salmon of Asian and North American origin in the western
Bering Sea (French et al. 1976; Burgner 1991; Myers et al.
2007). The results of BASIS stock identification studies pro-
vide quantitative evidence that immature sockeye salmon of
Asian (Kamchatka) origin are the dominant regional stock
of this species in the western Bering Sea in fall. In addition,
percentages of sockeye salmon of North American origin
were higher in the northwestern Bering Sea (Districts 1-8)
than in the southwestern Bering Sea (Districts 9-12). These
results conform to known patterns of distribution of sockeye
salmon originating from both continents, and are reasonable
considering the geographic proximity of the northwestern
Bering Sea to Alaska.
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Distribution and Abundance of Sockeye Salmon Stocks
in the Western Bering Sea

Abundance of sockeye salmon in Asia and North Amer-
ica was relatively high during the early 2000s (Eggers and
Irvine 2007). However, BASIS estimates of abundance of
immature sockeye salmon in the western Bering Sea (Table
9) were very high compared to estimated annual runs (catch
+ escapement) of sockeye salmon in Asia and North Ameri-
ca. For example, the estimated total annual Pacific-Rim run
of sockeye salmon averaged 79 million sockeye salmon in
2003-2005 (G. Ruggerone, Natural Resources Consultants,
Seattle, pers. comm.). High estimates of abundance of im-
mature sockeye salmon in the western Bering Sea might be
explained, in part, by the presence of multiple brood years
and age-classes of immature sockeye salmon that would have
returned to their natal streams over a period of several years.
The western Bering Sea, however, includes only a portion of
the total area of known ocean distribution of Asian and North
American sockeye salmon (Myers et al. 2007). We speculate
that BASIS stock assessment methods, in particular the use
of a fishing-efficiency coefficient of 0.3, may have resulted
in overestimation of the abundance of immature salmon in
the western Bering Sea.

In addition, official run-size statistics for adult salmon
may be inaccurate. For example, official statistics indicated
that total annual runs of adult sockeye salmon in Russia av-
eraged 10.8 million fish in 2004-2006 (Anonymous 2005,
2006, 2007). Our estimates of abundance of immature sock-
eye salmon of Asian origin in the western Bering Sea in fall
were 103 million fish in 2002, 78 million fish in 2004, and
97 million fish in 2005 (Table 10). Historically high catches
(~ 15-18 thousand t) of sockeye salmon on the west coast of
Kamchatka (the Ozernaya River), which exceeded the maxi-
mum recorded for the past one hundred years, have occurred
since 2002 (Bugaev and Bugaev 2003). This likely contrib-
uted to the high abundance of immature sockeye salmon of
Asian origin in the western Bering Sea in 2002-2004. The
abundance of sockeye salmon of northeastern Kamchat-
ka origin has also increased, although official statistics on
catches and escapement in this area are not accurate because
of extensive poaching. In recent years a similar poaching
problem has occurred in the Kamchatka River Basin, as a
result of its proximity to a number of human settlements.

Ecological conditions apparently also played an im-
portant role in the distribution and abundance of immature
sockeye salmon in the western Bering Sea in summer—fall
2002-2004 (Shuntov et al. 2007). In principle, summer-fall
foraging and migratory strategies of sockeye salmon in the
western Bering Sea are relatively stable. Western Kamchat-
ka (Ozernaya River) sockeye salmon are the most abundant
regional stock of sockeye salmon in Asia. Our estimates in-
dicated a relatively stable and high abundance of immature
sockeye salmon of western Kamchatka origin in the western
Bering Sea in 2002-2004. Estimated percentages of sockeye

salmon of eastern Kamchatka, northeastern Kamchatka, and
Chukotka origin, which are indigenous to the western Bering
Sea, were also relatively stable and high. Our results, as well
as those of other stock identification studies (Habicht et al.
2005; Gritsenko 2007), indicated significant foraging migra-
tions of immature sockeye salmon of Alaskan origin in the
western Bering Sea. Alaskan stocks dominate total Pacific
Rim runs of sockeye salmon (Eggers and Irvine 2007), and
Bristol Bay stocks accounted for an average of 50% (37 mil-
lion fish) of total annual Pacific Rim runs in 2003-2005 (G.
Ruggerone, Natural Resources Consultants, Seattle, pers.
comm.). In general, BASIS estimates of total abundance of
immature sockeye salmon were highest in the northern dis-
tricts (2-8) of the western Bering Sea, except in fall 2003
(Table 9). The estimated abundance of North American
stocks, primarily Bristol Bay, was higher in the northwestern
Bering Sea than in the southwestern Bering Sea (Table 10).
This may reflect northwestward shifts in distribution imma-
ture sockeye salmon of North American origin that resulted
from large-scale ecosystem changes and favorable ecologi-
cal conditions for foraging salmon in the western Bering
Sea in the early 2000s (Shuntov and Sviridov 2005). These
changes included weaker winter monsoons, stronger sum-
mer monsoons, below normal ice cover, increased sea sur-
face temperature, and increased inflow of Pacific waters into
the Bering Sea (Glebova 2007; Basyuk et al. 2007; Shuntov
et al. 2007). These changes may have also influenced the
distribution and abundance of salmon predators. Differences
between estimated abundances of immature and adult salm-
on might be explained in part by high ocean mortality due to
increased abundance of predators. For example, Sviridov et
al. (2004) and Bugaev and Shevlyakov (2007) observed high
numbers of wounded and scarred salmon during research
vessel surveys in the REEZ. Further research, however, is
needed to clarify the dynamics of distribution and abundance
of sockeye salmon of Asian and North American origin in
the western Bering Sea against the background of ecosystem
changes at the beginning of the 21st century.

Stock-specific ocean assessments of distribution and
abundance of immature sockeye salmon can serve as pre-
season indicators of adult returns, providing a useful deci-
sion-making tool for fishery managers. In the REEZ, this
issue has usually been addressed by analysis of data on the
distribution of salmon during feeding migrations in wa-
ters adjacent to the area of reproduction of certain regional
stock groups (e.g., Shuntov et al. 1989a,b; Yerokhin 2002).
Nevertheless, this method seems to lead to frequent er-
rors in run forecasting. Ocean stock assessment methods
for salmon, e.g., trawl fishing efficiency coefficients, need
further evaluation and refinement. Stock assessments per-
formed at multiple life stages of salmon can result in more
complete and accurate management recommendations. New
genetic tools have the potential to provide a rapid and precise
procedure for real-time ocean stock assessment of immature
salmon. The use of this approach in the western Bering Sea
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might improve assessments of the potential abundance of
sockeye salmon returning to all regions in Asia and some
regions of North America. In addition, trawl survey research
would benefit from activities that provide practical tools
that can be used by managers to forecast the runs of major
species and stocks.

CONCLUSIONS

We conclude that the western Bering Sea is an important
area of intermixing of immature sockeye salmon of Asian and
North American origin. In principle, this phenomenon has
been known for a long time (e.g., Konovalov 1971), howev-
er, the results of scale pattern and genetic stock identification
analyses (Habicht et al. 2005; C. Habicht, chris.habicht@
alaska.gov, pers. comm.) have provided new quantitative
evidence of the extent of intermixing of sockeye salmon
of Asian and North American origin in the western Bering
Sea. We speculated that there might have been a substantial
increase in “visitors” to the western Bring Sea from stocks
originating in Alaska and western Kamchatka in the early
2000s. Stock-specific changes in abundance and distribu-
tion might have resulted from complex interactions between
density-dependent and ecosystem factors. However, the
temporal span of observations from BASIS research is not
yet sufficient to understand the dynamics of stock-specific
distribution and abundance of sockeye salmon or to provide
accurate run forecasting tools for fishery management.
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Abstract: Seasonal stock-specific distribution and abundance of Chinook salmon (Oncorhynchus tshawytscha)
were determined using scale pattern analysis of Bering-Aleutian Salmon International Survey (BASIS) samples
and catch data collected in the western Bering Sea in summer 2003 and fall 2002—2004. Chinook salmon were
sparsely distributed in this region, which greatly limited the number of samples available for stock identification
research. Research trawl catches of immature Chinook salmon were highest in northern areas, and catches
throughout the region were dominated by fish in their second ocean summer. Estimated percentages of immature
Chinook salmon of North American (Alaska) origin (50.2-71.2%) were consistently higher than those of Asian
(Russia) origin. The highest estimated abundance of immature Chinook salmon was in summer 2003 (~21 million
North American and ~20 million Asian fish). These estimates were extraordinarily high compared to adult returns
to Asia and North America in 2004-2006, and we concluded that BASIS stock assessment methods overestimated
the abundance of this species. Nevertheless, our results provided the first quantitative evidence of the extensive
distribution of immature Chinook salmon of North American origin in the western Bering Sea in summer and fall.
We concluded that the western Bering Sea ecosystem is an important summer—fall foraging area for immature
Chinook salmon of both Asian and North American origin.

Keywords: abundance, age, biomass, Chinook salmon, distribution, immature, scale pattern analysis, stock

identification, western Bering Sea

INTRODUCTION

The Bering-Aleutian Salmon International Survey (BA-
SIS) was initiated in 2002 to detect and monitor changes
in climate-ocean and ecosystem states and Pacific salmon
(Oncorhynchus spp.) in the Bering Sea (NPAFC 2001, 2002,
2003, 2004). In addition to ichthyological, hydrobiological,
and hydrological research, a major focus of BASIS was to
estimate seasonal stock-specific distribution and abundance
of salmon in the Bering Sea. Chinook salmon (O. tshawyts-
cha) are the least abundant species of Pacific salmon (Heard
et al. 2007), which increased the difficulty of obtaining
adequate BASIS samples for stock identification research.
Prior to BASIS research, limited evidence from tagging ex-
periments and stock identification studies using scale pattern
analysis indicated that western Alaska was the dominant
regional stock of Chinook salmon in the northwestern and
central Bering Sea in summer and in the southeastern Bering
Sea (west of 170°W) in winter (Major et al. 1978; Myers et
al. 1987, 1996, 2004; Myers and Rogers 1988; Healey 1991).
Bugaev (2004, 2005) reported preliminary stock-identifica-
tion results from scale-pattern analyses of Chinook salmon in

BASIS samples from the western Bering Sea in 2002-2003.
Bugaev’s results indicated intermixing of Chinook salmon
of Asian (Kamchatka Peninsula) and western Alaska origin
in the western Bering Sea portion of the Russian Exclusive
Economic Zone (REEZ). In this paper, we briefly review
information from BASIS surveys on the distribution, abun-
dance, and biological characteristics of Chinook salmon in
the western Bering Sea, and update and extend earlier stock
identification results reported by Bugaev (2004, 2005). Our
primary objectives were to estimate the proportions and
potential abundance of major stocks of Chinook salmon of
Asian and North American origin in the western Bering Sea
in summer and fall 2002—-2004.

MATERIALS AND METHODS

Analysis of scale patterns has been used since the 1950s
to estimate the regional stock composition of salmon caught
in mixed-stock fisheries on the high seas. Major et al. (1972)
outlined the basic principles and procedures of scale pattern
analysis. Our methods were similar to those described by
Bugaev (2004, 2005) and Bugaev et al. (2004). Briefly, we

All correspondence should be addressed to A. Bugaev.
e-mail: bugaev2@kamniro.ru
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used scale pattern analysis of representative (baseline) sam-
ples of Asian and North American Chinook salmon to esti-
mate the proportions of these stock groups in BASIS (mix-
ture) samples and their potential abundance in the western
Bering Sea.

Mixture Samples

Mixture samples of Chinook salmon and associated
biological and catch data were collected by the staff of the
TINRO-Center from trawl catches of the RV TINRO in the
western Bering Sea in summer (July—August) 2003 and fall
(September—October) 2002-2004 (NPAFC 2003, 2004,
2005). A standard midwater rope trawl (PT/TM 80/396 m)
was used to survey the upper epipelagic layer (~upper 40
m).

Shipboard sampling of Chinook salmon included deter-
mination of maturity and collection of a scale sample from
each fish. Maturity was determined by visual evaluation of
the stage of gonad maturation (Pravdin 1966). All fish at
stages Il and I1-111 were considered immature (e.g., Mosher
1972; Bugaev 1995; Ito and Ishida 1998). The body area of
scale collection was recorded using a classification scheme
developed by TINRO-Center (Bugaev et al. 2009). Collec-
tion of preferred scales (Clutter and Whitesel 1956; Knudsen
1985; Davis et al. 1990) was not always possible as salmon
caught in trawls frequently lose many scales. Both preferred
and non-preferred scales were used to estimate age composi-
tion. Only preferred scales were used to estimate stock com-
position, because different rates of scale growth on different
parts of the fish’s body can influence the results of scale pat-
tern analysis. A similar approach has been used for age de-
termination and stock identification of salmon in incidental
catches by commercial trawl fisheries in the eastern Bering
Sea (Myers and Rogers 1988; Patton et al. 1998; Myers et al.
2004).

Ages of immature Chinook salmon in the mixture sam-
ples were determined in the laboratory by counting the num-
ber of freshwater and marine annuli on scales, which is the
standard method accepted for Pacific salmon (e.g., Ito and
Ishida 1998). Age was designated by the European method,
whereby the number of freshwater annuli and number of
ocean annuli are separated by a dot (Koo 1962). For ex-
ample, a 1.1 Chinook salmon has one freshwater annulus and
one ocean annuli on its scale, and is in its second summer—
fall in the ocean. Although juvenile Chinook salmon (x.0
fish) were present in BASIS trawl catches, samples were in-
sufficient for stock-identification analysis due to scale loss
during trawl operations.

Samples of immature Chinook salmon collected in Dis-
tricts 8 and 12 (Fig. 1) accounted for approximately 90% of
all biostatistical and scale data. Nevertheless, when samples
were stratified by district the number of scales was not suf-
ficient to obtain statistically reliable results. Therefore, the
mixture samples were pooled over all districts. Samples

from a total of 756 Chinook salmon were used for age com-
position estimates, and only 480 fish were used for stock
composition estimates.

Baseline Samples

Baseline scale samples were collected by biologists from
KamchatNIRO, Sevvostrybvod (North-East Fishery Protec-
tion Service), and the Alaska Department of Fish and Game
from the “preferred” body area of adult Chinook salmon in
rivers or terminal area fisheries in marine waters in 2004 and
2005. The five baselines used in our analysis included sam-
ples from the most abundant stocks of adult Chinook salmon
in major watersheds of Kamchatka and western Alaska (Fig.
2). In Kamchatka, these watersheds included the Kamchatka
River (eastern Kamchatka) and the Bolshaya River (western
Kamchatka). Commercial catches in these two rivers ac-
counted for up to 90% of the total catch of Chinook salmon
in Asia, and Kamchatka River catches alone accounted for
up to 80% of this total. North American baselines were com-
posed of the three most abundant stocks of Chinook salmon
in western Alska (Yukon, Kuskokwim, and Nushagak riv-
ers), which accounted for ~90% of the total catch of Chinook
salmon in western Alaska in 2004-2006 (NOAA 2008). The
Yukon River baseline is also representative of Chinook
salmon of Canadian Yukon origin. The known geographi-
cal distribution of Chinook salmon in the Bering Sea also
played an important role in the selection of North American
baseline samples. Earlier stock identification research using
tags, scale patterns, and parasites indicated that the Yukon,
Kuskokwim, and Nushagak rivers are the major stocks of
Chinook salmon distributed in the eastern and central Bering
Sea (Major et al. 1978; Myers at al. 1987; Myers and Rogers

Fig. 1. TINRO-Center biostatistical districts in the western Bering
Sea (Shuntov 1986; Volvenko 2003).
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Fig. 2. Locations (numbers in black circles) of major Chinook salmon watersheds in Kamchatka and Alaska represented in the 2004-2005 scale
pattern baselines. The Yukon River watershed includes the Canadian Yukon.

1988; Urawa et al. 1998; Klovatch et al. 2002; Myers et al.
2004).

In general the highest accuracies in scale-pattern models
are obtained by using baseline samples composed of fish of
the same freshwater age group and brood year as fish in the
mixture samples (e.g., Myers et al. 1987). This approach
minimizes the effects of year-to-year variation in scale
growth patterns caused by environmental factors. Because
the abundance of Asian Chinook salmon is very low, how-
ever, sufficient samples for baselines were obtained only by
pooling samples over ocean age group. In the rivers of Kam-
chatka and western Alaska, the majority (> 90%) of adult
Chinook salmon spent from 2—4 winters (ages 1.2, 1.3, and
1.4) in the ocean (Healey 1991). Scale data for these three
dominant age groups were pooled into separate baselines for
each major stock, which increased the variance of scale pat-
tern variables.

For each baseline stock, we selected a stratified random
sample of scales that accounted for spatial and temporal
population structure (early-, mid-, and late-run timing). This
method varied somewhat depending on available sample
size. When sample size was small the entire sample was
used in the analysis. In total, the scale baselines included
samples from 1,598 fish.

The average age of fish in the baselines was approxi-
mately 1.3. Immature Chinook salmon in the mixed-stock
samples were predominantly age 1.1 (up to 80%). Thus, a
2-year lag time was needed to minimize interannual varia-
tion between mixed-stock and baseline samples. The 2002
mixed-stock samples were analyzed with baselines samples
from adult salmon returns in 2004, and the 2003 mixed-stock
samples were analyzed with baselines from 2005 returns. Be-
cause baseline samples from 2006 adult salmon returns were

not available at the time of this study, the 2004 mixed-stock
samples were analyzed with 2005 baseline samples. Differ-
ences between the age and brood year of Chinook salmon in
the baselines and mixed-stock samples probably reduced the
accuracy of the stock composition estimates. Previous stud-
ies, however, have indicated that scale patterns are relatively
consistent for particular local stocks or complexes of stocks
over long periods of time (e.g., Major et al. 1972).

Scale Measurement

Scales were measured using an optical digitizing system
(Biosonics model OPR-513, OPRS, BioSonics Inc., Seattle,
WA, USA (Davis et al. 1990)). Measurements were made
in the freshwater and first annual ocean zone along an axis
perpendicular to the boundary of the sculptured and unsculp-
tured fields of the scale (Fig. 3). The structure of these two
scale growth zones has been used for many years to differen-
tiate local stocks of Pacific salmon in mixed-stock catches in
the North Pacific Ocean (e.g., Davis et al. 1990). Scale pat-
tern variables were calculated from inter-circulus measure-
ment. Variables included the total radius of the freshwater
zone (FW), total radius of the first ocean zone (O1), total
number of circuli in the first ocean zone (C1), five triplets
(TR) in the first ocean zone, and five reverse triplets (RTR)
in the first ocean zone (Fig. 3).

Estimates of Stock Composition

Differences and similarities in the baseline stocks were
evaluated using t-tests (P < 0.05), hierarchical cluster analy-
sis of Euclidian distances between stock centroids, and ca-
nonical discriminant analysis (Bugaev 2007).
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Fig. 3. Image of a Chinook salmon scale showing the scale pattern
variables used for stock identification. FW = the total radius of the
freshwater zone, O1 = total radius of the first annual ocean growth
zone, C1 = number of circuli in the first annual ocean growth zone,
TR1-TR5 = radii of groups of three circuli (triplets) in the first ocean
zone (five triplets), RTR1-RTR5 = radii of groups of three circuli (re-
verse-triplets) in the first ocean zone (five reverse-triplets).

Computer simulations were used to evaluate the accura-
cy of the baseline stock groups using a maximum-likelihood
estimation (MLE) procedure (Millar 1987, 1990; Patton et
al. 1998). The estimation procedure included 500 iterations
of randomly sampled scales in the model (with replacement)
for 100% representation by one baseline in the simulated
mixture.

The baseline data were used to calculate MLEs of stock
composition of Chinook salmon in the mixture samples (Pat-
ton et al. 1998). Confidence intervals (95%) of the stock
composition estimates were calculated from bootstrap resa-
mpling (500) of the baseline and mixture samples (Efron and
Tibshirani 1986).

Estimates of Distribution and Abundance

We reviewed information on the distribution and abun-
dance of immature Chinook salmon during BASIS research in
the western Bering Sea in summer 2003 and fall 2002—-2004
(Glebov 2007). Estimates of the abundance and biomass of
Chinook salmon in the Bering Sea portion of the Russian
Federation Exclusive Economic Zone (REEZ) were provided
by the TINRO-Center. The TINRO-Center estimates were
calculated from BASIS trawl catch data using an area-swept
formula with a fishing efficiency coefficient of 0.3 for im-
mature salmon (Temnykh et al. 2002). The TINRO-Center
estimates were stratified by year, season, maturity group, and
biostatistical district (Fig. 1). We apportioned the estimates
for immature fish to stock (Asia and North America) using
our estimates of stock composition weighted by age group.
As a rough measure of the validity of these estimates, we
compared them to published information on the abundance
of adult Chinook salmon runs in Asia and North America.

RESULTS
Maturity and Age Composition in Mixture Samples

Size-weight characteristics and stage of gonad develop-
ment indicated that most Chinook salmon in summer—fall
BASIS catches in the western Bering Sea were either juve-
nile (x.0) or immature fish. Mature fish were not observed in
the catches. Juvenile Chinook salmon were not included in
the analysis because of scale loss during trawl fishing opera-
tions.

Age 1.1 fish dominated (75.5-87.9%) mixed-stock sam-
ples of immature Chinook salmon in BASIS trawl catches
in the western Bering Sea in summer and fall 2002-2004
(Table 1). Percentages of age 1.2 fish were relatively low
(8.6-18.8%), and those of other age groups were very low.
Ages 1.1 and 1.2 fish accounted for more than 90% of the
mixture samples of immature Chinook salmon stratified by
year and season.

Table 1. The age composition (% of total sample size) of immature Chinook salmon in BASIS trawl catches by the R/V TINRO in the Western
Bering Sea in 2002-2004. N = sample size, AAG = percentage of available age groups used for stock identification by scale pattern analysis
(only ages 1.1 and 1.2 fish were analyzed). Locations of biostatistical districts are shown in Fig. 1. Juvenile (x.0 fish) Chinook salmon were not

included in the analysis because of scale loss during trawl operations.

Age composition (%)

Biostat. AAG

Year Season distri N o
istricts 01 02 03 1.1 1.2 13 14 24 22 (%)
2002 Autumn 1-12 133 - 0.8 - 760 188 3.0 - 15 - 94.8
2003 Summer 1-12 421 17 12 02 755 183 24 02 02 02 93.8
Autumn 1-12 144 07 07 07 806 118 49 - - 0.7 92.4
2004 Autumn 3-12 58 1.7 - - 879 86 - - 1.7 - 96.6
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Evaluation of Scale Patterns and Accuracies of Models

Bugaev (2007) reported the detailed results of a statisti-
cal evaluation of the scale patterns of local stocks of adult
Chinook salmon of Asian and North American origin that
were used in the baseline models. In general, the results
of cluster and canonical analyses demonstrated a relatively
wide range in centroid means of the 2004 and 2005 base-
lines. Asian and North American stocks of Chinook salmon
were clearly distinguishable in the 2004 baselines. In the
2005 baselines, however, the centroids of the Yukon and
Kamchatka rivers were similar. In principle, this might re-
sult in underestimation or overestimation of the proportions
of Chinook salmon of eastern Kamchatka or Alaska origin in

the 2003 mixed-stock samples. The results of t-tests indicat-
ed statistically significant differences (P < 0.05) in most pair-
wise comparisons of baselines. One notable exception was
that the 2005 Bolshaya and Nushagak river baselines were
not significantly different (P = 0.36). However, the most
abundant Asian stock (Kamchatka R.) in the 2005 baseline
was significantly different (P < 0.05) from all North Ameri-
can stocks.

Computer simulations of Chinook salmon baselines
(pooled ages 1.2+1.3+1.4) indicated reasonably high mean
accuracies (86% for the 2004 and 89% for the 2005 base-
lines; Tables 2, 3). The accuracy of the 2004 Kuskokwim R.
baseline was particularly low (60%), however, errors in the
estimates were largely apportioned to geographically adja-

Table 2. Evaluation of the accuracy of a 5-stock maximum likelihood estimate model for ages 1.2 + 1.3 + 1.4 Chinook salmon in 2004, as indi-
cated by computer simulations of 100% representation by one stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Baseline stock

N 1 2 3 4 5
1. Bolshaya R. 1M 0.988 0.0787 0.0003 0.0044 0.0013
0.021 0.0560 0.0019 0.0080 0.0056
2. Kamchatka R. 241 0.006 0.8011 0.0000 0.0067 0.0136
0.019 0.0914 0.0003 0.0232 0.0240
3. Nushagak R. 150 0.000 0.0000 0.9677 0.0023 0.1439
0.0000 0.0000 0.0458 0.0073 0.0657
4. Yukon R. 186 0.0048 0.1190 0.0003 0.9477 0.2382
0.0107 0.0727 0.0025 0.0509 0.0967
5. Kuskokwim R. 239 0.0008 0.0012 0.0317 0.0389 0.6030
0.0038 0.0057 0.0459 0.0439 0.1125
Mean accuracy (%) 86.15

Table 3. Evaluation of the accuracy of a 5-stock maximum likelihood estimate model for ages 1.2 + 1.3 + 1.4 Chinook salmon in 2005, as indi-
cated by computer simulations of 100% representation by one stock group (indicated by grey shading). N = sample size.

Maximum likelihood estimate/standard deviation

Baseline stock

N 1 2 3 4 5
1. Bolshaya R. 121 0.9781 0.0080 0.0029 0.0090 0.0386
0.0260 0.0148 0.0068 0.0165 0.0268
2. Kamchatka R. 150 0.0074 0.8462 0.0026 0.0571 0.0069
0.019 0.0951 0.0105 0.0768 0.0178
3. Nushagak R. 150 0.000 0.0012 0.9244 0.0305 0.0606
0.0039 0.0074 0.0737 0.0315 0.0735
4. Yukon R. 100 0.0126 0.1322 0.0003 0.8481 0.0509
0.0171 0.0935 0.0029 0.1070 0.0602
5. Kuskokwim R. 150 0.0010 0.0124 0.0698 0.0553 0.8430
0.0049 0.0281 0.0728 0.0688 0.0973
Mean accuracy (%) 88.80
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Table 4. Maximum likelihood estimates (MLE) of stock composition of immature Chinook salmon in trawl catches of the R/V TINRO in the west-
ern Bering Sea in 2002-2004. N = sample size, SD = standard deviation, Cl = confidence interval.

Year Season Biostat. dist. Age N Stock/river MLE SD Cl (95%)
2002 Autumn 1-12 1.1+1.2 87 Bolshaya
Kamchatka 0.4981 0.0853 0.2941-0.6489
Nushagak 0.0320 0.0323 0.0000-0.1132
Yukon 0.0004 0.0020 0.0000-0.2466
Kuskokwim 0.4695 0.0916 0.2019-0.6266
2003 Summer 1-12 1.1+1.2 242 Bolshaya 0.0036 0.0124 0.0000-0.0390
Kamchatka 0.4756 0.0496 0.3341-0.5980
Nushagak 0.5208 0.0478 0.3947-0.6539
Yukon -
Kuskokwim -
Autumn 1-12 11+1.2 103 Bolshaya -
Kamchatka 0.4148 0.0704 0.2272-0.5812
Nushagak 0.5852 0.0704 0.4123-0.7507
Yukon -
Kuskokwim
2004 Autumn 3-12 1.1+1.2 48 Bolshaya
Kamchatka 0.2882 0.0919 0.0998-0.4640
Nushagak 0.7105 0.0883 0.5077-0.8600
Yukon 0.0013 0.0439 0.0000-0.1389
Kuskokwim

cent stocks (Yukon and Kuskokwim rivers). While baseline-
dependent simulations might overestimate the true accuracy
of the models, we considered these accuracies adequate for
identification of stocks at the regional level.

Stock Composition Estimates

Although mixture samples sizes were small, particularly
in 2002 and 2004, Alaskan stocks dominated (50.2—71.2%)
BASIS catches of immature Chinook salmon in the western
Bering Sea in 2002-2004 (Table 4). There were no statisti-
cally significant estimates (either not detected or confidence
intervals included 0.0) for Chinook salmon of western Kam-
chatka or Yukon River origin. Although confidence intervals
were broad, the dominant stocks of Chinook salmon of west-
ern Alaska origin were Kuskokwim River in fall 2002 and
Nushagak River in summer—fall 2003 and fall 2004.

Distribution and Assessment of Relative Abundance

Typically, Chinook salmon either did not occur in BA-
SIS catches or were present in low abundance (1-50 fish/
km?; Fig. 4). The highest catches of Chinook salmon oc-
curred in the northern districts (1-8). The maximum abun-
dance of Chinook salmon (average of 251-500 fish/km?) oc-
curred in summer of 2003. This high level of abundance of
Chinook salmon was comparable to that of more abundant
salmon species, including sockeye salmon (O. nerka). In

general, however, Chinook salmon were sparsely distributed
in the western Bering Sea, which greatly limited the number
of samples available for stock identification research.

Estimates of Abundance and Biomass

The maximum estimated abundance/biomass of im-
mature Chinook salmon during the entire study period was
in District 8 (3.2-30.1 million fish/4.7-36.4 thousand tons)
(Table 5). The estimated abundance/biomass of immature
Chinook salmon was also relatively high in District 12 (1.5
2.6 million fish/3.4-4.5 thousand tons). In 2003, the esti-
mated abundance of immature Chinook salmon was nearly
three times higher in summer than in fall. In fall, estimated
abundance of immature Chinook salmon was relatively high
in both 2002 and 2003, and was much lower in 2004.

Estimated abundance and biomass of immature Chi-
nook salmon of Asian origin ranged from 620 million fish
and 10-25 thousand tons (Table 6). Estimated abundance
and biomass of immature Chinook salmon of North Ameri-
can origin ranged from 4-21 million fish and 7-27 thousand
tons.

DISCUSSION
Maturity, Age Composition, and Distribution

Glebov (2007) reviewed information on the maturity
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Fig. 4. The spatial distribution and relative abundance of Chinook salmon determined by BASIS research in the western Bering Sea, 2002—
2004. Note that scales vary among years. The size of the circles indicates relative abundance (number of fish/km2).  Upper left panel (2002):
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Table 5. The estimated abundance and the biomass of immature Chinook salmon in the epipelagic zone of the western Bering Sea in 2002—
2004. Coefficient of trawl catch = 0.3. Data source: TINRO-Centre, Vladivostok. The locations of biostatistical districts are shown in Fig. 1.

Biostatistical districts

Year Season Total
1 2 3 4 5 6 7 8 9 10 1 12
Abundance (millions of fish)
2002 Autumn 0.06 0.47 0.47 0.08 0.26 - 0.05 8.87 - - - 1.72 11.98
2003 Summer 0.02 1.63 2.08 1.43 2.18 - 1.20 30.11 - - - 2.36 41.01
Autumn 0.07 0.53 0.23 0.50 0.49 - 0.10 10.83 0.07 - - 1.54 14.36
2004 Autumn - - 0.08 - 0.48 - - 3.22 - - - 2.58 6.36
Biomass (thousands of tons)
2002 Autumn 0.38 2.39 0.81 0.05 1.08 - 0.1 9.87 - - - 4.54 19.23
2003 Summer 0.13 2.33 219 1.27 3.43 - 1.56 36.35 - - - 4.01 51.27
Autumn 0.48 1.59 0.50 1.83 1.13 - 0.10 15.60 0.09 - - 3.44 24.76
2004 Autumn - - 0.10 - 0.80 - - 4.73 - - - 3.96 9.59
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Table 6. Estimates of the abundance and biomass of immature Chinook salmon (1.1+1.2 fish) of Asian and North American origin in the western
Bering Sea in 2002-2004. Dist. = biostatistical district (Fig. 1), no. = abundance in millions of fish, t = biomass in thousands of metric tons.

Total Asia North America
Year Season Dist.
no. t % no. t % no. t
2002 Fall 1-12 11.98 16.46 49.8 5.97 8.20 50.2 6.01 8.26
2003 Summer 1-12 41.01 51.27 47.9 19.64 24.56 52.1 21.37 26.71
Fall 1-12 14.36 24.76 415 5.96 10.28 58.5 8.40 14.48
2004 Fall 3-12 6.36 9.59 28.8 1.83 2.76 71.2 .53 6.83

and distribution of Chinook salmon during BASIS surveys in
the western Bering Sea in summer and fall 2002-2006. Both
juvenile (x.0) and immature Chinook salmon were caught
during the surveys. The age structure of immature Chinook
salmon in the western Bering Sea during the 2002-2004 BA-
SIS surveys indicated the western Bering Sea is a particu-
larly important rearing area for young (1.1) fish.

We could not use scale pattern analysis to estimate
freshwater age composition or stock composition of juve-
nile salmon because of scale loss during BASIS trawl fishing
operations. While it seems reasonable to assume that juve-
nile Chinook salmon in summer—fall BASIS catches in the
western Bering Sea were of Asian origin, similarities in scale
patterns of adult salmon of known origin indicated possible
intermixing of Kamchatka and western Alaska stocks during
their first ocean year. This issue will likely be resolved by
future genetic (DNA) stock identification analyses of juve-
nile Chinook salmon collected in the northern Bering Sea
and the Chukchi Sea in summer—fall.

The overall pattern of seasonal migration patterns of im-
mature Chinook salmon in the Bering Sea is a northwestward
movement in spring, followed by a southeastward movement
in fall (Radchenko and Chigirinsky 1995). During BASIS
surveys in summer 2003, immature Chinook salmon were
most abundant along the northeastern boundary of the Aleu-
tian Basin (Glebov 2007; Fig. 4). In fall 2002—-2004, when
immature Chinook salmon began to migrate out of the west-
ern Bering Sea, abundance was relatively low except near
the eastern border of the REEZ.

Similar distribution patterns of immature Chinook salm-
on were observed in previous trawl surveys by TINRO-Cen-
ter in this region (Radchenko and Chigirinsky 1995). These
surveys showed that in summer, young (age 1.1) immature
Chinook salmon were distributed primarily in the western
Aleutian Basin and the shelf and continental slope of the
Navarin region. Radchenko and Chigirinsky (1995) specu-
lated that young immature Chinook salmon distributed in this
region were of North American origin, as indicated by their
small size compared to Kamchatka stocks. By late August
and September, older age groups of immature Chinook salm-
on, likely a mix of Asian and North American stocks, were
distributed primarily over the Shirshov Ridge and eastward

near the eastern border of the REEZ. In late fall (October—
November) older (maturing) Chinook salmon moved into
the western Bering Sea, as immature Chinook salmon left
the region. Radchenko and Chigirinsky (1995) concluded
that distribution of Chinook salmon corresponded well with
the distribution of their primary prey, i.e., fish in shelf zones
and gonatid squids in the basins.

Comparison of Stock Composition Estimates to Other
Studies

Preliminary analyses by Bugaev (2004, 2005) demon-
strated the predominance of immature Chinook salmon of
eastern Kamchatka and western Alaska origin in BASIS
catches in the western Bering Sea in 2002 and 2003. Our
reanalysis of these data with brood-year-specific baselines,
however, resulted in a substantial increase in estimated per-
centages of immature Chinook salmon of western Alaskan
origin in fall 2002 (~30% increase) and fall 2003 (~20%
increase). Preliminary and updated estimates for Chinook
salmon of western Alaskan origin in summer 2003 were
similar (~50% of total), which was surprising given the high
estimated abundance of immature Chinook salmon in the
western Bering Sea in summer 2003 (41 million fish; Table
5). Bugaev et al. (2004) estimated that 74% of ages 1.1 and
1.2 immature Chinook salmon in research driftnet catches in
the western Bering Sea in July—August 2003 were of North
American origin. In each case, the results were clearly influ-
enced by errors in the MLE models, as well as variation in
the quality of the scale samples. We suggest that our results
should be interpreted as an approximate range of values based
on the 95% confidence intervals of our point estimates, e.g.,
40-65% of Chinook salmon in summer 2003 samples from
the western Bering Sea were of North American origin.

Overall, the results of these scale pattern analyses
provided the first quantitative estimaties of the stock com-
positon of immature Chinook salmon of Asian and North
American origin in the western Bering Sea in summer and
fall. While researchers had previous assumed that Chinook
salmon of western Alaskan origin were the dominant re-
gional stock in the western Bering Sea (e.g., Radchenko and
Chigirinsky 1995), this was corroborated by our stock com-
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position estimates (Table 4). The highest percentage of fish
of Alaskan origin was in 2004, when there was a significant
concentration of Chinook salmon at the eastern boundary of
the REEZ. All Asian fish were of East Kamchatka (Kam-
chatka R.) origin.

Comparison of BASIS Abundance Estimates with Adult
Run Sizes

Low catches of immature Chinook salmon during BA-
SIS surveys in the western Bering Sea were expected, as Chi-
nook salmon are the least abundant species of Pacific salmon
in Asia and North America (Heard et al. 2007). The upper
range of the BASIS estimates of abundance of immature
Chinook salmon in the western Bering Sea in 2002-2004,
however, was extraordinarily high (41 million fish in sum-
mer 2003; Table 5) compared to the production of Chinook
salmon in Kamchatka and western Alaska (including the Ca-
nadian Yukon).

A conservative estimate of average annual runs (com-
mercial, sport, and subsistence catches + escapement) of
Chinook salmon returning to both Kamchatka and western
Alaska in 2004-2006 is approximately 1 million fish (TIN-
RO-Center 2005, 2006; Anonymous 2007; NOAA 2008;
Jones et al. 2009; D. Molyneaux, Alaska Department of Fish
and Game, pers. comm.). Thus, estimates of the abundance
of immature Chinook salmon from R/V TINRO trawl sur-
veys greatly exceeded (6-40 times) the estimated abundance
of annual returns of adult Chinook salmon to rivers in Kam-
chatka and western Alaska. The estimate of the magnitude
of annual adult runs in Kamchatka and western Alaska is
conservative because it includes estimates of total runs for
only the five major “index” stocks used in our scale pattern
analysis.

Trends in the annual abundance of adult returns of Chi-
nook salmon to Kamchatka and western Alaska in the early
2000s varied between regions (Heard et al. 2007). In 2004—
2006, estimated average annual returns to western Kamchat-
ka (Bolshaya River) were low and relatively stable (~75,000
fish), while estimated returns to eastern Kamchatka (Kam-
chatka River) increased substantially after 2003 (~190,000
fish) (TINRO-Center 2005, 2006; Anonymous 2007). In
addition, there were exceptionally high annual average runs
in the Kuskokwim (~360,000 fish) and Nushagak (~230,000
fish) after 2003, while runs in the Yukon River decreased to a
relatively low and stable level (~220,000 fish) in 2004—2006
(NOAA 2008; Jones et al. 2009; D. Molyneaux, Alaska De-
partment of Fish and Game, pers. comm.). These stock-
specific trends in abundance are reflected to some degree in
our regional stock composition and abundance estimates for
immature Chinook salmon in 2002—-2004.

Run size estimates for Kamchatka and western Alaska
Chinook salmon would be higher than 1 million fish if inter-
ceptions by ocean salmon fisheries, bycatch by commercial
groundfish fisheries, and removal by poaching (particularly

in Kamchatka) were taken into account. In addition, there
are numerous small runs of Chinook salmon in Kamchatka
and western Alaska for which run size estimates are unavail-
able. BASIS samples of immature Chinook salmon included
fish that would have returned primarily over a period of two
to four years. Natural and fishing mortality rates of imma-
ture Chinook salmon at sea are not well known, but could
be substantial. However, none of these factors alone or in
combination are sufficient to explain the high estimated
abundance and biomass of Chinook salmon in summer 2003
BASIS catches. In addition, the western Bering Sea includes
only a portion of the total area of known ocean distribution
of Chinook salmon of Kamchatka and western Alaska origin.
There is no evidence that Chinook salmon returning to other
regions of Asia or North America are distributed in the west-
ern Bering Sea.

We speculate that BASIS stock assessment methods,
e.g., the use of a fishing-efficiency coefficient of 0.3, may
have resulted in overestimation of the abundance of Chinook
salmon. Errors in trawl assessment methods may be excep-
tionally high for species in low abundance, e.g., only 119
Chinook salmon were caught during the 2002 BASIS trawl
fishing operations (Temnykh et al. 2003). Volvenko (2000)
discussed other problems with estimation of salmon abun-
dance by trawl sampling. Murphy et al. (2003) compared
research trawls and fishing power of vessels used for BASIS
research in 2002.

CONCLUSIONS

Our results corroborated previous studies indicating that
western Alaska is the dominant regional stock of Chinook
salmon in the Bering Sea (e.g., Major et al. 1978; Myers et
al. 1987; Myers and Rogers 1988; Healey 1991; Myers et
al. 2004). Future genetic studies are needed to validate and
refine our estimates. The seasonal stock-specific distribution
patterns of Chinook salmon observed in 2002—-2004 might
have resulted from recent changes in ecosystem conditions
in the western Bering Sea that occurred at end of the 20th
century and the beginning of the 21st century (Shuntov and
Sviridov 2005). On the other hand, the 2002-2004 distribu-
tions might represent a long-term, stable balance between
abundant stocks of North American origin and scarce stocks
of Asian origin. The BASIS estimates of abundance of salm-
on in western Bering Sea in the early 2000s were extraordi-
narily high compared to production of Chinook salmon in
Kamchatka and western Alaska, including the Canadian Yu-
kon. We concluded that BASIS stock assessment methods
for Chinook salmon need to be reevaluated. Nevertheless,
our results provided new quantitative evidence of the im-
portant role of the western Bering Sea ecosystem as a sum-
mer—fall foraging area for immature Chinook salmon of both
Asian and North American origin.
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Abstract: We examined otolith marks on chum salmon caught in the North Pacific Ocean and Bering Sea during
the spring and summer of 2006 and 2007. Otolith marks were detected in 190 of 8,295 immature and maturing
fish. Of these marked salmon, 13 fish were found in the North Pacific Ocean and 177 fish were found in the Bering
Sea. Approximately 90% of the marked salmon were released from Japanese hatcheries. Other marked fish
originated from hatcheries in Alaska, Russia, and the Republic of Korea. Our results suggest that otolith-marked
chum salmon released from NPAFC countries are detectable in the Bering Sea and North Pacific Ocean. Our
study demonstrated that otolith marking is a useful tool for identifying hatchery of origin of individual chum salmon
in the ocean. We believe this technique will be useful for the international management of anadromous salmon

stocks.

Keywords: chum salmon, otolith mark, distribution, Bering Sea, North Pacific Ocean

INTRODUCTION

Chum salmon (Oncorhynchus keta) are the most widely
distributed salmon species in the Pacific Rim (Salo 1991).
Chum salmon are also an important commercial fisheries re-
source in North Pacific countries. Determining the ocean
distribution and origins of chum salmon will provide valu-
able information to help clarify stock-specific patterns of
ocean migration for stock assessment.

Stock identification of chum salmon in the offshore
waters of the Bering Sea and North Pacific Ocean has been
attempted using a wide variety of techniques including tag-
ging, identification of scale characteristics, otolith thermal
marking, and/or genetic characters (e.g. Ishida et al. 1989;
Ogura and Ito 1994; Wilmot et al. 1998; Seeb and Crane
1999; Urawa et al. 2000). Otolith thermal marking uses
short-term temperature fluctuations to induce distinctive
structural marks on the otoliths of incubating fish, and is a

widely-used technique for identifying origins of hatchery-
produced salmonids (Volk et al. 1999). Otolith mark/recov-
ery experiments have provided significant new stock-specific
information on the offshore ocean distribution and migration
patterns of Pacific salmon (Farley and Munk 1997; Kawana
et al. 1999; Carlson et al. 2000; Urawa et al. 2000; Myers et
al. 2004). These recovery experiments have mainly focused
on chum and pink salmon in the Gulf of Alaska. Urawa et
al. (2009) indicated stock-specific chum salmon distribution
in the Bering Sea and the adjacent North Pacific Ocean by
combining genetic and otolith marking information.

In the spring and summer of 2006 and 2007, scientists
from Japanese institutes surveyed salmon stocks in the Ber-
ing Sea and North Pacific Ocean (Fukuwaka et al. 2006,
2007; Morita et al. 2006, 2007). Approximately 8,000 chum
salmon otolith samples were collected during these surveys.
In this paper, we present the results from those surveys.

All correspondence should be addressed to S. Sato.
e-mail: sato.shunpei@fra.affrc.go.jp
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MATERIALS AND METHODS
Fish Samples

Chum salmon were collected from the Bering Sea and
North Pacific Ocean during research cruises of the R/V
Kaiyo maru between April 24 and June 17, 2006 (41°01°N—
55°29°N, 154°47°E-159°47°W; Fig. 1A), the R/V Wakatake
maru between June 15 and July 14,2006 (41°00°’N-58°30°N,
179°00’E—-180°; Fig. 1B) and between June 14 and July 12,
2007 (41°00°N-58°30°N, 176°00’E-178°00’W; Fig. 1C)

(Fukuwaka et al. 2006, 2007; Morita et al. 2006). Cruises
were also conducted by the R/V Hokko maru between June
30 and July 15, 2007 (Fig. 1D) and between July 22 and
August 3, 2007 (52°38°'N-59°23"N, 174°55’E-170°11’E;
Fig. 1E) (Morita et al. 2007). Sagittal otoliths from 8,295
of 11,943 fish caught in the North Pacific Ocean and Bering
Sea in 2006 and 2007 were collected onboard ship (Table
1). Otoliths were examined for the presence of an otolith
mark at the laboratory of National Salmon Resources Center,
Fisheries Research Agency, Japan. We also collected a scale
from each sampled fish, and gonad weight was measured to

Fig. 1. Sampling locations of chum salmon in the North Pacific Ocean and Bering Sea during Japanese research cruises of R/V Kaiyo maru
between April 24 and June 17, 2006 (A), R/V Wakatake maru between June 15 and July 14, 2006 (B), and between June 14 and July 12, 2007
(C), RIV Hokko maru between June 30 and July 15 (D), and between July 22 and August 3, 2007 (E).
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the nearest gram. Fish age was determined by counting scale
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Table 2. Criteria used to categorize maturity by gonad weight of chum salmon (modified from Takagi (1961)).
. June July
Sex April - late May
Early Mid Late Early Mid Late
Female <10g <15¢g <15¢g <20g <25¢g <25¢g <25¢
Male <1g <2g <3¢ <3¢ <3¢ <5¢g <5g¢g

Tokachi, Yakumo, Tonbetsu, Ichani, Shizunai, Chitose,
Teshio, Tsurui, and unspecified hatcheries in Hokkaido and
Katagishi Hatchery on the Pacific coast of Honshu); one from
the Yang-Yang Hatchery in the Republic of Korea; six from
four Alaskan hatcheries (Macaulay, Wally Noerenberg, Port
Armstrong, and Haines). One otolith-marked fish (age 0.1,
male, 334 mm in fork length) was caught at station WKO07-
31 (56°30°N, 176°00’E; Fig. 1C) on July 12, 2007 and is
the first record of a Korean chum salmon found on the high-
seas.

North Pacific Ocean Recovery

In the North Pacific Ocean during the spring of 2006,
seven maturing otolith-marked chum salmon were collect-
ed: five Japanese fish were caught in the central and eastern
North Pacific Ocean (175°E, 180°, and 165°W) and one Rus-
sian and one Alaskan fish were both caught at station K46
(52°08’N, 170°04°W) in the eastern North Pacific Ocean.
Those fish originated from four Japanese hatcheries (Chito-
se, Nijibetsu, Tsurui, and Shizunai in Hokkaido), the Ozerk-
ovsky Hatchery in western Kamchatka, and the Macaulay
Hatchery in southeast Alaska. No maturing fish were recov-
ered in the central North Pacific Ocean during the summers
of 2006 and 2007.

Six immature otolith-marked chum salmon were found
in the North Pacific Ocean in the spring of 2006. Three of
those fish were released from two Japanese hatcheries (Ni-
jibetsu and Ichani in Hokkaido), but the hatchery origins of
the other three marked fish could not be identified. These
samples were collected from the central North Pacific Ocean
(43°00°’N-45°06’N, 174°50’E-179°48’W). In the summer
0of 2006 and 2007, no otolith-marked immature fish were de-
tected in the central North Pacific Ocean.

DISCUSSION

This study demonstrated that otolith marks were detect-
ed in 190 of 8,295 immature and maturing fish in the survey
areas of North Pacific Ocean and Bering Sea during 2006
and 2007. Ofthese marked salmon, 13 fish were found in the
North Pacific Ocean and 177 fish were found in the Bering
Sea. Approximately 70-90% of the otolith-marked imma-
ture chum salmon originated from Japanese hatcheries, and
they were mainly found in the central Bering Sea.

Our study indicated that the recovery number and per-
centage of otolith-marked samples were very low (0.69—
3.3%). The number and percentages of otolith-marked fish

released were approximately 19—146 million (1.0-7.9%)
from Japan, 7-49 million (2.5-13.7%) from Russia, 267—
477 million (58.9-96.4%) from Alaska, and 0.6—1.4 million
(11.5-23.8%) from Washington, Oregon, California, and
Idaho, between 2001 and 2006 (data from NPAFC website:
www.npafc.org). However, about 89% of the recovered
otolith-marked chum salmon were released from Japanese
hatcheries.

The survey areas in our study were limited. Particularly,
in the summer of 2006 and 2007, otolith samples were col-
lected from limited areas of the central North Pacific Ocean
and central (high-seas) Bering Sea. Previous tagging and
genetic studies indicated that Asian (Japanese and Russian)
stocks were widely distributed in the Bering Sea and North
Pacific Ocean (Sato et al. 2009; Urawa et al. 2009). It may
be that the limited survey design influenced the number and
percentages of otolith-marked chum salmon recovered.

Why did Japanese otolith-marked fish dominate the
recovery from the survey areas of the central Bering Sea?
Almost all Japanese stocks migrate into the central Bering
Sea during the summer (Urawa et al. 2009). United States
stocks from central Alaska, southeast Alaska, Washington,
and Oregon were mainly distributed in the Gulf of Alaska
and central North Pacific Ocean, while the Russian stocks
are mainly distributed in the western Bering Sea and north-
west Pacific Ocean (Myers et al. 1996). Further, most of the
otolith-marked fish originating in United States and Russia
are released from Prince William Sound and southeast Alas-
kan hatcheries and Sakhalin Island hatcheries, respectively
(NPAFC website: www.npafc.org). Therefore, it seems logi-
cal that we did not recover any otolith-marked fish released
from United States or Russian hatcheries.

Our present study indicates that 10 maturing Japanese
chum salmon were collected from the survey areas of the
North Pacific Ocean (175°E, 180°, and 165°W) and southern
Bering Sea in the spring and early summer, and 26 maturing
fish originating in Japan were caught in the survey areas of
the central Bering Sea during summer. On the other hand,
130 immature fish originating from Japanese hatcheries were
caught in the survey areas of the Bering Sea during summer.
Urawa et al. (2009) estimated that maturing Japanese chum
salmon in Gulf of Alaska migrate into the Bering Sea dur-
ing June, followed by young chum salmon from the western
North Pacific Ocean and by immature Japanese fish from the
Gulf of Alaska. Maturing chum salmon migrate out of the
Bering Sea by August, while immature fish remain there to
feed (Urawa et al. 2009). Our results reflect the migration
patterns of maturing and immature Japanese chum salmon.
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Hatcheries in southeast Alaska and Prince William
Sound annually released approximately 270-460 million
otolith-marked chum salmon from 2001 to 2006; the Jap-
anese released 19-146 million otolith-marked fish from
2001 to 2006 (NPAFC website: www.npafc.org). Neave et
al. (1976) estimated that immature chum salmon of North
American stocks migrate to the north and west in the Gulf
of Alaska during spring and early summer, and that they re-
main in the Gulf of Alaska (primarily south of S0°N and east
of 155°W) during the late summer and winter. A previous
tagging study also indicated that immature chum salmon
released from Prince William Sound and southeast Alaskan
hatcheries were distributed in the Gulf of Alaska and central
North Pacific Ocean and adjacent Bering Sea waters during
summer (Myers et al. 1996). Previous genetic and otolith
mark analyses suggested that Prince William Sound and
southeast Alaska immature chum salmon are distributed in
the northern Gulf of Alaska and southern Bering Sea during
summer (Urawa et al. 2009). Our otolith mark recoveries
suggest that the Prince William Sound and southeast Alaska
fish are mainly distributed in the Gulf of Alaska and central
North Pacific Ocean, and that some of these fish may extend
into the survey areas in the central Bering Sea.

Russian hatcheries released approximately 306-387
million chum salmon from 2001 to 2006. Of these, approxi-
mately 7.9-49 million fish (2.5-13.7%) were otolith-marked.
Previous genetic stock identification studies estimated that
Japanese and Russian stocks were dominant in the Bering
Sea basin during summer and fall, and that their abundances
were almost equivalent (Sato et al. 2009; Urawa et al. 2009).
However, in our study the number of otolith-marked fish of
Russian origin was much lower than those of Japanese ori-
gin. In Russia, wild populations are the basis of most of the
salmon harvest (Zaporozhets and Zaporozhets 2004). A pre-
vious study of wild and hatchery fish production and recruit-
ment in the Tym River, one of the largest rivers on Sakhalin
Island, indicated that returning numbers of wild chum salm-
on were five times greater than those of hatchery origin dur-
ing 19601998 (Kovtun 2000). The low recovery of Russian
otolith-marked fish in the high-seas ocean samples suggests
that Russian chum salmon stocks include a considerable
number of wild fish.

An otolith-marked fish released from the Yang-Yang
Hatchery in the Republic of Korea was collected in the cen-
tral Bering Sea during the summer of 2007. This was the
first record of recovery of a Korean otolith-marked salmon
on the high seas. This finding suggests that Korean chum
salmon may migrate to the Bering Sea during the summer as
do other Asian stocks.

In conclusion, we have demonstrated that otolith-
marked chum salmon released from the NPAFC countries
were widely distributed in the Bering Sea and North Pacific
Ocean. Otolith marking is a useful tool for identifying the
hatchery of origin of individual chum salmon in the ocean.
We believe this technique will be useful for the international

management of anadromous salmon stocks in the North Pa-
cific Ocean.
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Abstract: Seasonal stock-specific distribution and abundance of immature chum salmon (Oncorhynchus keta)
in the western Bering Sea in summer 2003 and fall 2002—2003 were determined using scale pattern analysis.
Results indicated that immature chum salmon were predominantly of Asian (Russian and Japanese) origin. There
was considerable spatial and temporal variation in estimated proportions of regional stocks of chum salmon.
Russian stocks dominated catches in the southwestern Bering Sea. Japanese and North American stocks were
most abundant in the northwestern Bering Sea. Despite low estimated percentages of North American (western
Alaska) chum salmon (average < 10%), estimated total abundance of immature chum salmon in the western
Bering Sea was very high in the early 2000s. Thus, we concluded that the western Bering Sea ecosystem is an

important summer-fall foraging area for immature chum salmon of both Asian and North American origin.

Keywords:
identification, western Bering Sea

INTRODUCTION

The Bering-Aleutian Salmon International Survey (BA-
SIS) was initiated in 2002 to detect and monitor changes in
climate-ocean and ecosystem states and Pacific salmon (On-
corhynchus spp.) in the Bering Sea (NPAFC 2001). In ad-
dition to ichthyological, hydrobiological, and hydrological
research, a major focus of BASIS was to estimate seasonal
stock-specific distribution and abundance of salmon in the
Bering Sea. A number of recent publications have reported
the results of stock identification of chum salmon (O. keta) in
BASIS research vessel catches. Allozyme- and DNA-based
genetic characteristics were used to identify chum salmon in
BASIS samples collected in the central Bering Sea and adja-
cent North Pacific waters in summer—fall 2002—-2004 (Sato
et al. 2004, 2009; Urawa et al. 2004, 2005, 2009; Moriya

abundance, age, biomass, chum salmon, distribution, immature, scale pattern analysis, stock

et al. 2007, 2009). Bugaev et al. (2006) used scale pattern
analysis in a preliminary assessment of the distribution of
regional stocks of chum salmon in the western Bering Sea,
inside the Russian Federation Exclusive Economic Zone
(REEZ), in fall 2002 and summer—fall 2003. Collectively,
the results of genetic and scale pattern stock-identification
studies indicated that the majority of chum salmon in the
central and western Bering Sea were of Asian (Russian and
Japanese) origin. In this paper, we briefly review informa-
tion from BASIS surveys in the REEZ on the distribution,
abundance, and biological characteristics of chum salmon in
the western Bering Sea, and update and extend earlier stock
identification results reported by Bugaev et al. (2006). Our
primary objectives were to estimate the proportions and po-
tential abundance of regional stocks of chum salmon in the
western Bering Sea in fall 2002 and summer—fall 2003.

All correspondence should be addressed to A. Bugaev.
e-mail: bugaev2@kamniro.ru
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MATERIALS AND METHODS

Analysis of scale patterns has been used since the 1950s
to estimate the regional stock composition of salmon caught
in mixed-stock fisheries on the high seas. Major et al. (1972)
outlined the basic principles and procedures of scale pattern
analysis. Our methods were similar to those described by
Bugaev et al. (2006). Briefly, we used scale pattern analy-
sis of representative (baseline) samples of Asian and North
American chum salmon to estimate the proportions of these
stock groups in BASIS (mixture) samples and their potential
abundance in the western Bering Sea.

Mixture Samples

Mixture samples of chum salmon and associated biolog-
ical and catch data were collected by the staff of the TINRO-
Center from BASIS trawl catches of the RV TINRO in the
western Bering Sea (REEZ) in summer (July—August) 2003
and fall (September—October) 2002-2003 (NPAFC 2003,
2004). A standard midwater rope trawl (PT/TM 80/396 m)
was used to survey the upper epipelagic layer (~upper 40
m).

Shipboard sampling of chum salmon included determi-
nation of maturity and collection of a scale sample from each
fish. Maturity was determined by visual evaluation of the
stage of gonad maturation (Pravdin 1966). All fish at stages
IT and II-11I were considered immature (e.g., Mosher 1972;
Bugaev 1995; Ito and Ishida 1998). The body area of scale
collection was recorded using a classification scheme de-
veloped by TINRO-Center (Fig. 1). Collection of preferred
scales (Clutter and Whitesel 1956; Knudsen 1985; Davis et
al. 1990) was not always possible, as salmon caught in trawls
frequently lose many scales. Preferred scales were collected
from body areas A or B, but if these scales were missing
scales were collected from areas C and D. Both preferred and
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Fig. 1. Classification scheme for coding the body area of scale col-
lection used by TINRO-Center during BASIS trawl surveys.

non-preferred scales were used to estimate age composition.
Only preferred scales were used to estimate stock compo-
sition, because different rates of scale growth on different
parts of the fish’s body can influence the results of scale pat-
tern analysis. Inall cases, the quality of scales was evaluated
visually before inclusion in our analyses.

Ages of immature chum salmon in the mixture samples
were determined in the laboratory by counting the num-
ber of freshwater and marine annuli on scales, which is the
standard method accepted for Pacific salmon (e.g., Ito and
Ishida 1998). Age was designated by the European method,
whereby the number of freshwater annuli (always zero for
chum salmon) and number of ocean annuli are separated by
a dot (Koo 1962). For example, an age 0.1 chum salmon has
one ocean annulus on its scale and is in its second summer—
fall in the ocean. Although juvenile chum salmon (0.0 fish)
were present in BASIS trawl catches, samples were insuffi-
cient for stock-identification analysis due to scale loss during
trawl operations.

Samples of immature chum salmon collected in Dis-
tricts 8 and 12 (Fig. 2) accounted for approximately 90% of
all biostatistical and scale data. Therefore, we pooled sam-
ples from individual districts into two geographic regions —a
“northern” region that included samples from Districts 1-8
and a “southern” region that included samples from Districts
9-12. The total mixed-stock sample from all districts (4,837
fish) was used for age composition estimates, and a subset
of preferred scales from this sample (3,877 fish) was used to
estimate stock composition.

Baseline Samples

Baseline scale samples were collected by regional fish-
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Fig. 2. TINRO-Center biostatistical districts in the western Bering
Sea (Shuntov 1986; Volvenko 2003).
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Fig. 3. Locations (indicated by numbers) of 41 chum salmon stocks
represented in the 2003 scale pattern baselines. Russia, Sakhalin
District: (1) Taranai R., (2) Mordvinov Bay, (3) Belaya R., (4) Kalinin-
ka R., (5) Naiba R., (6) Tym’ R.; Khabarovsk District: (7) Amur R,
(8) Aldoma R., (9) Uda R.; Magadan District: (10) Taui R., (11) Yama
R.; Kamchatka and Koryakia District: (12) Palana R., (13) Icha R,
(14) Krutogorova R., (15) Vorovskaya R., (16) KolI' R., (17) Pymta R.,
(18) Kikhchik R., (19) Utka R., (20) Bolshaya R., (21) Opala R., (22)
Zhirovaya R., (23) Avacha R., (24) Nalycheva R., (25) Zhupanova
R., (26) Kamchatka R., (27) Khailulya R., (28) Impuka R., (29) Apuka
R.; Chukotka District: (30) Anadyr’ R.; USA (western Alaska): (31)
Yukon R., (32) Kuskokwim R., (33) Nushagak R. (Bristol Bay); Japan
(Hokkaido and Honshu): (34) Nishibetsu R., (35) Abashiri R., (36)
Tokachi R., (37) Tsugaruishi R., (38) Gakko R., (39) Urappu R., (40)
Tokushibetsu R., (41) Ishikari R. Scales were collected by person-
nel from KamchatNIRO, SakhNIRO, MagadanNIRO, TINRO-Center
KhBr, ChukotNIRO, Sevvostrybvod, Alaska Department of Fish and
Game (Anchorage, Alaska), and the National Salmon Resources
Center (Sapporo, Japan).

Fig. 4. Image of a chum salmon scale showing the scale pattern
variables used for stock identification. O1 = total radius of the first
annual ocean growth zone, C1 = number of circuli in the first an-
nual ocean growth zone, TR1-TR6 = radii of groups of three circuli
(triplets) in the first ocean zone (six triplets), RTR1-RTR6 = radii of
groups of three circuli (reverse-triplets) in the first ocean zone (six
reverse-triplets).

ery agency personnel from adult chum salmon returning to
principal commercial watersheds in Asia and North America
in 2003. Scale samples from 41 stocks of Asian and North
American origin were used to form the baselines (Fig. 3).
For each stock, we selected a stratified random sample of
scales from the two dominant age groups (0.3 and 0.4) that
accounted for spatial and temporal population structure (ear-
ly-, mid-, and late-run timing). This method varied some-
what depending on available sample size. When sample size
was small the entire sample was used in the analysis. Scale
baselines for 2003 included a total of 5,055 chum salmon
specimens, and on average the baseline for each stock con-
sisted of 50—100 scales in every age group.

Scale Measurement

Scales were measured using an optical digitizing system
(Biosonics model OPR-513, OPRS, BioSonics Inc., Seattle,
WA, USA (Davis et al. 1990)). Measurements were made
along the maximum radius of the scale in the first annual
zone (Fig. 4). Scale pattern variables were calculated from
inter-circulus measurement. Variables included the total ra-
dius of the first ocean zone (O1), total number of circuli in the
first ocean zone (C1), six triplets (TR) in the first ocean zone,
and six reverse triplets (RTR) in the first ocean zone (Fig. 4).

Estimates of Stock Composition

The 41 baseline stocks were combined into a reduced
number of regional stocks according to similarity in scale
pattern variables, as determined by t-tests (p < 0.05), hierar-
chical cluster analysis of Euclidian distances between stock
centroids, and canonical discriminant analysis (Bugaev et al.
2007).

Computer simulations were used to evaluate the accura-
cy of the regional-stock models using a maximum-likelihood
estimation (MLE) procedure (Millar 1987, 1990; Patton et
al. 1998). The estimation procedure included 500 iterations
of randomly sampled scales in the model (with replacement)
for 100% representation by one baseline in the simulated
mixture.

The baseline data were used to calculate MLEs of stock
composition of chum salmon in the mixture samples (Patton
etal. 1998). Confidence intervals (95%) of the stock compo-
sition estimates were calculated from bootstrap resampling
(500) of the baseline and mixture samples (Efron and Tibshi-
rani 1986).

Estimates of Distribution and Abundance

We reviewed information on the distribution and abun-
dance of immature sockeye salmon during BASIS research
in the western Bering Sea in summer 2003 and fall 2002—
2003 (Zavolokina and Zavolokin 2007). Estimates of the
abundance and biomass of chum salmon in the Bering Sea
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REEZ were provided by the TINRO-Center. The TINRO-
Center estimates were calculated from BASIS trawl catch
data using an area-swept formula with a fishing efficiency
coefficient of 0.3 for immature salmon (Temnykh et al.
2003). The TINRO-Center estimates were stratified by year,
season, maturity group, and biostatistical district. For each
year and season, we pooled the TINRO-Center estimates
for immature chum salmon into northern (districts 1-8) and
southern (districts 9-12) areas (Fig. 1), and apportioned
these estimates to three regional stocks (Russia, Japan, and
USA) using our estimates of stock composition weighted by
age group. Russian-origin chum salmon were further ap-
portioned to three regional stocks: (1) continental coast of
the Okhotsk Sea (Magadan) and Kamchatka (Okhotsk-Kam-
chatka), (2) Sakhalin (Kuril)-Amur, and (3) Chukotka (Fig.
3). As arough measure of the validity of these estimates, we
compared them to published information on the abundance
of adult chum salmon runs in Asia and North America.

RESULTS
Age Composition of Immature Chum Salmon

In the western Bering Sea, estimated percentages of im-
mature chum salmon in BASIS catches of immature and ma-
turing chum salmon (not including 0.0 fish) were 98.4% (n
= 819) in northern districts and 97.9% (n = 907) in southern
districts in fall 2002, 82.6% (n = 1250) in northern districts
and 89.4% (n = 652) in southern districts in summer 2003,
and 98.8% (n = 640) in northern districts and 96.7% (n =
569) in southern districts in fall 2003.

Three age groups (0.1, 0.2 and 0.3) accounted for 99%
of immature chum salmon samples in BASIS trawl catches
in the western Bering Sea (Table 1). Age 0.4 fish accounted
for less than 1% of samples collected in northern districts in
summer 2003 and fall 2003. All districts and time periods
were dominated the two age groups (0.1 and 0.2), and north-

ern districts (1-8) consistently had higher percentages of 0.1
fish than southern districts. Percentages of 0.1 chum salmon
increased in both the northern and southern areas from sum-
mer to fall 2003, while percentages of all older age groups
decreased. We referred to 0.1, 0.2, and 0.3 fish as “available
age groups” because sample sizes of 0.4 chum salmon were
not large enough for scale pattern analysis (AAG; Table 1).

Stock-Specific Differences in Scale Patterns

Bugaev et al. (2007) reported the detailed results of a sta-
tistical evaluation of differences in the scale patterns of local
stocks of adult chum salmon of Asian and North American
origin that were used in the baseline models. The results of hi-
erarchical cluster analysis were used to combine the 41 base-
line stocks of chum salmon (Fig. 3) into eight regional stocks
for each age group (0.3 and 0.4 fish). The results of t-tests (p
< 0.05) indicated statistically significant differences in 75% (n
= 28) of the pairwise comparisons of age 0.3 regional stocks
and 79% (n = 28) of age 0.4 comparisons (n = 28).

Unfortunately, the Sakhalin-Amur regional stock did not
include baselines from rivers of the southern Kuril Islands.
We assumed that the scale patterns of chum salmon of south-
ern Kuril origin (Kunashir and Iturup islands) were similar to
those of Sakhalin-Amur origin, because their ocean foraging
areas are known to overlap during the first marine year. This
issue requires further investigation, however, because age
0.3 chum salmon of Kalininka River (southwest Sakhalin)
origin clustered with fish of Japanese origin, rather than with
other Sakhalin-Amur origin stocks. This exception has also
been observed at the genetic level (Varnavskaya 2001).

The Kamchatka baselines included samples from rivers
of both coasts of Kamchatka. While the scale patterns of
eastern and western Kamchatka stocks differed, high pheno-
typic diversity in the mixed-stock sample can increase errors
in identification at lower-level hierarchical clusters. There-
fore, we used higher-level hierarchical clusters to character-

Table 1. The age composition (% of total sample size) of immature chum salmon samples in the trawl catches of the R/V TINRO in the western
Bering Sea. Age 0.4 immature chum salmon were not used in subsequent analyses because of low sample sizes. Juvenile (age 0.0 fish) chum
salmon were not included in the analysis because of scale loss during trawl operations. N = sample size, AAG = available age groups for iden-
tification by scale pattern analysis, North = Districts 1-8, South = Districts 9-12 (Fig. 1).

Age composition (%)

Year Season Biostatistical area AAG (%)
0.1 0.2 0.3 0.4

2002 Fall North 806 75.8 211 3.1 100.0
South 888 43.2 50.0 6.8 100.0

2003 Summer North 1033 50.6 39.2 9.2 1.0 99.0
South 583 46.5 37.7 15.8 100.0

Fall North 632 82.8 12.8 43 0.2 99.8

South 550 75.1 21.6 3.3 100.0
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ize Kamchatka stocks.

The Okhotsk Coast baselines included samples from
rivers tributary to the continental coast of the Okhotsk Sea
(Magadan District, Fig. 3). In some cases, baselines from
the western and northeastern coasts of Kamchatka also clus-
tered with Okhotsk Coast baselines. A similar trend has been
observed at the genetic level for chum salmon of Okhotsk
Coast (Taui and Ola rivers) and western Kamchatka origin
(Varnavskaya 2001). It is likely that the phenotypic similar-
ity in scale patterns of these stocks depends directly on geno-
type. For both age groups, the Okhotsk Coast regional clus-
ter included the Tym’ River (northeastern Sakhalin) baseline.
We cannot explain this phenomenon, however, the probable
error in identification of regional stocks would likely be
small given the low abundance of Tym’ River chum salmon
(annual commercial catch of roughly 100-200 tons).

For both age groups, the Chukotka regional stock in-
cluded only Anadyr River baseline data. The Anadyr River
accounts for 80-90% of the commercial harvest of chum
salmon in the Chukotka region (Makoedov et al. 2000).
Therefore, we considered our assumption that one baseline
is representative of the entire region to be reasonable.

The Japanese regional stock included baselines from
both Hokkaido and Honshu, and the scale patterns of chum
salmon from both areas were relatively homogenous. The
only exception was the Tsugaruishi River baseline, which
formed a single cluster with the Kalininka River baseline of
age 0.3 fish. Moreover, for age 0.3 fish the Avacha River
(eastern Kamchatka) baseline clustered with the Japan re-
gional stock group. Again, we assumed that any probable
error in our analysis caused by these exceptions would be
low because of the high abundance of Japanese chum salm-
on relative to chum salmon originating in the Kalininka and
Avacha rivers.

The Alaska regional stock included chum salmon base-
lines only from western Alaska (Yukon R., Kuskokwim R.,
and Nushagak R.), which formed a homogeneous cluster for
age 0.3 fish. For age 0.4 fish, Alaska clustered with eastern
Kamchatka. At a lower level, however, the stocks formed
separate clusters. Until additional data are available, how-
ever, an explanation for similarities and differences in scale
patterns between chum salmon originating in western Alaska
and East Kamchatka is premature.

Accuracies of Stock Identification Models

Computer simulations indicated that the accuracies of
the MLE stock identification models were relatively high
(means of 91.6% for 0.3 fish and 94.0% for 0.4 fish; Tables 2
and 3). While baseline-dependent simulations might overes-
timate the true accuracy of the models, we considered these
accuracies adequate for identification of chum salmon stocks
at the regional level.

Stock Composition Estimates

Regional stocks of Asian origin (Russia and Japan)
dominated all time, area, and age strata of immature chum
salmon in the 2002 and 2003 BASIS mixture samples from
the western Bering Sea REEZ (Table 4). Estimated propor-
tions of Japanese chum salmon were higher in the northern
area than in the southern area. Estimated proportions of
Alaska chum salmon, which were also higher in the northern
area, were either low (< 12% of the total) or were not statis-
tically significant (95% CI included zero). Russian stocks,
particularly Sakhalin-Amur and Okhotsk-E. Kamchatka,
dominated all strata in fall 2002 and summer 2003. In fall
2003, estimated proportions of Sakhalin-Amur chum salmon
were very low (not statistically significant), and chum salm-
on of Japanese origin dominated most strata. In most fall
2003 strata, the dominant stocks of chum salmon of Russian
origin were Okhotsk-eastern Kamchatka or Okhotsk-western
Kamchatka, or both. The estimated proportions of Chukotka
stocks were very low and not statistically significant except
for a few strata in summer 2003 (0.1 and 0.2 fish in the north-
ern area).

Distribution and Assessment of Relative Abundance

In general, the highest catches of immature chum salm-
on during BASIS trawl-fishing operations were observed in
the northern region (District 8; Fig. 5). Catches typically
ranged from 2,000-5,000 fish/km?, and in a few cases were
higher. Catches were similar in summer and fall periods. In
the southern region (District 12), catches in general did not
exceed 200-2,000 fish/km?. Fall catches of immature chum
salmon were slightly higher than summer catches.

Estimates of Abundance and Biomass of Immature Chum
Salmon

The abundance and biomass of immature chum salmon
were estimated for each statistical district based on catch dis-
tribution data (Table 5). In the northern districts (1-8), the
highest abundance and biomass of immature chum salmon
were observed in summer 2003 (583 million fish and 475
thousand tons), and the lowest—in fall of same year (206
million fish and 136 thousand tons). In the southern districts
(9—12) there was less interannual variation in the abundance
and biomass of immature chum salmon. The highest abun-
dance and biomass of immature chum salmon were observed
there in fall 2002 (151 million fish and 129 thousand tons).

Abundance and Biomass of Asian and North American
Stocks

In September—October 2002, stocks of Japanese and
Russian origin accounted for most of the estimated abun-
dance and biomass of immature chum salmon (0.1+0.2+0.3
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Table 2. Evaluation of the accuracy of an 8-region maximum likelihood estimate model for age 0.3 chum salmon in 2003, as indicated by com-
puter simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size, Chuk = Chukotka, Sakh =
Sakhalin, Kam = Kamchatka, Okh = Okhotsk Coast.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5 6 7 8

1. Chuk. 100 0.9705 0.0061 0.0003 0.0132 0.0053 0.0189 0.0004 0.0000

0.0402 0.0108 0.0018 0.0187 0.0109 0.0251 0.0021 0.0000
2. Sakh.- 353 0.0031 0.8801 0.0208 0.0236 0.0348 0.0040 0.0104 0.0024
Amur R. 0.0081 0.0762 0.0337 0.0397 0.0518 0.0096 0.0221 0.0083
3. Japan 480 0.0000 0.0239 0.8860 0.0254 0.0144 0.0002 0.0090 0.0023

0.0000 0.0381 0.0711 0.0388 0.0264 0.0019 0.0217 0.0088
4. West & 500 0.0034 0.0197 0.0130 0.8348 0.0482 0.0058 0.0082 0.0000
East Kam. 0.0123 0.0381 0.0282 0.1031 0.0774 0.0180 0.0203 0.0000
5. Okh. & 380 0.0029 0.0302 0.0180 0.0500 0.8494 0.0107 0.0062 0.0000
West Kam. 0.0093 0.0519 0.0338 0.0779 0.1057 0.0255 0.0146 0.0000
6. Okh. & 226 0.0201 0.0065 0.0057 0.0295 0.0275 0.9537 0.0027 0.0045
East Kam. 0.0363 0.0128 0.0116 0.0402 0.0387 0.0404 0.0064 0.0099
7. Alaska 300 0.0000 0.0207 0.0271 0.0182 0.0085 0.0025 0.9631 0.0000

0.0000 0.0282 0.0358 0.0253 0.0152 0.0052 0.0377 0.0000
8. Japan & 50 0.0000 0.0128 0.0291 0.0053 0.0119 0.0042 0.0000 0.9908
Sakh. 0.0000 0.0200 0.0371 0.0100 0.0175 0.0079 0.0000 0.0155
Mean accuracy (%) 91.61

Table 3. Evaluation of the accuracy of an 8-region maximum likelihood estimate model for age 0.4 chum salmon in 2003, as indicated by com-
puter simulations of 100% representation by one regional stock group (indicated by grey shading). N = sample size, Chuk = Chukotka, Sakh =
Sakhalin, Kam = Kamchatka, Okh = Okhotsk Coast.

Maximum likelihood estimate/standard deviation

Regional stock N
1 2 3 4 5 6 7 8
1. Sakh. & 380 0.9317 0.0210 0.0000 0.0196 0.0076 0.0062 0.0092 0.0003
Amur R. 0.0517 0.0328 0.0000 0.0284 0.0154 0.0120 0.0195 0.0022
2. Japan 1 313 0.0283 0.9278 0.0000 0.0144 0.0153 0.0012 0.0092 0.0028
0.0431 0.0532 0.0000 0.0253 0.0246 0.0036 0.0188 0.0064
3. Chuk. 16 0.0000 0.0002 0.9958 0.0102 0.0041 0.0250 0.0095 0.0000
0.0000 0.0021 0.0121 0.0154 0.0085 0.0338 0.0150 0.0000
4. East 214 0.0071 0.0140 0.0005 0.8713 0.0237 0.0151 0.0061 0.0000
Kam. 0.0173 0.0273 0.0038 0.0816 0.0428 0.0300 0.0162 0.0000
5. Alaska 215 0.0141 0.0157 0.0000 0.0413 0.9293 0.0103 0.0006 0.0000
0.0244 0.0256 0.0000 0.0520 0.0551 0.0174 0.0029 0.0000
6. West 497 0.0029 0.0034 0.0002 0.0292 0.0089 0.9188 0.0175 0.0000
Kam. 0.0072 0.0085 0.0027 0.0409 0.0175 0.0588 0.0304 0.0000
7. Okh. 203 0.0096 0.0115 0.0035 0.0110 0.0111 0.0200 0.9450 0.0000
0.0166 0.0200 0.0105 0.0187 0.0187 0.0313 0.0450 0.0000
8. Japan 2 100 0.0063 0.0064 0.0000 0.0030 0.0000 0.0034 0.0029 0.9969
0.0098 0.0105 0.0000 0.0059 0.0000 0.0057 0.0056 0.0067
Mean accuracy (%) 93.96
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Table 4. Maximum likelihood estimates (MLE) of regional stock composition of chum salmon in trawl catches of the R/V TINRO in the western
Bering Sea in 2002-2003. SD = standard deviation, Cl = confidence interval, B.S = Bering Sea, W = west, E = East, Kam = Kamchatka.

g::;(f;] ABESA Age N Regional stock MLE SD Cl (95%)
2002 Fall Northern 0.1 566 Chukotka 0.0023 0.0018 0.0000-0.0083
Sakhalin-Amur 0.3184 0.0297 0.1885-0.3329
Japan 0.4088 0.0298 0.3431-0.4871
W. & E. Kam. - - -
Okhotsk-W. Kam. 0.0001 0.0002 0.0000-0.0694
Okhotsk-E. Kam. 0.2632 0.0230 0.2398-0.3503
Alaska 0.0049 0.0087 0.0000-0.0455
Japan-Sakhalin 0.0023 0.0018 0.0000-0.0041
0.2 156 Chukotka 0.0028 0.0036 0.0000-0.0152
Sakhalin-Amur 0.4429 0.0602 0.2511-0.5225
Japan 0.4077 0.0580 0.2996-0.5495
W. & E. Kam. - - -
Okhotsk-W. Kam. - - -
Okhotsk-E. Kam. 0.1438 0.0358 0.0699-0.2395
Alaska - - -
Japan-Sakhalin 0.0028 0.0036 0.0000-0.0039
0.3 23 Sakhalin-Amur 0.4810 0.1439 0.1711-0.7325
Japan 1 0.3652 0.1305 0.1250-0.6273
Chukotka - - -
E. Kam. - - -
Alaska - - -
W. Kam. - - -
Okhotsk 0.1379 0.0885 0.0000-0.3261
Japan 2 0.0159 0.0566 0.0000-0.2584
Southern 0.1 309 Chukotka - - -
Sakhalin-Amur 0.5388 0.0420 0.3939-0.5780
Japan 0.2754 0.0353 0.2090-0.3616
W. & E. Kam. - - -
Okhotsk-W. Kam. - - -
Okhotsk-E. Kam. 0.1858 0.0291 0.1459-0.2759
Alaska - - -
Japan-Sakhalin - - -
0.2 384 Chukotka - - -
Sakhalin-Amur 0.4251 0.0444 0.2429-0.4416
Japan 0.1428 0.0264 0.1029-0.2184
W. & E. Kam. - - -
Okhotsk-W. Kam. 0.1625 0.0448 0.0755-0.3214
Okhotsk-E. Kam. 0.2696 0.0327 0.2187-0.3871
Alaska - - -
Japan-Sakhalin - - -
0.3 57 Sakhalin-Amur 0.4806 0.0972 0.2851-0.6797
Japan 1 0.2174 0.0838 0.0662-0.3846

111



NPAFC Bulletin No. 5

Bugaev et al.

Table 4 (continued).

;{::;; ABr'eSé Age N Regional stock MLE ) Cl (95%)
Chukotka - - -
E. Kam. 0.0003 0.0039 0.0000-0.0000
Alaska 0.0188 0.0211 0.0000-0.0695
W. Kam. - - -
Okhotsk 0.2827 0.0721 0.1540-0.4220
Japan 2 0.0002 0.0039 0.0000-0.0000
Sfr%?r?er Northern 0.1 436 Chukotka 0.0256 0.0064 0.0299-0.0891
Sakhalin-Amur 0.2081 0.0348 0.1028-0.2652
Japan 0.3268 0.0332 0.2522-0.3893
W. & E. Kam. 0.0615 0.0300 0.0000-0.1177
Okhotsk-W. Kam. 0.0538 0.0337 0.0143-0.1515
Okhotsk-E. Kam. 0.2109 0.0273 0.1591-0.2867
Alaska 0.0879 0.0211 0.0561-0.1437
Japan-Sakhalin 0.0254 0.0064 0.0000-0.0000
0.2 342 Chukotka 0.0105 0.0046 0.0036-0.0393
Sakhalin-Amur 0.2454 0.0370 0.1477-0.3013
Japan 0.2835 0.0377 0.2031-0.3645
W. & Kam. - - -
Okhotsk-W. Kam. - - -
Okhotsk-E. Kam. 0.3293 0.0314 0.2932-0.4306
Alaska 0.1209 0.0273 0.0634-0.1704
Japan-Sakhalin 0.0104 0.0046 0.0000-0.0002
0.3 69 Chukotka 0.0155 0.0198 0.0000-0.0974
Sakhalin-Amur 0.3450 0.0973 0.0758-0.5079
Japan 0.2502 0.0896 0.0528-0.4131
W. & E. Kam. 0.0392 0.0674 0.0000-0.1687
Okhotsk-W. Kam. - - -
Okhotsk-E. Kam. 0.2197 0.0781 0.0898-0.3946
Alaska 0.1149 0.0678 0.0000-0.2526
Japan-Sakhalin 0.0155 0.0197 0.0000-0.0215
Southern 0.1 195 Chukotka 0.0164 0.0105 0.0000-0.1023
Sakhalin-Amur 0.4342 0.0595 0.2639-0.5016
Japan 0.0347 0.0228 0.0000-0.0839
W. & E. Kam. 0.0346 0.0504 0.0000-0.1037
Okhotsk-W. Kam. 0.0140 0.0648 0.0000-0.1672
Okhotsk-E. Kam. 0.4059 0.0545 0.3110-0.5549
Alaska 0.0439 0.0216 0.0081-0.0855
Japan-Sakhalin 0.0163 0.0105 0.0000-0.0000
0.2 203 Chukotka 0.0096 0.0062 0.0000-0.0662
Sakhalin-Amur 0.4222 0.0519 0.2718-0.4893
Japan 0.1133 0.0360 0.0573-0.2024
W. & E. Kam. - - -

Okhotsk-W. Kam.
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Table 4 (continued).

Year & B.S.

Season Area Age N Regional stock MLE SD Cl (95%)
Okhotsk-E. Kam. 0.3474 0.0433 0.2605-0.4660
Alaska 0.0979 0.0307 0.0356-0.1489
Japan-Sakhalin 0.0096 0.0063 0.0000-0.0000
0.3 87 Chukotka 0.0231 0.0138 0.0000-0.1087
Sakhalin-Amur 0.3534 0.0834 0.1742-0.5024
Japan 0.0843 0.0454 0.0001-0.1632
W.-E. Kam. 0.0724 0.0779 0.0000-0.2024
Okhotsk-W. Kam. 0.0286 0.0559 0.0000-0.1682
Okhotsk-E. Kam. 0.4152 0.0753 0.2761-0.5769
Alaska - - -
Japan-Sakhalin 0.0230 0.0138 0.0000-0.0005
2003 Fall Northern 0.1 436 Chukotka 0.0064 0.0044 0.0000-0.0199
Sakhalin-Amur - - -
Japan 0.5433 0.0324 0.4489-0.5797
W. & E. Kam. - - -
Okhotsk-W. Kam. 0.2077 0.0319 0.1492-0.2901
Okhotsk-E. Kam. 0.2048 0.0267 0.1568-0.2720
Alaska 0.0314 0.0151 0.0138-0.0866
Japan-Sakhalin 0.0064 0.0039 0.0000-0.0011
0.2 70 Chukotka - - -
Sakhalin-Amur 0.0338 0.0693 0.0000-0.1390
Japan 0.5778 0.0755 0.4249-0.6919
W. & E. Kam. - - -
Okhotsk-W. Kam. 0.0234 0.0855 0.0000-0.1908
Okhotsk-E. Kam. 0.3650 0.0778 0.2121-0.5209
Alaska - - -
Japan-Sakhalin - - -
0.3 35 Chukotka - - -
Sakhalin-Amur 0.1438 0.1039 0.0000-0.3133
Japan 0.7766 0.1039 0.5489-0.9280
W. & E. Kam. 0.0045 0.0459 0.0000-0.1016
Okhotsk-W. Kam. - - -
Okhotsk -E. Kam 0.0751 0.0568 0.0000-0.2108
Alaska - - -
Japan-Sakhalin - - -
Southern 0.1 375 Chukotka 0.0051 0.0035 0.0000-0.0188
Sakhalin-Amur - - -
Japan 0.4460 0.0364 0.3573-0.4993
W. & E. Kam. 0.0340 0.0284 0.0000-0.0950
Okhotsk-W. Kam. 0.3609 0.0443 0.2735-0.4433
Okhotsk-E. Kam. 0.1091 0.0247 0.0651-0.1690
Alaska 0.0398 0.0168 0.0204-0.0890
Japan-Sakhalin 0.0051 0.0035 0.0000-0.0002
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Table 4 (continued).

Year & B.S.

Season Area Age N Regional stock MLE SD Cl (95%)

0.2 114 Chukotka 0.0087 0.0074 0.0000-0.0348
Sakhalin-Amur 0.0040 0.0437 0.0000-0.0893
Japan 0.5333 0.0672 0.3746-0.6616
W. & E. Kam. 0.0374 0.0551 0.0000-0.1209
Okhotsk-W. Kam. 0.1841 0.0916 0.0002-0.3646
Okhotsk-E. Kam. 0.2139 0.0571 0.1228-0.3704
Alaska 0.0098 0.0167 0.0000-0.0551
Japan-Sakhalin 0.0088 0.0074 0.0000-0.0095

0.3 20 Chukotka
Sakhalin-Amur 0.1146 0.2104 0.0000-0.5452
Japan 0.3283 0.1944 0.0000-0.6136
W. & E. Kam. 0.0419 0.1353 0.0000-0.3112
Okhotsk-W. Kam. 0.3386 0.2144 0.0000-0.6291
Okhotsk-E. Kam. 0.1314 0.1070 0.0000-0.3392
Alaska 0.0452 0.0662 0.0000-0.1885

Japan-Sakhalin

fish) in the western Bering Sea (99.6% in the northern area;
99.9% in the southern area; Table 6). In the northern area,
two regional stocks of Russian origin were dominant: Sakha-
lin (Kuril)-Amur (34.8% of total abundance and biomass)
and Okhotsk-Kamchatka (23.4%). These two regional stocks
were also dominant in the southern area (Districts 9—12):
Sakhalin-Amur (47.5%) and Okhotsk-Kamchatka (32.1%).
The estimated abundance and biomass of chum salmon of
Japanese origin were substantially lower in the southern area
than in the northern area (Table 6). The estimated abundance
and biomass of chum salmon of USA (Alaska) origin and
Chukotka origin (0.3% of total abundance and biomass in
northern districts; 0.0% in southern districts) were low in
comparison to other regional stocks.

In July—August 2003, Russian and Japanese stocks again
accounted for most (89.7%) of the estimated abundance and
biomass of immature chum salmon in the northern area: Ja-
pan (35.4% of total), Sakhalin (Kuril)-Amur (23.5%), Ok-
hotsk-Kamchatka (28.9%), Alaska (10.3%), and Chukotka
(1.9%). It is notable that for the entire period of observa-
tions in 2002—-2003, this was the highest estimate for USA
(Alaska) chum salmon. In the southwestern Bering Sea, Ja-
pan stocks accounted for a much lower percentage of the
total biomass and abundance of immature chum salmon than
in the northwestern Bering Sea, and percentages of Sakhal-
in-Amur (41.6% of total) and Okhotsk-Kamchatka (44.3%)
stocks were higher. Estimated abundance and biomass of
chum salmon of Alaska origin and Chukotka origin (1.4% of
total) were low in comparison to other regional stocks.

In September—October 2003, percentages of Japan stocks
increased to 56.7% of the total abundance and biomass of

immature chum salmon in the northwestern Bering Sea and
46.8% in the southwestern Bering Sea (Table 6). Percent-
ages of Okhotsk-Kamchatka stocks were also high: 38.8% in
the northwestern Bering Sea and 48.7% in the southwestern
Bering Sea. Estimated percentages of chum salmon of Chu-
kotka origin (0.6% in both northern and southern districts)
and Alaska origin were low throughout the western Bering
Sea in comparison to other stocks.

DISCUSSION
Stock-Specific Coherence of Scale-Pattern Baselines

Numerous studies have demonstrated stock-specific co-
herence in salmon age and scale structure (e.g., Koo 1955;
Clutter and Whitesel 1956; Foerster 1968; Anas and Murai
1969; Kulikova 1970, 1975; Mosher 1972; Bugaev 1995;
Kaev 1998). Age 0.3 and 0.4 fish typically account for more
than 80% of adult chum salmon returns to both continents
(Salo 1991). Interannual variation in environmental condi-
tions, however, can affect scale growth. Therefore, the use
of mixture and baseline samples from fish of the same brood
year is often recommended for scale pattern analysis (Bu-
gaev 2003a,b, 2004). Because of time and labor constraints,
however, we used only two baselines composed of ages 0.3
and 0.4 adult chum salmon in 2003 to identify regional stock
origins of three age groups (0.1, 0.2, and 0.3) of immature
chum salmon in mixed-stock samples from 2002 and 2003.

The hierarchical clustering of chum salmon scale-pat-
tern baselines was similar to that obtained with genetic (al-
lozyme) data (Varnavskaya 2001; Bugaev et al. 2007). The
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few differences between scale pattern and genetic results are
most likely related to the effects of ecological conditions on
the early marine growth of chum salmon. Kulikova (1975)
found regional stock groups similar to ours using scale data,
even though marine ecological conditions changed substan-
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Fig. 5. The spatial distribution and relative abundance of chum salm-
on determined by BASIS research in the western Bering Sea, 2002-
2003. The size of the circles indicates relative abundance (number

of fish/lkm?): 1 = no catch, 2 = 1-200, 3 = 201-1000, 4 = 1001-2000,
5=2001-5000, 6 = >5001.

tially between the early 1970s and 2000s. In principle, this
confirms that the scale patterns of chum salmon are relative-
ly stable over time at the level of regional stock groups. This
trend can be explained to some extent by genetic isolation
of local stocks. While phenotype strongly depends on an
organism’s genotype, scale growth is also strongly influ-
enced ecologically. The issue is which factor — genetics or
environment — plays a more important role in determining
scale growth patterns. The genetic component of phenotypic
diversity in scale patterns is most likely evident at the macro-
level, i.e., in the highly abundant regional groups of stocks
that are geographically isolated during the early marine pe-
riod. The ecological component is likely more important at
the micro-level, i.e., it determines interannual variations in
scale structure within specific local stocks. General pheno-
typic differences in scale structure determined genetically at
a regional (macro) level would likely override ecological ef-
fects determined at a local (micro) level.

Thus, in practice the scale-pattern baselines used in
our analysis should provide reliable results for geographic
region of origin of chum salmon migrating in the western
Bering Sea, even though our baselines emphasized the phe-
notypic diversity of Asian stocks. For identification of chum
salmon stocks in the eastern Bering Sea, however, baselines
from a much broader spectrum of chum salmon populations
of North American origin should be used (e.g., Patton et al.
1998).

Overall, statistical tests indicated that chum salmon
stocks originating in Asia and North America could be reli-
ably distinguished in mixed-stock samples from the western
Bering Sea using regional stock groups (Bugaev et al. 2007).
We caution, however, that the reliability of our results is de-
termined not only by parameters used in the model, but also
by the quality of scales in the mixed-stock samples. This
is always an important consideration in studies using poten-
tially poor-quality scale samples from fish caught by trawl
gear.

Distribution and Abundance of Chum Salmon in the
Western Bering Sea

Detailed information on the distribution, abundance, and
biological characteristics of chum salmon sampled during
BASIS research in the western Bering Sea was reported by
Zavolokina and Zavolokin (2007). Immature chum salmon
dominated BASIS catches of immature and maturing chum
salmon in all areas and time periods. Our age composition
estimates indicated that the northwestern Bering Sea is a par-
ticularly important foraging area for young (age 0.1) imma-
ture chum salmon in fall. As expected, the percentage of ma-
ture fish in the survey area was higher in summer than fall,
as summer is the period of active prespawning migrations of
chum salmon in the sea. In September—October, most pre-
spawning migrations of chum salmon were completed and
the percentage of immature individuals increased. Juvenile
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Table 5. The estimated abundance and the biomass of immature chum salmon in the epipelagic zone of the western Bering Sea in 2002—2003.
Coefficient of trawl catch = 0.3. Data source: TINRO-Center, Vladivostok.

Biostatistical districts

Year Season Total
1 2 3 4 5 6 7 8 9 10 1 12
Abundance (millions of fish)
2002 0.0 0.1 0.5 0.7 3.2 1.8 297.8 0.1 151.1 455.2
2003 Summer 0.1 0.8 54.2 1.8 61.7 10.9 453.5 0.4 121.7 705.1
Fall - 0.1 0.3 1.1 0.6 204.0 1.4 - 1327 340.2
Biomass (thousands of tons)
2002 Fall 0.1 0.3 0.7 1.3 5.6 1.9 178.4 0.1 - 1285 316.8
2003 Summer 0.2 2.2 100.8 3.2 68.7 9.1 290.7 0.6 - 1189 594.4
Fall - 0.2 0.8 1.0 0.8 133.1 1.5 - 109.1 246.3

(ocean age .0) chum salmon were more prevalent than ma-
turing fish in BASIS trawl catches in the western Bering Sea.
We could not use scale pattern analysis to estimate stock
composition of juvenile salmon, however, because of scale
loss during BASIS trawl fishing operations. While it seems
reasonable to assume that juvenile chum salmon in summer—
fall BASIS catches in the western Bering Sea were of Asian
origin, similarities in scale patterns (age 0.4 chum salmon in
2003) indicated possible intermixing of eastern Kamchatka
and western Alaskan stocks during their first ocean year.

When comparing the results of BASIS surveys from dif-
ferent periods, it is notable that the estimated percentage of
the Sakhalin-Amur stock, which was high in fall 2002 and
relatively high in the summer 2003, was very low in fall
2003. We hypothesize that in 2003 we observed a summer—
fall migration of Sakhalin-Amur chum salmon out of the
western Bering Sea. Considering the complicated nature of
hydrological and hydrobiological conditions in 2003 (e.g.,
Basyuk et al. 2007; Shuntov et al. 2007), this scenario is
plausible. Nevertheless, we cannot rule out methodical er-
rors due to interannual variations in scale patterns, resulting
from differences in the age composition and brood year of
chum salmon in baseline and mixture samples.

In all cases, stock composition estimates for western
and eastern Kamchatka stocks were low. Hence, we suggest
that the majority of mixed samples identified as the Okhotsk-
Kamchatka stock consisted of chum salmon originating in
the Magadan and Khabarovsk regions. However, we cannot
exclude the possibility that northeastern Kamchatka stocks
also contributed substantially to estimated percentages of
this regional stock, as the western Bering Sea is their tradi-
tional foraging area. This and other issues discussed above
will likely be clarified through future applications using ge-
netic (DNA) stock identification methods.

The overall pattern of immature chum salmon distribu-
tion in the western Bering Sea in summer—fall 2002-2003

was similar to the average summer—fall data from 1982-
2004 (Shuntov et al. 2006). However, there was a substan-
tial increase in the estimated biomass of chum salmon in the
western Bering Sea in the early 2000s (~146—684 thousand
tons, or more than 2—-10 times), as compared to the 1990s
(~ 40-60 thousand tons), which likely reflects strong inter-
annual variation in freshwater survival at early life stages of
chum salmon (Shuntov and Sviridov 2005; Shuntov et al.
2007).

Comparison of Stock Composition Estimates to Other
(genetic) Studies

To compare of our scale pattern results with those of
genetic analyses of BASIS samples from the central Bering
Sea (Sato et al. 2004, 2009; Urawa et al. 2004, 2005, 2009),
we summarized our stock composition estimates by major
chum salmon-producing nation (Russia, Japan, and USA).
These summary estimates showed some stable trends char-
acteristic of the entire observation period: (1) Asian-origin
stocks always dominated BASIS catches in the western
Bering Sea, (2) percentages of Japanese chum salmon were
highest in the northwestern Bering Sea, and (3) percentages
of Russian chum salmon were highest in the southwestern
Bering Sea. Both scale pattern and genetic results demon-
strated the dominance (average 50-70%) of Russian chum
salmon stocks at the boundary of the REEZ (near 178°E)
in August—September 2002 and 2003, while percentages of
Japanese chum salmon in this area averaged 20—40%, and
percentages of USA chum salmon were low (average never
exceeded 10%). The similarity in results obtained by dif-
ferent stock-identification techniques validates their use to
complete BASIS modeling objectives.

The development of seasonal models of the migrations
of regional stocks of chum salmon in the western Bering Sea
will require additional research. The results of the 2003 sur-

116



Distribution of chum salmon in the western Bering Sea NPAFC Bulletin No. 5

veys, however, indicated that in fall immature Japanese chum w
salmon migrate from the central Bering Sea to the western Belw © o« o ©
Bering Sea. Thus, our results also validate previous obser- 2513 S @& ¥ o o
vations and models of migration of chum salmon of Asian § ° ¥
and American origin in the Western Bering Sea (Neave et al. <
1976; Fredin et al. 1977; Urawa 2004). a8 ® o
S|y ¥ 3 § &8 9
Comparison of Abundance Estimates of Immature Chum s5 |- ° 8 ¥ ¥ %
Salmon to Adult Returns v < o o < o
o ® S S8 S o o ©
In 2002-2003, the BASIS estimates of abundance of §
immature chum salmon in the western Bering Sea were very £
high. The summer survey of 2003 is most illustrative of this § @ - o < o o® o©
point, as our estimates show very high abundances of chum > 52 N © % @ @ -
salmon of Japanese (~ 217 million fish) and USA (~ 64 mil- 3| . 3% e e T
lion fish) origin in the western Bering Sea. Again, we empha- c| 8 =
size that the abundance of immature chum salmon in western 2| =|§
Bering Sea in the early 2000s was very high compared to the 21518 2518 R 8 & 8 ¥
1990s (Shuntov et al. 2007). Compared to average annual £ E’ E 5 § 3 § - § ©
(1996-2005) coastal and inshore catches of chum salmon E
in Asia and North America (Eggers et al. 2003; Karpenko g . - ® < o ~ ©
and Rassadnikov 2004, and archival commercial fisheries E & T & 8 2 8 ¢
statistics of KamchatNIRO)—about 300,000 tons by Japan g
(200,000 tons), Russia (30,000 tons) and the USA (70,000 S
tons), the estimated abundance of immature chum salmon in g § w2 8 5905 2@ @2
the western Bering Sea was notably higher than the potential g §s |8 & 5 3 8 8
abundance of coastal runs. The total catch of Pacific salmon, E g5 |~ T T
including chum salmon, in the Russian Far East is uncertain, o © .
however, due to the extensive poaching. Expert assessments § 2 A B N N
by scientists of KamchatNIRO indicated that recent annual ° x <=S 212 2 & 4 5 a
coastal and inshore catches of chum salmon might be as high c§ S5 | = S &5 =2 * °
as 70,000 tons. =
If the average weight of an individual chum salmon is 3.0 § N e o 2 e 2 3
kg, then potential annual catches in Asia and North America g e e ey
would be approximately 100 million chum salmon. Assum- <
ing an average exploitation rate by coastal and inshore fish- 5 "

N . z ° [T} © ~ © © o
eries of 70% (average spawning escapement of 30%), then T |, = % ® B o ¥ & @
total annual chum salmon runs to Asia and North America ° % @ § b ©® 94 5 - @ C
would approximate 140—150 million individuals. The esti- Sl =2g | E
mated abundances of immature chum salmon from BASIS J‘a é 2
trawl survey data were approximately 2—7 times higher than 21 ® § 2. |Y N = N~ = ©
this approximate estimate of total annual adult returns. The gl e i) § g g % Q é g
abundance of adult returns is much less than the abundance 3 20 |® v v - « -
of immature salmon in the ocean, however, because most g
chum salmon do not mature until ages 0.3 or 0.4. Neverthe- 3 2
less, the 2002-2003 RV TINRO surveys covered only a por- g 28 E 5§ £ § £ 5
tion of the entire area of the distribution of chum salmon of 5 £ s ‘»g £ % £ % £
Japanese, Russian, and western Alaska origin in the Bering © 73 Z 3 Z & zZ &
Sea and North Pacific Ocean (e.g., Sato et al. 2009; Urawa s =
et al. 2009). Our results may indicate a very high level of o -
ocean mortality for immature chum salmon. In principle, = §, = £ =
high mortality could have resulted from increased com- % § - (% -
petition for food or predation due to increased abundance w
of salmon and mesopelagic fish species, including salmon Z 5 a o o
predators such as North Pacific daggertooth (Anotopterus E > & & &
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pharaoh) and longnose lancetfish (Alepisaurus borealis),
in the western Bering Sea in the early 2000s (Shuntov and
Sviridov 2005). Methodical errors in assessing the relative
abundance of immature chum salmon in the BASIS trawl
survey area are also highly possible to cause the overesti-
mation of chum salmon abundance, as suggested by Bugaev
and Myers (2009a, b).

CONCLUSIONS

Our results provided new evidence for the important
role of the western Bering Sea ecosystem as a summer—fall
foraging area for immature chum salmon of Asian and North
American origin. Similar to the results of BASIS genetic
stock-identification studies in the central Bering Sea (e.g.,
Sato et al. 2009; Urawa et al. 2009), Asian stocks dominated
BASIS trawl catches of immature chum salmon in the west-
ern Bering Sea. In addition, estimated percentages of Japa-
nese stocks were higher in northern areas, and percentages
of Russian stocks were higher in southern areas. Estimated
percentages of western Alaska stocks in the western Bering
Sea were relatively low, but estimated abundance and bio-
mass were high compared to rough estimates of total adult
returns in North America. In fall, Japanese stocks apparently
migrated into the western Bering Sea from the central Bering
Sea, which validated previous observations and models of
migration. In contrast, western Alaska stocks apparently mi-
grated out of the western Bering Sea in fall. There was sub-
stantial interannual variation in the regional stock composi-
tion of chum salmon of Russian origin. Additional BASIS
research is needed to further develop seasonal models of the
migrations of regional stocks of Asian and North American
chum salmon in the western Bering Sea.
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Abstract: Understanding the vulnerability of Chinook salmon to variability in climate and fishing mortality is
complicated by a lack of information on migration and behavior. An archival tag placed on a Chinook salmon in
the Bering Sea in 2002 was recovered in the Yukon River in 2004. During eight seasons the fish displayed a wide
variety of behaviors. In summer, it was usually within the top 50 m. In the first winter it remained near 125 m,
while in the second it remained within the top 50 m. Fall was a transition period between summer and winter, and
in spring the fish underwent large (> 340 m) vertical movements. Temperatures experienced by the fish ranged
from 1°C to 12°C. A comparison of sea surface temperatures and temperature profiles derived from tag data
with oceanographic data indicated the fish was mostly in the central and southern Bering Sea Basin, with part
of its second summer and final homeward migration on the eastern Bering Sea shelf. Data from another tag on
a maturing Yukon River Chinook salmon indicated it moved directly from the Basin to the Yukon in three weeks.

Neither fish spent substantial amounts of time in the area of groundfish fishery operations.

Keywords: Chinook, Bering Sea, Yukon, tags, vertical distribution, temperature, behavior

INTRODUCTION

Chinook (Oncorhynchus tshawytscha) and chum salm-
on (O. keta) constitute the overwhelming majority of salmon
caught incidentally in U.S. groundfish trawl fisheries, creat-
ing economic and social problems for western Alaska com-
munities (Myers and Rogers 1988; Myers et al. 2003, 2004;
Berger 2008; NPFMC 2008). Although Chinook salmon are
the least abundant of the Pacific salmon in North America,
they contributed over 900,000 fish (nearly 50,000 per year)
to the Bering Sea trawl bycatch from 1990 to 2008. The
vulnerability of Chinook salmon to the trawl fishery is likely
due at least partially to the fact that Chinook are the deepest
diving of Pacific salmon (Walker et al. 2007).

Western Alaskan Chinook salmon stocks may also be
affected by climate change. There is no evidence from tag
recoveries that Chinook salmon from the Arctic-Yukon-
Kuskokwim (AYK) region of western Alaska leave the Ber-
ing Sea (Myers et al. 1996). Current climate model projec-
tions indicate that by 2050 mean sea surface temperatures
(SSTs) in high latitudes could increase 2°C over 1990 values
(IPCC 2001, 2007).

The thermal habitat of the Bering Sea varies greatly with
season. During winter, storms create a deep mixed layer of
cold water in the open water portions. In spring and summer,
cold bottom water from melting ice forms on the eastern
shelf, and a dicothermal layer with a minimum temperature

around 100-200 m forms in the basin. A warmer stratified
layer with a thermocline also develops in summer, both in
the basin and on the shelf. Chinook encounter all of these
conditions.

Understanding the vulnerability of Chinook salmon to
variability in ocean temperature and fishing mortality is com-
plicated by a lack of information on migration and behavior.
An archival tag placed on a Chinook salmon in the Bering
Sea in 2002 was recovered in the Yukon River in 2004. The
data from this tag cover eight seasons of the travels of this
fish, and shed important light on the behavior of both im-
mature and maturing Chinook salmon in the Bering Sea. An
additional tag covers the homeward migration of a Chinook
salmon from the Bering Sea Basin to the Yukon River.

MATERIALS AND METHODS
Tags

Data from two archival tags were analyzed. One tag
(1401) was a model LTD 1100-300, a small circuit board
potted in a clear urethane, manufactured by Lotek Marine
Technologies (www.lotek.com). Model LTD 1100-300 tags
are 27- x 16- x 8-mm lozenges, weigh 2 g in water, and re-
cord date, time, temperature, and pressure (depth). For this
model the pre-set maximum depth from which data could
be recorded was 300 m (actually functional to 340 m). The

All correspondence should be addressed to R. Walker.
e-mail: rvwalker@u.washington.edu
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other tag (1899) was a DST CTD tag manufactured by Star-
Oddi (www.star-oddi.com). Housed in a 46- x 17-mm cy-
lindrical ceramic shell, these tags weigh 13 g in water and
record date, time, conductivity (salinity), temperature, and
depth data.

Fish were captured for tagging by Japanese research
vessels in 2002 and 2006 in the eastern part of the central ba-
sin of the Bering Sea (Fig. 1). The Chinook salmon carrying
tag 1401 (hereafter, “fish 1401”) was caught with longline
gear on 7 July 2002 (Alaska Daylight Time) at 56°30'N,
179°00°W. At tagging, the fork length of the fish was mea-
sured as 562 mm. The age of the fish was determined from
a scale as 1.2 (1 winter in fresh water, 2 winters at sea). The
tag was attached to the fish just anterior to the dorsal fin us-
ing two 76-mm stainless steel pins, with labeled U.S. and
Japanese plastic disk tags placed on the pins on the other
side of the fish. The fish carrying tag 1899 (“fish 1899”)
was caught by trawl on 6 June 2006 at 54°50°N, 175°08"W.
The fork length of the fish at tagging was 850 mm. The tag
was attached to the fish in the same body location, but was
affixed with stainless steel wire and a small oval plastic plate
on the opposite side of the fish.

Both fish were recaptured in fisheries in the Yukon Riv-
er (Fig. 1). Fish 1401 was captured 72 km upstream from
Kotlik, Alaska on 21 June 2004. Fish 1899 was captured
at Mountain Village, Alaska on 30 June 2006. Tag 1401
contained 16,246 data points for both temperature and depth

for the period the fish was at liberty; data were collected at
1-h (15,336 points) and 2-h (910 points) intervals. Tag 1899
contained 4,012 data points each for temperature, depth, and
salinity for the time the fish was at liberty, collected at 8-min
intervals.

Sources of Oceanographic Data and Data Analysis

To determine the ocean location of tagged fish af-
ter release, temperature and depth data from the tags were
compared with oceanographic data from several sources in
addition to published information. MODIS satellite data
provided images with estimates of sea surface temperatures
(SST) throughout the year (oceancolor.gsfc.nasa.gov/cgi/
13). Temperature data from tags were screened for surface
(less than 5 m depth) values (for some periods, fish 1401 was
not within 5 m of the surface). Surface temperatures from
tags were often relatively constant for several days to over a
week. Surface temperature values were visually compared
to images from corresponding dates (Aqua sea surface tem-
perature sensor, 11 u nighttime, eight-day composite, nine-
km resolution). Data from Argo floats in and near the Ber-
ing Sea yielded temperature-depth profiles, primarily in the
eastern basin (floats.pmel.noaa.gov). Profile data were com-
pared to data from tags. The Pacific Marine Environmen-
tal Laboratory (PMEL, National Oceanic and Atmospheric
Administration) provided data collected from four moorings
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TD tag 1401
179 W, 56-30 N
7/8/02-6/21/04
714 days

24 days

155°E 1B5°E WS'E

CTD tag 1899
175W, 54-50 N
6/7/06-6/30/06

oW

165w 155™n HE"W

Fig. 1. Tagging and recovery locations of two Yukon River Chinook salmon tagged with archival tags in the Bering Sea. (Base map modified
from a map on the PMEL website: http://www.pmel.noaa.gov/np/pages/seas/bseamap2.html).
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on the eastern Bering Sea shelf: M2 (56.9°N, 164.1°W), M4
(57.9°N, 168.9°W), M5 (59.9°N, 171.7°W) and M8 (62.2°N,
174.7°W) (P. Stabeno and D. Kachel, pers. comm. Phyllis.
Stabeno@noaa.gov and Dave.Kachel@noaa.gov). Only M2
and M4 collected data in 2002-2004. Temperature-depth
profiles were constructed from mooring sensor data for dates
of interest, and these were compared to tag data.

RESULTS

Fish 1401 underwent major changes in behavior during
the two years it was at large (Fig. 2). In summer 2002, tem-
perature/depth profiles (compiled from data on the tag) in the
two months following tagging were similar to those from the
tagging vessel and Argo floats in the Bering Sea Basin (Fig.
3). They did not match data from moorings in the eastern
Bering Sea shelf, or sea surface temperatures as measured by
satellite for most other regions of the Bering Sea. Beginning
in October 2002, the fish began an overall descent in the wa-
ter column that culminated in its remaining at approximately
125 m depth during the winter, until it gradually returned to
surface waters in March 2003 (Fig. 4A). Because the fish re-
mained at a constant depth well below the surface, it was not
possible to construct temperature profiles or compare data
to SSTs. However, the fish experienced near-constant water
temperatures of 4°C at 125 m, a relatively warm temperature
for the Bering Sea in winter at that depth. Temperatures of
4°C were not recorded by moorings on the eastern Bering

Sea shelf or by Argo floats in the Bering Sea Basin north of
about 54°N. However, moorings in the Aleutian Islands did
record 4°C temperatures at depths of 142-453 m in Tanaga
and Amukta passes in the winter of 2002-2003, and similar
temperatures at Seguam Pass at 145—154 m in the winter of
2001-2002 (Stabeno et al. 2005).

In spring (April 2003) fish 1401 undertook a series of
movements between the surface and 350 m (maximum depth
the tag was capable of recording) or more (Fig. 5A). The
deep vertical movements by the fish in April 2003 indicate
the fish was either in the Bering Sea Basin or near the shelf
break. In summer 2003 temperature profiles show three dif-
ferent patterns, roughly June, July, and August (Figs. 6 and
7). In all periods the water column is highly stratified with a
sharp thermocline around 20-40 m. In June and August tem-
peratures below the thermocline were 3°-4°C, while in July
temperatures were 1°-2°C. Maximum depths were about
140 m in June and July, but below 300 m in August. It ap-
pears the fish moved from the basin onto the eastern Bering
Sea shelf in June and moved off again later in August. The
coldest (1°—2°C) waters at relatively shallow depths (40-80
m) in July were typical of the “cold pool” on the eastern Ber-
ing Sea shelf south of St. Lawrence Island, and found around
60° N in 2003 (Schumacher et al. 1983; Stabeno et al. 2001;
Wang et al. 2007). Temperatures at mooring M2 (56.9°N)
on the shelf (Fig. 7A) during June and August are similar
to those on the tag, but in July deepwater temperatures are
warmer (3.3°C), as are deep temperatures at mooring M4
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Fig. 2. Temperature (gray) and depth (black) data record from tag 1401 on a Chinook salmon tagged at 56°30°N, 179°00°W in the Bering Sea
on 2 July 2002 and recovered near Kotlik, Alaska, in the Yukon River on 16 June 2004. Maximum depth the tag could record was 340 m.
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Fig. 3. Temperature-depth profiles from tag 1401 on a Chinook
salmon in the Bering Sea in summer 2002. In (A) solid marks are
data from tag, 25 July — 20 September; open circles are data from
PMEL Argo float 11490, 26 July 2002 at 176.058° W, 57.072° N and
5 August 2002 at 175.889° W, 56.693° N. (B) includes data from the
tag only and shows changes in the temperature-depth profile over
time.

further north (57.9°N; temperature of 2.9°C). Fish 1401 was
likely both further north and farther toward the edge of the
shelf. Maximum depths on the tag were greater than 80 m,
while the maximum sensor depths of M2 and M4, near the
bottom, are 62 m and 67 m, respectively.

As autumn approached in 2003 fish 1401 did not sub-
stantially change its vertical behavior, remaining mostly
above 100 m (Fig. 4B). Surface temperatures gradually
declined and daily temperature ranges decreased. In early
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Fig. 4. Temperature (gray) and depth (black) data records from tag
1401 on a Chinook salmon tagged in the Bering Sea for (A) winter
2002-2003 and (B) winter 2003-2004. Maximum depth tag could
record was 340 m.

November, temperature ranges abruptly changed to a single
temperature (6°C) at all depths recorded by the tag (down
to 70 m), presumably following a storm that mixed waters
to at least that depth. In contrast to the previous winter, the
fish continued moving between the surface and relatively
shallow (50-70 m) depths. Temperatures dropped over the
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Fig. 5. Temperature (gray) and depth (black) data records from tag 1401 on a Chinook salmon tagged in the Bering Sea for deep diving periods
in (A) spring 2003 and (B) late winter and spring 2004. Maximum depth the tag could record was 340 m.

course of the winter, reaching 1.2°C in January 2004. While
temperatures were uniform with depth, precluding construc-
tion of informative profiles, SSTs were similar to those from
satellite imagery in the southern and central portions of the
Bering Sea, but were warmer than the range of SSTs in the
western, northern, or eastern portions of the Bering Sea.

In late winter and spring of 2004 the fish resumed the
deep vertical movements it made in spring 2003, indicat-
ing the fish was in the Bering Sea Basin or near the shelf
break (Fig. 5B). During this period there are intervals when
the fish does not return to the surface, though generally the
fish is moving between the surface and depths of over 340
m. As in 2003 there is a relatively small temperature range

(2.5°-4.4°C) despite the large range of depths. In February
the fish was encountering temperatures of about 4°C even at
depth. Again, these temperatures match those in the south-
ern Bering Sea just north of the eastern Aleutians. After
three months of this behavior, it abruptly ceased deep verti-
cal movement on 26 May. Later on this day it encountered
its coldest temperatures of 0.2°-1.8°C at depths of about 20
m. This may be the edge of the cold pool, which in 2004
was north of about 58°N. At this point the fish had begun its
return to the Yukon, which it reached around 12 June. Dur-
ing this 17-day journey the fish was mostly above 30 m and
temperatures were mostly 2°—4°C.

For most of the period fish 1401 was at liberty it showed
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Fig. 6. Temperature (gray) and depth (black) data records from tag 1401 on a Chinook salmon tagged in the Bering Sea for summer 2003.
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Fig. 7. Temperature-depth profiles from tag 1401 on a Chinook salm-
on in the Bering Sea in summer 2003. Profiles from two moorings
on the eastern Bering Sea shelf are included in (A): M2, at 56.9°N,
164.1°W (open circles), and M4 at 57.9°N, 168.9°W (open squares).
Maximum sensor depths are 62 m for M2 and 67 m for M4. Repre-
sentative data from two days within the time range of the tag data
were plotted (A1: 22-23 June for M2 only; A2: 20-21 July for both
moorings; A3: 11-12 August for M2 only). (B) includes data from the
tag only and shows changes in the temperature-depth profile over
time.
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54°50°N, 179°00°W in the Bering Sea on 7 June 2006 and recovered near Mountain Village, Alaska, in the Yukon River on 30 June 2006.

diel behavior patterns, with the exception of the deep diving
periods of late winter and early spring. However, these pat-
terns differed with season. In summer the fish was nearer
the surface at night and moved deeper during the day. Dur-
ing the first autumn transition the fish remained about 25 m
below the surface at night but initially made small upward
vertical movements during the day, coming to the surface,
and later made larger vertical movements down to 100 m. In
the first winter, the fish remained at about 125 m during the
night, and made small (to 50 m) vertical movements toward
the surface during the day. In the second winter, fish 1401
remained near the surface, making small (40 m) movements
downward during the day. During the deep dive periods of
late winter and spring, there was no apparent diurnal pat-
tern.

Fish 1899 was at liberty only 24 days after tagging.
Data from tag 1899 show the fish at depths less than 40 m
until it reached the mouth of the Yukon River, except for two
days midway through the journey when it made dives to 100
m (Fig. 8). Temperatures ranged from 6°C to 8°C. The fish
covered a minimum of 1040 km (great circle distance) in the
22 days until it entered the Yukon (as indicated by a sharp
drop in salinity), implying a minimal travel rate of 1.96 km/h
(0.64 body lengths/s). Given the distance and necessary rate
of travel, it is likely this fish moved in a relatively direct line
from the tagging location to the Yukon.
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Fig. 9. Temperature and depth variation for data from tag 1401. Av-
erages and standard deviations were calculated as means of month-
ly values and deviations from the monthly means. Positive value
deviations for depth were constrained to zero for plotting.
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DISCUSSION

The most striking feature of the data from tag 1401 is
the great variability in the fish’s behavior leading to large dif-
ferences in the temperatures the fish experienced (Figs. 2, 9).
The behavior varied between seasons and even between the
same season in different years. The general pattern seemed
to be one of high variance in depth but not temperature in
winter and spring, when the water column is more homo-
geneous due to cooling and mixing, and large variance in
temperature but not depth in summer and fall, due to much
shallower dives through highly stratified surface waters.

Fish 1401 moved below the shallow (less than 40 m)
thermocline to cooler waters below in the summer. There
is a diurnal pattern to the movement, as seen in many spe-
cies of Pacific salmon (Walker et al. 2000, 2007), where the
fish is near the surface at night and makes occasional deeper
vertical movements during the day. This may be related to
feeding, with fish feeding on organisms that come to the sur-
face at night, and moving deeper during the day to search for
food or as a thermoregulatory behavior (Azumaya and Ishida
2005).

A diurnal pattern of dives continued through both win-
ters, but was not as pronounced as in summer and fall. In
the first winter, the pattern was reversed, with the fish mov-
ing toward the surface during the day. The average depth in
the first winter increased, perhaps to avoid the cold turbu-
lent surface waters and perhaps for feeding on other organ-
isms at that depth. Water temperatures at that depth were
warmer than the surface and may have been more optimal
for growth. In the second winter, before it returns to spawn,
the fish was much shallower, in surface waters (less than 50
m). Having obtained sufficient size to spawn, perhaps it was
more important to position closer to its home river than to
feed extensively or put on more somatic growth. The colder
surface waters would also conserve energy.

One puzzling and dramatic feature of the behavior of
fish 1401 was the very deep periodic dives undertaken in
late winter and spring. The frequency and constancy with
which the dives occur over a period of time, and at only one
period of the year, make it unlikely that they are to escape
predators. The behavior occurs in years both as an immature
and a maturing fish, so is not likely a feature of maturation
or sensing a migratory path. The dives are quite possibly
related to feeding. In late winter and early spring, some
fish and squid prey species may be overwintering at depth
to avoid predation, because there is less food at the surface
before development of the spring phytoplankton bloom and
the zooplankton that feed on it. The diet of Chinook salmon
caught deeper than 200 m in trawl fisheries in the winter
is almost entirely squid; fish at shallower depths fed on a
mixture of euphausiids, discarded fish offal, squid, and fish
(Davis et al. 2009). If food is more abundant at depth, why
didn’t fish 1401 simply remain there? Perhaps Chinook have
difficulty enduring the continual pressure, or perhaps there is

a small thermoregulatory benefit from the slight temperature
differences between the surface and deeper waters. The fish
reached depths over 300 m, and although at this season the
mixed layer was very deep and temperatures were relatively
uniform with depth, temperatures at depth were sometimes
1°C higher than at the surface, indicating that this was be-
low the mixed layer; later in the spring, surface temperatures
were slightly warmer. Thus although the temperature varia-
tion was small and the fish did not remain deep, thermoregu-
latory behavior cannot be ruled out.

Detailed information on behavior of Chinook salmon
has come from other archival tags on fish off the coasts of
southeastern Alaska and California. Chinook tagged by
Murphy and Heard (2001, 2002) exhibited a wide range of
behaviors, e.g., some fish remained near the surface at night
and were deeper (40 m) during the day, some fish reversed
this pattern, and some had mixed or no apparent patterns.
Similarly, Hinke et al. (2005a) saw no consistent diel pat-
tern but described four different patterns of vertical distribu-
tion in data from 15 Chinook salmon off northern California
and southern Oregon: a shallow night pattern around 10 m; a
shallow day pattern at 0-80 m; a deep (mostly night) pattern
around 55 m; and a deeper pattern around 100 m (60-280
m). Data from two fish that overwintered at sea showed a
seasonal shift in depth, with fish in the upper 150 m in fall
and on average at 200 m in winter (rarely shallower than
100 m) (Hinke et al. 2005b). Data from fish at liberty in
all months demonstrated a strong preference for waters be-
tween 8°C and 12°C throughout the year. They proposed
that variation in depth use across individuals was probably
due to thermoregulatory behaviors related to changes in lo-
cal thermal conditions, while the seasonal cycle in depth use
was regulated by bioenergetic needs (loss of surface produc-
tivity during winter drove the fish to seek prey resources at
greater depths). Azumaya and Ishida (2005) also concluded
that vertical movements played an important role in mainte-
nance of an advantageous body temperature in chum salmon
migrating from the Bering Sea to Japan.

The temperature preference of the California Chinook
salmon was in marked contrast to the temperatures experi-
enced by fish 1401 (1-11°C, excluding the final few days be-
fore entering the Yukon). Fish 1401 spent most of its time at
temperatures below 8°C, except for summers. At another ex-
treme, Wurster et al. (2005) used oxygen isotopes to estimate
temperatures inhabited by Chinook salmon in Lake Ontario,
and found that these fish inhabited waters of 19—20°C for up
to two months during the summer. Otoliths cannot resolve
features as fine as daily vertical movements, but clearly these
fish tolerated much warmer temperatures than those off of
California and Oregon or in the Bering Sea. Winter tempera-
tures could not be determined, due to lack of otolith growth
in that season, but May and November temperatures were
below 10°C. The overall seasonal cycle of temperatures
looked much like an annual cycle of water temperatures.

The Chinook tagged by Hinke et al. seem to have re-
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mained along the California and Oregon coast. Chinook
caught incidentally by commercial trawl operations off the
Washington, Oregon, and California coasts were found from
the surface to 482 m (Erickson and Pikitch 1994). Few were
caught in summer, mostly above 220 m; catches were larger
and deeper (100—482 m) in winter. Russian trawl fisheries
captured Chinook salmon incidentally on the northwestern
Bering Sea shelf at depths to 360 m throughout the year,
with the majority (90%) at 50 to 400 m (Radchenko and
Glebov 1998a, b). In 1997-2000 over 90% of the eastern
Bering Sea groundfish trawl Chinook bycatch was caught at
fishing depths between 25 m and 175 m; less than 3% were
deeper than 300 m. In the winter depth distribution showed
a bimodal tendency, with the bulk of fish at 25-75 m and a
smaller peak at 200-300 m (Walker et al. 2007). Chinook
were slightly deeper in autumn than winter in both the U.S.
and Russian trawl fisheries.

Most of the bycatch of Chinook by the eastern Ber-
ing Sea trawl fishery has been concentrated along the shelf
break, especially just north of the easternmost Aleutian Is-
lands (“horseshoe area”). This pattern closely follows that
of fishing effort by the fleet (NPFMC 2008). The locations
we have inferred from the data on tag 1401 do not overlap
the fishing areas to a great degree except for the first winter,
which may be near the horseshoe area. Neither do catch lo-
cations of Chinook by the Japanese mothership salmon fish-
ery (1952-1992) which was restricted to basin waters (Ma-
jor et al. 1978; Major 1984) or catches by research vessels
in the central Bering Sea. Bugaev and Myers (2009) found
that while Chinook salmon were sparsely distributed in the
western Bering Sea, scale pattern estimates of immature fish
of North American (Alaska) origin were consistently greater
than those of Asian (Russia) origin, indicating that this area
is an important summer—autumn foraging area for North
American as well as Asian stocks. Thus it is not clear if
trawl bycatch concentrations are actually concentrations of
Chinook salmon or merely the result of fishing effort. In
the winter of 20022003 fish 1401 was very likely near the
Aleutian Islands in the southeastern Bering Sea (4°C tem-
peratures at 125 m), and if other Chinook salmon choose
this area, it could account for some of the bycatch in the
horseshoe area. The water column through the passes is
well-mixed by strong tidal currents, and northward transport
provides an important source of nutrients to the Bering Sea
(Stabeno et al. 2005). Chinook may seek the horseshoe area
as both an area of high productivity and a thermal refuge.

The future of Chinook salmon in the Bering Sea is
uncertain. Their low abundance and use of deeper habitat
makes them susceptible to trawl fisheries. The geographical
range of Chinook salmon is large, stretching from central
California to the northern Bering Sea, and there are trans-
planted populations in the Great Lakes, New Zealand, and
Chile. Studies of behavior and thermal habitat in several
areas demonstrate a wide variety of behavior and thermal
tolerances. This great flexibility gives some cause for opti-

mism that they can adapt to changing oceanographic condi-
tions.
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Abstract: Chum salmon (Oncorhynchus keta) is a major pelagic fish species in the Bering Sea and North Pacific
ecosystems. The stock-specific ocean distribution of chum salmon was estimated by genetic stock identification
(GSI) and hatchery otolith marks. Fish were caught by 1-h trawls at 98 stations in the Bering Sea, North Pacific
Ocean and Gulf of Alaska during the early summer (June/July) and late summer/early fall (August/September) of
2003. Tissue samples were collected from chum salmon (n = 3,980) and run for 20 allozyme loci to estimate the
stock composition of mixtures. In addition, otoliths were collected from chum salmon (n = 4,424) and examined for
mark patterns to determine hatchery origin. The GSl-estimates combined with catch data (CPUE) indicated that
the ocean distribution patterns of immature chum salmon were different among eleven regional stocks. Japanese
stocks were mainly distributed in the Bering Sea during summer and early fall. The distribution of Russian
(primarily northern Russian) stocks was similar to that of Japanese chum salmon, but they also spread into the
North Pacific Ocean. Northwest Alaska stocks including fall runs in the Yukon River were relatively abundant at
the southern edge (50°N) of the Gulf of Alaska and eastern North Pacific Ocean. Alaska Peninsula/Kodiak Island
stocks were widely distributed in the Bering Sea and North Pacific Ocean. The southeast Alaska (SEAK)/North
British Columbia (BC) stocks were distributed throughout the northern Gulf of Alaska, the eastern North Pacific
Ocean and the southern Bering Sea. The distribution of the South BC/Washington stocks was similar to that of
the SEAK/North BC stocks, but extended into the central Bering Sea. The samples included otolith-marked chum
salmon released from Alaska (n = 66), Canada (n = 3), Japan (n = 23) and Russia (n = 6). The recovery sites of
marked fish were largely consistent with the marine distribution of those regional stocks estimated by GSI. The
seasonal migration patterns of Japanese chum salmon in the Bering Sea were assessed from the best available
information.

Keywords: genetic stock identification, otolith mark, chum salmon, ocean distribution, migration route, Bering
Sea, North Pacific Ocean, Gulf of Alaska

INTRODUCTION Genetic stock identification (GSI) techniques using al-

lozyme variation were established for estimating stock com-

The Bering Sea provides major feeding habitats for vari-
ous salmon stocks originating from Asia and North America.
A better understanding of salmon community structure will
clarify the mechanisms of the salmon population response
to recent environmental changes (Myers et al. 2007). Chum
salmon (Oncorhynchus keta) is a dominant pelagic fish in
the Bering Sea during summer and fall especially after pink
salmon (O. gorbuscha) have moved to coastal areas for
spawning (Nagasawa and Azumaya 2009).

positions of high-seas chum salmon (Seeb et al. 1995, 2004;
Wilmot et al. 1998; Winans et al. 1998; Seeb and Crane
19993, 1999b). The previous allozyme analyses suggested
that Japanese and Russian stocks were predominant in chum
salmon mixtures in the central Bering Sea (Urawa et al.
1997, 1998, 2004; Winans et al. 1998), while North Ameri-
can stocks were predominant in the Gulf of Alaska (Urawa et
al. 2000). In addition, mitochondrial DNA (mtDNA) mark-
ers were recently used to estimate the stock origins of chum

All correspondence should be addressed to S. Urawa.
e-mail: urawa@affrc.go.jp
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salmon in the Bering Sea (Moriya et al. 2007, 2009; Sato et
al. 2009a), however the resolution of the mtDNA analysis
was limited to identifying only three regional stocks (Japan,
Russia and North America).

Otolith marking is an effective tool for determining the
hatchery origin of individual salmon in both high seas and
coastal waters (Volk and Hagen 2001). Otolith-marked salm-
on are annually released from hatcheries in Canada, Japan,
Korea, Russia and the United States under the coordination
of'the North Pacific Anadromous Fish Commission (NPAFC)
(Josephson 2007). The total number of otolith-marked chum
salmon released in 1999-2002 was approximately 1.3 billion
juveniles (11.8% of the total hatchery releases in the North
Pacific Rim countries).

This study used allozyme and otolith markers to esti-
mate stock origins of maturing and immature chum salmon
in the Bering Sea and North Pacific Ocean, including the
Gulf of Alaska, during the summer and early fall of 2003,
and to determine the ocean distribution and migration pat-
terns of eleven regional stocks.

MATERIALS AND METHODS
Fish Samples

Trawl surveys were conducted at 98 stations in the Ber-
ing Sea and North Pacific Ocean by the research vessel Kaiyo
maru during the early summer (June 28 to July 18) and the
late summer/early fall (August 2 to September 19) of 2003
(NPAFC 2004). At each station a trawl net was towed at the
surface for one hour at a speed of 5 knots. The average open-
ing of the net during towing was 53 m in width and 54 m in
height. Atotal of 9,600 chum salmon were caught during the
two survey periods.

Maturity of fish was determined from gonad weights
(Takagi 1961). Age was determined by visual examination
of scale samples and designated by the European method,
in which the number preceding the period is the number of
freshwater annuli (zero for chum salmon) and the number
following the period is the number of ocean annuli (Koo
1962).

For GSI, tissue samples (liver, heart and muscle) were
collected from 3,980 chum salmon, and immediately deep
frozen until allozyme analysis at the National Salmon Re-
sources Center (NASREC) in Sapporo, Japan. In addition,
otoliths were collected from 4,424 chum salmon to deter-
mine their hatchery origins at the Mark, Tag, and Age Labo-
ratory, Alaska Department of Fish and Game, Juneau, Alas-
ka, USA.

Allozyme Analysis
Tissue samples were examined for protein electro-

phoretic variation on horizontal starch gels using standard
procedures described by Aebersold et al. (1987). Standard

nomenclature for loci and alleles was used as outlined in
Shaklee et al. (1990). Alleles were compared and standard-
ized for 20 polymorphic loci (ALAT*, mAAT-1*, sAAT-
1,2*, mAH-3*, ESTD*, G3PDH-2*, GPI-A*, GPIB-1,2,
mIDHP-1*, sIDHP-2*, LDH-A1*, LDHB-2*, sMDHA-1*,
sMDHB-1,2*, mMEP-2*, sMEP-1*, MPI*, PEPA*, PEPB-
1*, and PGDH*) (see Table 1 in Kondzela et al. 2002 and
Table 2 in Urawa et al. 2006).

Baseline and Statistical Estimates

We used the simplified baseline data set (124 stock
groups/20 loci) formulated in Seeb et al. (1997) with ad-
ditional data from Japan (the Gakko R., Hei R., Katagishi
R., Kido R., Koizumi R., Kurobe R., Orikasa R., Naruse R.,
Sho R., Tedori R., and Uono R. in Honshu, and the Abashiri
R., Shikiu R., Shizunai R., Yubetsu R., and Yurrapu R. in
Hokkaido) (Urawa et al. 2006). Estimates of stock contri-
butions were made with a conditional maximum likelihood
algorithm (Pella and Milner 1987) by using the Statistical
Package for Analyzing Mixtures (SPAM version 3.7) devel-
oped by Debevec et al. (2000). Standard deviations of stock
estimates were estimated by 1,000 bootstrap resamplings of
the baseline and mixture samples.

Based on genetic similarity and 100% simulation anal-
ysis among baseline stocks, eleven reporting regions were
selected. These included five regions in Asia: 1) Japan, 2)
Sakhalin, 3) Premorye, 4) Amur, and 5) north Russia (horth
Okhotsk coast, Kamchatka and Anadyr); and six regions in
North America: 6) northwest Alaska summer, 7) fall Yukon,
8) Alaska Peninsula/Kodiak Island, 9) Prince William Sound
(PWS), 10) southeast Alaska/north British Columbia (BC),
and 11) south BC/Washington. Estimates were made to in-
dividual stocks and then pooled into regional stock groups.
Simulation studies indicated that most reporting regions
showed greater than 90% accuracy when true group contri-
butions were 100% (Table 1).

Stock-specific CPUE (number of fish caught per 1-h
trawl) was calculated by using the GSI estimates and catch
data of chum salmon.

Otolith Analysis

The left sagittal otoliths were mounted on glass slides
using thermoplastic cement, and then ground to expose the
primordia. If the left sagittal otolith was not adequate for
identification, the right sagittal otolith was used. Otolith mi-
crostructures were observed under a light microscope, and
the microstructure patterns were compared to the otolith
mark patterns of voucher specimens deposited in the NPAFC
database (www.npafc.taglab.org). Otolith mark patterns are
presented in the uniform hatch code notation (Johnson et al.
2006).
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Table. 1. Mean estimated contribution and standard deviations for 1,000 simulations where each region comprises 100% of the mixture (n =
400). Shaded cells are correct allocations and should equal 1.00.

. . Japan Sakhalin Island Premorye Amur
Reporting region
Mean SD Mean SD Mean SD Mean SD
1. Japan 0.964 0.020 0.039 0.028 0.151 0.072 0.001 0.003
2. Sakhalin Island 0.005 0.009 0.903 0.037 0.011 0.018 0.002 0.006
3. Premorye 0.004 0.009 0.003 0.007 0.826 0.081 0.000 0.001
4. Amur River 0.001 0.002 0.003 0.005 0.000 0.001 0.961 0.043
5. North Russia 0.006 0.007 0.015 0.014 0.001 0.002 0.012 0.019
6. Northwest Alaska Summer 0.009 0.011 0.017 0.018 0.002 0.006 0.004 0.009
7. Fall Yukon 0.002 0.005 0.002 0.003 0.000 0.001 0.000 0.001
8. Alaska Peninsula/Kodiak 0.007 0.007 0.006 0.006 0.006 0.008 0.017 0.029
9. Prince William Sound 0.000 0.001 0.001 0.002 0.000 0.000 0.000 0.002
10. Southeast Alaska/North BC 0.001 0.002 0.001 0.003 0.001 0.002 0.000 0.000
11. South BC/Washington 0.001 0.002 0.002 0.004 0.000 0.002 0.000 0.000
. . North Russia NW Alaska Summer Fall Yukon AK Peninsula/Kodiak
Reporting region
Mean SD Mean SD Mean SD Mean SD
1. Japan 0.010 0.010 0.010 0.010 0.002 0.003 0.006 0.007
2. Sakhalin Island 0.004 0.008 0.002 0.004 0.000 0.001 0.001 0.002
3. Premorye 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001
4. Amur River 0.003 0.005 0.001 0.002 0.000 0.001 0.002 0.005
5. North Russia 0.902 0.036 0.013 0.014 0.001 0.002 0.013 0.014
6. Northwest Alaska Summer 0.025 0.021 0.895 0.049 0.041 0.040 0.005 0.008
7. Fall Yukon 0.002 0.004 0.064 0.043 0.954 0.040 0.001 0.003
8. Alaska Peninsula/Kodiak 0.040 0.025 0.007 0.008 0.001 0.001 0.935 0.030
9. Prince William Sound 0.004 0.007 0.001 0.002 0.000 0.001 0.010 0.013
10. Southeast Alaska/North BC 0.004 0.007 0.000 0.002 0.000 0.000 0.018 0.019
11. South BC/Washington 0.002 0.004 0.000 0.001 0.000 0.000 0.007 0.009
. . Prince William Sound SE Alaska/N BC S BC/Washington
Reporting region
Mean SD Mean SD Mean SD
1. Japan 0.001 0.002 0.004 0.005 0.001 0.002
2. Sakhalin Island 0.000 0.001 0.001 0.003 0.000 0.001
3. Premorye 0.000 0.000 0.000 0.002 0.000 0.000
4. Amur River 0.001 0.002 0.001 0.003 0.001 0.002
5. North Russia 0.008 0.011 0.007 0.009 0.001 0.003
6. Northwest Alaska Summer 0.001 0.002 0.002 0.004 0.000 0.001
7. Fall Yukon 0.000 0.001 0.001 0.002 0.000 0.000
8. Alaska Peninsula/Kodiak 0.034 0.024 0.074 0.041 0.010 0.011
9. Prince William Sound 0.938 0.029 0.009 0.013 0.003 0.006
10. Southeast Alaska/North BC 0.006 0.011 0.863 0.052 0.010 0.013
11. South BC/Washington 0.008 0.011 0.036 0.027 0.973 0.017

RESULTS

Abundance, Maturity and Age Composition

Early Summer

Chum salmon were caught at all sampling stations (n
= 37) in the Bering Sea and adjacent North Pacific Ocean
during June and July 2003 (Fig. 1A). The highest CPUE

(number of fish caught per one-hour trawl) was recorded in
the eastern North Pacific Ocean (51°N, 165-170°W). Most
(94%) chum salmon were immature in the North Pacific
Ocean, while the percentage of maturing fish averaged 25%
in the Bering Sea (Fig. 1B). The age composition of imma-
ture chum salmon was 15.9% age 0.1, 41.8% age 0.2, 36.6%
age 0.3 and 4.2% age 0.4 in the Bering Sea, and 39.6% age
0.1, 39.6% age 0.2, 17.4% age 0.3 and 2.7% age 0.4 in the
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Fig. 1. CPUE distribution (A) and percent composition of maturing
and immature fish (B) of chum salmon caught in the Bering Sea and
North Pacific Ocean during June and July 2003. CPUE = number of
fish caught per 1-h trawl, n = number of samples.

North Pacific Ocean. Therefore the major age-classes were
0.2 and 0.3 fish in the Bering Sea, and 0.1 and 0.2 in the
North Pacific Ocean. Young chum salmon (age 0.1) were
most prevalent in the central North Pacific Ocean (50-52°N,
175°E-175°W) and southern Bering Sea (52-54°N, 180—
175°W).

Late Summer/Early Fall

In August and September, chum salmon were widely
distributed in the Bering Sea and North Pacific Ocean except
for the central Gulf of Alaska (50-53°N, 145°W), and they
were most abundant in the southern Bering Sea (Fig. 2A).
The majority of chum salmon were immature at every station
(Fig. 2B). The age composition of immature chum salmon
was 44.9% age 0.1, 38.6% age 0.2 and 14.4% age 0.3 in the
Bering Sea, and 32.6% age 0.1, 45.5% age 0.2 and 19.4%
age 0.3 in the North Pacific Ocean and Gulf of Alaska. Thus
age 0.1 and 0.2 fish were predominant over the entire area.
Young chum salmon (age 0.1) showed a trend of occurring
in marginal habitat: north in the Bering Sea, and south in the
eastern North Pacific Ocean and the Gulf of Alaska.
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Fig. 2. CPUE distribution (A) and percent composition of maturing
and immature fish (B) of chum salmon caught in the Bering Sea,
North Pacific Ocean and Gulf of Alaska during August and Septem-
ber 2003. CPUE = number of fish caught per 1-h trawl, n = number
of samples.

Stock-specific Distribution Estimated by GSI

Early Summer

The GSl-estimated stock composition of maturing
chum salmon was 45-71% Japanese and 21-42% Russian
stocks in the Bering Sea (Fig. 3A, Table 2). Russian stocks
comprised 52% of maturing fish in the central North Pacific
Ocean (50-52°N, 175°E-175°W). The percentage of North
American stocks was 37% in the eastern Bering Sea (53—
56°N, 170°W), but less than 20% in the other areas. The
estimated CPUE of Japanese and Russian maturing chum
salmon was extremely high in the Bering Sea (except for
the eastern waters), and low in the North Pacific Ocean (Fig.
3B). The majority of Russian maturing fish originated from
the Sakhalin and north Russia regions, and they were most
abundant in the western and southern Bering Sea (Table 2).
The distribution of Japanese maturing fish also shifted west
of 175°W in the Bering Sea with the highest CPUE at the
central stations (Fig. 3B). Most of North American maturing
fish in the Bering Sea originated from the northwest Alaska
and Alaska Peninsula/Kodiak Island regions (Table 2).

The estimated stock composition of immature chum
salmon in the Bering Sea was similar to that of maturing fish,
with Japanese and Russian stocks accounting for 37-68%
and 25-45% of fish mixtures, respectively (Fig. 4A, Table
3). In the central and eastern North Pacific Ocean, however,
the stock composition was almost equal for the three major
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Fig. 3. GSl-estimated stock composition (A) and mean CPUE (B) of
maturing chum salmon caught in the Bering Sea and North Pacific

Ocean during June and July 2003. CPUE = number of fish caught
per 1-h trawl, n = number of samples, CBS = central Bering Sea

(55-58°N, 180-175°W), EBS

western

eastern Bering Sea (53-56°N, 170°W),

Bering Sea (53-56°N, 175°E), CNP = central North Pacific Ocean

SBS = southern Bering Sea (52-54°N, 180-175°W), WBS

(50-52°N, 175°E-175°W), ENP = eastern North Pacific Ocean (50-

53°N, 165-170°W).

groups: 25-39% for Japanese, 39-44% for Russian and 23—

31% for North American stocks. Japanese immature chum

salmon were mainly distributed in the eastern North Pacific
Ocean and the Bering Sea, with the highest CPUE in the
central Bering Sea (Fig. 4B). Russian immature fish were

also abundant in the same areas, but their highest CPUE was
recorded in the eastern North Pacific Ocean. North Russian
stocks comprised 68—89% of Russian immature fish (Table
3). North American immature stocks (except for fall Yukon

and PWS fish) were abundant in the eastern North Pacific

Maturing chum salmon were rare in the survey areas
during August and September, and thus were not adequate

Ocean, while they were relatively scarce in the Bering Sea
for GSIL.

and central North Pacific Ocean (Fig. 4B, Table 3).

Late Summer/Early Fall
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Fig. 4. GSl-estimated stock composition (A) and mean CPUE (B) of
immature chum salmon caught in the Bering Sea and North Pacific
Ocean during June and July 2003. CPUE = number of fish caught
per 1-h trawl, n = number of samples, CBS = central Bering Sea
(55-58°N, 180-175°W), EBS = eastern Bering Sea (53-56°N, 170°W),
SBS = southern Bering Sea (52-54°N, 180-175°W), WBS = western
Bering Sea (53-56°N, 175°E), CNP = central North Pacific Ocean
(50-52°N, 175°E-175°W), ENP = eastern North Pacific Ocean (50-
53°N, 165-170°W).

Asian immature chum salmon predominated in the
Bering Sea and central North Pacific Ocean, where the es-
timated stock composition was 24-45% Japanese, 29-52%
Russian and 13—30% North American stocks (Fig. 5A, Table
3). North American immature chum salmon were the major
stocks in the eastern North Pacific Ocean (57%) and the Gulf
of Alaska (86%). Japanese and Russian stocks were most
abundant in the central and southern Bering Sea, whereas
North American stocks were most abundant in the eastern
Bering Sea and eastern North Pacific Ocean (Fig. 5B).

The GSl-estimated CPUE distribution indicated that
Japanese immature chum salmon were mainly distributed in
the Bering Sea, and rarely in the Gulf of Alaska (Fig. 6A).
They were most abundant in the central and southern Ber-
ing Sea. Russian immature chum salmon had a distribution
similar to the Japanese stocks, but their distribution extended
south to the adjacent North Pacific Ocean (Fig. 6B). Among

50N [ et 1 r @
L e |||
North Pacific Ocean ‘ Gulf of Alaska
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WBS

S5N—

CNP-
50N Ir
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Fig. 5. GSl-estimated stock composition (A) and mean CPUE (B) of
immature chum salmon in the Bering Sea, North Pacific Ocean and
Gulf of Alaska during August and September 2003. CPUE = number
of fish caught per 1-h trawl, n = number of samples, CBS = central
Bering Sea (55-58°N, 180-175°W), EBS = eastern Bering Sea (53-
56°N, 170°W), SBS = southern Bering Sea (52-54°N, 180-175°W),
WBS = western Bering Sea (53-56°N, 175°E), CNP = central North
Pacific Ocean (50-52°N, 175°E-175°W), ENP = eastern North Pacific
Ocean (50-53°N, 165-170°W), GOA = Gulf of Alaska (50-58°N, 145-
155°W).

Russian immature chum salmon, north Russian stocks ac-
counted for 68-86% in all areas (Table 3). Sakhalin stocks
appeared mainly in the central and southern Bering Sea,
while the abundance of Premorye and Amur River stocks
were low in the survey areas.

Fall Yukon chum salmon had a unique distribution, ap-
pearing at the southern edge of the sampling areas (50°N)
in the eastern North Pacific Ocean and Gulf of Alaska (Fig.
6C). Most of those chum salmon were young age 0.1 fish
(2001 brood year). Northwest Alaska summer runs had a
wide ocean distribution, and they were relatively abundant
in the eastern waters of the Bering Sea and North Pacific
Ocean and the Gulf of Alaska (Fig. 6D). Alaska Peninsula/
Kodiak Island chum salmon were also widely distributed in
the Bering Sea and North Pacific Ocean including the Gulf
of Alaska (Fig. 6E). Prince William Sound (PWS) fish were
not abundant, although they appeared in the southern Bering
Sea, eastern North Pacific Ocean and Gulf of Alaska (Fig.
6F). Southeast Alaska (SEAK)/north BC fish were distrib-
uted near the continental shelf waters of the eastern North
Pacific Ocean and Gulf of Alaska, and the southern Bering
Sea (Fig. 6G). South BC/Washington stocks had a distribu-
tion similar to that of SEAK/north BC stocks, except that
they also appeared in the central Bering Sea (Fig. 6H).




Stock-specific ocean distribution of chum salmon NPAFC Bulletin No. 5

Bering Sea

| Russia [;

Bering Sea
i | <3 i |
2! - S !
o & @ o o o ® 0
55N J ' ‘ A 55N ‘ | i ‘ A
e @ @ o - Gulf of .o © @ o .0 e Gulfof
- .‘ .\ . ,.\ﬂ d Alaska .zoo - .‘ '\ . ..\” 4 ‘ Alaska .200
LS P < » - . w < °
f | \ ® ; [ | | ®
o A o o o9 . 1f
North Pacific Ocean x 0 North Pacific Ocean x 0
| | | T | | | T

170E 175E 180 175w 170W 165W  160W  155W 150w 145W  140W 170E 175E 180 175w 170W 165W  160W  155W 150w  145W  140W

! , ! Fall Yukon River | ! . ! Northwest Alaska |:
Bering Sea & Bering Sea Summer Runs i
O i 38
‘. L
L i ° ° < 1
55N A i | AJC;../‘V/A\/ i
) :+ Gulfof .‘ .j‘o @ cuiof
7. N Alaska . 50 L Z Alaska . 50
e beo e o‘ 1 -4 e-'@ © . 4
20 | | 20
o O & c o ® O ¢
North Pacific Ocean ‘ ‘ x 0 North Pacific Ocean ‘ ‘ x 0
| | | | | |

170E 175E 180 175w 170W 165W  160W  155W 150w  145W  140W 170E 175E 180 175w 170W 165W 160w  155W 150w 145W  140W

\ \ \ \
Be‘ring Sea Bering Sea
| <
o ? |
|
L[]
55N .‘ ? .i ' djw '''' 55N !
.0 @ o @8 e ST ] s
o . <. | =
re }Mﬂ .\ .‘ ‘ o ‘d it \'w .\ Q>
o $+ @ o son — .
quth Pagific chan ‘ North Pacific Ocean x 0
Il Il Il

170E 175E 180 175w 170W  165W  160W  1S5W  150W  145W  140W 170E  175E 180  175W  170W  165W  160W  155W  150W  145W  140W

| . | \ . | s South BC/ [t
Bering Sea 2 Bering Sea Washington |:
60N i : T RIRRa
[} ¢ .‘ , A [ ) °
55N 55N !
Ps \ \ ~ad ‘
. ° e o 'y ® ‘. ® Gulfof
’ L L ‘ ‘ el ¢ Alaska ‘ 50
vkwﬁwo‘ le @0 T
20
50N ° ) 50N e é L] X . H
I I I | ® 5
North Pacific Ocean North Pacific Ocean x 0
| | | | | | T

170E 175E 180 175w 170W 165W  160W  155W 150W  145W  140W 170E 175E 180 175w 170W 165W  160W  155W 150w 145W  140W
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in Fig. 2B.

Otolith Mark Recoveries Pacific Ocean including the Gulf of Alaska (Figs. 7-9). The

biological information on all recovered fish is recorded in Ta-

A total of 107 otolith-marked chum salmon (2.4% of all ble 4. Hatchery origins of nine fish were not identified, mainly
examined fish) were recovered in the Bering Sea and North because of duplicate mark patterns among hatchery stocks.
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Table 3. GSl-estimated mean stock contribution and standard deviation for immature chum salmon caught in the Bering Sea, North Pacific Ocean and the Gulf of Alaska in 2003. Estimated
mean CPUE (number of fish caught per 1-h trawl) is indicated in parentheses. N = number of samples, NWAK = Northwest Alaska summer, AP = Alaska Peninsula, PWS = Prince William

Sound, SEAK = Southeast Alaska, NBC = North British Columbia, SBC = South British Columbia, WA = Washington.

Sampling Areal N JAPAN RUSSIA NORTH AMERICA
Date N. Russia Premorye Amur R. Sakhalin Total Fall Yukon NWAK AP/Kodiak PWS SEAK/NBC SBC/WA Total
Western Bering Sea (53-56°N, 175°E)
June 30 - 111 0.374%0.074 0.282+0.073  0.082+0.045 0.001+0.004  0.050+0.050  0.414+0.088 0.000 0.041+0.039  0.087+0.054 0.028+0.037 0.023+0.027 0.033+0.030  0.212+0.067
v (15.1) (11.4) (3.3) (0.0) (2.0) (16.7) (0.0) (1.7) (3.5) (1.1 (0.9) (1.3) (8.6)
Sep 16-18 204 0.298+0.052 0.43940.064 0.026+0.022 0.044+0.026  0.014+0.023  0.523+0.067 0.000 0.042+0.031  0.1144£0.047  0.004+0.009 0.011+£0.013  0.008+0.010  0.179+0.056
(37.3) (55.0) (32 (5.5) (1.8) (65.6) (0.0) (5.2) (14.2) (0.5) (1.4) (1.0) (22.4)
Central Bering Sea (55-58°N, 180-175°W)
July 2-11 291 0.676+0.053 0.168+0.042  0.048+0.023 0.000 0.033£0.030  0.249+0.053 0.001£0.002  0.004+0.008 0.047+0.027  0.004+0.009 0.006+0.011  0.015+0.013  0.075+0.030
(53.7) (13.4) (3.8) (0.0) (2.6) (19.8) (0.1) (0.3) (3.7) (0.3) (0.5) (1.2) (6.0)
Sep 6-15 406 0.446+0.074 0.296+0.059  0.025+0.029 0.015+0.015  0.094+0.047  0.430+0.076 0.000 0.050+0.039  0.067+0.043 0.002+0.006 0.001+0.005 0.004+0.008  0.124+0.057
(78.9) (52.2) (4.4) (2.6) (16.7) (75.9) (0.0) (8.9) (11.9) (0.3) (0.1) (0.7) (21.9)
Southern Bering Sea (52-54°N, 180-175°W)
July 4-10 261 0.430+0.055 0.400£0.059  0.027+0.023  0.010+0.011  0.013+0.018  0.450+0.062 0.002+0.005 0.078+0.043  0.020£0.020  0.004+0.010  0.013+0.016  0.003+0.006  0.119+0.051
(27.5) (25.5) (1.7) (0.7) (0.8) (28.7) (0.1) (5.0) (1.3) 0.2) (0.8) (0.2) (7.6)
Sep 8-13 354 0.448+0.056 0.321#0.053  0.016+0.015 0.016+0.014  0.074+0.042  0.427+0.063 0.001+0.003  0.039+0.030  0.038+0.024 0.021+0.019 0.015+0.017  0.010+0.009  0.125+0.042
(106.5) (76.4) (3.7) (3.8) (17.6) (101.6) 0.2) (9.4) 9.1) (5.1) (3.7) (2.4) (29.8)
Eastern Bering Sea (53-56°N, 170°W)
July 12-14 219 0.445+0.053 0.386+0.061 0.022+0.016 0.000 0.024+0.032  0.431+0.063 0.000 0.01740.022  0.038+0.029  0.026+0.023  0.007+0.015 0.036+0.026  0.124+0.046
(37.3) (32.4) (1.8) (0.0) (2.0) (36.2) (0.0) (1.4) (3.2) (2.2) (0.6) (3.0) (10.4)
Sep 3-5 223 0.407+0.054 0.246+0.054  0.028+0.022 0.001+0.003  0.016+0.014  0.291+0.058 0.024£0.016  0.099+0.045 0.068+0.035 0.000 0.024+0.025 0.087+0.031  0.302+0.056
(63.4) (38.4) (4.3) 0.1) (2.5) (45.3) (3.7) (15.3) (10.6) (0.0) (3.7) (13.6) (47.0)
Central North Pacific Ocean (50-52°N, 175E-175°W)
June 29 - 160 0.387+0.071 0.279+0.072  0.037+0.030  0.022+0.019  0.046+0.034  0.385+0.081 0.000 0.092+0.053  0.101+0.054  0.020+0.022 0.005+0.010  0.010+0.014  0.228+0.074
e (9.8) (7.1) (0.9) (0.6) (1.2) 9.7) (0.0) (2.3) (2.6) (0.5) (0.1) (0.2) (5.8)
Sep 9-19 231 0.242+0.059 0.412+#0.074  0.032+0.029  0.024+0.017  0.025+0.028  0.494+0.080 0.000 0.096+0.050 0.061+0.041 0.027+0.034 0.037+0.039  0.043+0.024  0.264+0.070
(9.0) (15.2) (1.2) 0.9) 0.9) (18.3) (0.0) (3.5) (2.3) (1.0) (1.4) (1.6) (9.8)
Eastern North Pacific Ocean (50-53°N, 165-170°W)
July 14-18 160 0.252+0.045 0.3894£0.055 0.009+0.014  0.002+0.005 0.039+0.024  0.438+0.058 0.002+0.005 0.124+0.041 0.073+0.038 0.006+0.012 0.046+0.030  0.058+0.024  0.309+0.056
(32.5) (50.0) (1.1) (0.3) (5.0) (56.5) (0.3) (15.9) (9.5) (0.8) (5.9) (7.5) (39.8)
Aug 30 - 409 0.141+0.038 0.249+0.050  0.025+0.018  0.007+0.007  0.007+0.013  0.289+0.052 0.054+0.020  0.172+0.048 0.075+0.034  0.039+0.028 0.070+0.033  0.160+0.034  0.569+0.054
Sep? (12.4) (21.8) (2.2) (0.6) (0.6) (25.3) 4.7) (15.1) (6.5) (3.5) 6.1) (14.0) (49.9)
Gulf of Alaska (50-58°N, 145-155°W)
Aug 5-17 407 0.057+0.021 0.058+0.032  0.002+0.004 0.007+0.007  0.016+0.014  0.083+0.036 0.02940.020 0.299+0.039  0.132+0.043 0.036+0.024 0.170+0.049 0.193+0.036  0.859+0.038
(2.0 (2.0) 0.1) (0.3) (0.6) (2.9) (1.0) (10.4) (4.6) (1.3) (6.0) (6.8) (30.1)
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Fig. 7. Distribution of otolith-marked maturing chum salmon in the Bering Sea, North Pacific Ocean and Gulf of Alaska in the summer of 2003.
Japanese hatcheries: | = Ichani, S = Shizunai; Russian hatchery: B = Bereznykovsky. Sex, age, fork length (FL), body weight (BW), gonad
weight (GW), lipid content of muscle (if available), and catch date are indicated in each column. Numerals indicate sample numbers listed in

Table 4.
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Fig. 8. Distribution of otolith-marked immature chum salmon in the Bering Sea, North Pacific Ocean and Gulf of Alaska in June and July 2003.
Japanese hatcheries: C = Chitose, | = Ichani, S = Shizunai, T = Tokushibetsu; Alaskan hatcheries: H = Hidden Falls, M = Macaulay/Gastineau,
W = Wally Noerenberg; Canadian hatchery: N = Nitinat. Numerals indicate sample numbers listed in Table 4.
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Fig. 9. Distribution of otolith-marked immature chum salmon in the Bering Sea, North Pacific Ocean and Gulf of Alaska in August and September
2003. Japanese hatcheries: | = Ichani, S = Shizunai, T = Tokushibetsu; Russian hatcheries: A = Armansky, K = Ketkinsky, P = Paratunsky, S =
Sokolovsky; Alaskan hatcheries: H = Hidden Falls, M = Macaulay/Gastineau, W = Wally Noerenberg; Canadian hatchery: N = Nitinat. Numerals
indicate sample numbers listed in Table 4.
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Table 4. List of otolith-marked chum salmon caught in the Bering Sea and North Pacific Ocean during the 2003 Kaiyo maru trawl survey. Mark
patterns are presented in hatch code notation (Johnson et al. 2006). F = female, M = male, IM = immature fish, MAT = maturing fish, NID = not
identified.

. Hatch Location of catch Fork Bgdy ocean '
No Original hatchery code NPAFC-ID Date of catch length weight Sex age Maturity
Latitude Longitude (mm) ()
1 Shizunai 2,3H JP99-03 June 30 53°50'N 174°59'E 650 3,280 F 3 MAT
2 Bereznykovsky 4H RU99-18 July 5 52°35'N 179°44'E 542 1,962 M 3 MAT
3 Ichani 2,8nH JP99-09 July 12 56°00'N 170°03'W 588 2,635 M 3 MAT
4 NID 3H NID August 5 55°03'N 155°15°'W 623 2,660 F 3 MAT
5 NID 5H NID August 13 56°53'N 144°45°'W 607 2,922 M 2 MAT
6 Chitose 2,5n-3nH  JP01-03 June 30 53°05'N 174°44'E 338 367 F 1 IM
7 Ichani 2,8nH JP00-08 July 4 55°40'N 179°58'W 410 747 M 2 IM
8 Shizunai 2,6nH JP01-04 July 5 53°25'N 179°42’'W 344 345 M 1 IM
9 Tokushibetsu 2,1in-4nH  JP00-09 July 6 51°34'N 179°44'W 469 1,313 M 2 IM
10  Ichani 2,7nH JP01-08 July 6 51°34'N 179°44'W 314 329 M 1 IM
1 Chitose 2,5n-3nH  JP01-03 July 8 50°49'N 175°03'W 320 328 F 1 IM
12 Ichani 2,7nH JP01-08 July 10 55°49'N 175°00'W 344 474 F 1 IM
13 Shizunai 2-3H JP00-03 July 11 57°03'N 175°20'W 451 1,016 F 2 IM
14  Chitose 2,6nH JP00-01 July 11 57°03'N 175°20'W 464 1,153 F 2 IM
15 Ichani 2,8nH JP00-08 July 11 57°49'N 175°00'W 420 847 F 2 IM
16  Wally Noerenberg 3,2H AKO01-14 July 12 56°00'N 170°03'W 365 548 M 1 IM
17 Shizunai 2-3H JP00-03 July 13 54°02'N 170°34'W 426 827 F 2 IM
18  Hidden Falls 3,3H AKO00-10 July 14 53°19'N 170°32’'W 535 1,963 M 2 IM
19  Macaulay/Gastineau 5H4 AKO00-07 July 14 53°19'N 170°32’'W 494 1,586 F 2 IM
20  Nitinat 3-1H3 CA01-34 July 15 50°50'N 169°48'W 315 372 F 1 IM
21 Tokushibetsu 2,3n-3nH  JP01-01 July 15 49°52'N 170°14'W 332 410 M 1 IM
22  Macaulay/Gastineau 5H4 AKO00-07 July 16 50°03'N 165°14'W 444 971 F 2 IM
23  Macaulay/Gastineau 5H5 AKO00-08 July 16 50°03'N 165°14'W 480 1,219 M 2 IM
24 Ichani 2,8nH JP00-08 July 17 51°06'N 165°12’'W 451 1,029 M 2 IM
25  Macaulay/Gastineau 6H6 AK99-02 July 18 52°49'N 164°54'W 526 1,574 F 3 IM
26  Macaulay/Gastineau 5H AKO00-05 July 18 52°49'N 164°54'W 503 1,591 M 2 IM
27  Macaulay/Gastineau 5H3 AKO00-06 July 18 52°49'N 164°54'W 504 1,514 F 2 IM
28  Armansky 5,3H RU01-03 August 2 49°49'N 160°00'W 386 669 M 1 IM
29  Wally Noerenberg 3,2H AKO01-14 August 2 50°50'N 160°10'W 381 587 M 1 IM
30  Wally Noerenberg 3,2H AKO01-14 August 2 50°50'N 160°10'W 320 349 F 1 IM
31 Wally Noerenberg 5,2H AKO00-14 August 3 51°54'N 160°15°'W 499 1,505 F 2 IM
32 NID 3,3H NID August 3 52°51'N 160°10'W 404 767 M X IM
33 NID 4H NID August 3 52°51'N 160°10'W 436 911 M 2 IM
34  Armansky 5,3H RU01-03 August 3 52°51'N 160°10'W 470 1,071 F 2 IM
35  Macaulay/Gastineau 6H AK99-01 August 3 52°51'N 160°10'W 557 1,893 M 3 M
36  Macaulay/Gastineau 5H4 AKO00-07 August 3 52°51'N 160°10'W 487 1,373 F 2 M
37  Paratunsky 3,2nH RU01-13 August 4 53°50'N 160°05'W 496 1,361 F 2 IM
38  Wally Noerenberg 5,2H AKO00-14 August 4 53°50'N 160°05'W 507 1,565 M 2 IM
39  Wally Noerenberg 5,2H AKO00-14 August 4 53°50'N 160°05'W 473 1,346 M 2 IM
40  Wally Noerenberg 5,2H AKO00-14 August 4 53°50'N 160°05'W 521 1,575 M 2 IM
41 Macaulay/Gastineau 6H6 AK99-02 August 4 53°50'N 160°05'W 548 1,885 F 3 M
42  Macaulay/Gastineau 6H AK99-01 August 4 53°50'N 160°05'W 588 2,348 F 3 M
43  Nitinat 5H CA00-22 August 4 53°50'N 160°05'W 488 1,384 M X M
44 NID 4H NID August 4 53°50'N 160°05'W 510 1,556 M 2 IM
45 NID 5H NID August 4 53°50'N 160°05'W 525 1,707 F 2 IM
46  Sokolovsky 4,3H RU01-18 August 5 55°03'N 155°15°'W 428 1,000 F 1 IM
47  Wally Noerenberg 3,2H AK01-14 August 5 55°03'N 155°15°'W 364 522 M 1 IM
48  Wally Noerenberg 5,2H AKO00-14 August 5 55°03'N 155°15°'W 526 1,660 M 2 IM
49  Wally Noerenberg 3,2H AKO01-14 August 5 55°03'N 155°15°'W 409 846 F 1 IM
50 Macaulay/Gastineau 5H4 AK00-07 August 5 55°03'N 155°15°W 436 1,019 M 2 M
51  Wally Noerenberg 5,2H AKO00-14 August 6 54°00'N 155°13'W 539 1,741 M 2 IM
52  Wally Noerenberg 5,2H AKO00-14 August 6 54°00'N 155°13'W 500 1,406 F 2 IM
53  Wally Noerenberg 3H AKO01-15 August 6 53°03'N 155°13'W 452 1,121 F X IM
54  Wally Noerenberg 5,2H AKO00-14 August 7 52°08'N 154°52'W 499 1,458 F 2 IM
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Table 4 (continued).

Location of catch Fork Body
. Hatch ] Ocean .
No Original hatchery code NPAFC-ID Date of catch length weight Sex age Maturity
Latitude  Longitude (mm) ()
55  Wally Noerenberg 3,2H AKO01-14 August 7 52°08'N 154°52’W 372 530 F 1 M
56  Macaulay/Gastineau 5H AKO00-05 August 7 52°08'N 154°52’W 522 1,708 F 2 M
57 Macaulay/Gastineau 6H AK99-01 August 7 52°08'N 154°52’'W 588 2,374 F 3 IM
58  Wally Noerenberg 3,2H AKO01-14 August 7 51°09'N 154°59'W 409 771 M 1 M
59  Hidden Falls 3,3H AK01-13 August 8 50°07'N 154°59'W 387 726 F 1 IM
60  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 393 734 F 1 M
61  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 419 859 F 1 M
62  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 400 771 M 1 M
63  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 393 723 F 1 M
64  Wally Noerenberg 3,2H AKO01-14 August 9 49°50’'N 150°02'W 393 765 M 1 M
65  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 355 552 M 1 IM
66  Wally Noerenberg 3,2H AKO01-14 August 9 49°50'N 150°02'W 369 568 M 1 M
67  Hidden Falls 3,2H AK01-12 August 9 49°50'N 150°02'W 405 815 F 1 IM
68  Wally Noerenberg 3,2H AKO01-14 August 11 53°50'N 149°59'W 429 936 M 1 M
69  Wally Noerenberg 5,2H AKO00-14 August 12 55°52'N 150°15W 511 1,637 M 2 IM
70  Wally Noerenberg 3,2H AKO01-14 August 12 55°52'N 150°15°W 435 978 M 1 M
71 Wally Noerenberg 5,2H AKO00-14 August 12 55°52'N 150°15W 549 1,931 M 2 M
72 Wally Noerenberg 3,2H AKO01-14 August 12 55°52'N 150°15°W 372 581 M 1 M
73 Wally Noerenberg 3H AK00-13 August 12 55°52'N 150°15W 519 1,670 M 2 IM
74 NID 5H NID August 12 55°52'N 150°15°'W 478 1,241 M 2 M
75  Macaulay/Gastineau 6H AK99-01 August 13 57°50'N 144°59'W 580 2,328 M 3 IM
76  Macaulay/Gastineau 5H4 AKO00-07 August 13 56°53'N 144°45'W 504 1,446 M 2 M
77 Macaulay/Gastineau 5H6 AKO00-09 August 13 56°53'N 144°45'W 508 1,675 M 2 IM
78  Macaulay/Gastineau 4H5 Ak01-22 August 13 56°53'N 144°45'W 449 1,180 M 1 M
79  Wally Noerenberg 5,2H AK00-14 August 14 55°50'N 145°04'W 386 732 M 1 M
80  Wally Noerenberg 5,2H AKO00-14 August 30 53°29'N 165°00'W 513 1,586 F 2 M
81  Wally Noerenberg 5,2H AK00-14 August 30 53°29'N 165°00'W 501 1,269 F 2 IM
82  Wally Noerenberg 5,2H AKO00-14 August 30 53°29'N 165°00'W 496 1,298 F 2 M
83  Hidden Falls 3,3H AK00-10 August 30 53°29'N 165°00'W 497 1,401 M 2 M
84 NID 5H NID August 30 53°29'N 165°00'W 562 1,676 M 2 M
85  Wally Noerenberg 3,4H AK98-12 August 30 53°11'N 164°59'W 575 2,120 F 4 IM
86  Ketkinsky 3,4H RU99-15 August 30 53°11°'N 164°59'W 520 1,298 M 3 M
87 NID 5H NID August 30 53°11'N 164°59'W 550 2,002 F 3 M
88  Wally Noerenberg 5,2H AKO00-14 August 31 51°59'N 164°59'W 528 1,580 M 2 M
89  Wally Noerenberg 3,2H AKO01-14 August 31 51°59'N 164°59'W 409 745 F 1 M
90  Macaulay/Gastineau 5H3 AKO00-06 August 31 51°59'N 164°59'W 564 2,121 M 2 M
91 Hidden Falls 3,3H AK00-10 September 2 49°59'N 164°59'W 495 1,251 F 2 M
92  Shizunai 2-3H JP00-03 September 3 52°11°'N 170°04'W 475 1,141 F 2 M
93  Macaulay/Gastineau 5H3 AK00-06 September 3 52°11'N 170°04'W 493 1,216 M 2 M
94  Nitinat 5H3 CA00-23 September 3 52°11°'N 170°04'W 543 1,994 M 2 M
95  Macaulay/Gastineau 6H3 AK99-04 September 4 54°00'N 170°17’W 548 1,940 F 3 M
96  Wally Noerenberg 3,2H AKO01-14 September 4 54°00'N 170°17’W 412 842 F 1 M
97  Wally Noerenberg 3H AKO01-15 September 4 54°00'N 170°17’W 400 677 M 1 M
98 Ichani 2,8nH JP00-08 September 5 55°59'N 169°57'W 534 1,622 F 3 M
99  Shizunai 2-3H JP00-03 September 5 55°59'N 169°57’W 500 1,459 F 2 IM
100 Tokushibetsu 2,3n-3nH  JP01-01 September 7 55°59'N 175°00W 359 579 F 1 M
101 Wally Noerenberg 3,2H AKO01-14 September 8 53°59'N 175°00W 385 595 M 1 M
102  Shizunai 2,6nH JP01-04 September 9 51°40'N 175°00W 372 636 M 1 M
103  Macaulay/Gastineau 5H6 AKO00-09 September 11 50°29'N 179°49'W 490 1,285 F 2 IM
104  Shizunai 2,6nH JP01-04 September 13 55°29'N 179°42’W 384 690 M 1 M
105 Ichani 2,8nH JP00-08 September 15 57°29'N 179°59°E 421 820 F 2 IM
106  Shizunai 2,6nH JP01-04 September 15 57°29'N 179°59'E 367 519 F 1 M
107 Macaulay/Gastineau 6H AK99-01 September 16 55°03'N 175°18'E 537 1,526 M 3 IM
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Early Summer

Three otolith-marked maturing chum salmon (age 0.3)
were found in the Bering Sea between June 30 and July 12
(Fig. 7). Those marked fish were released from the Ichani
and Shizunai hatcheries in Hokkaido, Japan, and the Ber-
eznykovsky Hatchery in Sakhalin, Russia.

Thirteen Japanese immature chum salmon originally re-
leased from four hatcheries (Chitose, Ichani, Shizunai and
Tokushibetsu) in Hokkaido were recovered in the Bering
Sea (n = 10) and adjacent North Pacific Ocean (n = 3) (Fig.
8). In addition, eight Alaskan chum salmon from the Wally
Noerenberg (PWS), Hidden Falls and Macaulay hatcheries
(SEAK) and one Canadian fish from the Nitinat Hatchery on
southern Vancouver Island were found in the eastern waters
of the North Pacific Ocean and Bering Sea (Fig. 8).

Late Summer/Early Fall

Two otolith-marked maturing chum salmon (ages 0.2
and 0.3) were found in the northern Gulf of Alaska on Au-
gust 5 and 13, 2003, but their hatchery origins were not de-
termined due to mark duplication (Fig. 7).

Eight Japanese immature chum salmon released from
the Ichani, Shizunai and Tokushibetsu hatcheries (Hok-
kaido) were caught in the Bering Sea (n = 7) and eastern
North Pacific Ocean near the Aleutian Islands (n = 1) (Fig.
9). Five Russian chum salmon released from the Armansky
(North Okhotsk), Ketkinsky and Paratunsky (Kamchatka),
and Sokolovsky (Sakhalin) hatcheries were recovered in
the eastern North Pacific Ocean and Gulf of Alaska (Fig. 9).
Thirty-eight fish released from the Wally Noerenberg Hatch-
ery (PWS) were found in the Gulf of Alaska (n = 23), eastern
North Pacific Ocean (n = 12), and eastern Bering Sea (n = 3).
Nineteen fish from the Macaulay and Hidden Falls hatcher-
ies (SEAK) were recovered in the Gulf of Alaska (n = 9),
eastern North Pacific Ocean (n = 7), central North Pacific
Ocean (n = 1) and Bering Sea (n = 2). One of them was
caught in the western Bering Sea (55°03’N, 175°18’E) (Fig.
9, Table 4). Two Canadian fish from the Nitinat Hatchery
were detected in the eastern North Pacific Ocean (Fig. 9).

DISCUSSION

The present GSI study clearly indicated the stock-spe-
cific distribution, migration and abundance of maturing and
immature chum salmon in the Bering Sea and North Pacif-
ic Ocean. Their distribution and migration patterns in the
ocean were variable among eleven regional stocks in Asia
and North America. Past long-term high-seas tagging ex-
periments have been useful in designating the major ocean
distributions of maturing chum salmon (e.g. Yonemori 1975;
Neave et al. 1976; Ogura 1994; Myers et al. 1996), however,
distributional information for immature fish is sparse due to
the limited recoveries of tagged fish over the years. The re-
cent mass otolith marking programs provide a good oppor-
tunity to identify the distribution and abundance of hatchery

chum salmon in the ocean. For example, the total number
of tagging recoveries for immature chum salmon originating
from central and southeast Alaska was only 19 fish over 40
years (1956-1995; Myers et al. 1996), whereas 57 imma-
ture chum salmon originating from hatcheries in PWS and
southeast Alaska were recovered in the open ocean during
the single summer and fall period of 2003.

Ocean Distribution and Migration of Japanese Stocks

Past tagging recoveries suggested that Japanese imma-
ture chum salmon were distributed along the Aleutian Islands
in the North Pacific Ocean during July and August (Yonemo-
11 1975; Neave et al. 1976). However, our GSI study clearly
indicated that Japanese immature fish were widely distrib-
uted in the Bering Sea during the summer and fall, while a
considerable number of fish appeared in the eastern North
Pacific Ocean in the early summer (late June and July). On
the other hand, most Japanese maturing fish were already
present in the central and western waters of the Bering Sea
in the early summer, and had disappeared by late summer.
Japanese chum salmon inhabit the western North Pacific
Ocean during the first winter and the central Gulf of Alaska
during the following winters (Urawa and Ueno 1997; Urawa
2000, 2004). Genetic monitoring surveys in salmon fisheries
in the Unimak and Shumagin islands (near Unimak Pass in
the eastern Aleutian Islands) indicated that the component of
Japanese chum salmon stocks increased between mid June
and mid July with a peak in late June (Crane and Seeb 2000;
Seeb et al. 2004). Young fish (age 0.1) of Japanese origin
also migrate from the western North Pacific Ocean into the
Bering Sea in the summer (Urawa et al. 1998, 2001). Naga-
sawa and Azumaya (2009) also reported that age 0.1 chum
salmon stayed in the North Pacific Ocean at 5-10°C in June
and appeared in the Bering Sea in July. Our results as well
as other known information suggest that Japanese maturing
chum salmon move from the Gulf of Alaska into the Bering
Sea mainly in June, and are followed by immature fish in late
June and July.

The ocean distribution of immature chum salmon is
affected by water temperatures (Azumaya et al. 2007; Fu-
kuwaka et al. 2007). It is not known exactly how long im-
mature chum salmon stay in the Bering Sea to feed, but sea
surface temperature (SST) data suggest that they may mi-
grate out of the Bering Sea to their winter habitat in the Gulf
of Alaska by late November when SST decrease to less than
4°C. During the winter period, chum salmon prefer water
temperatures between 4°C and 6°C (Ueno et al. 1997). The
habitat in this temperature range is more widely available in
the Gulf of Alaska than in the western waters of the North
Pacific Ocean (Neave et al. 1976; Urawa 2000). For Japa-
nese chum salmon overwintering in the Gulf of Alaska, the
shortest homing migration route is through the Bering Sea.
In addition, the Bering Sea is one of most productive ecosys-
tems in the world, and provides favorable feeding habitats
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Fig. 10. Estimated migration pattern of Japanese chum salmon in the Bering Sea and North Pacific Ocean with the10-year average of sea
surface temperatures (°C; http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/). Orange and white circles indicate the estimated major
ocean distributions of Japanese chum salmon during winter and summer/fall, respectively (Urawa 2000, 2004).

for salmon during summer and fall.

In the western Bering Sea within the Russian EEZ, Rus-
sian chum salmon were the predominant stocks (over 60%)
in May and June, while the percentage of Japanese stocks in-
creased from several percent in May to 60% in August (Seeb
et al. 2004). This GSI estimate as well as past tagging ex-
periments (Yonemori 1975; Neave et al. 1976; Ogura 1994;
Myers et al. 1996) indicates that Japanese maturing chum
salmon migrate in the waters off the Kamchatka Peninsula
and the Kuril Islands between July and September, heading
southwest to northern Japan where mature salmon runs oc-
cur between September and December.

A total of 23 otolith-marked chum salmon released from
four Japanese hatcheries in Hokkaido were recovered in this

study, and most of those fish were found in the Bering Sea.
Sato et al. (2009b) also recorded many otolith marked chum
salmon in the Bering Sea (n = 177) and North Pacific Ocean
(n = 13) during the spring and summer of 2006 and 2007,
most (90%) of which were of Japanese origin. Those otolith
mark recoveries support the ocean distribution of Japanese
chum salmon estimated by GSI analysis.

The estimated seasonal migration patterns of Japanese
chum salmon in the Bering Sea and North Pacific Ocean are
summarized in Fig. 10 along with 10-year averages of SST.
After overwintering, maturing chum salmon in the Gulf of
Alaska migrate into the Bering Sea during June, followed by
young fish (age 0.1) from the western North Pacific Ocean
and by immature fish from the Gulf of Alaska. Maturing fish
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migrate out of the Bering Sea by August, while immature
fish remain in the Bering Sea to feed. In late October or
November when the water temperature decreases in the Ber-
ing Sea, immature fish move southeast to the Gulf of Alaska.
They migrate between summer feeding grounds in the Ber-
ing Sea and winter habitat in the Gulf of Alaska until they
return to spawn along the shortest migration route through
the Bering Sea.

Ocean Distribution of Russian Stocks

Our GSI analysis suggested that Russian immature chum
salmon were abundantly distributed in the Bering Sea simi-
lar to the Japanese stocks, but their distribution also spread
into the adjacent North Pacific Ocean. Most of the Russian
chum salmon in the Bering Sea and North Pacific Ocean
were of north Russian (north Okhotsk coast, Kamchatka
and Anadyr) origin. Sakhalin immature chum salmon were
mainly distributed in the central and southern Bering Sea.
Other Russian stocks (Amur River and Premorye) may not
be abundant in the Bering Sea. Tagging recoveries (Myers
et al. 1996) suggested that immature chum salmon from the
Amur River and Sakhalin were mainly present in the western
North Pacific Ocean, and immature fish from North Okhotsk
coast and Kamchatka were distributed in both the Bering Sea
and North Pacific Ocean. Russian immature chum salmon
inhabit the central North Pacific Ocean during winter (Ura-
wa and Ueno 1997).

Our study indicated that northern Russian maturing
chum salmon were most abundant in the western Bering Sea
in the early summer. Tagging experiments indicated that ma-
turing fish from the eastern Kamchatka and Anadyr regions
were distributed in the Bering Sea, while other stocks (Amur
River, Prymoyre, Sakhalin, northern Okhotsk and western
Kamchatka) appeared mainly in the western North Pacific
Ocean between May and July (Neave et al. 1976; Ogura
1994; Myers et al. 1996). Because Russian stocks include
summer runs, the timing of spawning runs may limit their
oceanic distribution to western waters.

Ocean Distribution of North American Stocks

As suggested by past results (Urawa et al. 2000, 2004),
our GSI study indicated that North American stocks were
predominant in the Gulf of Alaska, but not in the Bering Sea.
It is noteworthy that young chum salmon from the Yukon
River fall runs appeared at the southern margin (50°N) of
our survey areas in the eastern North Pacific Ocean and Gulf
of Alaska. Northwest Alaska summer runs also appeared
in the same area as well as in the Bering Sea. Other GSI
studies estimated that the contribution of northwest Alaska
stocks among immature chum salmon in the Gulf of Alas-
ka was 15% in summer 1998 (Urawa et al. 2000), 11-14%
(ages 0.2-0.4 only) in January 1996 (Urawa et al. 1997), and
3-16% in February 2006 (Beacham et al. 2009). Most tagged

immature chum salmon recovered in northwest Alaska were
released in the Gulf of Alaska and around the eastern Aleu-
tian Islands, whereas tagged maturing fish were released in
both the Gulf of Alaska and the Bering Sea (Neave et al.
1976; Myers et al. 1996). Thus it may be that young chum
salmon migrate from the northwest Alaska coast to the Gulf
of Alaska for overwintering, and considerable numbers of
fish remain there until maturing, unlike Japanese stocks that
migrate seasonally between the Gulf of Alaska and Bering
Sea.

Our study confirmed that immature chum salmon from
the Alaska Peninsula/Kodiak Island region were widely dis-
tributed in the Bering Sea and North Pacific Ocean (east of
175°E), although the tagging recoveries indicated a limited
distribution in the northern Gulf of Alaska and around the
Aleutian Islands east of 178°W (Neave et al. 1976; Myers et
al. 1996).

The ocean distribution of PWS chum salmon was not
clear in our GSI study, because of the low abundance of
PWS stocks in the survey areas. However, a large number
of otolith-marked chum salmon released from the Wally
Noerenberg Hatchey (WNH) located in PWS were found in
the open ocean. This hatchery annually releases approxi-
mately 75-100 million chum salmon fry with otolith marks.
According to our recovery records, WNH immature chum
salmon were mainly distributed in the Gulf of Alaska and
eastern North Pacific Ocean, and some were present in the
eastern and southern Bering Sea (east of 175°W).

Both our GSI and otolith mark recoveries indicated that
SEAK/North BC immature stocks were widely distributed
throughout the northern waters of the Gulf of Alaska and
eastern North Pacific Ocean, and the southern Bering Sea.
South BC/Washington stocks shared a similar ocean distri-
bution with SEAK/North BC stocks, but they were also dis-
tributed in the central Bering Sea. In the Bering Sea, there
were few records of tagging recovery for immature and ma-
turing chum salmon originating from central and southeast
Alaska, BC and Washington (Myers et al. 1996). Compared
with the past tagging recovery records, the present GSI and
otolith mark recoveries suggest a wider ocean distribution
of chum salmon stocks originating along the Gulf of Alaska
and northwest coast of North America than previously ac-
knowledged.

CONCLUSIONS

Our study using genetic and otolith marks provides new
information on stock-specific ocean distribution of chum
salmon originating from Asia and North America. The dis-
tribution patterns apparently differ among regional stocks.
Japanese and north Russian chum salmon are predominant
in the Bering Sea during summer and fall. North American
stocks are mainly distributed in the Gulf of Alaska and east-
ern North Pacific Ocean, and some stocks also intermingle
in the Bering Sea. Japanese chum salmon have a strong sea-
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sonal migration pattern between the Bering Sea (summer/
fall) and Gulf of Alaska (winter/spring), responding to sea-
water temperatures. The ocean distribution and migration
patterns of salmon may be also affected by the abundance
of food organisms, interactions within or between species,
ocean conditions (salinity, depth, currents, e.g.), and timing
and location of spawning as well as winter habitat. Further
long-term studies are required to clarify factors affecting the
migration and distribution of salmon in the ocean.
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Abstract: The influence of sea surface temperature (SST) on sockeye salmon catch per unit effort (CPUE) for the
June south Alaska Peninsula fishery and on the run size of the western Alaska sockeye salmon was investigated
for the period 1975-2008. CPUE was positively related to the size of the western Alaska sockeye salmon run but
not to SST over the pooled time period. Time-stratified analysis before and after 1994/1993 revealed significant
negative relations between the June fishery CPUE and winter and spring SST in the area to the east of the fishery.
There were positive relations between the size of the western Alaska run and SST for temperature time series in the
central Bering Sea, eastern Aleutian Islands, and between Kodiak and the Shumagin islands for one- and two-year
lags prior to the adult return. Time-stratified analysis showed that there were significant changes in the influence
of temperature on the June fishery CPUE and in the size of the western Alaska run. Combined the results suggest
that warming temperatures in the Bering Sea have shifted regions of importance to the west for all ocean ages.

Keywords: sockeye salmon, sea surface temperature, ocean distribution, migration, western Alaska, Bering

Sea, Alaska Peninsula, CPUE

INTRODUCTION

During June a coastal net fishery takes place on the Pa-
cific Ocean side of the Alaska Peninsula and eastern Aleutian
Islands targeting maturing sockeye salmon (Oncorhynchus
nerka) with an incidental harvest of maturing chum salmon
(Rogers 1986). Annual catches are typically between one
and two million sockeye salmon and about one quarter that
number for chum salmon (O. keta). Tagging studies have
identified the majority of the sockeye salmon catch as of
Bristol Bay origin (Eggers et al. 1991). Results of genet-
ic stock identification show that the majority of the chum
salmon catch is of western Alaska origin with one-quarter to
one-third of Asian origin (Seeb and Crane 1999).

Most of the variance in June fishery sockeye salmon
catches can be explained by a positive linear relation between
catches and the total western Alaska sockeye salmon abun-
dance alone (P = 5.8 x 107, R=0.55). Catch per unit effort
(CPUE) in the fishery has been highly variable over time
but is not closely related to changes in the management of
the fishery (Fig. 1). For example, the depth of nets allowed
in the fishery was reduced and restricted for the first time in
1990 following the year with the highest CPUE on record.
Following modest CPUE in 1990 and 1991, the sockeye
salmon CPUE in 1992 and 1993 were the third and fourth
highest on record. Since 1994 the average June south Pen-
insula fishery sockeye salmon CPUE has dropped by about
30% while western Alaska sockeye salmon abundance has
been above average. Years such as 1996 with near record re-

turns of sockeye salmon to Bristol Bay but unexpectedly low
CPUE in the June fishery have prompted speculation that the
availability of salmon to the fishery is influenced by environ-
mental conditions along the migratory path of salmon at sea
(Poetter 2009).

The freshwater reproductive and early life history of
salmon is relatively attractive for study, but salmon popu-
lations experience most of their mortality at sea (Groot
and Margolis 1991). Variability in marine survival is thus
closely related to the abundance of returns. There has been
considerable work aimed at understanding the influence of
climatic variables such as sea surface temperature (SST) on
growth, distribution and production of salmon (Beamish and
Boullion 1992; Francis and Hare 1994; Adkison et al. 1996).
These studies have focused on large-scale effects frequently
related to the regime shift in about 1977 that marked the be-
ginning of the present period of high production. Both Rog-
ers (1987) and Isakov et al. (2000) studied the effects of tem-
perature on growth of Bristol Bay sockeye salmon and found
the greatest effects in the early marine life history stages.
Francis and Hare (1994) have shown that the abundance of
western Alaska sockeye salmon adult returns is correlated
with winter temperatures on Kodiak Island two years prior.
Welch et al. (1995, 1998) have shown that salmon distribu-
tions at sea have sharp thermal limits that vary by area dur-
ing different months of the year.

Nagasawa et al. (2005) found a strong positive relation
between sea surface temperature trends along the dateline
in the Bering Sea in July and trends in CPUE of immature
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sockeye and chum salmon in Bering Sea research gillnet
surveys (P = 8.15 x 107, R? = 0.586). Greater abundance
of immature fish with warmer temperatures would be con-
sistent with a greater proportion of western Alaska sockeye
salmon using a larger area in the Bering Sea for a longer
period in the summer. This would correspond to a reduced
distribution in the North Pacific during the following winter
and spring. Perry et al. (2005) relate distribution shifts for
marine fishes to SST changes in the North Sea using CPUE
data and suggest “profound impacts on commercial fisher-
ies through continued shifts in distribution and alteration
of community interactions”. They also found that species
with rapid generational turnover were more likely to show
changes in marine distribution.

Because the June fishery is restricted to a relatively
small nearshore area, changes in the migratory path of ma-
turing salmon could have a large impact on availability to
the fishery. Thus previous research suggests that SST might
influence June CPUE both via changes in western Alaska
sockeye salmon abundance and changes in ocean distribution
and migration patterns (Beamish and Bouillon 1993; Fran-
cis and Hare 1994; Welch et al. 1995, 1998; Nagasawa et al.
2005; Perry et al. 2005). For example, later departure from
the Bering Sea after summer feeding would limit the extent
of eastward migration in the Subarctic Current in the win-
ter. Reduced eastward distribution in winter would result in a
westward migration farther offshore in the Alaskan Stream in
spring with lower availability to the June fishery. The purpose
of this study is to evaluate the potential importance of SST at
specific ocean areas and times on the June fishery CPUE and
to determine whether the importance of those locations has
changed in concert with changes in the June fishery CPUE.

First I hypothesize that the June fishery CPUE is posi-
tively related to western Alaska sockeye salmon abundance
and to SST in five regions of the North Pacific and Bering
Sea from 1975-2008 and that there are significant changes
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Fig. 1. Western Alaska sockeye run size and June south Penin-
sula fishery catch per boat per day for sockeye and chum salmon,
1975-2008.

in those relations before and after 1994/1993. Second, I
hypothesize that the abundance of western Alaska sockeye
salmon has been positively related to SST in those five re-
gions from 1975-2008 and that those relations also changed
before and after 1994/1993.

MATERIALS AND METHODS
Sea Surface Temperature

Five locations were chosen to evaluate the influence of
temperature by region on the June south Peninsula fishery
catch rates (Fig. 2). T. Nagasawa (nagasat@affrc.go.jp, un-
published data) provided time series of SST for the Bering
Sea and for an area near the eastern Aleutian Islands which
includes the location of the June south Peninsula fishery. He
has identified these areas as particularly important for imma-
ture sockeye salmon at sea. A Kodiak winter air temperature
time series was constructed from the Alaska Climate Research
Center (http://climate.gi.alaska.edu/Climate/Location/Time-
Series/Data/adqT) to serve as a surrogate for SST, according
to Francis and Hare (1994). An average for each year was
computed by averaging the monthly average air tempera-
tures for the period November through March, where March
is the identified year. Time series of direct observation of
SST are lacking for the winter and spring from the Gulf of
Alaska and North Pacific Ocean in the vicinity of the Alaska
Peninsula. However a global time series of average month-
ly SSTs (Smith-Reynolds Optimum Interpolation SSTs) is
available for sub-sampling online at the NOAA site (http://
nomads.ncdc.noaa.gov/cgi-bin/ncdc-ui/define-collection.
pl?model sys=sst&model name=ersst&grid name=999).
For the Gulf of Alaska area between 55°N—-60°N, 140°W—
150°W, I extracted the minimum monthly average SST for
each year, usually occurring in February or March in order
to test whether the degree of extreme cold might keep fish
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Fig. 2. Location of the June south Peninsula fishery and areas of
temperature time series.
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farther offshore. For the area offshore and between Kodiak
and the Shumagin islands bounded by 54°N—56°N, 150°W—
160°W, 1 extracted the May average SST. Maturing adult
salmon migrate through this area in the period immediately
preceding the fishery. The four time series of SST and one
SST surrogate are shown in Table 1.

Catch per Unit Effort

Catch and effort information for the June south Penin-

sula fishery were obtained from the Alaska Department of
Fish and Game (ADF&G) (Poetter 2009). The abundance of
the western Alaska sockeye salmon run was computed from
ADF&G data files as the sum of catch plus escapement for
Chignik, the north Alaska Peninsula and Bristol Bay. Abun-
dance, catch, effort and CPUE data are shown in Table 2.
Catches may not be simply dependent on availability
of sockeye salmon during June along the south Peninsula.
Throughout most of the period of this study, 1975-2008,
fishing time in the June fishery was regulated based on fore-

Table 1. Temperature by time and area for the North Pacific Ocean and Bering Sea.

Year _JuIy ) June o _ May . _Kodial_( Gulf w_in_ter )
Bering Sea™ Eastern Aleutian™ Kodiak-Shumagin™ winter Air' monthly minimum®
1972 7.28 5.22 5.06 -2.51 2.87
1973 7.03 5.53 5.09 -1.78 4.06
1974 8.10 6.21 5.62 -1.29 3.83
1975 6.63 5.23 4.84 -2.53 4.53
1976 6.85 5.65 4.85 -2.42 4.07
1977 7.95 7.13 5.59 1.68 5.46
1978 7.43 6.55 5.84 0.23 4.77
1979 7.55 7.39 5.88 1.97 4.47
1980 7.98 6.29 5.35 0.63 4.29
1981 8.58 7.69 6.38 1.99 4.84
1982 6.85 5.96 4.96 0.42 4.07
1983 7.60 7.31 6.19 2.41 4.79
1984 8.10 7.73 6.05 1.43 5.28
1985 7.30 5.91 5.12 1.62 4.77
1986 7.95 6.24 5.64 0.58 4.84
1987 7.20 6.34 5.64 1.92 5.12
1988 7.55 6.63 5.39 0.28 4.91
1989 7.78 6.15 5.70 -1.03 3.70
1990 8.20 6.79 6.22 -0.50 3.99
1991 7.80 6.56 5.56 -0.83 4.34
1992 6.98 7.23 5.97 0.09 4.88
1993 7.73 7.19 6.35 -0.14 4.29
1994 7.50 6.96 5.79 0.83 4.94
1995 7.88 6.40 6.00 -0.90 4.47
1996 8.43 6.97 6.45 0.39 4.42
1997 8.35 7.83 6.18 0.34 4.54
1998 8.03 6.73 5.92 0.56 5.42
1999 7.15 5.92 4.78 -2.14 4.29
2000 8.05 6.69 5.75 -0.97 4.19
2001 7.15 7.13 5.99 1.46 511
2002 8.03 6.89 5.78 -0.88 4.17
2003 8.25 6.97 6.27 1.83 5.80
2004 8.10 6.99 6.27 -0.31 4.86
2005 7.91 NA™ 7.1 1.33 5.14
2006 7.24 NA 5.65 -0.98 4.40
2007 7.30 NA 5.09 -2.77 3.77
2008 7.44 NA 4.68 -0.87 4.21

“Provided from T. Nagasawa

“NOAA NCDC Smith-Reynolds Optimum Interpolation SST
“Alaska Climate Research Center average of monthly values
“Data not available
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Table 2. Effort, catch and CPUE for the June south Alaska Peninsula fishery and total western Alaska sockeye salmon abundance.

Sockeye

Chum Western Alaska

Year fli?c,?]);l Uggzrof Gear days catch Sgc;lﬁeée catch g;ﬂg socl.<e‘ye run
(x 1000) (x 1000) (millions)*
1975 10 109 1,090 240 220 101 93 26.7
1976 19 149 2,831 305 108 410 145 14.3
1977 17 131 2,227 242 109 116 52 12.8
1978 23 159 3,657 487 133 122 33 23.2
1979 33 198 6,534 851 130 104 16 42.9
1980 30 226 6,780 3,206 473 509 75 67.3
1981 24 243 5,832 1,821 312 564 97 38.6
1982 30 251 7,530 2,119 281 1,095 145 27.9
1983 11 281 3,091 1,964 635 786 254 51.6
1984 5 280 1,400 1,388 991 337 241 47.7
1985 9 305 2,745 1,791 652 434 158 43.3
1986 8 298 2,384 471 198 352 148 27.3
1987 12 290 3,480 794 228 443 127 32.8
1988 8 301 2,408 757 314 527 219 27.2
1989 5 305 1,525 1,745 1,144 455 298 471
1990 13 321 4,173 1,345 322 519 124 51.0
1991 8 334 2,672 1,549 580 773 289 46.8
1992 8 321 2,568 2,458 957 426 166 50.9
1993 10 328 3,280 2,974 907 532 162 57.1
1994 14 324 4,536 1,461 322 582 128 55.5
1995 18 331 5,958 2,105 353 537 90 66.1
1996 16 313 5,008 1,029 205 360 72 411
1997 18 292 5,256 1,628 310 322 61 23.1
1998 18 283 5,094 1,289 253 246 48 21.0
1999 10 277 2,770 1,375 496 245 88 44 .4
2000 18 278 5,004 1,251 250 239 48 34.0
2001 5 128 640 151 236 48 75 25.7
2002 9 181 1,629 591 363 379 233 20.2
2003 9 177 1,593 453 288 282 179 28.8
2004 19 190 3,610 1,348 373 482 134 46.8
2005 19 190 3,610 1,004 278 428 119 42.8
2006 19 188 3,572 932 261 300 84 48.2
2007 19 185 3,515 1,590 452 298 85 50.4
2008 19 196 3,724 1,714 460 411 110 44.8

* Catch plus escapement for Chignik, north Alaska Peninsula and Bristol Bay.

casts of abundance of Bristol Bay sockeye salmon. Effort,
measured as the product of the total number of days the fish-
ery was open and the total number of vessels fishing during
the month, varied over a wide range as the result of man-
agement measures and variable participation by fishermen.
Adding effort as an independent variable in step-wise mul-
tiple regression only results in a small change in the amount
of variance explained in the relation between June fishery
catches and total western Alaska sockeye salmon abundance
(P=215x 107, R2=10.63 vs. P = 5.8 x 107, R? = 0.55).
Because management measures had a relatively small effect
on catches, CPUE should be a measure of the availability

of salmon to the June fishery. The time series of CPUE for
sockeye salmon and the CPUE for chum salmon have a sig-
nificant linear positive relation (P = 4.4 x 10°, R? = 0.42).
However, total abundance data are only available for sock-
eye salmon, so the balance of the analysis was restricted to
sockeye salmon.

Regressions
Regressions and step-wise multiple regressions were

performed between time series of annual June south Pen-
insula fishery CPUE, the abundance of the western Alaska
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sockeye salmon run, and five SST time series for the areas in
Fig. 2 for the same year and for lags in temperature preced-
ing the catch by 1, 2, and 3 years. Adult returns in a single
year incorporate several ages since out-migration. Rogers
(1987) and Isakov et al. (2000) have shown that age since
out-migration is most important with respect to the influ-
ence of temperature on growth and subsequent survival.
This analysis, similar to that of Francis and Hare (1994) but
different from Rogers (1987) and Isakov et al. (2000) was
conducted from the perspective of year of adult return which
results in a dilution of the power of the analysis.

The analysis was performed for all years combined and
separately for the periods 1975-1993 and 1994-2008 in order
to detect changes that might be associated with the apparent
shift in CPUE in the fishery. An important consequence of
partitioning the 34-year time series is the reduction in sample
size by a factor of two with a consequent reduction in ana-
lytical power.

Ryding and Skalski (1999) found a non-linear relation
between SST and survival for hatchery released coho salmon

(O. kisutch) in Washington State which they evaluated with
quadratic regressions and interpreted as reflective of an op-
timum for survival of salmon in the marine environment. In
this study, all linear regressions were evaluated for evidence
of such an optimal relation and a quadratic model was fit for
the case where it occurred in the Bering Sea.

RESULTS
Time-Pooled Analysis

June CPUE and SST

There were no areas with statistically significant rela-
tions between June fishery CPUE and SST over the period
1975-2008.

June CPUE and Western Alaska Run Size

There is a significant positive relation between CPUE
in the June fishery and total western Alaska sockeye salmon
abundance (P = 0.001, R = 0.284, b = 9.9) over the period

Table 3. Results of regression analysis of sea surface temperature with June south Peninsula sockeye salmon CPUE (A) and with the run size of
the western Alaska sockeye salmon (B). Asterisks * and ** indicate P < 0.05 and P < 0.01, respectively. Bold italic categories reflect a decrease

in importance across time-stratified analysis.
A. June south Peninsula sockeye salmon CPUE

Time-pooled analysis

Time-stratified analysis

Area
1975-2008 1975-1993 1994-2008
Lag 2 2 2
(years) R b (/C) P R b (/C) P R b (/C)
May 0 0.760 0.003 25.7 0.137 0.125 244 .8 0.002 0.521 -100.8
Kodiak-Shumagin
Kodiak Winter Air 0 0.800 0.002 -8.5 0.964 0.000 -2.6 0.005 0.473 -46.0
May P R? b
Kodiak-Shumagin + 0.006 0.578 -65.73
Kodiak Winter Air -23.18
Western Alaska P R? b (/109) P R2 b (/108) P R2 b (/108)
Sockeye run size 0 0.001**  0.284 9.9 0.002**  0.450 15.2 0.193 0.126 2.3
June south 400 458 327
Peninsula CPUE
B. Western Alaska sockeye salmon run size
A Time-pooled analysis Time-stratified analysis
rea
1975-2008 1975-1993 1994-2008
Lag 2 6 2 b (10 2 6
July (years) R b (10 ¢/C) P R 5C) P R b (10 ¢/C)
Bering Sea 1 0.009**  0.263 parabolic 0.138 0.129  parabolic 0.034* 0.430  parabolic
June 1 0.124 0.080 6.6 0.037* 0.231 10.3 0.698 0.016 -4.0
Eastern Aleutian
2 0.017* 0.175 9.3 0.073 0.177 8.7 0.054 0.297 17.3
May 1 0.155 0.062 6.7 0.061 0.191 14.2 0.860 0.002 1.2
Kodiak-Shumagin
2 0.024* 0.150 10.4 0.0498*  0.208 14.6 0.180 0.134 10.0
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Fig. 3. Relation between June south Peninsula sockeye CPUE and
the size of the western Alaska sockeye run, 1975-2008.
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Fig. 5. Relation between June south Peninsula sockeye salmon
CPUE and May Kodiak-Shumagin SST 1994-2008.

(Table 3A, Fig. 3). Addition of each of the temperature time
series to the abundance of the western Alaska sockeye salm-
on run size in step-wise multiple regression did not result
in significant improvement in the explanatory power with
respect to the June fishery CPUE. This was true at lags in
temperature with respect to the year of adult returns of one,
two and three years.

Western Alaska Run Size and SST

There are significant positive relations between total
western Alaska sockeye salmon abundance and July Bering
Sea, June eastern Aleutian and May Kodiak-Shumagin SST
(Table 3B). A narrow range of July Bering Sea temperatures
produced uniformly large returns of sockeye salmon to west-
ern Alaska the next year. The temperature range 7.40—7.93°C
corresponds to average returns one year later of 52 million,
with a minimum return of 41 million fish. Cooler years aver-
aged 29 million and warmer years averaged 34 million adult
sockeye salmon returning to western Alaska. While there
was no significant relation between the abundance of west-
ern Alaska sockeye salmon and a linear model for the previ-
ous year July Bering Sea SST, the relation with the parabolic
model was significant (P = 0.009, R? = 0.263) for tempera-
tures the summer previous to the adult return (Fig. 4).

Temperatures two years prior to the adult return were
positively related to the adult return for both June eastern
Aleutian SST (P = 0.017, R2 = 0.175, b = 9.3 M/°C) and
May Kodiak-Shumagin SST (P =0.024, R2=0.150,b=10.4
M/°C). One-year lags in temperature ahead of year of adult
return did not produce significant results for these same areas
over the 1975-2008 time period.

For time-pooled analysis the null hypothesis that there
are no significant relations between June fishery CPUE and
SST is not rejected (P < 0.05) but the null hypothesis of no
significant relation between June CPUE and the size of the
western Alaska sockeye salmon run is rejected (P < 0.01).

Time-Stratified Analysis

June CPUE and SST

The only significant relations between June south Pen-
insula sockeye salmon CPUE and SST occur for the pe-
riod 1994-2008 for May Kodiak-Shumagin (P = 0.002, R?
=0.521, b = -100.8) and Kodiak winter air temperature (P
=0.005, R?= 0.473, b = -46.0) (Table 3A, Fig. 5). Cooler
winter and spring temperatures to the east of the fishery are
related to higher CPUE in June.

June CPUE and Western Alaska Run Size

The significant positive relation from 1975-2008 be-
tween June fishery CPUE and the size of the western Alaska
run is split before and after 1994/1993 with a significant re-
lation for the early period (P = 0.002, R? = 0.450, b = 15.2)
but not for the late (P =0.193, R2= 0.126, b =2.3). In step-
wise multiple regressions for the period 1994-2008 the size
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Fig. 6. The combined effect of May Kodiak-Shumagin SST and the size of the western Alaska sockeye salmon run on June south Peninsula
sockeye CPUE for time-stratified analysis. Small grey symbols on the CPUE/western Alaska run size plane and small black symbols on the
CPUE/May Kodiak-Shumagin SST plane show the shift of dominant influence on June CPUE from the size of the western Alaska sockeye salm-
on run for 1975-1993 (P = 0.002, R? = 0.450) to the May Kodiak-Shumagin SST from 1994—-2008 (P = 0.002, R? = 0.521). See Figs. 3 and 5.

of the western Alaska sockeye salmon run adds only a little
explanatory power with respect to the June fishery CPUE
compared to those of each of May Kodiak-Shumagin and
Kodiak winter air temperature time series alone.

The combined effects of temperature and the size of the
western Alaska sockeye salmon run on the June south Penin-
sula sockeye salmon CPUE over the period 1975-2008 ap-
pear to have been dominated by the positive relation with
size of the western Alaska sockeye salmon run, but since
1994 temperatures immediately to the east of the fishery
have had a significant effect. The combined effects of dif-
ferent dominant influences on June CPUE before and after
1994/1993 are shown in a composite 3D view of June CPUE
against western Alaska run size and May Kodiak-Shumagin
SST with the respective 2D linear relations shown in the
background (Fig. 6).

Western Alaska Run Size and SST

For immature sockeye salmon (one-year lag) the area of
greatest influence on the size of the adult return in the early
period was the June eastern Aleutian Islands (P = 0.037, R?
0.231, b = 10.3), while in the later period the region of
greatest importance had shifted to the central Bering Sea (P
=0.034, R?2=0.430) with very little influence of temperature
in the June eastern Aleutian and May Kodiak-Shumagin ar-

eas (P =0.698, R2=0.016,b=-4.0; P =0.860, R*=0.002, b
=1.2, respectively). The influence of a narrow range of tem-
peratures in the central Bering Sea on the size of the western
Alaska sockeye salmon run increased from the early period
(Table 3B, Fig. 7). For juvenile sockeye salmon (two-year
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Fig. 7. Relation between western Alaska adult sockeye salmon
abundance and previous July Bering Sea dateline sea surface tem-
perature, 1994-2008.
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lag) the greatest decline in area of importance was for the
May Kodiak-Shumagin which had been more important than
the June eastern Aleutians in the early period but became less
important in the later period. For juvenile sockeye salmon
the June eastern Aleutians area has become somewhat more
important in the recent period (P = 0.054, R2 = 0.297, b =
17.3).

For time-stratified analysis, the null hypothesis that
there are no changes in significance of relations across the
time strata for the influence of SST on June CPUE is re-
jected for two of the five areas examined (P < 0.01). Kodi-
ak-Shumagin May SST and Kodiak winter air temperatures
both have had a significant negative relation with June CPUE
since 1994 but not before. The null hypothesis of no change
in significance for the influence of the size of the western
Alaska sockeye salmon run on June CPUE is also rejected
(P <0.01). The positive relation of western Alaska sockeye
salmon on June CPUE from 1975-1993 is not significant for
the later period.

The null hypothesis that there are no changes in the sig-
nificance of relations across the time strata for the influence
of SST on the size of the western Alaska sockeye salmon run
is also rejected (P < 0.05). For one year of lag between SST
and abundance, the Bering Sea became more important and
the eastern Aleutians area became less important after 1993.
For two years of lag of SST to adult run size, the Kodiak-
Shumagin area became less important after 1993.

DISCUSSION

There is a clear pattern of decreasing influence of tem-
perature on western Alaska sockeye salmon run size for most
maturity stages of sockeye salmon in areas to the east of the
Bering Sea, and an increase in the influence of temperature
in the central Bering Sea with time. For maturing sockeye
salmon, June south Peninsula CPUE was positively correlat-
ed with the abundance of the western Alaska sockeye salmon
run before 1994 (P = 0.002, R?=0.450, b = 15.2/M run) but
not after.

If the abundance of maturing adults is primarily driven
by marine mortality then juvenile sockeye salmon appear to
be about 50% more sensitive to temperature than immature
sockeye salmon for the time-pooled analysis (b/b; (9.3 +
10.4)/(6.6 + 6.7) = 1.48. For the 1975-1993 period in time-
stratified analysis the influence of temperature by age is not
apparent, but for the combined maturity stages temperatures
in May to the east of the Shumagin Islands were about 50%
more important than temperatures in June to the west of the
Shumagins for survival to adult maturity. Apparently at sea
younger western Alaska sockeye salmon initially utilized wa-
ters offshore of the eastern Aleutian Islands, Alaska Peninsu-
la, Kodiak, and the Shumagin Islands and only as immatures
relied significantly on waters of the Bering Sea (Table 3B).

Time-stratified analysis by maturity stage in the eastern
Aleutians and Kodiak-Shumagin areas shows that the in-

fluence of temperature on the survivial of immature fish to
adult maturity virtually vanished for the 1994-2008 period
which suggests that there was a reduction in use of these
areas during the later period. In contrast, the effect of tem-
perature on immature sockeye salmon survival to adult ma-
turity increased in the central Bering Sea between the early
and late periods in time-stratified analysis. These apparent
shifts in use are probably a combination of changes in both
the seasonality of use and annual use. The selection of the
May—June time period was intended primarily to address the
adult maturity stage with respect to the June south Peninsula
fishery, and analysis of other seasons might produce differ-
ent results for younger maturity stages.

Earlier work by Francis and Hare (1994), Rogers (1987),
and Isakov et al. (2000) found evidence for the importance
of Gulf of Alaska temperatures for growth and survival of
juvenile sockeye salmon. Both studies relate the influence
of temperature to possible ocean distribution early in marine
life. The later period in the time-stratified analysis of this
study continues well after the years of the earlier studies, and
it appears that shifts in areas of influence and implied shifts
in migration patterns have occurred. Temporal-spatial shifts
in oceanic habitat utilization over time are probably normal.

Unlike the studies mentioned above, this analysis in-
cluded temperatures from the central Bering Sea. It is inter-
esting that a narrow range of SST in the middle of the Bering
Sea is correlated with strong production of western Alaska
sockeye salmon, probably reflecting an environmental opti-
mum to which these populations are adapted. This effect has
been stronger since 1994 than from 1975-1993.

Spatial Considerations

The apparent shifts in area of use for juvenile and imma-
ture sockeye salmon are likely to have occurred for maturing
fish as well. If the June south Alaska Peninsula fishery loca-
tion were in a position central to the shoreward distribution
of sockeye salmon returning to the Bering Sea then varia-
tions in run size should be reflected in a positive relation
with the June fishery CPUE. The data show that this was
the case before 1994 but not since, which suggests that the
fishery takes place at the eastern and shoreward margins of
the migration of sockeye salmon toward the Bering Sea.

Warmer temperatures in the Bering Sea likely lead to
expansion of the margins of optimal habitat for immature
sockeye salmon up to about 7.6°C. Above that temperature
the location of the optimal habitat is likely further north, al-
though the areal extent of optimal habitat may start to dimin-
ish. Warmer July temperatures also imply a longer duration
of suitable habitat in the Bering Sea. The combination of
more northerly distributions and longer durations in the Ber-
ing Sea must result in shorter durations and less geographic
extent for immature sockeye salmon in the North Pacific
through the next winter. Apparently the eastward extent of
immature sockeye salmon has been reduced enough by ex-
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tended use of the Bering Sea to lead to reduced CPUE of
maturing salmon in the south Peninsula fishery the following
June.

One model which is consistent with the aggregate of
these results focuses on the role of the Alaskan Stream in
the homeward migration of maturing salmon. The Alaskan
Steam may act as a collector and conveyor to the west for
salmon across a wide area of the eastern North Pacific Ocean.
If photoperiod were the dominant factor over SST on the tim-
ing of northward departure from the Alaskan Stream toward
the Alaska Peninsula and Aleutian passes into the Bering Sea
this would be consistent with the observed stable timing of
catches in the June south Peninsula fishery. If SST were the
dominant factor in the timing of the initiation of migration
northward into the Alaskan Stream then warmer conditions
would result in a more westerly distribution within the Alas-
kan Stream prior to departure toward the Alaska Peninsula
and Aleutian passes. This is consistent with the observed
lower CPUE in the June fishery in spite of high abundance
during the warm period from 1994-2005. Homeward mi-
gration may also be more protracted in time and space for
warmer years where the onset of migration occurs earlier.
The corollary is that the distribution of returning adults in
cooler years would be relatively more concentrated in time
and space and further to the east which is consistent with the
observed higher CPUE in cooler springs. If ocean distribu-
tions are far enough to the east of the June fishery, the abun-
dance of western Alaska sockeye salmon could become the
dominant factor in the June fishery CPUE instead of nearby
spring SST. The interplay of these factors, and doubtless
many others, must be variable and subtle.

French and Bakkala (1974) found “Evidence of varying
catch rates of Bristol Bay sockeye salmon by the Japanese
mothership fishery west of longitude 175°W (rates have var-
ied between years from 2.2 to 35.2% of the total run) suggests
that the distribution of maturing sockeye salmon shifts to the
east in fall and winter and that the magnitude and extent of
this movement governs the availability of sockeye salmon
to the Japanese fishing fleet.” This variability is remarkably
similar to the results for the June fishery CPUE, with the
difference that the June fishery harvest rate on Bristol Bay
stocks is much smaller (ave. ~3%, range 2-8%). It seems
likely that variations in east-west distribution would have re-
ciprocal influence on catch rates in each fishery and that SST
is a major factor contributing to variations in the east-west
distributions.

Changes in Temperature Trends

The influence of temperatures from the years 2006-2008
on trends in the time series is significant. All three of the
time series west of Kodiak had significant warming trends
from 1975-2005 but the addition of the last three years of
data has diminished the significance those trends. Data are
not available for the June eastern Aleutian SST time series

since 2004, but cooling for the July Bering Sea dateline and
May Kodiak-Shumagin time series since 2005 has decreased
the slope of the those temperature relations since 1975 by a
factor of two in just three years (decreased R? by a factor of
three and increased P > 0.05). If warming SSTs account for
the reductions in the June fishery CPUE since 1994 it will
be interesting to see if cooling will reverse that effect. June
fishery CPUE increased in 2007 and 2008, which were the
coldest and seventh coldest temperatures for the May Kodi-
ak-Shumagin area in the 34-year analysis period. Tempera-
tures from the years 2006—2008 for July Bering Sea on the
dateline were in the cooler half of the 34-year temperature
range but not at the coldest end of that range.

CONCLUSIONS

A variety of management measures were implemented
for the June south Peninsula fishery throughout the period
of this study and while those measures are certain to have
produced variations in CPUE it is notable that environmental
factors are still apparent in the relation between CPUE and
SST. One interpretation of these results is that there may be
a geographic cline from east to west for the importance of
environmental factors on all stages of marine life for western
Alaska sockeye salmon and that there may have been a shift
to the west for this cline around 1994. The evidence of an
optimum temperature in the Bering Sea with respect to adult
abundance suggests that the extended period of high western
Alaska sockeye salmon production is a consequence of a his-
torically unprecedented period of near-optimal utilization of
the Bering Sea.

Implementation of a similar analysis but with the in-
corporation of ocean age-specific returns as those data be-
come available should further clarify the potential for shifts
in regions of importance for the marine survival of sockeye
salmon. Sea surface temperature databases performed well
relative to the Kodiak winter air time series with respect to
effects on juvenile (two-year lag) and immature sockeye
salmon.

To the extent that the Alaskan Stream may be an impor-
tant factor in the migration of maturing salmon south of the
Alaska Peninsula and Aleutian Islands, some means to mea-
sure and understand its movement is needed. Finer spatial
resolution for measurement of SST from satellite observa-
tions might be enough to provide some insight into varia-
tions in the position of the Stream and the consequences for
CPUE of nearshore fisheries. Salinity is also important for
salmon migration (Fujii 1975) and it should not be neglected
in spite of the difficulty in measuring it remotely.
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Abstract: Annual changes in body size and growth of Anadyr chum salmon (ages 0.3 and 0.4) in 1962—-2007
were studied. Regression analysis showed that the fork length and weight of Anadyr chum salmon significantly
decreased from the 1960s to the 2000s. Mean body length of Anadyr chum salmon was highest in 1972 and 1979,
and lowest in 1991 and 1994. The most pronounced decrease in chum salmon body size occurred from the early
1980s to the mid 1990s. In 1962-1980 and 1997-2007, mean fork length and weight remained relatively stable.
The first-year growth of Anadyr chum salmon, estimated from intersclerite distances, did not change significantly
from 1962 to 2007. Growth reduction began in the second year, and the greatest reduction occured in the third
year. There was a significant negative correlation between annual total catches of Pacific salmon and Anadyr
chum salmon fork length, body weight, and growth during the second, third and fourth years. Our results may cor-
roborate the conclusions of other researchers that climatic and oceanic conditions can strongly affect the carrying

capacity for Pacific salmon and other fish.

Keywords: chum salmon, Russia, fork length, body weight, growth, scale, Anadyr River

INTRODUCTION

Decreases in Pacific salmon production have been ob-
served in many populations (Ishida et al. 1993; Helle and
Hoffman 1995; Bigler et al. 1996; Kaeriyama 1998; Vo-
lobuev 2000; Kaev 2003; Helle et al. 2007; Kaeriyama et al.
2007; and others). In an analysis of the data on fluctuations
in chum salmon (Oncorhynchus keta) of Asian and American
populations from 1953—1988, Ishida et al. (1993) discovered
a reduction in body size, scale radius, and width of the third-
year group of 0.4-age fish. Bigler et al. (1996) found that 45
of 47 North Pacific salmon populations, comprising five spe-
cies from North America and Asia, decreased in mean body
size. Based on data from 1960 to 2006, Helle et al. (2007)
observed that most American populations of Pacific salmon
declined in body weight from the 1970s to the early 1990s
and increased in body size after the mid 1990s. It is gener-
ally supposed that one of the main causes of these changes is
density-dependent growth of Pacific salmon in the ocean.

The present paper discusses the data on inter-annual
changes in body length, weight, and growth of Anadyr chum
salmon from 1962 to 2007. The availability of long-term
data gave us an opportunity to identify the periods character-
ized by either changeable or relatively stable characteristics.

MATERIALS AND METHODS

This study was based on body-size and scale-measure-
ment data obtained from chum salmon returning to the An-
adyr River. Adult chum salmon were sampled annually from
1962-2007, except for 1963, 1967, 1969, 1970 and 2005.
Fish samples were collected in the Anadyrskiy estuary using
a trap net and from the spawning grounds of the Anadyr Riv-
er (Fig. 1). We analyzed scales of ages-0.3 and -0.4 chum
salmon, which are the dominant age-groups of spawners in
the Anadyr River (Putivkin 1999).

A total 0f 2,930 chum salmon (age 0.3 — 1640, age 0.4 —
1290) was sampled. A similar number of males and females
was sampled in each year. Fork length and body weight
were measured, and scales were collected. Scales were tak-
en from the chum salmon in the preferred body area, located
a few rows above the lateral line and below the posterior
insertion of the dorsal fin.

Scale measurements included the length along the long
axis, the number and length of annual zones, and intersc-
lerite (intercirculus) distances (Fig. 2). Measurements were
performed using the Biosonics Optical Pattern Recognition
System (OPRS; BioSonics, Inc., Seattle, Washington, USA).
Increments in fork length during each year of marine life
were estimated from the measured distances between adja-
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cent annuli on the fish scale using a direct proportion be-
tween body and scale growth (Pravdin 1966): Lc/Li = Se/Si,
where L and S_ = fork length and scale radius of the captured
fish; and L, and S, = the same at age i. Annual growth was
estimated by intersclerite distances of chum salmon scales.

The inter-annual trends in chum salmon body size and
growth (mean + 95% confidence interval) were evaluated by
simple linear regression analysis: y = ax + b, where the in-
dependent variable (X) is return year and the dependent vari-
able (y) is either mean body length, weight, or intersclerite
distance in that year.
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Fig. 1. Map showing the location of our sampling area (Anadyrskiy
estuary, Chukotka autonomous Okrug, Far East, Russia).

Fig. 2. The scale of an age-0.3 chum salmon collected in August
2003 in the Anadyrskiy estuary, showing the measurement axis
(black line) and variables. S-S, = scale radius of individual annuli,
S, = radius of the whole scale.

RESULTS
Inter-annual Changes in Body Size

Body size of Anadyr chum salmon decreased from the
1960s to 2000s (Tables 1, 2; Fig. 3). In 1962-1980, mean
fork length (weight) was 66.8+1.3 cm (3.7+0.2 kg) for age
0.3 chum salmon and 71.2+1.6 cm (4.5+0.3 kg) for age 0.4
chum salmon. In 1990-2007, chum salmon body size de-
creased to 61.4+0.8 cm (3.140.2 kg) for age 0.3 chum salm-
on and 64.5+1.1 cm (3.6+0.3 kg) for age 0.4 chum salmon.

Regression analysis showed a significant negative trend
in mean body sizes of both 0.3-age and 0.4-age chum salmon
from 1962 to 2007 (Fig. 3). However, during these years
inter-annual trends in mean body size were variable. From
1962-1980, mean fork lengths of chum salmon did not show
any trends, and were relatively stable. A significant decrease
in body size began in the early 1980s and continued to the
mid 1990s. In 1994-1995, mean fork length of Anadyr
chum salmon was the smallest in the study period (approxi-
mately 58-59 cm for age 0.3 and 60-61 cm for age 0.4).
After 1994-1995, the length and weight of chum salmon
increased. However, this trend lasted only for two or three
years, and did not reach the levels seen in the 1960s—1970s.
In the late 1990s to the mid 2000s, chum salmon body size
remained stable. Fork length averaged 62 cm for age 0.3 and
65 cm for age 0.4 fish during this time period.

Inter-annual fluctuations in mean body weights of An-
adyr chum salmon were similar to those observed in mean
body length. Mean body weight was highest in the 1960s—
1970s (~ 3.1-4.3 kg for age 0.3 and ~ 3.8-5.3 for age 0.4
fish) and lowest in the mid 1990s (~ 2.5-2.8 kg for age 0.3
and ~ 2.7-3.0 for age 0.4 fish (Tables 1, 2).

Inter-annual Changes in Growth

First-year growth, estimated from intercirculus distanc-
es, did not change significantly from 1962 to 2007 (Fig. 4).
There was a positive trend in annual scale growth in the first
year, but slope coefficients were low and statistically non-
significant (0.3 age fish: 0.04, p = 0.12; 0.4 age fish: 0.05,
p =0.09). During the second, third, and fourth years at sea,
annual scale growth declined significantly from the 1960s
through the mid 2000s. Slope coefficients of linear regres-
sions for the second, third and fourth years of growth were,
respectively, as follows: -0.07, -0.19 and -0.18 (Fig. 4).

Annual scale growth of chum salmon during the sec-
ond, third, and fourth years was greatest during the 1960s
and 1970s (Fig. 4). The mean annual growth in length dur-
ing this period was 18, 14, and 9 cm in the second, third,
and fourth years, respectively. The lowest growth of chum
salmon occurred in 1994-1995. Annual growth decreased
to 16 cm in the second year, 9 cm in the third year, and 7 cm
in the fourth year. Thus, the largest decrease occurred in the
third year of the chum salmon life cycle.
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Table 1. Average fork length (cm), body weight (g), and intercirculus distances (um) for age-0.3 chum salmon from 1962—2007. Cl = confidence
interval, N = number of samples.

Intercirculus distance (um)

Length 95% Weight 95%

vear (cm) Cl @ Cl 1 year gg(;/o 2 year ggl% 3 year gg/(’ N

1962 67.5 1.4 3,946 234 47 2 44 1 47 2 42
1964 68.6 1.0 3,989 188 53 3 51 3 53 3 52
1965 64.6 1.2 3,068 200 52 2 43 2 47 2 41
1968 66.9 15 3,563 231 47 2 47 2 47 2 28
1971 62.3 1.3 3,308 221 47 2 45 1 45 2 44
1972 70.3 1.1 3,583 204 47 2 47 1 47 2 41
1973 67.3 1.3 3,479 285 49 2 45 2 47 2 24
1974 68.1 1.3 4,238 264 49 1 48 1 49 2 49
1975 65.0 1.1 3,493 228 50 1 44 1 44 2 59
1976 65.0 34 3,290 562 46 4 44 9 44 10 4

1977 68.5 0.9 4,070 194 48 1 43 1 42 1 47
1978 67.0 0.9 3,922 181 46 1 46 2 46 2 50
1979 69.6 1.1 4,279 232 44 2 41 2 42 2 49
1980 64.7 1.0 3,713 204 49 2 45 2 43 2 44
1981 66.4 15 3,654 336 49 2 44 2 46 2 33
1982 63.6 1.1 3,576 257 50 2 46 1 44 1 48
1983 63.3 0.9 3,722 188 46 1 44 1 46 2 52
1984 62.1 0.9 3,385 196 48 2 43 1 45 2 44
1985 60.5 1.1 3,242 204 49 2 46 1 43 2 48
1986 62.2 1.3 3,375 322 47 2 45 2 47 3 34
1987 63.1 1.0 3,579 195 47 1 44 1 42 2 60
1988 63.2 0.8 3,693 191 46 1 45 1 42 1 56
1989 61.8 1.0 3,234 211 47 1 45 2 47 2 44
1990 61.5 1.1 3,548 227 46 1 44 1 44 2 48
1991 59.1 1.2 2,840 190 48 1 45 1 40 2 47
1992 61.6 1.1 2,767 188 49 1 44 1 42 1 53
1993 61.6 1.1 2,547 191 49 1 43 1 40 2 41
1994 58.1 0.9 2,524 160 50 1 43 1 40 2 44
1995 59.2 2.0 2,786 318 49 2 41 2 37 3 18
1996 61.8 1.1 3,042 182 51 1 42 1 38 2 36
1997 61.7 1.3 3,216 235 49 1 43 1 42 2 41
1998 61.3 1.2 3,019 219 51 1 42 2 39 2 34
1999 61.8 1.7 3,112 275 53 2 42 2 40 2 21
2000 62.2 1.1 3,388 203 50 1 42 1 39 1 46
2001 63.2 1.3 3,414 250 52 1 45 1 46 2 39
2002 63.8 1.4 3,492 249 50 1 44 1 44 1 32
2003 63.0 0.9 3,050 154 50 1 44 1 44 1 40
2004 61.0 1.2 3,076 211 47 1 42 1 41 1 43
2006 61.8 1.3 3,234 227 49 1 45 1 41 2 35
2007 61.2 1.4 3,217 234 50 2 45 1 42 2 29
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Table 2. Average fork length (cm), body weight (g), and intercirculus distances (um) for age-0.4 chum salmon from 1962—2007. Cl = confidence

interval, N = number of samples.

Intercirculus distance (um)

Year Length 95% Weight 95% 95% 95% 95% 95% N
(cm) Cl () Cl 1 year o 2 year ol 3 year ol 4 year o

1962 68.7 1.2 4,165 267 47 2 44 2 42 2 44 2 45
1968 72.7 0.9 4,434 193 48 1 47 1 49 2 46 1 63
1972 73.1 1.1 4,092 218 46 1 44 1 44 2 47 2 47
1973 73.9 1.1 4,409 232 48 2 46 1 47 2 45 2 49
1974 71.8 25 4,556 585 49 4 48 2 53 7 49 6 10
1976 68.7 3.1 4,194 849 50 6 42 4 39 5 43 4 7

1977 72.6 1.2 4,812 415 44 3 43 3 42 3 43 5 10
1978 70.4 1.1 4,405 245 46 1 43 1 44 2 48 2 48
1979 74.6 1.6 5,298 413 43 1 42 2 41 2 45 3 28
1980 70.3 1.7 4,871 452 43 1 44 2 42 2 45 3 21
1981 70.9 1.0 4,529 236 49 1 46 1 43 1 47 2 54
1982 67.5 1.2 4,344 279 50 2 44 2 43 2 44 2 40
1983 66.7 1.3 4,348 247 46 1 43 1 41 2 47 2 45
1984 66.3 1.1 4,012 247 47 1 44 1 44 2 45 2 43
1985 65.7 1.1 4,376 277 46 2 44 1 42 2 44 2 41
1986 63.7 1.4 3,712 339 48 2 44 2 39 3 45 4 28
1987 65.2 1.0 3,903 207 48 2 46 2 41 2 43 2 46
1988 66.4 0.9 4,399 258 47 1 43 2 40 1 46 3 44
1989 67.4 1.1 4,319 255 47 2 44 2 43 2 46 2 45
1990 65.7 1.0 4,330 257 46 1 45 1 46 2 44 2 49
1991 63.5 1.2 3,564 255 47 1 46 1 42 2 43 2 44
1992 65.9 1.4 3,515 292 50 2 45 1 38 2 41 2 36
1993 65.8 1.7 3,138 319 47 2 42 2 38 2 39 2 32
1994 59.6 1.0 2,660 158 47 1 42 1 38 2 38 2 49
1995 61.1 1.1 2,971 205 48 1 40 1 35 1 36 2 51
1997 64.7 1.0 3,771 224 48 1 43 1 38 1 41 2 50
1998 63.8 2.0 3,363 328 51 2 43 2 38 2 39 2 27
1999 64.1 0.9 3,564 185 52 2 42 1 38 2 40 1 44
2000 67.1 1.3 4,344 272 51 1 41 1 39 1 39 2 45
2001 66.5 1.2 4,074 242 51 1 43 1 41 2 46 3 45
2002 66.9 1.8 4,209 318 53 1 44 1 43 2 47 2 31
2003 66.1 5.3 3,700 1131 49 10 41 3 42 9 43 8 4

2004 65.3 2.3 3,825 390 47 2 41 2 39 2 40 3 23
2006 62.3 1.2 3,345 227 49 45 1 40 2 43 2 38
2007 64.2 3.9 3,680 1084 49 42 5 37 3 38 3 5

Biological Characteristics of Anadyr Chum Salmon and
Abundance of Pacific Salmon

We used the total catches of Pacific salmon by Russia,
USA, Japan, and Canada as the measure of their abundance
in the North Pacific Ocean (data source: NPAFC Statisti-
cal Yearbooks). Pearson’s correlation coefficients between
catches of Pacific salmon and some biological characteristics
of Anadyr chum salmon are shown in Table 3 and Fig. 5.
A statistically significant negative relationship between to-
tal catches of Pacific salmon and Anadyr chum salmon body

size (length and weight) and scale intercirculus distances for
the second, third and fourth years was observed. These re-
lationships were observed for both age groups (0.3 and 0.4).
The growth of chum salmon during the first year of life and
total Pacific salmon abundance were not significantly cor-
related.

There was no relationship between the scale growth
and body size of Anadyr chum salmon and the abundance
of Anadyr chum salmon. Pearson’s correlation coefficients
among the Anadyr chum salmon catches and fish body size
and growth were non-significant.
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Fig. 3. Changes in mean fork length (cm) of Anadyr chum salmon (ages 0.3 and 0.4) from 1962-2007. Bars = 95% confidence interval.
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Table 3. Pearson correlation coefficients relating mean body size and intercirculus distances of Anadyr chum salmon to the total catch of Pacific

salmon in the North Pacific Ocean.

Intersclerite distance

Age Fork length Body weight
1styear 2nd year 3rd year 4th year
-0.78 -0.61 0.18 -0.55 -0.67
0.3 -
P <0.01 P <0.01 P =0.29 P <0.01 P <0.01
-0.72 -0.50 0.12 -0.50 -0.61 -0.59
0.4
P <0.01 P <0.01 P =0.51 P <0.01 P <0.01 P <0.01
1200 -
lations of Pacific salmon did not decrease but even increased
% z . during recent decades (Kaeriyama et al. 2007; Martinson et
S al. 2008). Therefore, not only food conditions but also other
g 800 - 0’ PN factors, for example, size-selective mortality (Farley et al.
=] 4 “ P 2007), can determine salmon growth in the first year of ma-
< (3 * rine life.
§ 400 4 V'S - *: Figures 3 and 4 show that there were both less favor-
K| ® o able and more favorable periods for Anadyr chum salmon
e growth and probably survival. In 1962-1980, fork length
and body weight of Anadyr chum salmon were the highest.
0 T T r . And from the early 1980s to the mid 1990s, fish size sharply
55 60 65 70 75 decreased. Shifts in Anadyr chum salmon sizes, taking into

Fork length, cm

Fig. 5. Mean fork length of Anadyr chum salmon (age 0.3) and the
total catch (thousands of metric tons, t) of Pacific salmon in the North
Pacific Ocean from 1962-2007 (Catch data source: NPAFC Statisti-
cal Yearbooks).

DISCUSSION

The observed declines in body size and annual growth
of Anadyr chum salmon that accompanied the large increase
in Pacific salmon total abundance may indicate a density-
dependent response by Anadyr chum salmon resulting from
a decreased food supply. As noted above, growth declines
of Anadyr chum salmon started during the second year of
life. In the first year (based on scale growth), statistically
significant changes in chum salmon growth were not ob-
served. Perhaps feeding conditions in western Bering Sea
where Anadyr chum salmon are believed to forage during the
first year of life year did not change substantially during the
study period. This corresponds with the conclusions of other
authors about relatively abundant food resources and a suf-
ficient food supply for Pacific salmon in the western Bering
Sea (Shuntov 2001; Shuntov and Temnykh 2004; Naydenko
2007; Zavolokin et al. 2007).

Alternatively, several studies noted that annual scale
growth during first year of marine life for many other popu-

account a 3—4 year lag, coincided well with the 1976-1977
climatic regime shift (Hare and Francis 1995; Mantua and
Hare 2002). These results may corroborate the conclusions
of other researchers that climatic and oceanic conditions can
strongly affect carrying capacity for Pacific salmon and other
fish (Myers et al. 2001; Kaeriyama et al. 2007; Martinson et
al. 2008).
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Abstract: The objective of this study was to estimate the total relative biomass of the forage base (zooplankton +
nekton) of Pacific salmon (Oncorhynchus spp.) in the upper epipelagic zone of the western Bering Sea and ad-
jacent Pacific waters in summer and fall 2002—2006. Zooplankton biomass was estimated from plankton survey
data, and nekton biomass was estimated from salmon diet data using a mathematical model of selective feeding.
In 2002—-2006, estimated total relative biomass of the salmon forage base varied from 690-1590 mg/m?3. Biomass
was lowest in fall 2004, and was highest in fall 2002. Copepods and chaetognaths dominated the potential forage
base. Squids and fishes were 15-22% (average 19%) of the overall biomass. The biomass of fish was highest
in the continental shelf area (Anadyr Bay). Squids were more abundant in deep-water regions of the Bering Sea
and adjacent Pacific waters. Walleye pollock Theragra chalcogramma, capelin Mallotus villosus, and Pacific sand
lance Ammodytes hexapterus were the dominant nekton species in the northwestern shelf region. Shortarm
gonate squid Gonatus kamtschaticus, boreopacific gonate squid Gonatopsis borealis, Atka mackerel Pleurogram-
mus monopterygius, and myctophids were prevalent items in the salmon forage base in deep-water areas. In
general, the results indicated that immature salmon in both summer and fall were concentrated within deep-water
regions of the western Bering Sea, where their forage (overall and preferred prey items) was also concentrated,
and were much less numerous in the Pacific waters off the Commander Islands and in the western Bering Sea

shelf zone, where their forage was less concentrated.

Keywords: micronekton, plankton, forage base, model of selective feeding, Pacific salmon, Bering Sea

INTRODUCTION

Estimation of salmon prey abundance is an important
objective of research for understanding how ocean conditions
affect the marine survival and production of Pacific salmon.
As a rule, researchers use plankton sampling to estimate the
Pacific salmon forage base. However not only plankton,
but also micronekton, constitute a significant part of Pacific
salmon diets. Small nekton species dominate chinook and
coho salmon diets, and are important in sockeye, chum, and
pink salmon diets, especially for adult fish (Andrievskaya
1966; Pearcy et al. 1988; Volkov et al. 1997; Davis et al.
2000; Kaeriyama et al. 2000; Chuchukalo 2006; Karpenko
et al. 2007; and many others).

Total estimation of the abundance of the forage base of
fish can be performed using several types of gear. Small
plankton species are caught by relatively small nets whereas
micronekton species are caught with either larger nets or
small trawls (see, e.g., Viitasalo et al. 2001; Schabetsberger
et al. 2003). However in this case researchers need to use
compensatory coefficients for combining the data from dif-
ferent types of gear. In our work, we used a standard ap-
proach (plankton net) for zooplankton sampling combined

with a mathematical model of fish selective feeding for esti-
mating small-size nekton species biomass.

The purpose of this work was the assessment of the
overall salmon forage base using data from plankton sam-
pling and modeled estimates of micronekton (small-size
fishes and squids) biomass. The composition of the Pacific
salmon forage base and its year-to-year variability and spa-
tial distribution are described.

MATERIALS AND METHODS
Study Area

The study was based on data collected as part of the
Bering-Aleutian Salmon International Survey (BASIS) by
TINRO-Centre in the upper epipelagic zone of the west-
ern Bering Sea and adjacent Pacific waters. Surveys were
conducted in September—October 2002, July—August and
September—October 2003, September—October 2004, June—
July 2005, and August—October 2006. The study area in-
cluded four large districts (Fig. 1). One district was located
primarily in the shelf zone (Anadyr Bay and adjacent wa-
ters), and other districts were located in deep-water areas of
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the Bering Sea and in adjacent Pacific waters (Commander
Basin, western Aleutian Basin, and Pacific waters).

Forage Base Estimation

The forage base was defined as all plankton and nekton
species that are prey of Pacific salmon. The Pacific salmon
forage base included two parts: zooplankton and small-size
nekton species (micronekton) with body lengths that do not
exceed 15 cm.

Zooplankton data

The published data of A.F. Volkov (Volkov et al. 2007)
were used to describe the plankton component of the Pacific
salmon forage base in the western Bering Sea in summer and
fall of 2002-2006. Plankton were sampled and analysed by
a unified approach, accepted at the TINRO-Centre (Volkov
1996). Zooplankton samples were obtained with a Juday net
(0.1 m? mouth opening; 0.168-mm mesh net). The Juday net
was towed in the upper 50 m of the water column. Because
Pacific salmon ingested primarily large zooplankton prey
(>3 mm), zooplankton biomass was evaluated only for items
> 3 mm. The total number of plankton stations sampled is
shown in Table 1.

Micronekton data

That Pacific salmon have high trophic plasticity is well
known (Andrievskaya 1966; Pearcy et al. 1988; Volkov et
al. 1997; Davis et al. 2000; Kaeriyama et al. 2000; Efimkin
2003; Temnykh et al. 2004; Kuznetsova 2005; Chuchukalo
2006; Karpenko et al. 2007; Naydenko et al. 2007; and oth-
ers). Their ration composition changes depending on the
forage base. Therefore, the relative biomass of the unknown
components of the Pacific salmon forage base can be esti-
mated using data on their diets.

This task was accomplished by a mathematical model of
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Fig. 1. Map of the study area for planktonic and trophological sam-
ples.

selective feeding. Firstly, this model included trophological
circulation from Krogius et al. (1969):

4i zeipi/zl;zlgjpi si=Lon, (1)

where q, is the fraction of i-th food species in the preda-
tor’s ration, p, is the fraction of the same species in the total
biomass of forage base, and ¢, represents feeding electivities.
Values (¢, p, € are probabilities (fractions), so the sum over
all i=1,..., n foraging objects must be equal to 1 for every
one of these variables.

Numerical values of electivities ¢ can be obtained by
solving the next system of n linear equations (Sukhanov
1988):

€ +g,+...+¢g,,+¢, =1
4,0+ (0~ 1)y +.+ 0, €, 1+ 4,D,E, =0
43P+ Py + (G = 1) pgs +.+ 45D, €, T 4s,E, =0

4P+ q,DEs + o+, P, £ 1 (g, —1)P,E, =0 (2)

If some j-th food species were not caught by gear and
therefore not included in the forage base, but it was consid-
ered prey, then not only electivities ¢, , €, , ..., €, but also
fractions of this food species in the total biomass of forage
base (p,) must be estimated. So the model (1) becomes non-
linear. Parameter estimation needs to be performed not by
solving system equation (2), but by using a special gradient
algorithm, that fits model (1) into our data. To accomplish
this, the Marquardt method was used (Bard 1979). To uphold
the restrictions for model parameters (it must be in the range
of 0 and 1), a penalty function (Bunday 1984) was added to
the model algorithm. The program for parameter estimation
was performed using the algorithmic language TMT-Pascal
3.90.

The algorithm scheme of the model used to evaluate the
unknown components of the Pacific salmon forage base is
shown in Fig. 2. Input data for this model are the Pacific

Table 1. Survey date (day.month.year) and total number of plankton
stations and analyzed stomachs of Pacific salmon.

Total number of

Survey date

Plankton stations  Analyzed stomachs

Aug 31 —-0Oct 9,

2002 82 T
July 1260§ug 24, 86 2,816
Sep 1‘210—020t 25, 86 2,545
Sep 112 o_oft)Ct 23, 70 3,121
June 1;0—0;uly 21, 93 2,341
Aug Z;O_OES)Ct 12, 110 4,109
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salmon feeding spectra, zooplankton species composition,
and the initial values of parameters. The base of the pro-
gram includes a model of fish selective feeding, a restric-
tion procedure, and an algorithm that fits parameters by the
Marquardt method. Output data are the feeding electivities
and the required fractions of small fishes and squids in the
total biomass of the forage base. For more detailed informa-
tion see Sukhanov and Zavolokin (2006).

Table 2 shows an example of input data for the estima-
tion of unknown fractions of small-size fishes and squids.
It includes feeding habits of five predators g, (pink, chum,
sockeye, coho, and chinook salmon) and zooplankton spe-
cies composition p,. Initial values of electivities are calcu-
lated based on feeding spectra and zooplankton data using
equation (1). Each unknown fraction (fish larvae p,, Pacific
sand lance p, and squid larvae p,) in the total biomass of the
forage base was assigned an initial value of 0.05.

Estimated fractions (mean + standard error) of small-
size nekton in the total biomass of the Pacific salmon forage
base were: p, = 0.099 + 0.018, p, = 0.076 + 0.018 and p, =
0.033 £ 0.017. Based on the biomass of the planktonic com-
ponent of the salmon forage base (1,424 mg/m*® — Table 2)
and estimated values of parameters, the relative biomass of
each unknown component of the Pacific salmon forage base
was calculated.

INFUT DATA

Stomach contents that were used for modeled estimates
of micronekton biomass were analyzed aboard the vessel us-
ing the method described by Chuchukalo and Volkov (1986).
Stomachs were removed from up to 25 fish of each size-class
(10-30, 31-40, 41-50, 51-60 cm) at each station. Stomach
contents of each size-class of fish were mixed and weighed.
Prey composition was determined to the lowest possible tax-
onomic category and the percentage of each prey item was
estimated visually. The total number of stations and stom-
achs analyzed is shown in Table 1.

RESULTS AND DISCUSSION
Pacific Salmon Forage Base Composition

Zooplankton dominated the Pacific salmon forage base
in the western Bering Sea (Fig. 3). Micronekton were ap-
proximately 20% of the forage base. In the northwestern
shelf region, the majority of micronekton consisted of small-
size fishes. In the deep-water areas, the percentages of fishes
and squids were approximately equal.

In the shelf region, the plankton component of the Pacif-
ic salmon forage base was dominated by copepods (mainly
Calanus glacialis) and chaetognaths (Fig. 3). Furthermore,
the fraction of euphausiids (mainly Thysanoessa inermis and

Tnitial value

Salmon feeding Zooplankton of paramneters:
spectrum cormposition electivities &
i

q F

and urknown g,

h 4

User model:

q,= ._c;!.p!./z"”_=1 Ep,,1= 1,...
(Sukhanov 1988)

Restriction procedure:

Z?;lpi =1, Eilgi =1

OUTPUT DATA

Work model:
fitting parameters by
Warguardt methods

{Berd 1070)

Unknown g,

electivities &
and its standard errors

Fig. 2. Scheme of the model used to estimate the fraction of squid and fish from the total zooplankton biomass.
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Table 2. Feeding habits of Pacific salmon of size group 10-30 cm and zooplankton composition in the deep-water basins of the western Bering

Sea in fall 2002.

Species Pink Chum Sockeye Coho Chinook Plankton
Copepods
Neocalanus plumchrus 0.120 0.084 0.073 - - 0.493
N. cristatus 0.005 0.013 0.085 - - 0.010
Eucalanus bungii - - - - - 0.025
Euphausiids
Thysanoessa longipes 0.377 0.166 0.428 - - 0.041
Amphipods
Themisto pacifica 0.438 0.574 0.186 0.002 - 0.008
Primno macropa 0.018 0.014 0.006 - - 0.001
Decapods
Zoea - 0.010 0.042 - - 0.001
Megalopa 0.017 0.002 0.009 0.030 0.010 0.001
Chaetognaths 0.024 0.116 0.171 - - 0.420
Fishes
Larvae - 0.004 - 0.870 0.698 -
Ammodytes hexapterus - 0.017 - 0.092 0.284 -
Squid larvae 0.001 - - 0.006 0.008 -
Total zooplankton biomass, mg/m? 1424
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Fig. 3. Salmon forage base composition in the western Bering Sea and adjacent Pacific waters in 2002—2006.
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Th. raschii) was relatively high. The dominant species of the
nekton component of the Pacific salmon forage base were
walleye pollock Theragra chalcogramma, capelin Mallotus
villosus, and Pacific sand lance Ammodytes hexapterus. The
percentage of fish larvae was substantial as well.

Within the deep-water regions, most of the plankton
component of the Pacific salmon forage base consisted of
copepods (mainly Neocalanus plumchrus) and chaetognaths
(Fig. 3). The fraction of euphausiids in deep-water regions
was lower than that in the shelf region. The prevalent spe-
cies of euphausiid was Thysanoessa longipes. The nekton
component of the Pacific salmon forage base was dominated
by two species of gonatid squids (boreopacific gonate squid
Gonatopsis borealis and shortarm gonate squid Gonatus
kamtschaticus), small mesopelagic fishes (primarily, north-
ern lampfish Stenobrachius leucopsarus), and juvenile Atka
mackerel Pleurogrammus monopterygius.

The percentage of the most preferred prey items of
Pacific salmon such as amphipods and pteropods was very
low. In 2002-2006, they contributed about 3.5% and 1.1% of
the total forage base in Anadyr Bay and deep-water regions,
respectively.

Inter-annual dynamic of Pacific Salmon Forage Base

The cumulative values for relative biomass estimates
of the components of the Pacific salmon forage base varied
greatly from year to year. In the shelf region, these values
were highest (1,380 mg/m?) in 2002 and lowest in 2003 and
2004 (440-520 mg/m®) (Fig. 4a). Inter-annual dynamics of
the cumulative values of the relative biomass of plankton
species exhibited a similar pattern (Fig. 4b). Fish biomass
was relatively stable and varied from 70 to 120 mg/m?, ex-
cept for 2006 (Fig. 4c). Relative biomass values for squid
were very low in the shelf region, particularly in fall. Squid
were abundant only in summer 2003 (Fig. 4d).

Within deep-water regions, cumulative values for rela-
tive biomass estimates of the Pacific salmon forage base were
highest in summer of 2003 (1,600