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Abstract: How Paciﬁc salmon and steelhead (Oncorhynchus spp.) respond to climate-driven changes in their
oceanic environment is highly uncertain, in part due to limited information on winter distribution in international
waters (high seas) of the North Paciﬁc Ocean and Bering Sea. We review what is known and summarize what
should be known to properly address the question: Where do Pacific salmon go in the high seas during winter
and why, and how might this be aﬀected by climate change? Historical high-seas research (1950s–1970s, all
seasons) discovered that there are species and stock-speciﬁc distributions in the high seas; winter survey results
provided some clues as to important winter locations and dominant oceanographic features of winter habitat. In
succeeding decades (1980–2015), new ﬁsheries-oceanographic survey methods, stock-identiﬁcation techniques,
remote-sensing technologies, and analytical approaches have enabled us to expand our knowledge of the winter
distribution and ecology of salmon, although empirical data are still very limited. In general, we learned that the
“why” of ocean distribution of salmon is complex and variable, depending on spatio-temporal scale and synergies
among heredity, environment, population dynamics, and phenotypic plasticity. The development of quantitative
multispecies, multistage models of salmon ocean distribution linked to oceanographic features would help to
identify key factors inﬂuencing winter distribution and improve understanding of potential climate change eﬀects.
Keywords: Paciﬁc salmon, steelhead, winter, high seas, distribution, climate

INTRODUCTION

ciﬁc Anadromous Fish Commission (NPAFC) science plans
have identiﬁed salmon life history, ecology, and population
dynamics in winter as a major information gap (NPAFC
2010). The 2011–2015 NPAFC Science Plan called for
cooperative research on winter survival of salmon in the
North Paciﬁc Ocean (Western Subarctic Gyre and Gulf of
Alaska), potentially focusing on various issues, including
“winter distribution, production, and health status of salmon populations; hydrological characteristics, primary pro-

The responses of Asian and North American Paciﬁc
salmon and steelhead (Oncorhynchus spp.) to changes in
climate and ocean conditions remain highly uncertain. In
part, this is because information on life history, ecology,
and population dynamics of Oncorhynchus in international waters (high seas) of the Bering Sea and North Paciﬁc
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duction, and prey resources in the winter habitats; trophic
linkages, growth rate and predation of salmon at diﬀerent
stages; winter survival rate of salmon at diﬀerent stages;
winter carrying capacity of salmon populations; eﬀects of
climate change on salmon populations during winter; and
interactions between species, and between populations”
(NPAFC 2010). These issues are highly relevant to forecasting of adult salmon returns to coastal ﬁsheries and
spawning grounds.
By the end of the 21st Century, multiple stressors from
anthropogenic climate change and ocean acidiﬁcation are
expected to aﬀect salmon and the ﬁsheries that depend on
them (Haigh et al. 2015). For example, increases in sea
surface temperatures due to greenhouse gas emissions are
predicted to shrink the thermal habitats of salmon over vast
regions of the North Paciﬁc Ocean and adjacent seas (Welch
et al. 1998a, b; Azumaya et al. 2007; Abdul-Aziz et al. 2011;
Kaeriyama et al. 2012, 2014). Nevertheless, salmon are capable of rapid microevolution that may allow them to adapt
quickly (within one or two generations) to climate change
(Kovach et al. 2012). At present, total commercial catches
of Paciﬁc salmon around the Paciﬁc Rim, dominated by pink
salmon O. gorbuscha and chum salmon O. keta, are near
the all-time high levels since record keeping began (NPAFC
2014). In addition, high seas ecosystem surveys indicate that
populations of pink salmon distributed in the western and
central subarctic North Paciﬁc in winter occupy a wide range
of thermal habitats and are not food limited (Figurkin and
Naydenko 2014). Thus, it remains uncertain whether or not
future climate change will positively or negatively aﬀect high
seas salmon distribution, growth, and survival during winter.
In this paper, we provide a broad overview of what is
known and summarize what should be known about the
winter distribution of Oncorhynchus species in the high seas
(i.e., international waters north of 33°N beyond the 200-mile
zones of the coastal States) of the North Paciﬁc Ocean and
Bering Sea. Our purpose was to address the central questions: Where do Paciﬁc salmon go in the high seas during
winter, and why, and how might this be aﬀected by climate
change? While it is beyond the scope of our paper and the
limits of existing data to fully resolve these questions, our
primary goal herein is to provide insight into knowledge
gained from past research and the needs and potential directions for future research. We provide a timeline of historical high seas research (1950s–present), map the general
times and areas of winter research, brieﬂy describe winter
life history of salmon, and provide a chronological summary
of results from high seas salmon research vessel surveys in
winter. We discuss major advances in knowledge since the
1950s and leading hypotheses about the factors inﬂuencing
winter distribution of salmon and how salmon may respond
to climate change. We conclude by identifying major gaps
in knowledge of winter distribution and recommending potential next steps for future NPAFC-coordinated research on
winter distribution of salmon and steelhead (O. mykiss) in
the Convention area.

MATERIALS AND METHODS
To review past research, we compiled a comprehensive
list of publications pertaining directly to ﬁeld research on
salmon distribution in international waters (high seas) of the
Bering Sea and North Paciﬁc Ocean during winter months,
primarily January–March because wintertime anomalies in
climatological and near-surface oceanographic conditions in
the subarctic North Paciﬁc are most pronounced during these
months (Favorite et al. 1976). In our results section, we
brieﬂy summarize relevant data from annual cruise reports
by oceanic survey region and year. References pertaining
to other seasons or to winter surveys in marine coastal and
inland habitats or other marginal seas of the North Paciﬁc
Ocean (e.g., Sea of Okhotsk, Sea of Japan) were largely excluded in our summary because of our focus on the NPAFC
Convention Area and the objectives of the 2011–2015
NPAFC Science Plan. To our knowledge, winter research on
salmon has not been conducted in international waters of the
central Sea of Okhotsk, where maximum sea ice coverage
is in February–March. Karpenko (2003) reviewed winter
research on salmon in the southern Sea of Okhotsk, where
at least some pink salmon overwinter in some years (Radchenko et al. 1991, 1997; Zhigalov 1992). We supplemented
references in our personal scientiﬁc libraries by searching
the scientiﬁc documents, technical reports, and bulletins of
the International North Paciﬁc Fisheries Commission (INPFC) and the NPAFC, and the references listed in these publications. To locate additional publications we used several
online computer search engines (keywords: Oncorhynchus,
North Paciﬁc, ocean, winter). The two most useful search
engines were Proquest Aquatic Science Collection (145 hits,
which included citations and abstracts for papers in NPAFC
bulletins and technical reports) and the Web of Science (24
hits, which did not include any references to NPAFC publications), although many of the citations were duplicates or
irrelevant to our review.
The goals, objectives, and methods of winter research on
salmon and steelhead have changed substantially over time.
We summarized the results of winter high seas research vessel surveys and discussed major advances in knowledge for
two major periods, 1950s–1970s and 1980s–2010s. During
the 1950s–1970s, most winter surveys were conducted by
Canada, Japan, and the USA as part of the INPFC’s scientiﬁc
program that was tasked with research on high seas salmon distribution and origin to address problems raised by the
Protocol to the Convention. The former Soviet Union (hereafter Russia) also initiated winter salmon surveys during this
period. The INPFC’s winter high seas salmon surveys ended in the early 1970s. As explained by Jackson and Royce
(1986), “The scale of the expensive research vessel operations wound down in the late 1960s as fewer discoveries
were made, and as the scientists completed joint publication
on their discoveries from the beginning [of INPFC].” The
second period (1980s–2010s) reﬂects the intensiﬁcation of
winter high seas salmon research by Russia in the 1980s
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and subsequent research by all member nations under the
NPAFC Science Plan. The level of detail in our summaries
of winter high seas research vessel surveys varied depending
on the level of information in the available literature. We
relied on our own scientiﬁc expertise to identify important
gaps in knowledge and to suggest potential issues for future
NPAFC-coordinated research.
The oceanographic water masses and currents referred
to in the text are described in detail by Dodimead et al.
(1963), Favorite et al. (1976), North Paciﬁc Marine Science
Organization (PICES) (2004), and McKinnell and Dagg
(2010), and are shown in Fig. 1.
We designated salmonid ocean ages as “ocean age-0”
as those ﬁsh observed during their 1st ocean fall (through
December 31), “ocean age-1” ﬁsh observed during their 1st
ocean winter (starting January 1), “ocean age-2” during the
2nd ocean winter (starting January 1), and so on. Maturity
stage was designated as “juvenile” for ocean age-0 ﬁsh in the
late fall (November–December), “immature” for ﬁsh during
all winters up to the ﬁnal winter at sea, and “maturing” for
ﬁsh during the ﬁnal winter at sea. Steelhead that return to sea
after spawning are called “kelts”.

RESULTS
Winter Research Timeline
A 60-yr timeline revealed major spatial and temporal
gaps in winter high seas salmon research vessel surveys
(Fig. 2). In international waters of the Bering Sea, winter
surveys were conducted in only three years with a 34-yr gap
between surveys in the 1960s and 1990s. There were more
winter surveys in the North Paciﬁc Ocean, although annual
coverage was patchy with no continuous time series longer
than seven years. During the early period (1950s–1970s),
all surveys, except for experimental ﬁshing by Japan with
a midwater trawl in 1968, used gillnet and longline gear
(Birman 1960, 1985; Fisheries Research Board of Canada
(FRBC) 1962, 1963, 1964, 1966, 1967; French 1964, 1966;
French and Mason 1964; French et al. 1967, 1971, 1972,
1973; Fisheries Agency of Japan (FAJ) 1969, 1970, 1971,
1972, 1973, 1974, 1975, 1977). During the late period
(1980s–2010s), all surveys used pelagic rope trawl gear (Erokhin et al 1990; Erokhin 1991; Paciﬁc Research Institute of
Fisheries and Oceanography (TINRO) 1993; Nagasawa et
al. 1994; Sobolevskiy et al. 1994; Welch and Carlson 1995;

Fig. 1. The major surface currents, oceanic domains, and thermohaline front in the subarctic North Paciﬁc Ocean and adjacent seas. In the
central subarctic North Paciﬁc (170°E–165°W) the Subarctic Boundary generally marks the approximate southern limit of salmon distribution.
The dashed line indicates the Subarctic Frontal Zone (SAFZ), a thermohaline front that separates colder, fresher waters to the north from
warmer, saltier water to the south (Yuan and Talley 1996). In the eastern part of the Alaska Gyre (Gulf of Alaska), the westward-ﬂowing
Alaska Current (AC) continues into the Alaskan Stream (AS). In the Western Subarctic Gyre, the southward-ﬂowing East Kamchatka Current
(KC) continues into the Oyashio Current (OC) and the eastward-ﬂowing Oyashio Extension (OE). Shading along the continents indicates the
coastal range of anadromous Paciﬁc salmonids. ACC = Alaska Coastal Current, KUC = Kuroshio Current. Modiﬁed from base map source:
Quinn (2005), adapted from Favorite et al. (1976) and others.
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Fig. 2. A 60-yr timeline of high seas salmon winter (primarily January–March) research vessel surveys. Bering Sea surveys are shown above
the timeline and North Paciﬁc surveys are shown below the timeline.

Ueno et al. 1996, 1997, 1999; Glebov and Rassadnikov
1997; Startsev and Rassadnikov 1997; Ishida et al. 1998b;
Fukuwaka et al. 2006; Starovoytov et al. 2009, 2010a, b;
Naydenko et al. 2010a, b; Glebov et al. 2011a, b). The difference in gear types and survey designs between the early
and late survey periods increases the diﬃculty of using these
data to evaluate long-term trends in distribution, abundance,
and biological characteristics of high seas salmon in winter.

survey. The high seas survey areas covered four broad regions: (1) Bering Sea, (2) western North Paciﬁc (west of
170°E), (2) central North Paciﬁc (170°E–165°W), and (3)
eastern North Paciﬁc (east of 165°W; Fig. 3). All surveys
by Canada were in the eastern North Paciﬁc. Surveys by
Japan were primarily in the western North Paciﬁc, although
sampling in the 1990s–2000s extended into all regions of
the North Paciﬁc. Surveys by Russia were primarily in the
western and central North Paciﬁc. Surveys by the United
States were primarily in the central and eastern North Paciﬁc. Note that the United States did not conduct high seas
surveys after 1971.

Survey Locations
The general locations of winter surveys in the North
Paciﬁc Ocean varied by region and nation sponsoring the

Fig. 3. The regional locations of high seas salmon winter research by Canada (CA), Japan (JP), Russia (RU), and the United States (US) in
the Bering Sea and North Paciﬁc Ocean, 1958–2015.
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Fig. 4. The general life history of six species of Paciﬁc salmon (Oncorhynchus spp.) distributed on the high seas of the North Paciﬁc Ocean in
winter, categorized by relative abundance, feeding type, and range of the number of winters spent at sea.

Life History

eye salmon tagged in the southcentral Bering Sea in February 1964 was recovered in the western Bering Sea oﬀ the
northeast coast of Russia in July 1964. To date, this is the
only high seas tag recovery indicating that sockeye salmon
overwinter in the Bering Sea. The distribution of sockeye
salmon in the Bering Sea in the winters of 1963 and 1964
may have been due to unusual oceanographic conditions.
For example, bathythermograph measurements in the Bering
Sea along 175°E and 180°, 52–57°N in January–February
1963 showed relatively warm temperatures (3.0–4.0°C) at
the 100–200 m depth, which were attributed to the anomalous intrusion of warm Alaskan Stream water and the retreat
(northward or westward) of cold Kamchatka coastal waters
(Favorite 1964).

In general, diﬀerences in relative abundance, feeding
type, and age composition can be used to categorize the life
history of high seas Oncorhynchus spp. (Fig. 4). In total,
the winter survey results included data on six species: pink
salmon, chum salmon, sockeye salmon O. nerka, coho salmon O. kisutch, Chinook salmon O. tshawytscha, and steelhead. Pink, chum, and sockeye salmon are categorized as
high abundance zooplankton feeders, and coho and Chinook
salmon, and steelhead as low abundance micronekton (ﬁsh,
squid, euphausiid) feeders. Two species (pink and coho
salmon) spend only one winter at sea, and the other species
can spend multiple winters at sea before returning to spawn.
Summary of Winter Research Surveys, 1950s–1970s

Western North Pacific (WNP)
In the late 1950s and early 1960s, gillnet surveys to determine winter salmon distribution in the western North Paciﬁc (WNP) were conducted by scientists of the Kamchatka
Research Institute of Fisheries and Oceanography (Birman
1985; Karpenko 2003). Annual cruise reports of salmon
distribution data from these surveys were not available for
our review. However, catches were likely insuﬃcient to determine winter distribution of salmon, e.g., Birman (1985)
noted, “in January 1958 between the 4°C and 1°C isotherms
in the salmon wintering ground between 160° and 167°E,
only one red [sockeye] salmon was taken during seven
nights of drift net ﬁshing by the R/V Ametist.” In addition,
Birman and Konovalov (1968) noted, “in the Paciﬁc Ocean
the young sockeye salmon migrate in a south-easterly and
easterly direction to the wintering feeding grounds. Because
of the complex and very varied conditions during winter in
the ocean, data on the distribution and dispersion of the local stocks of sockeye salmon are not available to us for this
period,” and “there are very few data available concerning
the southern and western limits of the wintering area [of maturing Lake Kurile sockeye salmon].”

Bering Sea
In February 1963 and 1964, the USA initiated winter
research vessel surveys (gillnet and longline) to determine
whether salmon remain in the Bering Sea or migrate southward to the North Paciﬁc Ocean in winter (French 1964;
French and Mason 1964). Sockeye salmon (ocean ages 1–4)
were caught in both years. Two chum salmon were caught
at a station just north of the Aleutians (53°N, 175°E; SST
3.4°C) in 1963 (French and Mason 1964). No other salmon species were caught. Sockeye salmon were caught at all
stations sampled and were distributed from the Aleutians
northward to at least 57°N (175°E). The lowest sea surface
temperature (SST) was at the northernmost station in 1964
(57°N, 175°E; SST 0.0°C), where sampling was terminated
due to hazardous ice conditions. In general, the abundance
of sockeye salmon was less at Bering Sea stations than at
stations surveyed during the same years in the Central North
Paciﬁc (CNP). Bering Sea sockeye salmon were older, larger, and mostly maturing, compared to CNP sockeye salmon
(greater mix of age, size, and maturity groups). One sock117
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In February 1965, the USA conducted a gillnet survey
in the WNP (46–53°N, 167–170°E) and CNP (French et
al. 1967). Sockeye salmon, mostly ocean age-2 or older,
were distributed throughout the area, and chum salmon was
the only other species caught (one ﬁsh). Experiments with
surface (0–7 m) and subsurface (sunken) gillnets (7–15 m
and 15–22 m) ﬁshed at the same time and location indicated
most sockeye were near the surface at night.
In February–March 1967, a winter longline survey
by Japan in waters east of Hokkaido and northern Honshu
(39–44°N, from Honshu Island to 161°E) caught only one
pink salmon and one chum salmon in February (FAJ 1969).
No salmon were caught west of 150°E. In March, surface
longline catches showed that pink salmon were widely distributed throughout the survey area (148–160°E), while other
species (chum and sockeye salmon, steelhead) were scarce.
An investigation of vertical distribution of salmon using
subsurface (vertical) longlines caught only one pink salmon.
In February 1968, Japan conducted experimental winter ﬁshing for salmon with a midwater trawl, longlines, and
gillnets (west of 175°E; FAJ 1970). No salmon were caught
in the trawl. Longline and gillnet catch data showed maturing sockeye (primarily ocean age-3) were distributed farther west (43–45°N, 154–158°E) in February than younger
sockeye. Many maturing (ocean age-1) pink salmon were
distributed in this area.
In February 1969, salmon density was low during a
Japanese gillnet survey between 43–45°N, 160–165°E, and
sockeye salmon were distributed farther north (45°N, 160°E)
than chum (FAJ 1971). Ocean age-3 was the dominant age
group for both species. Maturing pink salmon (average 34
cm FL) were caught at all stations.
In March of each year from 1970 through 1974, Japan
conducted exploratory ﬁshing operations (gillnet and longline) to study salmon distribution in the WNP (~41–53°N,
147–175°E; FAJ 1971, 1972, 1973, 1974, 1975, 1977).
The 1974 survey was not completed due to bad weather
conditions. Shimazaki and Nakayama (1975) summarized
winter 1970–1973 survey results for pink, chum, and sockeye salmon. Distribution was categorized by oceanic water masses north of the Subarctic Boundary (~40–42°N).
Sockeye and chum salmon were most abundant in evenyear catches (1970, 1972). The locations of greatest
abundance of each species were in diﬀerent water masses.
Ocean age-1 sockeye salmon were most abundant in the
northeastern portion of the survey area (north of 45°N, between 165°–175°E) in the Subarctic Current front (2–6°C
SST). In general, chum and pink salmon had a more southerly distribution than sockeye salmon, and were distributed
throughout the northern part of the Transition Zone. Chum
salmon were most concentrated in the region south of 45°N
in the eastern portion of the survey area (Transition Zone,
4–8°C SST), while pink salmon were most concentrated in
the western part of the Transition Zone (4–7°C). Immature
sockeye and chum salmon had a more southerly distribution than maturing ﬁsh, and relative abundance of imma-

ture ﬁsh was much lower in winter than in summer surveys
in this region.
Central North Pacific (CNP)
In February–March 1962, the USA conducted a winter
gillnet survey of salmon in the CNP south of the Aleutians
(41°–51°N, 175°W; French 1964) to investigate distribution
and relative abundance of salmon. Both immature and maturing sockeye salmon were caught at northern stations near
the Aleutians (47–51°N). Investigators had previously theorized that salmon would be distributed at more southerly
latitudes in winter. No salmon were caught at three stations
south of 45°N. Few chum, pink, coho, and Chinook salmon,
and no steelhead were caught elsewhere. Oceanographers
discovered that the vertical structure and latitudinal position of the 34‰ isohaline and 4°C isotherm along 175°W
in the Alaska Stream on the south side of Aleutians persisted
during winter (Favorite and Morse 1964).
In February 1963, the USA conducted gillnet and
oceanographic surveys in the vicinity of 45°N–51°N, 180°
(French 1964). Fewer older sockeye salmon were caught
south of the Aleutians than in the Bering Sea. Sockeye were
distributed in cooler water than pink and chum salmon.
In February 1964, a USA survey (gillnet and longline)
south of the Aleutians (49–50°N, 168–176°W) caught sockeye salmon at every station ﬁshed. The only other salmonid
caught was one ocean age-1 chum salmon (French 1966).
In February–March 1965, a USA gillnet survey (42–
53°N, 167°E–176°W) focused on determining the relationship between salmon distribution and oceanographic features (French et al. 1967). Sockeye salmon (mostly
maturing ﬁsh) were distributed in cool SST (< 5°C) waters
north of 45°N. Older immature sockeye salmon were most
abundant near the Aleutians, and young (ocean age-1) immature sockeye salmon were caught farther south than older ﬁsh in a narrow band between 46–47°N. Chum salmon
(mostly maturing ﬁsh) were caught primarily at southeastern
stations with SST > 3.2°C. A few pink and coho salmon and
steelhead were caught at stations south of 45°N at relatively
warm SSTs (6.9°C and 7.1°C). Vertical distribution of salmon was investigated using surface and subsurface (sunken)
gillnets (0–7 m, 8–15 m, and 16–23 m) ﬁshed at the same
time, and catches indicated that salmon were distributed at
the surface at night. Oceanographic research indicated that
the westward extent of Bristol Bay origin sockeye salmon
was associated with the western terminus of the Alaskan
stream, which diverged near 170°E, with a northward branch
circulating into the Bering Sea and a southward branch that
merged with the eastward ﬂowing Subarctic Current near
49°N (Favorite 1967). The existence of a temperature front
at the southern limit of sockeye salmon distribution (45°N)
supported an earlier hypothesis that this front, identiﬁed by
the vertical slope of the 4–5° isotherm and also by a sharp
salinity gradient, may indicate the southern boundary of
sockeye salmon distribution throughout the year (Favorite
and Hanavan 1963; Favorite 1967).
118
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and 1964; sockeye were the most frequently caught species
and were much more abundant in the central part of the Gulf
of Alaska (from 48°N to 52°N and from 140°W to 150°W)
than in areas closer to the British Columbia coast. A total
of nine longline sets was made yielding 609 salmon (584
sockeye, 18 pink, 7 chum) and two steelhead. Only eight
sockeye were tagged and released (none recovered); all
the remaining ﬁsh were retained for studies of racial origin
(FRBC 1967).
In summary, Canadian winter surveys in the ENP found
that sockeye salmon were the dominant species in catches during all three years, and were much more abundant
in the central Gulf of Alaska (48–52°, 140–155°W) than
in areas closer to the British Columbia coast. In January
and February, the main concentrations of sockeye salmon
were somewhat farther to the southwest than in April. The
size and age of sockeye salmon increased to the northwest.
Subsequent recoveries of tagged maturing sockeye salmon
included populations from Bristol Bay to the Fraser River
(Fig. 5). Sockeye salmon were distributed in a region of
relatively low temperature and high salinity, and the southern and eastern boundaries of sockeye salmon distribution
nearly coincided with the boundary separating the Central
Subarctic Domain and the Transition Zone. Within the area
of distribution, the highest sockeye catches were associated with the abrupt upward doming of subsurface isotherms
(4–5°C) to within about 100–200 m of the surface. This
common oceanographic feature of the subsurface layer of
the Central Subarctic Domain is called the Ridge Domain,
where nutrient rich, low temperature, and high salinity deep
water rises abruptly below low salinity surface water and
intermediate cold water (Favorite et al. 1976; Onishi 2001).

Eastern North Pacific (ENP)
As part of ﬁeld investigations on the distribution,
movement, and area of origin of Paciﬁc salmon in the ENP,
Canada conducted exploratory longline and gillnet ﬁshing
operations for salmon during January–February 1962–1965
(FRBC 1962, 1963, 1964, 1966, 1967). The ﬁrst attempt
at winter sampling, in February 1962, was only marginally
successful, at least in part because of the small size of the
vessel used (24-m A.P. Knight; FRBC 1962). Using a larger
vessel the next year (4 Jan–2 Feb 1963, the 54-m G.B. Reed),
two cruises were conducted, one southwest from Cape Flattery to about 43°N, 129°W, the other northwest from Juan
de Fuca Strait into the Gulf of Alaska to about 55°N, 150°W
(FRBC 1963, 1964). Fishing was conducted with surface
longlines during dawn and with gillnets during hours of
darkness. A total of 329 salmon and seven steelhead was
captured. Salmon were caught only in waters ﬁshed north
of about 50°N. Sockeye and pink salmon were caught almost exclusively west of 137°W and sockeye increased in
numbers, size, and age to the westward. Coho and steelhead
were caught farther to the southeast (FRBC 1963). Two
hundred seven salmon (mostly sockeye) were tagged and released of which four were recovered (FRBC 1964).
In 1964, the G.B. Reed again conducted exploratory winter longline surveys in the ENP (7 January–7 February) westward of 155°W between 45°N and 56°N (FRBC 1966). Eight
hundred thirty salmon (740 sockeye) were caught of which
706 were tagged (653 sockeye); 18 sockeye and one steelhead
were subsequently recovered. Sockeye were caught primarily
west of 135°W and north of 56°N (FRBC 1966).
In 1965 the G.B. Reed sampled the ENP from January
14 to 20. The pattern of catches was similar to those in 1963

Fig. 5. The release and recovery locations of maturing sockeye salmon tagged in the Gulf of Alaska in winter 1963–1965. Line associates the
tag release location with its respective recovery location. Data source: INPFC/NPAFC High-Seas Salmonid Tag-Recovery Database, www.
npafc.org/new/science_tag_data_req.html.
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Pink salmon were caught sporadically over the same
area as sockeye, and pink salmon were farther oﬀshore in
winter than in April. Pink salmon were generally associated
with waters intermediate between those where sockeye and
coho salmon and steelhead were caught. Coho salmon and
steelhead were caught farther to the southeast than sockeye
and pink salmon, and were associated with waters having
relatively high temperatures and low salinities. Compared
to spring (April) catches, few chum salmon were caught in
winter, and investigators speculated that this might be related to seasonal diﬀerences in vertical distribution or feeding.
In general coho salmon and steelhead distribution in winter was similar to spring. Subsequent recovery of a tagged
steelhead (Babine R. in the Skeena watershed) was to the
northeast of the winter release area.
In March 1962, the USA conducted a winter gillnet survey to determine distribution of salmon in the ENP
(46–55°N, 155°W; French 1964). Most salmon were caught
between 47°N and 53°N. Catches were dominated by sockeye salmon (most abundant north of 50°N), and chum were
most abundant south of 50°N (SST > 5°C). Sockeye and
chum salmon were more abundant in the ENP than in the
CNP (175°W). Few pink or coho salmon, or steelhead, and
no Chinook salmon were caught. Distribution of sockeye
salmon appeared to be associated with a temperature minimum stratum (< 4.0°C at 150 m depth) that is indicative
of a particular type of vertical circulation caused primarily
by the advection of cold water from the western Paciﬁc and
winter turnover. The southern boundary of sockeye salmon
distribution was denoted by a temperature front indicated by
the vertical slope of the 4°–5°C isotherm and a sharp salinity
gradient (Favorite 1964, 1967).
In March 1963, USA gillnet and oceanographic surveys
along 155°W, 47–55°N, as well as in the Bering Sea and CNP,
focused on determining whether salmon migrate southward
in winter, aggregate in particular areas, and intermingle by
species, age, and maturity group (French 1964). In the ENP,
winter catches of older sockeye salmon were substantially
higher than in summer, and catches were higher than along
survey lines in the Bering Sea and CNP. Catches of chum
salmon were lower in winter than in summer. Few pink and
coho salmon were in the ENP survey area.
In January 1964, USA longline sampling (46°30’N,
133–148°W) caught pink salmon at stations between 750–
900 nm oﬀ the coast of Washington State, and steelhead
(mostly ocean age-1) were caught at stations 360 nm and
725 nm oﬀ the coast (French 1966).
In February–March 1967, the USA conducted a gillnet
survey along two north-south transects (55–46°N, 162°W
and 155° W) in the western Gulf of Alaska to study salmon distribution, migration, abundance, and relationships
between salmon distribution and four water masses (from
north to south): (1) the westward ﬂowing Alaskan Stream,
(2) the Alaska Gyre, (3) the weak velocity (3 cm/sec) eastward ﬂowing Oyashio Extension, and (4) stronger velocity
(5–20 cm/sec) eastward ﬂowing Subarctic Current (French et

al. 1967). Ocean age-1 sockeye were more abundant along
162°W than 155°W, and they were distributed primarily
south of 50°N in the Oyashio Extension and Subarctic Current at 155°W and the Oyashio Extension and Alaska Gyre
at 162°W. Ocean age-2 sockeye salmon were widely distributed but concentrated in the Alaska Gyre, Oyashio Extension, and Subarctic Current at 155°W and in the Alaska Gyre
and Oyashio Extension at 162°W. Maturing sockeye (ocean
ages-3 and -4) were more abundant than immature sockeye
salmon, and maturing ﬁsh were distributed primarily north
of 50°N in the Alaskan Stream and Gyre. Scale pattern
analysis indicated that percentages of Bristol Bay sockeye
salmon were relatively high among the older age groups and
were lower for young (ocean age-1) sockeye salmon. Chum
salmon (ocean age-2 and older) were distributed only along
155°W, south of 50°30’N, and concentrated near 48°N in
the Subarctic Current. Coho salmon were caught along both
transects, but only at southern stations. Few Chinook salmon and steelhead were caught. A comparison with a summer
1966 survey indicated that immature sockeye salmon were
distributed farther north in summer than in winter, and older
maturing (ocean age-3) sockeye salmon appeared to remain
in northern waters in winter.
In January–February 1969, a USA gillnet survey (47–
57°N, 145–165°W) caught sockeye salmon at all stations
sampled and a few chum, pink, and coho salmon, and steelhead. No Chinook salmon were caught (French et al. 1971).
Sampling showed for the ﬁrst time that ocean age-1 sockeye
salmon were distributed east of 155°W and north of 55°N.
Maturing sockeye salmon were not as broadly distributed
as immature sockeye salmon. The abundance of maturing
sockeye salmon increased abruptly in the vicinity of 50°N
near the boundary between the Subarctic Current and the
Transition Zone. Along 155°W, north-south distribution
varied by age and maturity group. Younger (ocean ages-1
and -2) immature ﬁsh were distributed farther south than
older immature and maturing ﬁsh. Maturing ocean age-3
sockeye salmon had the most northerly distribution. Experimental ﬁshing with surface (0–7 m) and subsurface (8–15
m and 16–23 m) gillnets indicated that most sockeye salmon
were in the surface layer.
In January–March 1970, a USA survey (gillnet and
longline) investigated the distribution and abundance of maturing Bristol Bay sockeye salmon and other salmon with
respect to ocean conditions along three transects: 165°W,
160°W, 155°W, north of 48°N (French et al. 1972). Sockeye
salmon were caught at all stations, and few chum and pink
salmon, and no Chinook salmon or coho salmon or steelhead
were caught. The highest concentrations of immature sockeye salmon were at southern stations and none was caught
at northernmost stations. A comparison of sockeye salmon
distribution and abundance data from this same area in 1962,
1967, and 1969 showed that maturing Bristol Bay sockeye
salmon were generally caught between the southern boundary of the Subarctic Current (southern boundary of sockeye
distribution) and the Alaska Stream (northern boundary of
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sockeye distribution). However, in 1970 sockeye salmon
were caught in the Transition Zone, south of the Subarctic
Current.
In January–February 1971, a USA winter survey was
designed to continue investigations of the distribution of
Bristol Bay sockeye salmon along two north-south (49–
53°N) transects at 160°W and 165°W (French et al. 1973).
Sockeye salmon were caught at all stations, and few chum,
pink, Chinook, or coho salmon, and no steelhead were
caught. Due to the predominance of ocean age-3 sockeye
salmon in the catch, overall distribution of maturing sockeye
salmon appeared to be shifted northward compared to earlier
years, however, this may have been inﬂuenced by weather
conditions that aﬀected the timing and sequence of stations
sampled. The investigators noted that accurate forecasts of
the size of the Bristol Bay run from winter survey data were
not yet possible.

the distribution and abundance of ocean age-1 pink, chum,
sockeye, coho, and Chinook salmon and to establish their
oﬀshore migration path. Few salmon (seven sockeye salmon, ocean ages 1–3) were caught at oﬀshore stations (Welch
et al. 2002a, 2003). One sockeye salmon was identiﬁed
from otolith thermal marks as originating from the Chilkat
Hatchery in Southeast Alaska. Given the absence of salmon
in most surface tows, six stations were sampled at multiple depths (surface to 100 m). However, no salmon were
caught in subsurface tows. Investigators speculated that
low catches might be due to either low abundance of Gulf of
Alaska salmon stocks, as evidenced by subsequent low adult
returns, or to stock-speciﬁc migratory pathways that take juvenile salmon farther to the west in coastal marine waters of
Alaska before they move oﬀshore. Investigators also noted
that if there were westward displacement of salmon out of
the study area, it was not due to sea temperatures, which
were within 1°C of March averages.
In November–December 1997, additional Canadian surveys in the ENP failed to capture any ocean age-0 salmon in
the central Gulf of Alaska or oﬀshore of the 1,000-m isobath
(Welch et al. 2002b). Signiﬁcant numbers of age-0 pink,
chum, and sockeye salmon were caught on the continental
shelf and slope regions, many more close to the Aleutian Archipelago than to the east, implying a north and westward
movement along the shelf prior to moving oﬀshore.
In January 1996, February–March 1998, and January–
March 2006, Japan conducted large-scale ﬁsheries-oceanographic surveys of the winter distribution of salmon (Ueno
et al. 1996; Ishida et al. 1998b; Fukuwaka et al. 2006).
Fishing was conducted with a large pelagic rope trawl that
ﬁshed from the surface to a depth of about 40–50 m. The
1996 survey was the ﬁrst trans-Paciﬁc survey of salmon distribution in winter (Ueno et al. 1996). A previous
trans-Paciﬁc survey in late fall (December) 1992 showed
juvenile salmon moving oﬀshore into the WNP and Gulf of
Alaska (Nagasawa et al. 1993; Ishida et al. 2000), demonstrating the feasibility of conducting such a survey in winter. Sampling stations were along north-south transects and
diagonals between transects in the WNP, CNP, and ENP
to evaluate salmon distribution with respect to ocean conditions. In the WNP in 1996, salmon were distributed at
stations north of the Subarctic Boundary, between the 8°C
(southern boundary) and 4°C (northern boundary) in the
Transition Zone and Subarctic Domain (Ueno et al. 1997).
All species except steelhead were caught in the WNP. Distribution of species overlapped, but diﬀered slightly with
respect to southern extent (Ishida et al. 1996). In the CNP
in January 1996, salmon were caught at stations north of
45°N (48–56°N). Pink salmon were the most abundant
species in the catch, and a few sockeye, chum, coho, and
Chinook salmon were also caught. The sockeye and chum
salmon were mostly ocean age-2 and older. In the ENP
(145°W transect), pink, coho, and Chinook salmon were
caught only at stations south of 52°N (SST 5.8–7.2°C),
chum salmon were most abundant at southern stations (48–

Summary of Winter Research Surveys, 1980s–2010s
In winter 1986–1992, Russia conducted winter surveys
of salmon in the WNP and CNP (Erokhin et al. 1990; Erokhin 1991; Startsev and Rassadnikov 1997). A large pelagic rope trawl was used for ﬁshing. In 1988, 1989, and
1991, the survey area was expanded eastward to 150°W in
the ENP (Karpenko 2003). Figurkin and Naydenko (2014)
provided maps of survey areas and trawl station locations in
those years. The distribution of Okhotsk pink salmon was
closely associated with the Subarctic Front water mass (SST
0.5–11°C) in the WNP (Startsev and Rassadnikov 1997).
The largest concentrations of pink salmon were found between 40–44°N (SST 2–8°C; Erokhin 1991). Moroz (2003)
assumed that water temperature was a major factor inﬂuencing distribution of salmon. However, Shuntov and Temnykh
(2005) later established that SST within the survey area did
not limit salmon distribution, migratory timing, or migration
routes. Paciﬁc salmon were distributed across a wide range
of temperatures during winter (0.5–12.0°C), especially pink
and chum salmon, whereas sockeye and coho salmon tended
to occupy cooler and warmer waters, respectively (Figurkin
and Naydenko 2013; Naydenko et al. 2016). In addition,
Moroz (2003) determined that the absolute biomass of zooplankton was not the factor determining the abundance of
pink salmon in the survey area, and changes in pink salmon
distribution in the survey area between even and odd years
were caused by year-to-year ﬂuctuations in abundance and
run timing.
In March 1995, a Canadian trawl survey in the ENP had
only sporadic catches of pink, sockeye, and chum salmon in
the area 46°–51°N, 139°–142°W (Welch and Carlson 1995).
Investigators speculated that patchy catches might have
been due to low net towing speeds (4.5 kts or lower), and
they recommended using speeds of 5.0–5.5 kts that more
consistently caught salmon in other trawl surveys.
In March 1997, a Canadian trawl survey was conducted
in the ENP (49 stations, 48–58°N, 132–154°W) to establish
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50°N, SST 6.5–7.2°C), and sockeye salmon were caught
only at stations north of 53°N (SST 4.5–4.7°C).
In 1998, salmon distribution was surveyed in the WNP,
CNP, and Bering Sea (Ishida et al. 1998b). In the Bering Sea,
Chinook salmon (12 ﬁsh, immature ocean ages -1 (83%) and
-2) were the only species caught at the few stations sampled
(58–54°N, 180°; SST 1.3–2.6°C). Similar to the 1996 survey, salmon in the WNP were distributed at stations north
of the Subarctic Boundary, between 8°C (southern boundary) and 4°C (northern boundary) in the Transition Zone and
Subarctic Domain (Ishida et al. 1998b). All species except
steelhead were caught in the WNP. In the CNP in February
1998, salmon were distributed between 43–46°N (at 180°),
where sea surface temperatures were 5.2–6.7°C (Ishida et
al. 1998b). Ishida et al. (1998b) speculated that in the CNP
salmon distribution in winter might be limited to the south
by the Subarctic Boundary and to the north by the northern
extent of the Transition Zone.
The 2006 survey focused on investigations to compare
stock condition (lipid content) and prey abundance in the
WNP (Transition Zone and Subarctic Current) and ENP (Dilute Domain, where surface waters are relatively warm and
dilute) in winter (Fukuwaka et al. 2006). Pink salmon dominated catches (77% of total salmon catch) in the WNP, and
chum salmon dominated catches (84% of total) in the ENP.
Age composition of chum salmon diﬀered between regions,
i.e., primarily young (ocean age-1) ﬁsh in the WNP and older (> ocean age-1) ﬁsh in the ENP. In the ENP (145°W,
47–54°N) chum salmon were the dominant species in the
catch at all stations. Sockeye salmon (mostly > ocean age-1)
were most abundant at stations north of 50°N. A few pink,
coho, and Chinook salmon were also caught. Subsequent
genetic analysis of chum salmon was reported. In the ENP,
chum salmon in more northern areas (54°N) were primarily
of North American origin while chum from more southern
areas (48°N) were mostly of Japanese and Russian origin
(Beacham et al. 2009; Sato et al. 2006). In the ENP, all
ocean age-1 chum salmon were from North America while
30% of ocean age-2 chum salmon were from Asia (Beacham
et al. 2009). Ocean age-1 chum salmon dominated in the
WNP and these were primarily of Asian origin although
North American salmon constituted ~15% of the catch (Sato
et al. 2006).
In March 2009, February–March 2010, and February–
March 2011, Russia conducted ecosystem trawl surveys in
the WNP Transition Zone (37–50°N, 152–172°E), where
southern Okhotsk Sea populations of pink salmon are distributed in winter (Starovoytov et al. 2009; Naydenko et
al. 2010a; Glebov et al. 2011a). The survey area included
Subarctic Current, Transition Zone, and Subtropical waters
(borders between these water masses were approximately
3.5–8°C and 33.2–34.0‰ in the upper 100-m layer). The
primary survey goals were to estimate total abundance and
biomass of salmon, as well as other epipelagic nekton and
zooplankton, and to obtain data on oceanographic conditions, biological characteristics of salmon, trophic ecology,

and factors inﬂuencing salmon distribution, abundance, and
production in winter. Vertical distribution (0–120 m depth)
of salmon was also investigated. The survey results revealed
considerable interannual variation in the locations, shapes,
and other characteristics of oceanic water masses, abundance
of salmon and their forage species, and salmon distribution
and trophic ecology. Horizontal and vertical distribution of
salmon varied by species, size (age), and maturity group.
Pink and chum salmon were the most abundant salmonid
species. Pink salmon were concentrated in the Transition
Zone and Subtropical waters, while chum salmon were concentrated in the Transition Zone and Subarctic waters. Sockeye salmon were concentrated mainly in the northeastern
part of the survey area in cool Subarctic waters. Few coho
and Chinook salmon and no steelhead were caught. Salmon
were seldom caught at depths > 100 m and used the entire
surface mixed layer (< 100 m depth). During stormy weather and high wave (5–7 m) conditions salmon appeared to
remain in deeper layers (> 60 m depth) during both daytime
and nighttime hours, and in calm weather they were distributed mainly in the near-surface layer (0–30 m depth). Depth
distribution varied by size and maturity stage, e.g., in 2011
small-sized (ocean age-1) immature chum salmon were substantially more abundant in the 31–60 m layer than large
size immature (> 30 cm FL) and maturing chum salmon.
Salmon diets were diverse and varied by species, size, age,
and maturity group, exhibiting high spatial (horizontal and
vertical) and interannual variability. The high abundance of
zooplankton and salmon stomach fullness (few empty stomachs) indicated that winter foraging conditions were suﬃcient in this oceanic region.
In February–March 2009, Russia conducted an ecosystem trawl survey in the CNP Subarctic Front (37°–50°N,
174E°–164°W), where the distributions of Bering Sea
salmon populations (eastern Kamchatka and western Alaska sockeye and pink salmon) overlap (Starovoytov et al.
2009). The survey area included Subarctic, Transition Zone,
and Subtropical waters. The primary survey goals were to
estimate the abundance of Paciﬁc salmon and clarify the
condition of Russian salmon during winter. The main concentrations of pink and sockeye salmon were located east of
175°W and north of 45°N. In the surface (0–30 m) layer,
pink salmon were the most abundant species, followed in
order by sockeye, chum, coho, and Chinook salmon. Abundance of sockeye salmon was highest in the northeast part of
the survey area in cool water (SST 4.5–5.0°C), while coho
salmon were distributed southward from 47°N in warmer
(SST 6–8°C) water. In addition, sampling of vertical distribution indicated that pink and chum salmon were distributed
in both surface (0–30 m) and subsurface (30–60 m) layers.
The investigators speculated that major concentrations of
salmon were inside the U.S. 200-mile zone and high seas
areas eastward of the survey area, which were not sampled.
The diets of all salmon species were diverse and showed
high spatial variability.

122

Life in a changing winter ocean

NPAFC Bulletin No. 6

Odd-numbered years

January–
March
40°N

Catch:
0

None

+

Low

30°N
150°E

160°E

170°E

180°

170°W

160°W

150°W

140°W

Odd-numbered years

April
40°N

Medium
High
Very High

30°N
150°E

160°E

170°E

180°

170°W

160°W

150°W

140°W

Fig. 6. An example of seasonal changes in the observed distribution and relative abundance of pink salmon in winter (January–March, upper
panel) and early spring (April, lower panel) by research vessels ﬁshing with gillnets and longlines during odd-numbered years in 1961–1971
(modiﬁed from Takagi et al. 1981).

susceptible to capture in surface gillnets and longlines (Takagi et al. 1981). However, data were insuﬃcient to rule out
other factors such as decreased water clarity or increased
swimming activity of salmon in spring that might also aﬀect
the catching eﬃciency (catchability) of surface gillnet and
longline gear. The northern extent of salmon and steelhead
distribution in winter was not well established because few
high seas surveys were conducted in the Bering Sea. While
winter surveys indicated that most salmon leave the Bering
Sea in winter, the winter distribution of sockeye was found
to extend northward to at least the edge of the ice sheet in the
central Bering Sea basin (French 1964; French and Mason
1964). Age-0 sockeye generally disappeared from coastal
regions of the Gulf of Alaska by winter, most presumably
migrating into deeper waters of the ENP by that time (Tucker et al. 2009).
Within each major region of the North Paciﬁc, historical
research showed that the relative abundance and distribution
of salmon in winter varied by species, size, and age group.
Pink and chum salmon were the most abundant species in
the WNP, and sockeye salmon was the most abundant species in the CNP and ENP. In the ENP, sockeye salmon abundance was highest in the western Gulf of Alaska, south of
the Alaska Peninsula. In all regions, chum salmon had a
more southerly distribution than sockeye salmon, and immature chum and sockeye salmon, particularly small size

DISCUSSION
Historical Winter Research, 1950s–1970s
Historical high-seas research (1950s–1970s, all seasons) discovered that there are species and stock-speciﬁc
distributions in the high seas; winter survey results provided
some clues as to important winter locations and dominant
oceanographic features of winter habitat.
Seasonal distribution and migration patterns
Historical high seas research established that Oncorhynchus species move seasonally across broad geographic fronts to the north and west in summer–fall and to the
south and east in winter–spring (see review by Myers et al.
2007). The composite information from all winter surveys
in the 1950s–1970s demonstrated that oceanic distribution
of Oncorhynchus in winter is extensive, e.g., for pink salmon
covering the entire subarctic North Paciﬁc from the Aleutian-Commander Island Chain southward to at least the Subarctic Boundary in the CNP (Fig. 6). The observed southern
extent of distribution was farthest to the south in the WNP
and farthest to the north in the ENP. The apparent sudden
increase in relative abundance of salmon in early spring
(April) was probably due to a seasonal change in vertical
rather than horizontal distribution that made salmon more
123

NPAFC Bulletin No. 6

Myers et al.

groups, were distributed farther south than maturing ﬁsh.
The distribution of pink salmon (all maturing) overlapped
with other species, however, large pink salmon tended to be
most abundant in the western part of the WNP, northern part
of the CNP, and eastern part of the ENP. Presumably, these
regions are winter staging areas for early-run maturing pink
salmon. In general, coho salmon (all maturing), Chinook
salmon (predominantly immature ocean ages-1 and -2), and
steelhead (predominantly ocean ages-1 and -2) catches were
too low to determine the extent of winter distribution. However, coho salmon and steelhead often had a more southerly distribution than pink, chum, and sockeye salmon, and
steelhead (likely including a large component of maturing
winter-run ﬁsh) were most abundant in the ENP (Burgner et
al. 1992; Welch et al. 1998b).
The few historical investigations of vertical distribution
of salmon in winter using surface and subsurface (sunken)
gillnets indicated that salmon were distributed primarily in
the surface water layer at night (French et al. 1967, 1971).
However, the maximum depth sampled (23 m) was insuﬃcient to determine vertical distribution throughout the mixed
surface layer (~100 m). Exploratory ﬁshing to determine vertical distribution of salmon in the WNP with a vertical longline was not successful (FAJ 1969). No research on vertical
distribution of salmon was done in the ENP. Nevertheless,
investigators speculated that low catches of chum salmon in
winter longline surveys in the ENP compared to catches in
the same area in the spring (April) might be due to seasonal
diﬀerences in vertical distribution or feeding (FRBC 1966).

seas salmon research was to determine the extent of seasonal
distribution and movements of major commercially important stocks of Asian and North American salmon, and in the
1960s the ﬁrst conceptual models (hypotheses) of stock-speciﬁc distribution and movements in winter were developed
from available high seas data. For example, Kurile Lake in
southern Kamchatka is the freshwater juvenile rearing area
for the most economically important population of sockeye
salmon in Russia. Ocean survey data and stock identiﬁcation analyses, using a combination of parasite tags and scale
pattern analysis, indicated that juvenile (ocean age-0) Kurile Lake sockeye salmon migrated in mid-October from
summer feeding grounds in the Sea of Okhotsk to the WNP
in a southeasterly and easterly direction to winter feeding
grounds well south of the Aleutian Islands (167°E–178°W,
primarily south of 50°N, as inferred from their distribution
in spring); the southward extent of winter distribution was
unknown but thought to extend to about 45°N during the
ﬁrst and subsequent ocean winters (Birman and Konovalov
1968). High seas surveys in February–March indicated that
sockeye salmon were distributed west to 165°E (French et al.
1967), and this longitude was considered the eastern boundary of the Kurile Lake sockeye wintering area. Birman and
Konovalov (1968) concluded that the migration of juvenile
Kurile Lake sockeye salmon to a speciﬁc oceanic wintering
area indicated a “consciousness of a suitable, desirable, beneﬁcial water mass” that was similar to the ability of salmon
to home to their natal stream, suggesting a genetic basis for
orientation and migration routes of each local stock. Similarly, after developing conceptual models of stock-speciﬁc
oceanic migration of three major stocks of pink salmon and
discussing potential mechanisms of migration, Royce et al.
(1968) concluded that the response of salmon in the ocean
“to all migratory cues must be inherited.”

The ‘Stock Concept’ of Oceanic Distribution
The ‘stock concept’ of oceanic distribution is the hypothesis that there are genetic diﬀerences in migration patterns
among salmon populations. An important objective of high

Fig. 7. The hypothesized high seas overwintering grounds for Paciﬁc salmon and steelhead from the three major coastal marine production
regions: Okhotsk Sea (OS), Bering Sea (BS), and Gulf of Alaska (GOA). The OS production region includes Japan and Korea. Data sources:
French et al. 1976; Neave et al. 1976; Fredin et al. 1977; Takagi et al. 1981; Hartt and Dell 1986; Burgner et al. 1992.
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Historical high seas salmon tagging research quickly
provided the strongest empirical evidence to support the
‘stock concept’ of oceanic distribution and movements of
salmon (Hartt 1962). However, tagging research focused
largely on determining distribution, origin, and movements
of salmon during the spring and summer, and provided little direct evidence of stock-speciﬁc distribution and movements of salmon during winter. The most successful winter
high seas salmon tagging focused on sockeye salmon in the
ENP in the 1960s, and resulted in recoveries in coastal ﬁsheries or natal streams, primarily from large maturing sockeye salmon tagged during the same year as recovery (FRBC
1964, 1966, 1967; Fig. 5). Although few high-seas tagged
sockeye salmon were later recovered, the recoveries clearly show ecosystem-scale intermixing of stocks returning to
diﬀerent coastal areas and rivers of the Gulf of Alaska and
eastern Bering Sea (Bristol Bay).
Conceptual models of age- and maturity-speciﬁc seasonal distribution and migration patterns were developed
for the most abundant species, i.e., pink, chum, and sockeye
salmon, and regional stocks (French et al. 1976; Neave et al.
1976; Fredin et al. 1977; Takagi et al. 1981; Hartt and Dell
1986). Because there are potentially thousands of salmonid
populations distributed on the high seas, INPFC scientists
used the term “stock” in a practical sense to mean complexes of salmon populations originating from and returning to
rivers in the same geographic region (Jackson and Royce
1986). The hypothesized overwintering grounds for all species, stocks, and age-maturity groups originating from the
three major coastal salmon production regions (Okhotsk
Sea, Bering Sea, Gulf of Alaska), covered vast and broadly
overlapping oceanic regions (Fig. 7). In general, Okhotsk
Sea stocks dominate the WNP, Bering Sea and Gulf of Alaska stocks dominate northern areas of the CNP and ENP, and
all three stocks intermix in the southern areas of the CNP
and ENP.

Oceanographic Features in Regions Where Salmon Migrate
One of the major objectives of historical high seas
salmon winter research during the 1950s–1970s was to determine relationships between salmon distribution and environmental conditions. Oceanographers wanted to develop the capability to forecast major environmental changes
and to predict their eﬀects on distribution and abundance of
salmon (McAlister et al. 1969; Favorite et al. 1976). The
research succeeded in describing the winter environment
(major ocean currents and water masses) of salmon on the
high seas, but was not successful at being able to predict
how salmon might respond to changing environmental conditions. One major problem was that salmon research vessels and oceanographic research vessels usually operated
independently and at diﬀerent spatial and temporal scales
(Favorite et al. 1976). At the largest spatial scale, the research showed that the winter range of high seas salmon included all of the major ocean currents and oceanic domains
in the subarctic North Paciﬁc (Fig. 1). At the regional scale,
variation in salmon distribution was not consistently linked
to speciﬁc oceanographic features. For example, in the CNP
the southern limit of salmon distribution generally coincided with the Subarctic Boundary (Fig. 1), while the apparent
southern limit in the ENP was well north of the Subarctic
Boundary. In addition, winter distributions of salmon with
respect to oceanic features varied by species, stock, body
size, age, and maturity group. For example, in winter 1967
in the ENP immature sockeye (ocean ages-1 and -2), chum,
and maturing coho salmon were distributed farther south,
primarily in the Oyashio Extension and Subarctic Current
areas, than maturing (ocean ages-2 and -3) sockeye salmon, which were distributed primarily in the Alaskan Stream
and in the Alaska Gyre (Ridge Domain and Oyashio Extension areas; French and McAlister 1970). At the local scale,
ﬁshing stations were selected with respect to geographic
boundaries rather than by water properties and environmen-
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Fig. 8. An illustration of the thermal tolerance hypothesis for sockeye salmon distribution in winter. Within the northern and southern
latitudinal temperature limits of each species’ thermal tolerance, regional stock groups exhibit east-west longitudinal boundaries with overlap in
distribution in the central North Paciﬁc. Adapted from original ﬁgure source: Birman 1985.
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tal features. The ﬁshing vessels used for most winter salmon surveys did not have the oceanographic instrumentation
needed to “denote the presence and extent of fronts and eddies and associated convergence and divergence phenomena
that could inﬂuence the vertical and horizontal distribution
of salmon” (Favorite et al. 1976). Clearly, there was a need
to better integrate oceanographic and salmon research and
the results from these types of research.
In general, oceanographic data collected aboard high
seas salmon research ﬁshing vessels were limited to sea
surface temperature and bathythermograph records in the
vicinity of ﬁshing stations (Favorite et al. 1976). Temperature was considered to be the single most important hydrographical factor determining general distribution and ocean
range, seasonal changes in foraging and winter habitat and
overall duration and direction of migrations (e.g., Birman
1985). The leading hypothesis, called the ‘thermal tolerance
hypothesis,’ suggested that the winter range of salmon is determined by species-speciﬁc temperature tolerances (Manzer et al. 1965; Birman 1985; and others). During winter,
stormy conditions result in relatively deep (~100 m) mixed
layer depths. Thus, in theory the winter latitudinal boundaries of species distribution could be described by sea surface
isotherms. For example, Birman (1985) hypothesized that at
the end of winter, salmon distribution south of the Aleutians
was bounded by the following species-speciﬁc isotherms:
pink (3.5–10°C), coho (5.5–10.5°C), chum (1.5–10°C), and
sockeye (1.5–6°C) salmon (Fig. 8). However, the estimated
ranges of species-speciﬁc thermal tolerances diﬀered among
investigations by Birman and others (Abdul-Aziz et al.
2011). As discussed below in greater detail (see The “Why”
of Winter Distribution), scientists have continued to develop
new hypotheses about the role that temperature plays in high
seas salmon distribution.

availability or active feeding of salmon could not be determined from the available data. Despite diﬀerences in ﬁshing
gear and methods, both studies indicated that sockeye and
pink salmon fed most actively in early morning.
Winter Research, 1980s–2010s
During the1980s to mid 2010s, major advances in winter
high seas research included: (1) the development and application of new methods, (2) expanded knowledge of salmon
distribution (horizontal, vertical, stock-speciﬁc) and ecology,
and (3) increased evidence that the “why” of winter distribution is complex. Despite these advances, few winter research
vessel surveys were conducted compared to the earlier period
(Fig. 2). Thus, empirical data on the winter distribution and
ecology of high seas salmon remain limited. In particular,
the northern extent of distribution for all species in winter is
still not well established, and catches of coho and Chinook
salmon, and steelhead during research trawl surveys are too
low to be conﬁdent in the extent of winter distribution.
Development and Application of New Methods
The development and application of new winter survey
methods, especially the use of pelagic rope trawls, genetic
stock-identiﬁcation techniques, remote sensing technologies, and analytical methods have rapidly advanced our understanding of the winter distribution of salmon, despite an
overall decrease in high seas surveys (Fig. 2). Pelagic rope
trawls towed at speed of ~ 3 kts were used extensively before the mid-1980s for oceanic groundﬁsh surveys. However,
higher tow speeds (~ 5 kts or faster) are needed to non-selectively catch all size, age, and maturity groups of salmon on
the high seas. In Russia, high quality systems introduced in
the 1970s controlled the vertical and horizontal opening of
the trawl mouth at tow speeds > 3 kts, and enabled accurate
estimation of the area sampled by the net and, thus, estimation
of the abundance and biomass of salmon and other aquatic organisms (Volvenko and Kulik 2011). Compared to traditional
gillnet gear, which is most eﬀective at catching salmon when
drifted overnight at the surface, trawls are typically towed
for ~1 hour and tow depths can be quickly adjusted, enabling
multiple sets at various depths during a 24-hr period. Gridbased trawl survey designs at the preferred latitude x longitude scale permit increased sampling eﬃciency to cover large
areas. One trawl species-selectivity problem is that steelhead,
which are distributed in or near the neustonic (sea surface)
layer, are seldom captured in pelagic surface trawls unless
the buoyancy of the head rope is adjusted to sample this layer (S. Hayes, sean.hayes@noaa.gov, pers. comm.). Another
well-known problem is that trawl nets are very abrasive, and
most salmonids caught in trawls are de-scaled. Thus, otoliths,
which were rarely collected in the past, should be collected
from all salmon species (except pink salmon because of their
consistent life history) to determine freshwater and ocean age.
High seas recoveries of coded-wire tagged (CWT)
steelhead in commercial and research vessel driftnet ﬁshing

Food Habits and Feeding Ecology
The ﬁrst published investigation of winter feeding and
food habits of high seas salmon (Gulf of Alaska) established
that salmon feed in winter and diets vary by species (Manzer
1968). Fish were captured by surface longlines, mostly at
dawn but some during approaching dusk. Samples sizes for
all species except sockeye salmon were small. In 1964 the
dominant prey were myctophid ﬁsh in sockeye salmon, hyperiid amphipods in pink salmon, decapod crustaceans in coho
salmon, unidentiﬁed digested material in chum salmon, and
squid in steelhead stomach contents. Many of the salmon
and steelhead had empty stomachs (Manzer 1968). In addition, plankton sampling indicated spatial, seasonal, and daily changes in zooplankton communities that aﬀect juvenile
salmon feeding. A comparison with food habits data from
salmon caught by surface gillnets, set in evening and hauled
in early morning, in the same oceanographic domains in
spring 1958 (LeBrasseur 1966), i.e., sockeye (Subarctic) and
pink (Transition) salmon, indicated salmon in the northern
ENP feed less intensively in winter than in spring. Whether
this was due to gear selectivity or seasonal diﬀerences in prey
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gear provided important information on spring-fall distribution of steelhead stocks (Burgner et al. 1992; Myers et al.
1996). However, CWTs did not contribute to our understanding of high seas steelhead distribution in winter, largely due
to the lack of winter sampling with driftnet gear during the
1980s–2010s.
International comprehensive genetic baselines for chum,
sockeye, and Chinook salmon have been developed and successfully applied in various studies to identify the geographical origin of stocks migrating on the high seas in winter (e.g.,
Urawa and Ueno 1997, 1999; Urawa et al. 1997, 1998, 2000,
2001; Urawa 2000, 2004; Beacham et al. 2009; Larson et al.
2013). However, genetic stock identiﬁcation has not been
routinely applied to all species and specimens collected during
winter surveys. In some cases, more traditional techniques
such as phenotypic analysis (e.g., see Figurkin and Naydenko
2014) continue to be used due to the lack of comprehensive
genetic baselines for pink and coho salmon, and steelhead.
Remote sensing technologies, e.g., satellite data, oceanographic buoys, electronic data-recording tags, and hydroacoustic surveys, have been used in combination with salmon survey data to further our understanding of the relations
between environmental conditions and winter distribution of
high seas salmonids. For example, archival tag data on the
vertical movements and thermal habitats of individual ﬁsh
were used in combination with sea temperature data from
satellites and oceanographic buoys to map the stock-specific winter distribution of salmon and steelhead on the high
seas (e.g., Walker and Myers 2009; Hayes et al. 2012). Hydroacoustic surveys of high seas salmonids during winter,
although seldom used to date, are feasible. For example, a
January 1996 trans-North Paciﬁc hydroacoustic survey using a quantitative echo sounder with frequency of 50.0 kHz
and depth range of 200 m revealed that salmon were not distributed below the halocline or in waters colder than 4°C
(Sakai et al. 1996). High resolution acoustic images conﬁrmed the presence of salmon near the surface in the ENP
Catch %:

0–0.5

0.5–1.0

during February 1992 (Nero and Huster 1996).
The use of new quantitative analytical methods in combination with high performance computing has increased our
understanding how multiple environmental factors inﬂuence
the ocean distribution and migration of salmon. For example, a simulation model that assumed temperature-dependent
swimming orientation indicated that Asian chum salmon,
including Japanese, southern Sakhalin, and southern Kuril
Islands stocks, in their ﬁrst winter at sea swim northward
against southward wind-driven currents to remain in the
WNP, necessitating greater energy expenditure than eastern
Kamchatka stocks that are transported by currents southeastward to the CNP (Azumaya and Ishida 2001, 2004). As
another example, a simulation model using ocean currents,
magnetic ﬁeld inclination and intensity, and ﬁsh swimming
behavior demonstrated that geomagnetic imprinting may be
suﬃcient to direct the homing migration of Columbia River
Chinook salmon from the Gulf of Alaska in winter (March)
to the mouth of the Columbia River in spring (Bracis and
Anderson 2012). In addition many new multi-variable techniques are available (e.g., see review by Johnson et al. 2012),
which have not yet been applied to questions related to high
seas salmon distribution and climate eﬀects in winter.
Expanded Knowledge of Winter Distribution and Ecology
of Salmon
Research trawl surveys provided a clearer and more
detailed picture of regional and seasonal diﬀerences in horizontal distribution of abundant species of salmon (pink,
chum, and sockeye salmon) than historical gillnet and longline survey data. For example, maps of composite catches
(1986–1992, 2009–2011) of pink salmon in the WNP and
CNP during winter and spring show that percentages of pink
salmon in the total catch were higher in the WNP than in the
CNP in both seasons, and that catch percentages in the WNP
decrease from winter to spring (Fig. 9), presumably indicative of salmon movement.
1.0–2.5

2.5–5.0

Feb–Mar

Winter

Spring
50°

45°

45°

40°

40°
160°E

170°E

10.0–50.0

Apr–May

50°

150°E

5.0–10.0

180

170°W

150°E

160°E

170°E

180

170°W

Fig. 9. An example of pelagic trawl survey results showing regional (western and central subarctic North Paciﬁc) and seasonal (winter, spring)
distribution and relative abundance of pink salmon. The catch share (%) is the percentage of pink salmon in the total catch at each station
calculated from data collected in 1986–1992 and 2009–2011. Data source: A. Figurkin (Figurkin and Naydenko 2013, 2014), Paciﬁc Research
Institute of Fisheries and Oceanography (TINRO-Center), Vladivostok.
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average body sizes of ocean age-1 sockeye salmon in the
survey area indicated that North American stocks dominated
the catch (Starovoytov et al. 2009), which was subsequently
veriﬁed by genetic stock identiﬁcation (Fig. 11; Farley et al.
2011).
Stomach content data are often used as an indicator of
how well salmon are feeding and growing in winter. However, IGF-1 levels (a hormonal measure of instantaneous
growth) in high seas salmon sampled in winter 1996 were
not signiﬁcantly correlated with stomach content variables
(Myers et al. 1998). Detailed winter diet studies showed
large variability in food and feeding habits of salmon in the
WNP and CNP (Tutubalin and Chuchukalo 1992; Naydenko et al. 2010b; Glebov et al. 2011a). For example, pink
salmon diets in winter–spring 2009–2011 varied by region,
body size, and depth (Naydenko et. al. 2010c; Glebov et al.
2011a).
Seasonal changes in body condition (weight and fork
length) are similar for all salmon species. That is, body condition peaks in summer and is lowest in winter (Ishida et
al. 1998a). However, biochemical analysis indicates species-speciﬁc diﬀerences in allocation of lipid resources for
somatic growth, e.g., just prior to the onset of winter, juvenile chum salmon increase lipid reserves at the expense of
somatic growth, while juvenile pink salmon continue rapid
growth (Azuma et al. 1998). Low lipid levels and changes
in fatty acid proﬁles of high seas pink and chum salmon in
winter suggest that at least in some years salmon are starving (Nomura et al. 1999, 2000). In winter (January–March)
2006, mean total lipid (TL) contents of chum and pink salmon were signiﬁcantly higher in the WNP than in the Gulf
of Alaska, and TL of ocean age-1 chum salmon was much
lower than that of older (ocean age 2–5) ﬁsh (Kaga et al.
2006). Lipid and protein signatures of ocean age-1 sockeye salmon distributed in the CNP in winter 2009 indicated
ﬁsh were not starving, leading to the speculation that large
(faster growing) sockeye salmon are using energy stores to
minimize predation (Farley et al. 2011). Kalchenko et al.
(2013) found a large decrease in muscle tissue lipids of pink
and chum in the WNP in winter, as well as changes to lower
levels of monounsaturated acids and higher levels of ω–3
polyunsaturated fatty acids, indicating high expenditure of
accumulated energy in response to low water temperatures
and a worsening food supply.
The ﬁrst time that a high seas salmon research vessel
caught Chinook salmon in the Bering Sea in winter was
1998 (Ishida et al. 1998b). However, the presence of Chinook salmon was already well known from data on salmon bycatch in groundﬁsh surveys and commercial walleye
pollock (Gadus chalcogrammus) ﬁsheries in the Bering Sea
(Major et al. 1978; Myers and Rogers 1988; Radchenko and
Chigirinski 1995; Davis 1999). For example, salmon bycatch in Russian bottom trawl surveys for groundﬁsh in the
Bering Sea (1974–1991) showed that at least some Chinook
and chum salmon overwinter in near-bottom layers along the
200-m shelf break in the northern Bering Sea (Radchenko

Pink Salmon
Body Size
˃ 30 cm fork length
≤ 30 cm fork length

Fig. 10. An example of research trawl survey data showing vertical
distribution of two body-size groups of pink salmon in surface (0–30
m) and subsurface (30–60 m) water layers in the central subarctic
North Paciﬁc in early March 2009. Catch rates in winter 2009 were
unexpectedly low, likely because the main concentrations of western
and eastern Bering Sea pink salmon populations, which intermix in
this oceanic region, were located to the north and east of the survey
area (Starovoytov et al. 2009). Data source for ﬁgure: Starovoytov
et al. 2009.

Research trawl and hydroacoustic surveys as well as
archival tag data have increased our understanding of the
vertical distribution of salmon and steelhead in winter. For
instance, winter trawl surveys in the CNP, as well as the
WNP in 2011, demonstrated that pink and chum salmon are
distributed throughout the mixed layer (to a depth of about
100 m), and that vertical distribution in winter can vary by
species, body size, and life-history stage (Starovoytov et al.
2009; Glebov et al. 2011a, b; Fig. 10). New data on the vertical distribution of Paciﬁc salmon during winter and spring
indicate that they were more dispersed in the water column
compared to summer and fall (Starovoytov et al. 2010a, b;
Glebov et al. 2011b). Winter hydroacoustic data indicate
most salmon were distributed at a depth of 25–55 m, where
seawater temperatures were 4–8°C (Sakai et al. 1996). Archival tag data revealed plasticity in vertical distribution of
individual ﬁsh in winter. For example, a tagged Chinook
salmon that spent two winters at sea before recovery in the
Yukon River, remained well below the surface (~125 m
deep) at temperatures of about 4°C during the ﬁrst winter
(Walker and Myers 2009). During the second winter, the
tagged ﬁsh initially migrated at the surface (~ upper 50 m)
as temperatures dropped to below 2°C, and when the ﬁsh
reached relatively warm (4°C) water it resumed active feeding at even greater depths (at least 350 m, the maximum
depth measurement setting of the tag) than during the ﬁrst
winter. Recovery data from two archival-tagged Cook Inlet,
Alaska, steelhead kelts showed that both ﬁsh spent 97% of
time at sea at < 6 m depth (day and night), and indicated
seasonal diﬀerences in diving activity with little activity in
winter, frequent activity in summer, and no consistent pattern in crepuscular activity (Nielsen et al. 2011).
Research trawl surveys have also provided increased
spatial and temporal resolution of stock-speciﬁc distribution
with respect to ocean conditions in winter. For example, in
the CNP in winter 2009, ocean age-1 sockeye salmon were
in subarctic waters north of 45°N (surface layer water temperatures of 4.0–5.5°С; Fig. 11). The spatial distribution of
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and Glebov 1998a, b). The distribution of Chinook salmon
in Bering Sea trawl bycatch in winter overlapped with that
of their primary prey, adult squid (Berryteuthis magister)
(Radchenko and Chigirinsky 1995). Scale pattern analysis
indicated that the predominant regional stock group of Chinook salmon in winter bycatch samples from commercial
groundﬁsh trawl ﬁsheries in the Bering Sea in 1979, 1981,
and 1982 was western Alaska, including the Canadian Yukon (average 60% of total bycatch; Myers and Rogers 1988).
Subsequent genetic stock identiﬁcation analyses of winter
bycatch samples of Chinook salmon in commercial groundﬁsh trawl ﬁsheries in the eastern Bering Sea 2008–2011
yielded similar results (Guthrie et al. 2013). Chinook salmon in commercial groundﬁsh ﬁshery bycatch samples from
the eastern Bering Sea in 2007 consumed oﬀal, likely from
ﬁsh processing wastes, and had a higher percentage of empty
stomachs (45%) and a greater diversity of squid species in
their diets in winter than in summer (8% empty), when no
oﬀal and more ﬁsh prey were consumed (Davis et al. 2009).
Chinook salmon caught at shallow depths (< 200 m) ate
more euphausiids and ﬁsh oﬀal than those caught at greater
depths (200–600 m), which ate more squid. A subsequent
study, using winter commercial trawl bycatch samples from
2011–2012, found that Chinook salmon in the ﬁrst winter
at sea were feeding well but had low lipid levels and high
15
N isotope levels, indicating nutritional stress (Walker et
al. 2013). Bioenergetic models showed that winter growth
of Chinook salmon in the Bering Sea is better during warm
climate periods, and summer growth is better during cool
periods (Myers et al. 2010; Walker et al. 2013). This body
of work illustrates how information gathered from salmon
bycatch in commercial ﬁsheries can help to rapidly advance
our scientiﬁc understanding of the winter distribution and
ecology for low-abundance species such as Chinook salmon.

The “Why” of Winter Distribution
To date, scientists have not reached a consensus about
the primary mechanisms underlying the observed winter
distribution of high seas salmon, although there are several
leading hypotheses—mostly related to sea temperature. The
“thermal limits” hypothesis, supported by trans-Paciﬁc empirical evidence from salmon CPUE and SST data, suggests
salmon exhibit a species-speciﬁc behavioral response to sea
temperature, actively avoiding temperatures greater than
some threshold (Welch et al. 1995, 1998a, b). According to
the thermal limits hypothesis, the range of temperatures over
which abundance changes reﬂects individual variation in the
threshold temperature response. The behavioral response to
a thermal limit involves a bioenergetic control mechanism,
whereby salmon avoid temperatures where metabolic rates
exceed energy gained from feeding. Another hypothesis,
called the “Salmon Overwintering Strategy (SOS)” hypothesis, is similar to the thermal limits hypothesis, but is supported by trans-Paciﬁc empirical evidence of low zooplankton
biomass in winter (Nagasawa 1999, 2000). According to the
SOS hypothesis, in winter salmon in the North Paciﬁc Ocean
are distributed at relatively cold sea temperatures (4–8°C,
compared to < 12°C as hypothesized by Manzer et al. 1965)
to reduce metabolic rates when zooplankton biomass is low.
An alternative hypothesis, the growth maximization hypothesis, supported by empirical evidence of salmon abundance,
diet and feeding intensity, zooplankton composition and
biomass, and sea temperature in the WNP and CNP pelagic
layer (0–200 m), is that zooplankton biomass in winter is
lower than in summer, but is not a limiting factor for salmon,
and salmon are distributed over a wide range of temperatures (0.5–12.0°C; Shuntov and Temnykh 2005, 2008, 2011;
Temnykh et al. 2010; Naydenko et al. 2011; Naydenko and

Fig. 11. An example of research trawl survey data showing the relative abundance and distribution of sockeye salmon in the central subarctic
frontal zone in winter and sea surface temperatures (left panel) and the genetic stock composition of sockeye salmon in the catch (right panel).
Data sources: Starovoytov et al. 2009; Farley et al. 2011.
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Fig. 12. A schematic illustration of potential factors inﬂuencing the winter distribution of high seas salmon and steelhead in the North Paciﬁc Ocean.

Kuznetsova 2011, 2013). Fukuwaka et al. (2007) found that
chum in the North Paciﬁc Ocean were distributed in cooler waters in winter than in summer, which was consistent
with this hypothesis, i.e., salmon are distributed in a manner
that maximizes individual rates of growth and, eventually,
ﬁtness (Houston et al. 1988; Rand 2002). Winter temperature ranges of chum salmon distribution were lower in the
WNP than the ENP. In addition, zooplankton abundance
increased with decreasing temperature in the WNP, but not
in the ENP. Fukuwaka et al. (2007) speculated that salmon might be distributed in cooler waters in the WNP than
the ENP to take advantage of greater foraging opportunities.
The “thermo-halo” limits hypothesis, supported by trans-Paciﬁc empirical evidence (catch, temperature, and salinity
data), is that species-speciﬁc temperature and salinity limits
form eﬀective barriers to salmon horizontal and vertical distribution (Azumaya et al. 2007). Within the species-speciﬁc
ranges of thermo-halo limits, distribution is related to preferred sea temperature or food, and there are longitudinal
(east-west) diﬀerences in thermo-halo limits. Most recently,
the “pelagic landscape zone hypothesis”, supported by climate, salmon population dynamics, and winter ecosystem
survey data, has been suggested whereby the climate-driven
shape of the pelagic landscape zone determines the spatial
distribution of salmon, and quantitative distribution of high
seas salmon catches reﬂects interannual ﬂuctuations in salmon abundance determined at earlier life stages (Figurkin and
Naydenko 2014).
In summary, empirical evidence suggests that the “why”
of ocean distribution of salmon in winter has the potential to
be complex and variable, depending on spatiotemporal scale
and synergies among genetics, environment, population dy-

namics (abundance and density-dependence), and phenotypic plasticity (the ability of an individual to alter its biochemistry, physiology, behavior, and life history in response to
environmental stimuli and cues (Bradshaw and Holzapfel
2006; Fig. 12). In particular, the role of a genetic basis for
winter distribution has been strengthened by experimental
evidence demonstrating that juvenile salmonids have a magnetic sensory system and an inherited magnetic map that enables them to use the earth’s geomagnetic ﬁeld to locate their
ocean feeding grounds (Walker et al. 1997; Putman et al.
2014). Thus, population-speciﬁc diﬀerences result in migrations of high seas salmon and steelhead to speciﬁc oceanic
regions in winter. Distribution within a stock-speciﬁc region
varies interannually depending on climate and ocean conditions (Myers et al. 2007). Relatively long-lived species
and small populations may have more diﬃculty genetically
adapting to rapid climate change than short-lived species and
large populations (Bradshaw and Holzapfel 2006). Thus, for
example, abundant populations of pink salmon, which spend
only one winter in the ocean, may have an advantage over
other salmonid species and populations in responding to climate change eﬀects. Within pink salmon, temperature-related survival diﬀerences between even and odd-year returning broodlines, the consequence perhaps of diﬀerent glacial
refugia, might confer survival advantages of odd-year ﬁsh
during periods of climate warming (Irvine et al. 2014).
Climate Eﬀects on Salmon Distribution
Given the hypotheses and empirical evidence that multiple factors aﬀect the high seas distribution of salmon, it is very
diﬃcult to forecast how future climate change will aﬀect the
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winter distribution of salmon. To date, most evaluations of
the potential eﬀects of climate change on winter distribution
of salmon have focused on projected changes in species-speciﬁc thermal habitat areas (Welch et al. 1998a, b; Azumaya
et al. 2007 (also included salinity); Kaeriyama 2008; Abdul-Aziz et al. 2011; Kaeriyama et al. 2012, 2014). In general, the results of all of these studies are similar. For example,
Abdul-Aziz et al. (2011) evaluated potential climate-change
eﬀects on species-speciﬁc winter thermal habitats, using previously published data on SSTs of “frequent catches” of high
seas salmon and steelhead (Fig. 13). When applied to model-averaged IPCC climate change scenarios, winter thermal
habitats shrink in the subarctic North Paciﬁc, especially in
the Gulf of Alaska, and expand in the Bering Sea (Fig. 14),
and possibly the Arctic (Irvine et al. 2009). There are many
uncertainties associated with this and other projections of climate change eﬀects, and additional investigations of high seas
behavior and distribution of salmon and steelhead are needed.

initial exploratory ﬁshing to learn about seasonal distribution, stock-speciﬁc distribution, and the major oceanographic features that might inﬂuence salmon distribution.
Simultaneous synoptic ecosystem surveys by multiple vessels across the entire subarctic North Paciﬁc and Bering
Sea have not been conducted during winter. Nevertheless,
the composite results of individual studies show that the
overall pattern of high seas salmon distribution in winter is
extensive, encompassing all regions of the subarctic North
Paciﬁc and ice-free portions of the Bering Sea. In addition,
the apparent spatial and temporal partitioning of oceanic
habitat by species, regional stock groups, and life-history
stages, suggests adaptation to limited winter resources at
the evolutionary scale. Of particular interest is whether
predicted changes in winter habitat and salmon distribution
will aﬀect phenology and trophic interactions within and
among species and stocks. Thus, to address questions related to climate change a large-scale synoptic approach is
needed to up-date our baseline of information on distribution and stock status of Asian and North American salmon
and steelhead in their oceanic habitats in winter, as well as
oceanographic conditions. This would enable us to link
variations in the winter distribution of salmon species, regional stock groups, and speciﬁc populations of interest to
changes in climate and ocean conditions that contribute to
observed variation in the run-timing, survival and abundance, age composition, and body size of adult returns to
economically important ﬁsheries.

Lessons Learned: Spatial And Temporal Scales Matter
The most important lesson to be learned from past
winter research is that spatial and temporal scales are important to understanding the relationships between salmon
distribution and their environment. Depending on the research question, the spatial and temporal scales of interest
to determining the where, why, and how of winter salmon
distribution diﬀer, ranging from plankton patches (meters
and hours) to migration corridors (1000s of kilometers and
months). A better understanding of processes occurring at
the patchy scale (days and tens of kilometers) is needed to
credibly describe the seasonal distribution and movement
of salmon and the resulting ecological and evolutionary
processes. Most research has been conducted at intermediate (meso or regional) scales, which were appropriate for
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CONCLUSION
As a result of our review, we identiﬁed key gaps in
our understanding of the winter distribution of high seas
salmon and steelhead, including the need to investigate
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Fig. 13. An example of species-speciﬁc sea surface temperature ranges of “frequent catches” of high seas salmon and steelhead in winter
(1.5–7.0°C for sockeye, 1.5–10.0°C for chum, 1.5–12.0°C for Chinook, 3.5–8.5 °C for pink, 5.5–9.0°C for coho, and 5.0–11.0°C for steelhead).
Data source: Abdul-Aziz et al. 2011; as cautioned by these authors, “It is important to recognize that these thermal limits should not be taken
as deﬁnitive boundaries for high-seas salmon habitat.”
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Fig. 14. An example of projected climate-change eﬀects on thermal habitat areas of high seas salmon and steelhead in three oceanic
regions. Data source: Abdul-Aziz et al. 2011.

2015, Kobe, Japan, for the invitation to present this paper.
An earlier version of the paper was presented orally at the
PICES/NPAFC-sponsored Workshop on winter distribution
of Pacific salmon, Yeosu, Korea, October 17, 2014. Funding
for travel for K. Myers to participate in both meetings was
provided by NPAFC. We gratefully acknowledge the editors
and two anonymous reviewers for their constructive comments and suggestions that greatly improved our manuscript.

their large-scale synoptic distribution in the Bering Sea and
North Paciﬁc Ocean, meso-scale distribution in the Bering
Sea and Gulf of Alaska, small-scale distribution and behavior of salmon and prey, population-speciﬁc distribution,
ecological interaction eﬀects on distribution, and eﬀects of
sea temperature and salinity on high seas salmonid metabolism and movements. The development of quantitative
multispecies, multistage models of ocean distribution and
migration linked to environmental features would help to
identify key factors inﬂuencing winter distribution and improve understanding of potential climate change eﬀects on
high seas salmon and steelhead.
We suggest that the next steps for the NPAFC would
be to coordinate (1) construction of a non-proprietary winter high seas salmon ecosystem database that includes all
existing data from past surveys in the Convention Area, (2)
development of a cooperative research plan for a synoptic
high seas winter ecosystem baseline survey to address key
uncertainties, and (3) continued cooperation with the North
Paciﬁc Marine Science Organization (PICES) in determining potential climate change eﬀects on salmon and their oceanic habitats.
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