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Abstract: This paper is a synthesis and review of the results of US research in the 1990s on the
physical and biological factors affecting ocean production of Pacific salmon (Oncorhynchus spp.).
The review follows the outline of US research under the North Pacific Anadromous Fish Commis-
sion Science Plan, which addresses issues concerning the ocean production of salmon. The re-
search includes studies on juvenile salmon in coastal waters, ecology of salmon in the Gulf of
Alaska, retrospective analyses of long-term data series, development and application of stock iden-
tification techniques, and international cooperative high seas salmon research. Our review indi-
cates that climate-induced variation in productivity and fishing are the two major factors affecting
ocean production of salmon, but the underlying mechanisms are not well known. To understand the
processes linking climate, ocean productivity, and salmon production, we need stock-specific in-
formation on salmon distribution, abundance, and migration patterns with respect to environmental
conditions. We recommend continuation of this research, with a strong emphasis on (1) the devel-
opment of new technologies and international baselines for salmon stock identification, (2) ship-
board research and monitoring programs to provide a platform for process studies, as well as data
on interannual variation in ocean growth, distribution, and run timing of key stocks, and (3) the de-
velopment and dissemination of international databases useful for research on ocean production of

salmon.

INTRODUCTION

This year the North Pacific Anadromous Fish
Commission’s (NPAFC) Science Sub-Committee
(SSC) is charged with developing a new science plan
for the year 2000 (Y2K) and beyond (NPAFC 1999).
This task includes a review of the results of NPAFC’s
scientific research program in the 1990s, as well as
new information presented at this symposium. The
ultimate goal of NPAFC’s research program is con-
servation of salmon (Oncorhynchus spp.). And so,
we may ask, “Are Pacific salmon Y2K-safe?” The
focus of this symposium and resulting bulletin is
salmon in the ocean, but we must keep in mind that
salmon begin and end their lives in fresh water.
Without healthy freshwater ecosystems, there will be
no salmon. Y2K-safe science, therefore, should con-
sider factors that affect growth and survival of
salmon over the entire salmonid ecosystem, including
both freshwater and ocean habitats.

The picture of salmon on the cover of the sym-
posium proceedings is a computer adaptation of an

t deceased

underwater photograph of salmon swimming on the
high seas, taken in the 1960s by A.C. Hartt near Adak
Island in the central Aleutians. According to Mr.
Hartt, high-seas salmon are like “gray ghosts,” that is,
very difficult to see and photograph underwater.
Over the next two days, we will be discussing the
factors that affect the survival of these gray ghosts
during their extensive ocean feeding migrations.
There are many posters and papers presenting the
detailed results of individual research projects and
programs. Our objective in this paper is to “set the
stage” for the presentations that follow by giving a
brief overview of US high seas salmon research is-
sues, programs, methods, results, and recommenda-
tions.

Research Issues

The main issue or question underlying the need
for ocean salmon research has always been: “Why
didn’t the salmon come back from the sea?” This
question, asked since time immemorial by native
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salmon fishermen of the North Pacific Rim, was
asked once again in 1997 and 1998, when Bristol
Bay, Alaska, sockeye salmon (O. nerka) failed to
return in forecasted numbers. The NPAFC treaty
promotes conservation of salmon by prohibiting all
directed fishing for anadromous stocks in interna-
tional waters (NPAFC 1993). In the 1970s, fisheries
scientists defined conservation as the wise use of
(fishery) resources. In the 1990s, conservation has a
much broader meaning involving “long-term sustain-
ability of ecosystems.” Accordingly, the present
NPAFC Science Plan addresses two critical research
issues: (1) factors affecting current trends in ocean
productivity and impacts on carrying capacity (ie.,
biomass of salmonids that can be supported by their
ecosystem), and (2) factors affecting changes in bio-
logical characteristics (growth, size and age at matur-
ity, oceanic distribution, survival, and abundance).
These issues were formulated as areas of salmon re-
search that could be conducted in cooperation with
other research organizations, especially the North
Pacific Marine Science Organization (PICES)—to
bring to the NPAFC forum new scientific expertise
and information, particularly in the areas of ocean
and atmospheric sciences.

North Pacific Research Programs

Concerns in the 1990s about salmon carrying ca-
pacity in the North Pacific Ocean, the effects of oil
pollution, global warming, ocean interactions be-
tween hatchery and wild fish, endangered species,
illegal high seas fishing, and salmon bycatch in non-
target ocean fisheries have spawned a multitude of
US and international programs that are investigating
various aspects of ocean production of salmon and
other marine species. Some of the major programs
are as follows:

® Ocean Carrying Capacity (OCC) Program, US
National Marine Fisheries Service, Alaska Fish-
eries Science Center, Auke Bay Laboratory—
funded by the US Department of Commerce, Na-
tional Oceanic and Atmospheric Administration
(NOAA)

® US Global Ocean Ecosystems Dynamics
(GLOBEC) Northeast Pacific Program (US Na-
tional Science Foundation Division of Ocean
Sciences, NOAA Coastal Ocean Program Office)

® Fisheries Oceanography Coordinated Investiga-
tions (NOAA)

® Climate Change and Carrying Capacity (CCCC)
Program (PICES)

® Exxon Valdez Oil Spill (EVOS) Trustee Coun-
cil, including the Sound Ecosystem Assessment

(SEA) Program and the Gulf Ecosystem Moni-
toring (GEM) Program

® North Pacific Marine Research Program (Federal
grant to the University of Alaska Fairbanks)

The OCC Program, which is described in this paper,
is the only program directly funded to conduct US
salmon research in the NPAFC forum (National Ma-
rine Fisheries Service 1995).

Research Approaches

Most US programs are using similar research
approaches, including (1) retrospective/comparative
analysis, (2) mathematical modeling, (3) 3-
dimensional (distribution and depth) surveys, (4)
process (mechanism) studies, (5) data acquisition and
management, and (6) long-term observation (moni-
toring) programs. The use of multiple approaches in
investigations of ocean production of salmon is es-
sential because of problems or difficulties associated
with individual components.

Retrospective (historical) or comparative analy-
ses are one of the major methodological approaches,
but most historical salmon data were not collected
with current research objectives in mind. For exam-
ple, the number of salmon in commercial catches is
often the only historical measure of salmon abun-
dance, which is a poor substitute for total biomass in
salmon carrying-capacity research. Salmon catch
data are affected by changes in fishing strategy, ef-
fort, and gear, management activities, and other fac-
tors. Often, retrospective analyses show a correlation
between various physical and biological factors and
salmon growth or catch, but correlations are not proof
of cause and effect and explain nothing about under-
lying mechanisms.

Mathematical modeling is a useful tool for gen-
erating hypotheses, but models can be designed to
show whatever result we want. Models, therefore,
must be validated with field data. Ocean field sur-
veys are very expensive. Environmental data from
remote sensing is becoming more readily available,
but we still need to go to sea in ships to collect data
on salmon and 3-dimensional environmental data.
Process studies are vital to discovering underlying
mechanisms, but difficult to carry out either in the
laboratory or on ships at sea.

International systems to acquire, manage, and
exchange long-term data series are essential to North
Pacific salmon research, but salmon databases are
often considered to be proprietary information.
Long-term monitoring programs are the key to under-
standing variation in biological and physical factors
affecting ocean production of salmon. Governments,
however, are usually reluctant to fund long-term pro-
grams.
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US SCIENCE PLAN

The US Science Plan under NPAFC includes
five major areas of research (NPAFC 1999), (1) ju-
venile salmon studies, (2) Gulf of Alaska salmon
ecology, (3) retrospective analyses, (4) stock identifi-
cation, and (5) high seas salmon studies. Field and
laboratory investigations are conducted on salmon in
both coastal and high seas habitats, primarily in the
Bering Sea, central North Pacific Ocean, and Gulf of
Alaska, where US salmon are most abundant. Sam-
ples and data for retrospective analyses are obtained
from historical high seas and Alaska salmon research
and management programs, as well as from new tech-
niques like sediment-core sampling. Accurate stock
identification in mixed-stock ocean samples is a key
aspect of every phase of the research.

Coastal Juvenile Salmon Studies

Ocean production of salmon in terms of numbers
of fish is closely linked with their early ocean sur-
vival. Juvenile salmon spend their first summer at
sea in open coastal areas over the continental shelf or
in protected marine waters, straits, sounds, and river
estuaries. Coastal studies are focusing on field moni-
toring, models of salmon production, and process
studies, including (1) repeated measurements of habi-
tat and stock-specific life history characteristics, (2)
modeling salmon production based on interannual
variability in early marine survival and growth, and
(3) trophic dynamics of salmon and their predators.

At present, there are two main programs, one in
southeastern Alaska and one in western Alaska. The
southeastern Alaska program, initiated in 1997, is
investigating seasonal (May-October) interactions
between hatchery and wild salmon stocks and their
potential impact on marine carrying capacity (Mur-
phy et al., 1997, 1999; Orsi 1997; Orsi and Murphy
1997; Orsi et al. 1997, 1998a, b, ¢, d, ¢, this volume;
Murphy 1998). The western Alaska Program, initi-
ated in 1999, is investigating effects of climate on
growth, migration, and distribution of juvenile Bristol
Bay sockeye salmon in the eastern Bering Sea (Far-
ley et al. 1999; Ocean Carrying Capacity Program
1999). Sampling for juvenile salmon was also con-
ducted during broad-scale coastal surveys of the
northeastern North Pacific, Gulf of Alaska, Bering
Sea, and Aleutian Islands from 1996-1999 (Carlson
et al. this volume).

The results of coastal juvenile salmon studies in-
dicate that spatial and temporal variations in their
distribution and migration patterns are most closely
associated with changes in feeding conditions and
distribution of prey. There is a strong relationship
between early marine growth and survival. High
growth rates are associated with high temperatures.
As juvenile salmon grow, they move farther away

from shore and the points of ocean entrance; they are
better able to avoid fish, bird, and marine mammal
predators; and they can feed on a greater diversity
and size range of prey. Variations in early marine
growth and survival are most often related to climate-
induced changes in distribution and abundance of
predator and prey populations. These are chaotic
events that cannot be predicted with a high degree of
certainty. Thus, coastal ocean field monitoring pro-
grams are needed if our objective to forecast salmon
carrying capacity in the North Pacific Ocean is to be
met.

Gulf of Alaska Salmon Ecology

The components of an ongoing program of re-
search on Gulf of Alaska salmon ecology (1995-
present) include studies of (1) broad-scale ocean dis-
tribution and migration patterns of salmon (Carlson et
al. 1996, 1997, 1998a,b, 1999), (2) fine-scale proc-
esses or factors influencing distribution, behavior,
and growth, (3) diet overlap and prey selectivity
(Sturdevant et al. 1997; Auburn-Cook and Ignell this
volume), (4) genetic stock identification (Guthrie et
al. this volume), (5) distribution of thermally-marked
hatchery salmon (Farley and Munk 1997; Carlson et
al. this volume), and (6) salmon growth and size (Far-
ley and Carlson this volume).

From 1996-1999, Gulf of Alaska salmon ecol-
ogy studies focused on broad-scale field surveys of
distribution and migration of salmon in the Alaska
Coastal Current (ACC) and Alaska Gyre. The results
have corroborated the findings of earlier studies con-
ducted in the 1950s, 1960s, and 1970s. But with new
stock identification techniques (genetics, thermal
marking, coded-wire tags, and data-storage tags), we
have enhanced capability over these earlier studies to
investigate growth, distribution, and migration pat-
terns of individual stocks at various life-history
stages along their ocean migration routes.

Variation in life-history strategies of salmon, es-
pecially spatial and temporal variation in distribution
and migration patterns, is a key to their evolutionary
success. The results of Gulf of Alaska salmon ecol-
ogy studies indicate that ocean distribution and mi-
gration patterns of salmon are stock-specific, al-
though patterns may be broadly overlapping, particu-
larly with those of other stocks originating from the
same geographic region. Salmon in the Gulf of
Alaska partition utilization of coastal and offshore
feeding areas on the basis of species, maturity, age,
size, feeding behavior, food preferences, run timing,
and other factors. Productivity and predation by ma-
rine mammals, birds, and fish are higher in the ACC
than in the Alaska Gyre. Availability of prey re-
sources may not be a limiting factor for production
and growth of juvenile salmon in the Gulf of Alaska.
Body size of juvenile salmon increases as they mi-
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grate westward in the ACC, reducing predation risk
and improving their ability to move against currents.
Juvenile salmon move offshore in late fall or winter,
coincident with decreasing sea temperature and prey
availability in the ACC. Immature and adult salmon
are able to optimize growth and survival potential
through seasonal movements between the coastal and
offshore areas. Salmon carrying capacity may be
regulated primarily by climate-induced changes in
productivity. Competition is most likely to occur
among fish of the same species, stock, age, and ma-
turity group, exhibited as density-dependent changes
in ocean growth and survival.

Retrospective Analyses

Retrospective studies characterize past variabil-
ity in climate and salmon population parameters over
various time and space scales, and are a key compo-
nent to understanding effects of climate change on
the abundance and life-history of US salmon popula-
tions. Past and current research on Alaska salmon
includes analyses of (1) freshwater scale growth pat-
terns of Karluk lake sockeye salmon (early 1900s-
present; Nelson, Alaska Department of Fish and
Game, Division of Commercial Fisheries, Kodiak,
U.S.A., personal communication), (2) marine scale
growth patterns of Kvichak River sockeye salmon
(1920-1997; Isakov et al. this volume), (3) marine
scale growth patterns of Yukon River chum salmon
(0. keta) (1965-1996; Sands, University of Alaska
Fairbanks, School of Fisheries and Ocean Sciences,
Juneau Center, personal communication), (4) Auke
Creek pink salmon (O. gorbuscha) scale growth and
total pink salmon production from Southeast Alaska
(1979-1996; Jaenicke et al. 1994; Murphy et al
1998), (5) historical salmon research in the Karluk
Lake area (1880-present; Gard and Bottorff, Univer-
sity of Alaska Fairbanks, School of Fisheries and
Ocean Sciences, Juneau Center, personal communi-
cation), (6) long-term changes in salmon abundance
using high-resolution paleoenvironmental analysis of
sediment cores (1500-present; Finney 1998), and (7)
time-series of salmon catch, escapement, growth data
and environmental data (Helle and Hoffman 1995;
Bigler et al. 1996; Farley and Murphy 1997; Eggers
1998; Farley and Quinn 1998; Hare et al. 1998; Helle
and Hoffman 1998; Wing and Pella 1998).

Retrospective analyses using a variety of tech-
niques have established that there are interannual,
decadal, and longer-term fluctuations in the ocean
growth and production or survival of salmon. Varia-
tion in salmon scale growth patterns reflects changes
in feeding behavior and conditions. When salmon
are not feeding, circuli are not formed on scales, and
in starving fish scales may be resorbed, e.g., in
spawning adult salmon. Density-dependent survival
is correlated with early ocean (coastal) growth on

scales, and density-dependent growth is correlated
with scale growth in subsequent years, when fish are
distributed offshore. Spatial and temporal trends in
scale growth patterns reflect trends in ocean produc-
tivity and climate indices. Differences in scale
growth between years of high and low salmon pro-
duction indicate size-selective mortality, where pre-
dation risk is higher for slower-growing individuals.
The results of the historical Karluk Lake research and
sedimentary '°N analyses from core samples indicate
that the long-term decline in Karluk Lake sockeye
salmon was primarily precipitated by, and continued
by, overfishing in the commercial fishery, not from
insufficient spawning but from changes to the fertility
of Karluk Lake. Overfishing greatly reduced the
quantities of marine-derived nutrients released back
into Karluk Lake each year in the decomposing bod-
ies of sockeye salmon adults. Time series analyses of
catch, escapement, and growth data indicate that both
management (e.g., changes in escapement policy and
fishing) and climatic factors have significantly af-
fected Alaska sockeye salmon populations in the
past.

Stock Identification Research -

NPAFC-related stock identification research is
focused on the development of international genetic
baselines (e.g., Hawkins et al. 1998; Seeb et al.
1998), standardization and coordination of otolith
marking methods (e.g., Hagen 1999; Munk 1999;
Volk and Hagen 1999), and application of new and
historical techniques (tagging, parasites, and scale
pattern analysis) to research and high-seas enforce-
ment questions (e.g., Bernard and Myers 1996;
Myers-et al. 1996; McKinnell et al. 1997; Patton et al.
1998; Urawa et al. 1998; Wilmot et al. 1998; Winans
et al. 1998; Wilmot et al. 1999; Guthrie et al. this
volume; Walker et al. 2000).

Thermal marking of otoliths is a promising new
technique for high seas stock identification, but the
number of available marks is limited (Ignell et al.
1997; Farley and Munk 1997; Hagen 1999; Carlson
et al. this volume). International standardization and
supplementation with other marks may be necessary
for future high seas applications (Munk 1999; Volk
and Hagen 1999).

International genetic baselines have been estab-
lished for chum, sockeye, and chinook salmon (O.
tshawytscha). International genetic baselines for
sockeye salmon can accurately separate Asian and
North American fish, but are not accurate at distin-
guishing among North American stocks. There is no
international baseline for coho salmon (O. kisutch).
All baselines need more samples from Russian
stocks.

The combined results of genetic stock identifica-
tion, scale pattern analysis, and parasite analysis sug-
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gest that the areas of intermingling of Asian and
North American salmon in the Bering Sea and North
Pacific Ocean are wider than that shown by direct
evidence from tag experiments. Our present under-
standing of stock-specific distribution, migration pat-
terns, and abundance of salmon in offshore waters is
limited. Much work remains to validate the results of
genetic and other indirect methods of stock identifi-
cation of salmon on the high seas.

International Cooperative High Seas Salmon
Research

Cooperative research on the high seas (interna-
tional waters) is critical to understanding salmon car-
rying capacity (density-dependent growth) in the
North Pacific Ocean and Bering Sea. The US high
seas salmon research program involves international
cooperative studies with Canadian, Japanese, and
Russian scientists, including: (1) shipboard field stud-
ies on salmon distribution, migration patterns, abun-
dance, and growth (e.g., Davis and Tadokoro 1994;
Carlson et al. 1998b; Ishida et al. 1998a,b; Ueno et al.
1998; Carlson et al. 1999; Yamaguchi et al. 1999),
(2) food habits studies and bioenergetic modeling
(e.g., Tadokoro et al. 1996; Aydin 1998; Davis et al.
1998; Aydin et al. this volume; Davis et al. this vol-
ume; Walker et al. this volume), (3) growth studies
using historical scale collections (e.g., Walker et al.
1998), (4) salmon life-history and carrying capacity
modeling (e.g., Pearcy et al. 1999, Aydin et al. this
volume), and (5) behavior studies using data storage
tags (e.g., Walker et al. 2000).

The results of international cooperative research
indicate that high seas distribution of salmon is most
closely associated with distribution of their prey.
Most growth occurs in summer months. Sea tem-
perature is the most important physical factor affect-
ing growth, but bioenergetic models indicate that
prey consumption is more important to growth in
offshore waters than temperature. Density-dependent
prey limitation probably takes place in winter, when
lipid stores are critical to salmon survival. High seas
food-habit and bioenergetic studies provide evidence
of feeding competition and density-dependent growth
in summer. Behavior studies using data storage tags
are providing significant new information on behav-
ior of salmon with respect to ambient sea tempera-
tures and depth. Summer data from tagged fish show
considerable diumal and shorter-term variation in
ambient temperatures and swimming depth, indicat-
ing that non-lethal sea surface temperatures do not
regulate the behavior of salmon on the high seas.
These results do not minimize the potential problems
associated with global warming, but warmer ocean
temperatures in winter are associated with increased
production of Alaska salmon. In the absence of
large-scale high seas salmon fisheries, climate-

induced change in ocean productivity, acting through
the food chain, is the major factor affecting high seas
production of salmon.

CONCLUSION

Our review of US research indicates that climate-
induced variation in productivity and fishing are the
two major factors affecting ocean production of
salmon, but the underlying mechanisms are not well
known. To understand the processes linking climate,
ocean productivity, and salmon production, we need
stock-specific information on salmon distribution,
abundance, and migration patterns with respect to
environmental conditions. We recommend continua-
tion of this research, with a strong emphasis on (1)
the development of new technologies and interna-
tional baselines for salmon stock identification, (2)
shipboard research and monitoring programs to pro-
vide a platform for process studies, as well as data on
interannual variation in ocean growth, distribution,
and run timing of key stocks, and (3) the develop-
ment and dissemination of international databases
useful for research on ocean production of salmon.

“The historical perspective suggests that sal-
monid stocks waxed and waned in different parts of
their range with interdecadal, centenary, and mille-
nary fluctuations in past ocean climates. Since ana-
dromous salmonids of the genus Oncorhynchus have
persisted during the past 50-100 million years
(McPhail 1997), they must have evolved mechanisms
to enable them to adapt to large-scale climatic
changes” (Pearcy 1997). Fluctuations in salmon
abundance and climate are normal. This underscores
the importance of ocean conservation of salmon and
protection of freshwater habitats during periods of
low ocean productivity.
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