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Abstract

Large-scale shifts occurred in climatic and oceanic conditions in 1925,1947,1977,1989
and possibly 1998. These shifts affected the mix and abundance of suites of coexisting
species during each period of relative environmental stability—from primary produ-
cers to apex predators. However, the 1989 regime shift was not a simple reversal of the
1977 shift. The regime shifts occurred abruptly and were neither random variations
nor simple reversals to the previous conditions. Timing of these anomalous environ-
mental events in the North Pacific Ocean appears to be linked to physical and biological
responses in other oceanic regions of the world. Changes in the atmospheric pressure
can alter wind patterns that affect oceanic circulation and physical properties such as
salinity and depth of the thermocline. This, in turn, affects primary and secondary pro-
duction. Data from the North Pacific indicate that regime shifts can have opposite
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effects on species living in different domains, or can affect similar species living within Received 28 May 2001
a single domain in opposite ways. Climatic forcing appears to indirectly affect fish and Accepted 2 Mar 2002
marine mammal populations through changes in the distribution and abundance of
their predators and prey. Effects of regime shifts on marine ecosystems are also mani-
fested faster at lower trophic levels. Natural variability in the productivity of fish stocks
in association with regime shifts indicates that new approaches to managing fisheries
should incorporate climatic as well as fisheries effects.
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Introduction

The idea of ‘locked in’ trends in climatic, oceanic and
biological systems was first introduced to fishery
scientists by Isaacs (1975), who called these persistent
trends regimes. Regimes have been defined as multi-
year periods of linked recruitment patterns in fish
populations or as stable conditions in physical data
series (Beamish et al. 1999, 2000). Low frequency,
high amplitude and sometimes abrupt changes in
species abundance, community composition, and
trophic organization that occur concurrently with
physical changes in the climate system indicate a
regime shift (McKinnell et al. 2001).

A number of physical changes were noted in the
North Pacific Ocean in the late 1970s (Ebbesmeyer
et al. 1991; Graham 1994). Sea surface temperatures
cooled in the central Pacific and warmed along the
west coast of North America (Miller et al. 1994),
whereas the extent of sea-ice cover in the Bering Sea
decreased (Manak and Mysak 1987). Changes were
also observed in the surface wind stress (Trenberth
1991) that may have affected the ocean currents in
the North Pacific. Other noted anomalies included
changed atmospheric circulation throughout the
troposphere (Trenberth 1990), and a deepening and
eastward shift of the Aleutian low-pressure system
(Trenberth 1990; Miller et al. 1994), which advected
warm, moist air over Alaska and colder air over the
North Pacific.

The large-scale climatic change observed in 1977
has been referred to as a regime shift, and does not
appear to be the only occurrence of this phenomenon
during the past century. There are indications of two
previous shifts in 1925 and 1947 (Mantua et al. 1997;
Minobe 1997), as well as a fourth shift in 1989 (Beam-
ishetal. 1999; Overland et al. 1999), and a possible fifth
shift around 1998 (e.g. McFarlane et al. 2000). Such
natural shifts in ocean climate raise questions about
the biological basis for managing sustainable fish-
eries (Beamish 1995), and are leading ecologists away
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from a single, steady-state view of ecosystems to one
that recognizes that ecosystems fluctuate because of
internal and external sources of variability (e.g.
Steele 1996; Trites et al. 1999).

There are four commonly cited indices of climatic
and oceanographic conditions for the Pacific Ocean.
These include: (i) the Southern Oscillation Index
(SOI), which describes the oscillation of air masses
between the eastern and western tropical regions of
the Pacific Ocean (Walker 1924; Trenberth and Hoar
1996), (ii) the Pacific Decadal Oscillation (PDO) which
is defined as the first empirical orthogonal function
of sea surface temperature in the North Pacific (Man-
tua et al. 1997), (iii) the Aleutian Low Pressure Index
(ALPI) (Beamish and Bouillon 1993), and (iv) the
North Pacific Index (NPI) (Trenberth and Hurrell
1995). Additional, but lesser known climate indices
include (v) the Pacific Circulation Index (PCI) (King
et al. 1998), (vi) the Northern Hemisphere Surface
(land and ocean) Temperatures (NHST) (Jones 1994),
(vii) the Length-Of-Day (LOD) which demonstrates
changes in the earth’s rotational speed (Stephenson
and Morrison 1995), and (viii) the Atmospheric For-
cing Index (AFI), which combines the ALPI, PDO,
and PCI using principle components analysis (McFar-
lane et al. 2000).

Although the 1977 shift is apparent in all indices, it
should be noted that not every regime shift is appar-
ent in all eight indices. For example, the 1989 regime
shift is not evident in the PDO (Beamish et al. 2000).
Furthermore, some of the indices are inversely
related, such as the ALPI (which measures the area
of low pressure) and the NPI (which is an area
weighted mean sea level pressure) (Trenberth and
Hurrell 1995), and many of the indices appear to be
dominated by the intensity of the Aleutian Low
(McFarlane et al. 2000).

The ALPI is perhaps the best index of climate—
ocean dynamics in the North Pacific (McFarlane et al.
2000) (Fig. 1). This is largely because the Aleutian
Low is the dominant atmospheric pressure system in
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Figure 1 The Aleutian Low Pressure
Index (ALPI) from 1900 to 2001
modified from Beamish et al. (1997).
The 1925-1946,1947-1976,1977—

Aleutian Low Pressure Index (ALPI)

-6 T

1988, 1989-1997 and 1998- regimes
are highlighted.

1900 1910

the northeast Pacific during winter (September—Jan-
uary). It strengthens in the fall of each year and
breaks down in the spring of the following year
(Beamish and Bouillon 1995), and produces strong,
cyclonic (counter-clockwise) winter winds. In early
spring, the North Pacific High builds and dominates
most of the North Pacific, resulting in weaker, anticy-
clonic summer winds.

ALPI is a measure of the geographical area of low
surface pressure (<100.5 kPa) in the North Pacific
Ocean (Beamish et al. 1997; 2000). Positive and nega-
tive ALPI values indicate whether or not the Aleutian
Low was intense (large in size) compared to the long-
term mean. In general, the ALPI was negative from
1947 to 1976 (i.e. the Aleutian Lows were smaller),
and positive from 1977 to 1988 (reflecting a period of
more intense Aleutian Lows) (Fig. 1). The intense per-
iod ended after 1989.

The following examines the biological responses of
marine organisms (from primary producers through
apex predators) to regime shifts in the Bering Sea
and eastern North Pacific Ocean. We begin by
describing the oceanographic effects of atmospheric
variability over the northeast Pacific and other
regions of the world as a basis for understanding the
connection between changes in the atmosphere and
the subsequent effects on marine organisms.We then
consider the ecological impacts of atmospheric varia-
bility on phytoplankton, zooplankton, fish (small
pelagics, groundfish, salmon, pollock and other
northern species), marine mammals, and sea birds.
We draw parallels between changes in the dynamics
of marine organisms and changes in the Aleutian
Low, using the ALPI as a proxy for a variety of climatic
and oceanic processes. Our review extends the ear-
lier analyses of Hayward (1997) and Francis et al.
(1998), and summarizes the evidence that the 1989
regime shift was not a simple reversal of the 1977 shift.

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113
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Global climate and regime shifts

In addition to the indices briefly described above for
the North Pacific Ocean, a number of other indices
have been derived for other regions of the world, such
as the North Atlantic Oscillation Index (NAOI)
(Walker and Bliss 1932; Hurrell 1995; Planque and
Taylor 1998) and the Atmospheric Circulation Index
(ACI) (Beamish et al. 1999) for the North Atlantic
Ocean. Many of these indices exhibit similar, if not
exact, timing of changes from one state to another,
which is to be expected if climate and its variability
are global phenomena. El Nifio-Southern Oscillation
(ENSO) events, for example, are connected to weather
changes outside the Pacific Ocean that are linked by
remote atmospheric associations or teleconnections
(Mann and Lazier 1996). This means that changes in
the position and intensity of atmospheric convection
in one area will result in adjustments in pressure cells
in adjacent areas and can lead to altered wind and
ocean current patterns ona global scale.

The close correspondence in world-wide climate
indices points to a yet undetermined common event
(or energy source) as the cause of regime shifts
(Beamish et al. 1999). One possibility is that regime
shifts are caused by changes in the earth’s nutation
(wobbling motion of the earth’s axis around the poles
that involves varying attraction of the moon on the
earth’s equatorial bulge), which transfers energy to
the sea system by a process known as forced oscilla-
tion (Yndestad 1999). Another possibility is that
regime shifts are driven by changes in the earth’srota-
tional speed, which redistributes angular momen-
tum (energy) among the four shells of the earth—
the core, mantle and crust, hydrosphere, and atmo-
sphere—which all rotate at different speeds. Support
for this idea comes from observations that the rota-
tion speed of the solid earth appeared to increase
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around 1975, and decrease in the late 1980s (based on
changes in LOD) (Beamish et al. 2000).

The majority of research into regime shifts has
been conducted in the Pacific Ocean. However, there
is increasing interest in understanding anomalous
climate—ocean conditions in other systems, such as
the Benguela upwelling ecosystem (Shannon et al.
1992) and the Atlantic basin, Labrador, Greenland,
Iceland, western Europe and the Azores (Hurrell
1995; Beamish et al. 2000; Ottersen et al. 2001). The
fact that many of the climate—ocean indices, as well
as the global LOD, exhibit similar, if not exact, timing
of changes from one state to another suggests that
regime shifts are a global phenomenon. This, in turn,
implies that the effects of decadal scale environmen-
tal variability should figure more prominently in fish-
eries research and management in all of the world’s
oceans.

North Pacific oceanographic and
atmospheric variability

Four large production domains (Fig. 2) exist in the
eastern North Pacific Ocean. These have been termed
(i) the Coastal Downwelling Domain, (ii) the Transi-
tion Zone, (iii) the Coastal Upwelling Domain, and
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(iv) the Central Subarctic Domain (Ware and McFar-
lane 1989). Persistent surface currents in the north-
east Pacific delineate the location of these domains.
The Bering Sea can be considered a fifth domain,
andis delineated by the Aleutian Islands and Alaskan
Peninsula. All five domains are unique in terms of
the dominant fish species and their response to
regime shifts.

A zeroin the wind stress curl near the Pacific coast
of North America causes a bifurcation of the east-
ward flowing Subarctic Current, which creates the
northward flowing Alaska Current and the south-
ward flowing California Current (Thomson 1981).
However, the location of the separation of the Subarc-
tic Current is not well defined, and varies on a seaso-
nal basis, because the location and intensity of the
Aleutian Low and North Pacific high atmospheric
pressure systems varies between summer and win-
ter.

The dominant feature in the Central Subarctic
Domain (Central Gulf of Alaska) is the Alaska Gyre,
which rotates in a counter-clockwise (cyclonic) direc-
tion (Ware and McFarlane 1989). This circulation
results in divergence (upwelling) in the core of the
gyre, and may explain why this domain is relatively
productive (Reid 1962). Intensification of the winds
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might improve productivity and result in increased
divergence and upwelling of nutrient-rich water at
the core of the gyre (Reid 1962; Brodeur and Ware
1992). Flow in the Alaska gyre was found to be stron-
ger than usual after the 1977 regime shift, whereas
no change was noted in the California Current
(Coastal Upwelling Domain) (Miller 1996). This sup-
ports the hypothesis of Chelton and Davis (1982) that
the Alaska and California Currents fluctuate out of
phase.

The onset of the Aleutian Low results in increased
precipitation in the Subarctic North Pacific. This
input of freshwater has a strong, stabilizing effect on
oceanographic conditions. As the Aleutian Low
intensifies, wind patterns change further south along
the coast of North America leading to decreased
upwelling and increased water column stability. In the
Gulf of Alaska, increased stability means that phyto-
plankton can be maintained in the euphotic zone for
longer periods of time, which in turn increases the
overall amount of primary production (Gargett 1997).
However, off the coast of California, increased stability
and less upwelling results in a decreased nutrient sup-
plyandadeclineinprimary production.Thus, adecline
inphytoplanktoninthisarea—related tolimited nutri-
ents and not light—leads by inference to a decline in
secondary production.

The presence of winter sea-ice and a subsurface
poolofcold (<2.0 °C) water in summer are significant
characteristics of the Bering Sea (Wyllie-Echeverria
and Wooster 1998). The extent of the sea-ice cover
depends on the air temperature and the winter storm
tracks that are generated by the Aleutian Low (Over-
land and Pease 1982). When the Aleutian Low is
strong relative to the high-pressure systems that
move in from the north, warm air is pumped
northward and the sea-ice does not penetrate far
south. During such warm years, the cold pool of
water is not well developed (Wyllie-Echeverria and
Wooster 1998). The cold pool of water is significant
because of its size (in the order of hundreds of kilo-
metre wide and up to 70 m thick) and because of its
effects on temperature-sensitive species assem-
blages.

The timing of events in the Bering Sea are not
necessarily synchronous with those further south
(Wooster and Hollowed 1995). There are indications
of a cool era in the Bering Sea from about 1965-1978,
and of a warm period beginning in 1978 (Wooster
and Hollowed 1995). Significant decreases in the win-
ter ice cover were also reported after 1977 (Niebauer
1988). Variability in the climate—ocean conditions in
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the Bering Sea appears to be related to climate—ocean
conditions further south, and the mechanism that
connects the two may be the Aleutian Low.

Ecological impacts of atmospheric
variability

Phytoplankton and zooplankton

The diversity and abundance of phytoplankton and
zooplankton have been sporadically measured at var-
ious times and places in the North Pacific over the
past century. However, as with most marine organ-
isms, there are few if any assessments of abundance
before the 1960s. In general, the available data sug-
gest shifts in production that correspond to timing of
regime shifts (Table 1).

Central North Pacific

Around the time of the 1977 regime shift, total chlor-
ophyll a (a proxy for phytoplankton production)
nearly doubled in the central North Pacific (just
north of Hawaii) owing to a deepening of the mixed
layer (Venrick et al. 1987; Venrick 1994). This deepen-
ing of the mixed layer resulted in increased phy-
toplankton production in deep water in the
subtropical domain near the Hawaiian Islands and
occurred with the intensification of the Aleutian
Low and regime shift of 1977 (Polovina et al. 1995). At
the same time as these changes were being reported,
the mixed layer in the Gulf of Alaska was noted
to be 20-30% shallower than normal (Polovina et al.
1995). Both deepening and shallowing of the mixed
layers increased primary and secondary production
in each of the respective regions. In the Gulf
of Alaska, increased production was associated
with increased exposure of phytoplankton to light,
whereas in the subtropical North Pacific increased
production was related to mixing deeper, nutrient-
rich water into the euphotic zone (Polovina et al.
1995).

California Current

Biomass of zooplankton (measured as displacement
volume) decreased by approximately 80% in the
Coastal Upwelling Domain (California Current)
between 1951 and 1993 (Roemmich and McGowan
1995). Roemmich and McGowan related this decline
to coastal warming associated with the 1977 regime
shift that increased stratification and reduced upwel-
ling of nutrient-rich water in the California Current.
They further noted that the stratification might
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Table 1 Changes in production indices of major species groups following the 1977 and 1989 regime shifts within the Bering
Sea (BS), Gulf of Alaska (GOA) and California Current domains (British Columbia (BC) and areas off the west coast of North
America (WCNAm.)).

Production domain Group Region Index Species 1977 1989 Source
Bering Sea/ Plankton BS Biomass Jellyfish 7 7 Brodeur et al. (1999b)
Alaska GOA Biomass Zooplankton 1 1 Hare and Mantua (2000)
BS Biomass Zooplankton 1 ! Hare and Mantua (2000)
Pelagic fish W. Alaska Catch Coho salmon T il Hare and Mantua (2000)
W. Alaska Catch Sockeye salmon 1 1 Hare and Mantua (2000)
C. Alaska Catch Chinook 1 1 Hare and Mantua (2000)
C. Alaska Catch Coho 1 7 Hare and Mantua (2000)
C. Alaska Catch Pink salmon 1 1 Hare and Mantua (2000)
C. Alaska Catch Sockeye 1 1 Hare and Mantua (2000)
SE Alaska Catch Chum 1 7 Hare and Mantua (2000)
SE Alaska Catch Coho 1 7 Hare and Mantua (2000)
SE Alaska Catch Pink salmon 1 1 Hare and Mantua (2000)
SE Alaska Catch Sockeye T 1 Hare and Mantua (2000)
W. Alaska Catch Chinook salmon 1 | Hare and Mantua (2000)
W. Alaska Catch Chum salmon T ! Hare and Mantua (2000)
W. Alaska Catch Pink salmon 7 ! Hare and Mantua (2000)
C. Alaska Catch Chum 1 ! Hare and Mantua (2000)
BS Recruitment Walleye pollock 1 1 Hare and Mantua (2000)
GOA Recruitment Walleye pollock T ! Hare and Mantua (2000)
BS Recruitment Herring 1 - Hare and Mantua (2000)
SE Alaska Catch Chinook ! ! Hare and Mantua (2000)
Demersal fish GOA Recruitment  Shortspine thornyhead 1 Hare and Mantua (2000)
GOA Recruitment Pacific Ocean Perch 1 - Hare and Mantua (2000)
BS Recruitment Pacific Ocean Perch l 1 Hare and Mantua (2000)
BS Recruitment  Pacific cod - ! Hare and Mantua (2000)
GOA Recruitment  Pacific cod - | Hare and Mantua (2000)
GOA Recruitment Sablefish - ! Hare and Mantua (2000)
Bering Sea/ Benthic fish GOA Recruitment Arrowtooth flounder 7 7 Hare and Mantua (2000)
Alaska BS Recruitment  Arrowtooth flounder T & Hare and Mantua (2000)
GOA Recruitment Halibut 1 - Hare and Mantua (2000)
BS Recruitment  Yellowfin sole ! 1 Hare and Mantua (2000)
BS Recruitment Greenland turbot l ! Hare and Mantua (2000)
BS Recruitment  Alaska plaice ! ! Hare and Mantua (2000)
BS Recruitment Rock sole - l Hare and Mantua (2000)
BS Recruitment flathead sole - ! Hare and Mantua (2000)
Higher ORGS GOA Abundance Marine birds ! - Piatt and Anderson 1996)
GOA/BS  Abundance Steller sea lion ! - Trites and Larkin (1996)
GOA/BS  Abundance Northern fur seal 1 - Trites (1992)
GOA/BS  Abundance Harbour seal 1 - Pitcher (1990)
California Current Plankton BC Biomass Southerly copepods - 1 Mackas et al. (2001)
BC Biomass Euphausiids - 1 Mackas et al. (2001)
E. Pacific Biomass Zooplankton - ! Hare and Mantua (2000)
BC Biomass Boreal copepods - ! Mackas et al. (2001)
California  Biomass Zooplankton l l Hare and Mantua (2000)
Pelagic fish California  Abundance Pacific sardine T 1 Barnes et al. (1992)
WCNAm. Recruitment Mackerel 1 ! Hare and Mantua (2000)
WCNAm. Recruitment Pacific hake 1 1 Hare and Mantua (2000)
BC Catch Chum salmon 7 ! Beamish et al. (2000)
Wash. Catch Chum salmon T 1 Hare and Mantua (2000)
BC Catch Pink salmon T ! Beamish et al. (2000)
BC Catch Sockeye salmon 1 1 Beamish et al. (2000)
BC Recruitment  Pacific hake (SOG") & 7 McFarlane et al. (2000)
BC Catch Pacific sardine =S 1 McFarlane and Beamish
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Table 1 continued.

Production domain Group Region Index Species 1977 1989 Source
BC Abundance Pacific herring (SOG) McFarlane et al. (2001)
BC Abundance Pacific herring (WCVI3) McFarlane et al. (2001)
WCNAmM. Recruitment Anchovy Hare and Mantua (2000)

California Current Pelagic fish BC Catch Chinook salmon Beamish et al. (2000)
BC Catch Coho salmon Beamish et al. (2000)
Wash. Catch Chinook salmon Hare and Mantua (2000)
Wash. Catch Coho salmon Hare and Mantua (2000)
Wash. Catch Pink salmon Hare and Mantua (2000)
Wash. Catch Sockeye salmon Hare and Mantua (2000)
Oregon Catch Chinook salmon Hare and Mantua (2000)
Oregon Catch Coho salmon Hare and Mantua (2000)
California  Catch Chinook salmon Hare and Mantua (2000)
California  Catch Coho salmon Hare and Mantua (2000)

D e e e e i i i e i i e e e e e i it i SR T T

Demersal WCNAm. Recruitment Pacific Ocean Perch Hare and Mantua (2000)
Fish BC Recruitment Sablefish King et al. (2000)
WCNAm. Recruitment Widow rockfish Hare and Mantua (2000)
WCNAmM. Recruitment Sablefish Hare and Mantua (2000)
WCNAm. Recruitment Chilipepper Hare and Mantua (2000)
WCNAmM. Recruitment Bocaccio Hare and Mantua (2000)
WCNAm. Recruitment Canary rockfish Hare and Mantua (2000)
WCNAmM. Recruitment Yellowtail rockfish Hare and Mantua (2000)
BC Recruitment  Pacific cod McFarlane et al. (2000)
Benthic fish BC Recruitment Dover sole McFarlane et al. (2000)
BC Recruitment English sole McFarlane et al. (2000)
BC Recruitment Rock sole McFarlane et al. (2000)
WCNAm. Recruitment Dover sole - Hare and Mantua (2000)
Higher ORGS SE AK Abundance Steller sea lion - Calkins et al. (1999)
BC Abundance  Steller sea lion - Bigg (1988)
BC Abundance Harbour seal - Olesiuk et al. (1990)

California  Abundance
California  Abundance

Callifornia sea lion
Northern elephant seal

- Stone et al. (1997)
- Stone et al. (1997)

Arrows (1 and |) indicate the direction of change in production from the previous regime; (<) indicates no change; and (-) indicates no
data available). Data are attributed to the most recent publications containing either source data or updated time series. Further details
about many of the listed species and additional sources of information are contained in the text.

1Strait of Georgia.
2West coast of Vancouver Island.

be the result of a climate-induced change in ocean
circulation that brought warmer water into the area
and limited the supply of nutrients and/or advected
zooplankton away from the coast. Ongoing retro-
spective analyses (e.g. Rebstock 2001) of the Califor-
nia data suggest that much of the decline in biomass
can be attributed to a decline in salps and doliolids,
which are mainly composed of water and have rela-
tively low ‘meat’ content (Rebstock 2001). It also
appears that some taxa may have increased whereas
others decreased in abundance (Rebstock 2001).
Zooplankton biomass and community structure
anomalies were examined for a 15-year period
(1985-1999) off southern Vancouver Island (at the

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113

northern tip of the California Current ecosystem)
(Mackas et al. 2001). Species-specific anomalies (the
‘type’ of zooplankton present in a given year) were
found to be much larger than the anomalies of the
total annual biomass, meaning that there was more
variability in the structure of the zooplankton com-
munity than in its total biomass. Species dominance
shifted during 1990-1998 when ‘boreal zooplankton
species (traditionally found from 40°N to the Bering
Sea) declined by orders of magnitude, whereas south-
erly species of copepods and chaetognaths (more
commonly found off California) exhibited order of
magnitude increases. The shift occurred on a large
spatial scale (>100 km), both on and seaward of
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the continental shelf, and reversed abruptly in
1999. Many of the zooplankton anomalies were
found to correlate with both local (temperature,
salinity, currents) and large scale (e.g. SOI, NOI,
PDO) physical environmental indices (Mackas et al.
2001). Relative strength of the poleward versus equa-
torward longshore flow was believed to strongly
affect the zooplankton community structure in this
region.

There is a positive relationship between primary
production and the strength of the northerly winds
(upwelling favourable) in the Southern California
Bight (Ware and Thomson 1991) — a result verified
using the data from upwelling systems around the
world that showed primary production is roughly
proportional to upwelling (Ware 1992).Wind-induced
upwelling relaxed in the Southern California Bight
between 1916 and 1942, concurrent with a decline
in primary production (Ware and Thomson 1991).
Thus, it appears that a long-term cycle in wind-
induced upwelling drives a similar long-period oscil-
lation (in the order of 40 years) in primary and sec-
ondary production in southern California (Ware and
Thomson 1991).

Alaska Gyre

Biomass of copepods increased in the Alaska Gyre in
1976-1977, coincident with the cooling of the central
North Pacific and intensification of the Aleutian
Low (McFarlane and Beamish 1992). Large-scale
sampling of oceanic areas in the North Pacific also
found a significant increase in zooplankton biomass
from 1956-1962 to 1980-1989 (Brodeur and Ware
1992; Brodeur et al. 1999a). Biomass continued to
remain above the long-term mean after 1988, but var-
ied from year to year.

From 1956 to 1962, high zooplankton biomass
occurred in the central part of the Alaska Gyre, while
in the 1980s the elevated biomass occurred in a
steady band from the transition zone to the northern
coast of Canada and Alaska (Brodeur et al. 1999a).
Intensified wind mixing may have resulted in
deeper mixed layer depths in the winter that
retarded phytoplankton growth, and allowed grazers
to more efficiently use the phytoplankton production
(Brodeur and Ware 1992). Changes in mixed
layer depths reported throughout the North Pacific
likely affect the production and biomass of
zooplankton (Polovina et al. 1995), and might explain
the spatial differences in the peak zooplankton bio-
mass between the 1960s and 1980s (Brodeur et al.
1999a).
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Bering Sea

Zooplankton biomass and chlorophyll concentration
in the eastern Bering Sea and eastern Subarctic Paci-
fic increased in the mid-1960s and remained high
until the end of the 1980s (Sugimoto and Tadokoro
1997). Sugimoto and Tadokoro demonstrated a signif-
icant positive correlation between summer plankton
biomass and winter wind speed in the eastern Bering
Sea. They also found that the zooplankton biomass
and chlorophyll concentration during the mid 1960s
to early 1970s were higher than those in the preced-
ing and following decades for the central and western
Subarctic Pacific. The values declined in the late
1980s.

Fish

Small pelagics

Long-term variability has persisted in fish popula-
tions for centuries. Soutar and Isaacs (1974) analysed
fish scale depositions (a proxy for fish abundance) in
the anaerobic sediments of the Santa Barbara Basin
and found evidence of large, natural, long-term fluc-
tuations in the abundance of pelagic fishes, including
Pacific sardine (Sardinops sagax, Clupeidae) and
northern anchovy (Engraulis mordax, Engraulidae).
Baumgartner et al. (1992) also examined these same
scale depositions, but overa much longer time period,
spanning over the last 1700 years. They found persis-
tent variability in both sardine and anchovy deposi-
tion that showed peaks approximately every
60 years. Ware (1995) also identified a peak in the
range of 50-75 years, while MacCall (1996) exam-
ined coastal pelagic fish abundance throughout the
1900s in the California Current ecosystem and
found low frequency fluctuations in the dominant
species that are cyclic and related to cold and
warm periods that occur every 50—70 years. Interest-
ingly, the cyclical sequence appears to alternate
between planktivores (sardine and anchovy) and
piscivores (Pacific bonito Sarda chiliensis, Scom-
bridae, and Pacific mackerel Scomber japonicus,
Scombridae).

Kawasaki (1991) examined catches from three sar-
dine populations in the Pacific Ocean, and the Eur-
opean pilchard (Sardina pilchardus, Clupeidae) in the
Atlantic Ocean from 1910 to the late 1980s, and found
simultaneous changes in their abundance. In the
same study, Kawasaki examined herring in the Atlan-
tic and Pacific and showed that their abundance also
fluctuated synchronously, although with a different
phase than the sardines. Sardines were the focus of
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the largest fishery in British Columbia from the 1920s
to the mid-1940s, after which they disappeared
(McFarlane and Beamish1999).This collapse occurred
simultaneously off the coast of Canada and the US,
and has traditionally been touted as a prime example
of overfishing (e.g. Hilborn and Walters 1992).

The trends in abundance of sardine populations off
Japan, California and Chile are synchronous—the
collapse of the sardine stocks off the US and Canada
was concurrent with the collapse of the Japanese
stocks (Kawasaki and Omori 1988). This synchrony
is strong evidence that the reason for the collapse
had more to do with changes in ocean habitat than
with fishing (McFarlane and Beamish 1999). In the
early 1980s, the sardine population off the coast of
California began to recover and has been steadily
increasing (Barnes et al. 1992). A recovery in British
Columbia began in 1992 when sardines were
reported in catches of Pacific hake (Merluccius produc-
tus, Merluciidae) (McFarlane and Beamish 1999).
The behaviour of sardines also changed at this time,
as they shifted their distribution northward, moving
into the Strait of Georgia and spawning off the west
coast of Vancouver Island (McFarlane and Beamish
1999).

Data from the mid-1920s to 1999 suggest that sar-
dines did not respond to every identified regime shift
(McFarlane and Beamish 2001). However, the disap-
pearance of sardines from British Columbia waters
does correspond with the 1947 regime shift, and their
reappearance corresponds with the (1989) regime
shift. This suggests that the links between the sardine
dynamics and climate are complex, and that vari-
ables such as temperature should be considered as
proxies for ecosystem change, rather than as direct
regulators of fish distribution and abundance.
Favourable conditions for sardines are created by
changes in the aggregate of factors that characterize
the ecosystem, the specifics of which are unknown
(McFarlane and Beamish 2001).

Zebdi and Collie (1995) examined variability in
Pacific herring (Clupea pallasi, Clupeidae) recruit-
ment in Sitka Sound from 1972 to 1990 and found a
positive relationship with sea surface temperature.
Based on the match—-mismatch hypothesis (Cushing
1975), they concluded that warmer temperatures led
to earlier spawning, which benefited herring survi-
val because early hatched larvae could find condi-
tions (plankton blooms) favourable to their survival.
It is also possible that overall feeding conditions for
larvae improved because of the increase that
occurred in zooplankton biomass in the Gulf of
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Alaska (Brodeur and Ware 1992) during the same per-
iod. In the same study, Zebdi and Collie noted that
herring recruitment was synchronous within, but
not between production domains, and that the north-
ern and southern stocks were out of phase by 1 year.
In addition, the recruitment response to sea surface
temperature differed between production domains.
Sitka Sound herring responded positively to warmer
temperatures whereas the southern stocks responded
negatively to warmer temperatures.

Groundfish

McFarlane et al. (2001) studied the effects on ground-
fish of the 1989 regime shift in the Strait of Georgia
(SOG) and west coast of Vancouver Island (WCVT)
ecosystems and found the two systems exhibited
opposite responses to the change. Offshore, the distri-
bution of Pacific hake shifted north (McFarlane and
Beamish 1999), and resulted in a greater total abun-
dance off the WCVI (McFarlane et al. 2000). Hake tra-
ditionally spawned offshore along the Californian
coast. However, they have spawned off the WCVI
since 1994 (McFarlane et al. 2000). The herring stocks
offthe WCVIdeclined throughout the 1990s, presum-
ably owing to the increased predation pressure by
migratory hake (McFarlane et al. 2001). Herring and
the resident stock of hake in the SOG are now at high
levels of abundance because of reduced predation on
herring by hake, and a decline in mean body size of
the SOG hake (McFarlane et al. 2001). Hake smaller
than 40 cm feed primarily on euphausiids (Tanasi-
chuk et al. 1991). McFarlane et al. (2001) suggest that
herring had opposite responses in the two ecosys-
tems owing to differing ecosystem organizations
after the regime shift.

The study by McFarlane et al. (2001) was unusual
in that it compared the response of two adjacent eco-
systems within the same production domain. Much
of the regime research has focused on comparing
the response of stocks across production domains.
For example, Hollowed and Wooster (1995) examined
recruitment time series from 1950 to 1989 for six Paci-
fic herring stocks, one northern anchovy stock and
16 groundfish stocks. They found parallel recruit-
ment patterns in several groundfish species that were
related to switching between two alternating (warm
and cool) ocean states. They also found that strong
year classes were infrequent in the northernmost
regions (transitional and downwelling domains),
whereas strong year classes were more common in
the coastal upwelling domain. Most of the stocks that
did exhibit strong year classes did so prior to 1977,
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but not after. Conversely, herring and widow rockfish
in the Gulf of Alaska and off Prince Rupert had strong
year classes only after 1977. This seems to indicate
that there was a shift in production that differentially
affected northern and southern stocks, although
McFarlane et al. (2000) and Hare and Mantua (2000)
suggest that, for the most part, the response of gro-
undfish in the Gulf of Alaska was North Pacific-wide.

King et al. (2000) generated an index of year-class
strength for sablefish (Anoplopoma fimbria, Anoplopo-
matidae) within British Columbia waters from 1960
through 1997. They found that year classes from
1960 to 1976 were weaker than average, and that the
year classes were stronger than average from 1977 to
1989, with the 1977 year class being the largest on
record. Sablefish year classes have been below aver-
age since 1990. The relative strength or weakness of
the year class is related to climate—ocean conditions,
as periods of above-average year-class strength were
characterized by intense Aleutian Lows, more fre-
quent south-westerly winds and warmer coastal sea
surface temperatures off the west coast of Vancouver
Island (King et al. 2000).

In a unique step towards incorporating regime
shift effectsin stock assessment, King et al. (2001) pro-
duced a ‘report card’ that grades the ecosystem of
sablefish on decadal scales. The report card rates cli-
mate and ocean indices for the North Pacific, and
regional biological and environmental indices, as
good or bad depending on their effects on the critical
life stage on the species of interest (in this case, the
larval phase of sablefish). In agreement with the find-
ings of King et al. (2000), the report card indicates
that the conditions for sablefish year class were
strong between 1977 and 1988. The climate—ocean
conditions during this productive period were char-
acterized by persistent, strong Aleutian Lows, more
frequent south-westerly winds, warming along the
coast, above-average abundance of Subarctic and
boreal copepods, relatively weak winter downwel-
ling and strong summer upwelling along the coast of
British Columbia. The conditions did not persist into
the 1990s (King et al. 2001). Armed with this report
card, fisheries managers have more information on
which to base their exploitation strategies. Because
the year classes in the 1990s were below average and
were produced in an unproductive regime, it is likely
that recruitment to the fishery over the next few
years will be low (King et al. 2001). Fishing plans for
the near future can therefore be adapted to protect
adult spawning biomass for more productive condi-
tions in the future.
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Pacific salmon

Pacific salmon (Oncorhynchus spp., Salmonidae)
inhabit or pass through at least two production
domains in their lifecycle. For example, Alaska pink
(O. gorbuscha) and sockeye (O. nerka) spend most of
their life in the Central Subarctic Domain (Ware and
McFarlane 1989), but pass through the Coastal Down-
welling Domain on their seaward and return migra-
tions (Fig. 6). Studies on the effects of climate on
these species must therefore consider oceanographic
conditions in both areas (Hare and Francis 1995).
Fluctuations in Pacific salmon production trends, as
they relate to large-scale climate variability,
have been studied extensively (e.g. Beamish and
Bouillon 1993; Francis and Hare 1994; Beamish and
Bouillon 1995; Hare and Francis 1995; Mantua et al.
1997).

Evidence that large-scale salmon production is
related to climate processes in the North Pacific
comes from synchronous shifts in production among
several species or stocks in response to a physical
regime shift (Beamish and Bouillon 1995; Hare and
Francis 1995; Hollowed and Wooster 1995). There are
indications that salmon abundance has varied with
climate for centuries (Beamish et al. 1999), and that
large-scale climate impacts occur in the oceanic
rather than the freshwater phase of the salmon life-
cycle (at least for coho, O. kisutch) (Bradford 1999). It
should be noted that production has generally been
estimated by catches or by abundance of recruits
because salmon exploitation rates are high and are
therefore considered to track abundance well (Beam-
ish et al. 1999). However, use of these simple indices
of production have been criticized because these can
be confounded by changes in spawner abundance
(Peterman et al. 1998).

Salmon production trends in Alaska are generally
the opposite of those in the northwest Pacific (Hare
and Francis 1995) and correspond to the timing of
regime shifts. Landings for the northern North Paci-
fic and Alaskan salmon stocks were high in the
1930s and 1940s, low from the late 1940s through to
the mid-1970s, and began to increase in the mid-
1970s (Beamish and Bouillon 1993; Hare and Francis
1995). As the Alaskan landings increased in the
1970s, several North American west coast stocks,
especially the Oregon coho salmon stock, began to
decline (Pearcy 1992). The 1989 regime shift was
associated with some of the lowest catches in the his-
tory of the Canadian fishery (particularly for the
southern British Columbia stocks) (Beamish et al.
2000).
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Two mechanisms have been proposed to explain
the increased production in the northern salmon
stocks in the late 1970s. The first involves improved
feeding conditions owing to an increase in copepod
production that was associated with the regime shift
and the period of intense Aleutian Lows (McFarlane
and Beamish 1992; Beamish and Bouillon 1993). The
second proposed mechanism is that marine survival
of migrating salmon improved in their last year at
sea (Rogers1984), and is based on the hypothesis that
vulnerability to predation by marine mammals was
reduced because warming of the surface waters in
the Gulf of Alaska altered the timing and route of sal-
mon migration following the 1977 regime shift (Hare
and Francis 1995). Brodeur and Ware (1995) provide
supporting evidence for both hypotheses.

Pollock and other northern species

The Gulf of Alaska and the Bering Sea have both
exhibited changes in their environment and biota in
recent decades (Livingston et al. 1999; Trites et al.
1999). Brodeur et al. (1999b) surveyed catches oflarge
medusae from the eastern Bering Sea from 1979 to
1997 and found a 10-fold increase in medusae bio-
mass that began gradually from 1979 to 1989 and
increased dramatically after 1990. It is unknown
whether this increase was owing to human interven-
tion or to environmental changes. However, the pre-
sent authors point out that there were concomitant
changesin atmospheric and oceanographic variables
in 1990, and that these changes are strong indica-
tions of a regime shift. No negative effects on recruit-
ment of any fish species were detected whereas the
biomass of medusae increased. However, walleye pol-
lock (Theragra chalcogramma, Gadidae) has only had
one strong year class since 1989 and summer zoo-
plankton biomass on the southeast Bering Sea shelf
declined slightly in the 1990s (Brodeur et al. 1999b).
Walleye pollock is still the single most abundant fish
species in the eastern Bering Sea and is of great com-
mercial importance (Wepestad et al. 2000). Owing to
its large biomass, variations in the abundance of pol-
lock are felt throughout the food web (Livingston
1991; Trites et al. 1999).

The distribution of Bering Sea fish is affected by
variations in ice cover. As mentioned previously, the
extent of ice cover in the Bering Sea was reduced
beginning in 1976 (Niebauer 1988). Northward-blow-
ing winds associated with intense Aleutian Lows
pushed the ice northward and resulted in reduced
ice cover in warm years (Wyllie-Echeverria 1995).
Wyllie-Echeverria points out that pollock were not
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reported north of Bering Strait before 1976. Since
then, pollock have been present north of the Strait in
years of light ice cover. Additionally, larval pollock
were found in the Chukchi Sea, north of Bering Strait
in 1988, which suggests a change in the spawning
distribution, at least for a portion of the population.

Wyllie-Echeverria and Wooster (1998) proposed
that the distribution of fish stocks that are sensitive
to temperatures around 2 °C should reflect ocean
conditions. They found that Arctic cod (Boreogadus
saida, Gadidae) are present only within the persistent
winter pool of cold subsurface water (<2 °C),
whereas the distribution of pollock, a Subarctic spe-
cies, is more variable. Pollock were rarely found in
the cold pool of water, but were more abundant on
the outer continental shelf in cold years and dis-
persed across the entire shelf in warm years. There-
fore, during the warmer regimes, the distribution of
pollock appears to expand whereas the distribution
of Arctic cod is compact.

Quinn and Niebauer (1995) found consistent rela-
tionships between pollock recruitment at age 2 and
environmental variables on a 1-year lag, and sug-
gested that age-2 pollock recruitment is related to
the above-normal air and sea temperatures and
reduced sea-ice extent 6—18 months earlier. They
also found that environmental effects are ‘felt’ more
strongly at the juvenile stage than at the larval or
egg stage. Another factor that affects recruitment is
density-dependent (biological) regulation (Living-
ston 1993).

The roles of environment and density dependence
need not be considered separately. For example,
Wepestad et al. (2000) proposed that water mass
transport owing to wind forcing was the important
regulating factor in pollock recruitment because
transport is the mechanism that separates
juvenile and adult pollock. They showed that strong
year classes occur in warm years when juvenile
pollock are transported inshore and away from
the highly cannibalistic adults. In cold years, trans-
port is reduced and the distributions of juvenile
and adult pollock overlap, which can result in
weak year classes as a result of adult on juvenile
cannibalism.

The Gulf of Alaska nekton community structure
changed after the 1977 regime shift from one that
was dominated by forage species such as shrimps
and capelin (Mallotus villosus, Osmeridae) to one
dominated by piscivorous gadids and flatfish (Ander-
son et al. 1997; Anderson and Piatt 1999; Trites et al.
1999; Mueter and Norcross 2000). According to
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Mueter and Norcross (2000), the observed decline in
shrimp species can be attributed more to increased
predation by the large piscivorous fish rather than to
fishing, because the decline followed, rather than
preceded, the increase in large piscivores. It is also
possible that the shrimp populations were initially
depressed by fishing and were therefore more vulner-
able to predation by the increasing population of pis-
civores (Orensanz et al. 1998). Most of the declining
species were pelagic, although the species on the rise
tended to be benthic or demersal (cod and flatfish)
(Anderson and Piatt 1999).

Marine mammals and sea birds

Francis et al. (1998) acknowledged that the responses
of apex predators to climate change are difficult to
interpret owing to the confounding effects of natural
responses and human influences (e.g. the 1989 Exxon
Valdez oil spill, commercial pinniped harvests, etc.).
In addition, the time scale on which birds and mam-
mals respond to direct or indirect effects of climate
change may be delayed or muted. For example, York
(1995) correlated the survival rates of northern fur
seals (Callorhinus ursinus, Otariidae) with environ-
mental indices on time lags ranging from months to
years before the birth of a cohort. Shorter time lags
were used to relate direct effects of temperature on
growth, although longer lags were used to account
for possible changes in production that would affect
the food supply of a growing cohort.

Piatt and Anderson (1996) found significant
declines in the piscivorous marine bird population in
the Gulf of Alaska between the 1970s and the 1990s
concurrent with a shift in diet from one dominated
by capelin, to one in which capelin was essentially
absent. Changes in diets, along with reduced repro-
duction, were also noted in marine birds nesting on
the Pribilof Islands beginning in 1978 (Decker et al.
1995).

Declines inthe Bering Sea and Gulf of Alaska popu-
lations of Steller sea lions, fur and harbour seals
(Phoca vitulina, Phocidae) have been observed since
the mid-1970s (Pitcher 1990; Springer 1992; Trites
1992; Trites and Larkin 1996; Stone et al. 1997;
Francis et al. 1998; Rosen and Trites 2000). The
timing of the pinniped declines corresponds with
the regime shift of 1977. Conversely, the portion of
the Steller sea lion (Eumetopias jubatus, Otariidae)
population breeding between southeast Alaska and
Oregon has been increasing (Bigg 1988; Calkins et al.
1999).
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Several hypotheses have been offered to explain
the decline of the Steller sea lion in the northeast
Pacific, such as a temporary population decline,
delayed consequences of the pup harvest before
1972, short-term variability in environmental condi-
tions, and deterministic changes in the environment
(Pascual and Adkison 1994). The latter might result
from either long-term global environmental changes
or from human intervention. Testing the likelihood
of each of these hypotheses suggests that either
long-term change in the environment or a stochastic
catastrophe is responsible for the sea lion decline
(Pascual and Adkison 1994).

Merrick et al. (1997) found a significant correlation
between diet diversity and sea lion population size in
the Gulfof Alaska, and concluded that the population
size declined in parallel with a decline in diet diver-
sity. They also examined sea lion diets from six areas
in the Aleutian Islands and the Gulf of Alaska
between 1990 and 1993 and found that diet was
dominated in every area by either walleye pollock or
Atka mackerel (Pleurogrammus monopterygius, Hexa-
grammidae). Composition of the Steller sea lion diet
differed prior to the population decline that began in
the early 1970s in the eastern Aleutian Islands, and
the early 1980s in the Gulf of Alaska (Merrick et al.
1987). Capelin were found in well over half the sea
lion stomachs sampled near Kodiak Island in the Gulf
of Alaska in the mid-1970s, but capelin have rarely
been found since then (Merrick et al. 1997). In 1985—
1986, researchers noted a high concentration of wal-
leye pollock in the diet of sea lions in the Gulf of
Alaska (Merrick and Calkins 1996), which became
even more focused on pollock in 1990-1993 (Merrick
et al. 1997). Merrick and Calkins (1996) also noted a
decrease in the abundance of alternate prey (san-
dlance and capelin) that was concurrent with the
decreasing diversity in the diet of sea lions.

According to Merrick et al. (1997), it is problematic
that no sea lion population has shown an increasing
trend when the diet consists mainly of walleye pol-
lock or Atka mackerel. They suggest that a diverse diet
is advantageous because of foraging efficiency, as
diverse prey are easier to find, capture and handle.
However, Rosen and Trites (2000) conclude that
there are significant energetic deficiencies associated
with consuming pollock and Atka mackerel. They
found that captive Steller sea lions on a pollock-only
diet showed metabolic depression and lost weight
owing to the low caloric density of pollock. They
further concluded that Steller sea lions would have
to eat 35—-80% more pollock than herring to maintain
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similar energy intakes. Thus, the low energy content
of the prey available to Steller sea lions following the
1977 regime shift may have been inadequate to sup-
port large populations of Steller sea lions (Winship
and Trites, unpublished data).

Synthesis

Environmental variability occurs across many spa-
tial and temporal scales (Francis et al. 1998). The
research we reviewed focused on decadal or longer
term variability in both physical and biological time
series, although some (e.g. York 1995) concentrated
on interannual variability. The intent of our review
was to provide a synthesis of the current knowledge
on the timing of the regime shifts that occurred in
the 20th century, and to characterize the nature of
the biological responses from primary producers
through to the top predators in the food chain.

The regime shift literature provides evidence that
large-scale changes in atmosphere—ocean condi-
tions should not be considered as random variations.
Instead, these should be thought of as long-term,
stable conditions that can abruptly change state,
such as occurred over the North Pacific in 1925,
1947, 1977, 1989, and possibly 1998 (Mantua et al.
1997; Minobe 1997; Beamish et al. 1999; Overland
et al. 1999; McFarlane et al. 2000). Changes in atmo-
sphere—ocean conditions appear to occur on a global
scale as shown by the close correspondence observed
in the trends in many of the climate—ocean indices
for different parts of the world (Beamish et al. 1999).
Changes in atmospheric pressure result in altered
wind patterns that affect oceanic circulation and
physical properties such as salinity and depth of the
halo- and thermoclines. These in turn can affect phy-
toplankton productivity, the transport and survival
of fish larvae, and ultimately, the survival of species
that feed on lower trophic organisms.

Hare and Mantua (2000) note that there have been
two interdecadal climatic oscillations operating at
periods of 50-70 years (Minobe 1997) and 15—
25 years. They found that the 1977 shift was evident
in all biological and physical time series whereas the
1989 shift was most evident in the biological time ser-
ies. Asaresult, theyclassified the 1977 shift as a major
shift, and the 1989 shift as a minor shift. By way of
explanation, Hare and Mantua (2000) proposed that
the 1977 shift was stronger than 1989 because both
the 50-70 year oscillation and the 15-25 year oscil-
lation changed in 1977, while only the 15-25 year
oscillation changed in 1989.
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1977 and 1989 regime shifts

Changes in the dynamics of marine organisms fol-
lowing the 1977 and 1989 regime shifts in the Bering
Sea/Gulf of Alaska and California Current regions
are summarized in Table 1, and show that the (1989)
regime shift was not a simple reversal of the 1977
regime shift (based on comparing the production
indices of zooplankton, fish, and marine birds and
mammals). The 1977 regime shift affected the biology
of northern and southern areas of the North Pacific
differently. After 1977, production of most zooplank-
ton and fish increased in the Bering Sea and Gulf of
Alaska. The increase in production is most evident
for the pelagic fish species, and is less pronounced
for demersal and benthic species. The higher organ-
isms (birds and marine mammals) showed the oppo-
site response. After 1977, the majority of pelagic,
demersal, and benthic fish species in the California
Current exhibited declines in production, whereas
the productivity of pinnipeds (seals and sea lions)
increased.

Harvesting probably confounds many of the data
sets compiled in Table 1, and few data are available
for species that were not commercially targeted.
Despite such shortcomings, the available data reveal
a number of interesting patterns when fish produc-
tion is examined by regime. Based on the data com-
piled in Table1, the 1977 regime shift was
characterized as having a near balance in the num-
ber of stocks that increased and decreased, while the
1989 shift was characterized by widespread declines
(cf. Hare and Mantua 2000). In the Bering Sea
and northeast Pacific, 58% of assessed fish stocks
increased after 1977, compared to only 36% after
1989 (Table 1). The nearly balanced response of fish
production to the 1977 regime shift is also evident
when the stocks are grouped and examined by habi-
tat. After 1977, production increased for 60% of pela-
gic species and 55% of demersal and benthic species.
However, after 1989, only 36% of the total pelagic spe-
cies increased, while production increased in only
17% of the demersal and benthic species. The wide-
spread decline in production after 1989 appears to be
owingin large part to the decreases in the abundance
of deep-water fishes.

Fish production not only appears to have
responded differently to the 1977 and 1989 regime
shifts, it also appears to have responded differently
between the northern and southern ecosystems. Pro-
duction increased after the 1977 shift for 69% of the
assessed fish stocks in the Gulf of Alaska/Bering Sea
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and 45% of the California Current stocks. But after
1989, production increased in 40% of the Gulf of
Alaska/Bering Sea stocks compared to 15% of the
assessed California Current stocks.

For the most part, differences in the responses of
the production domains can be attributed to the pela-
gic species. Production of essentially all (94%)
assessed pelagic species in the Gulf of Alaska and
Bering Sea increased after 1977, whereas increases
in the California Current were observed for only
32% of the pelagic species. Responses of demersal
and benthic species were similar across domains,
where productivity improved by 56% in the Gulf of
Alaska/Bering Sea and 54% in the California Cur-
rent. In general, the response of pelagic species to
the 1989 shift was positive in the northern area,
although to a lesser extent than the previous shift
(59%), and production improved for only 18 % of pela-
gic species in the California Current. Although the
latter proportion was small, the species involved
(hake, herring, sardine) are the key species in this
region.

Table 1 shows that regime shifts can have opposite
effects on species living in different domains, or can
affect different species living within a single domain
in opposite ways. For example, the zooplankton bio-
mass in the central North Pacific more than doubled
between the 1950s and the 1980s (Brodeur and Ware
1992), whereas off the coast of California the biomass
of zooplankton declined by more than 80% (Roem-
mich and McGowan 1995). Another example is the
opposite direction of population trajectories of sal-
mon populations in the California Current and Gulf
of Alaska regions (Francis et al. 1998). Even within
the same production domain, groups of species, such
as hake and herring in the Strait of Georgia and off
the west coast of Vancouver Island, can respond dif-
ferently (McFarlane et al. 2001). Opposite responses
of populations in different regions is also observed
for the top predators in the system, such as for
Steller sea lion and harbour seal populations
that declined rapidly during the 1977 regime
shift in the Bering Sea and Gulf of Alaska, whereas
populations increased off southeastern Alaska, Brit-
ish Columbia and Oregon (Bigg 1988; Olesiuk et al.
1990; Pitcher 1990; Springer 1992; Trites and Larkin
1996; Stone et al. 1997; Francis et al. 1998; Calkins
etal. 1999).

The effects of climatic forcing on fish are not neces-
sarily predictable; nor does a shift necessarily mean
that species abundance will necessarily revert back
to those of a previous regime. Climate can indirectly
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affect fish populations through changes in predator
distribution and abundance. Examples of indirect
effects on fishes include the previously mentioned
hake—herring interaction and the overlap of adult
and juvenile walleye pollock distributions in the
Bering Sea (Bailey 2000). Climate is also more
likely to affect sea birds and mammals in the North
Pacific and Bering Sea by affecting the quantity or
quality of prey available to them (e.g. Rosen and Trites
2000).

The summary presented in Table 1 is useful, but
masks the important changes in distribution and
subsequent predator-prey interactions. For example,
the distribution of certain key species in the Califor-
nia Current (hake, sardine) changed in response to
the 1989 shift, and the change impacted commer-
cially important herring stocks. This effect is lost
when expressed in a simple tabular format. The
large-scale response to climate change is important,
but fisheries are not managed on a large scale. The
localized responses are perhaps most important
because these must be incorporated in stock assess-
ment.

Fisheries stock assessment has traditionally
focused on imposing controls and limits on the effects
of fishing to maintain fish populations at fixed, viable
levels. In addition, the yields from these populations
are usually considered to be sustainable for an indefi-
nite period of time. The key inputs required for tradi-
tional stock assessment models are the stock—
recruitment relationship and the virgin unfished bio-
mass, both of which are assumed to be constant.
However, a growing body of scientific literature indi-
cates that the productivity of fish stocks varies natu-
rally in association with climate, and that the effects
of fishing are superimposed on this natural regula-
tion. A new approach that incorporates climatic as
well as fishing effects is therefore required to manage
the worlds fisheries.

Acknowledgements

We are grateful to John Burns and the Aleutians
East Borough who prompted and supported our
review of regime shifts. Additional support was
provided by the North Pacific Marine Science
Foundation through the North Pacific Universities
Marine Mammal Research Consortium. We also
wish to thank Susan Allen, John Burns, G.A. McFar-
lane and two anonymous reviewers for improving
our original manuscript with their constructive
comments.

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113



Ecological effects of regime shifts in the Bering Sea A J Benson and A W Trites

References

Anderson, PJ., Blackburn, J.E. and Johnson, B.A. (1997) Dec-
lines of forage speciesin the Gulfof Alaska, 1972-95, asindi-
cator of regime shift. University of Alaska Sea Grant Report
97-01. In: Proceedings of the International Symposium on the
Role of Forage Fishes in Marine Ecosystems, 13 November,
1996—16 November,1996. Anchorage, AK, pp.531-543.

Anderson, PJ. and Piatt, J.F. (1999) Community reorganiza-
tion in the Gulf of Alaska following ocean climate regime
shift. Marine Ecology Progress Series 189, 117-123.

Bailey, K.M. (2000) Shifting control of recruitment of wal-
leye pollock Theragra chalcogramma after a major climatic
and ecosystem change. Marine Ecology Progress Series
198, 215-224.

Barnes, J.T., Jacobson, L.D., MacCall, A.D. and Wolf, P. (1992)
Recent population trends and abundance estimates for
Pacific sardine (Sardinops sagax). California Cooperative
Fisheries Investigations Reports 33, 60-75.

Baumgartner, T., Soutar, A. and Ferreira-Bartrina, V. (1992)
Reconstruction of the history of Pacific sardine and
northern anchovy populations over the past two millenia
from sediments of the Santa Barbara Basin. California
Cooperative Fisheries Investigations Reports 33, 24—40.

Beamish, R.J. (1995) Canadian Special Publication of Fisheries
and Aquatic Sciences (Climate Change and Northern Fish
Populations, Victoria, B.C., 19 October, 1992-24 October,
1992).121, National Research Council, Ottawa, 739pp.

Beamish, R.]. and Bouillon, D.R. (1993) Pacific salmon pro-
duction trends in relation to climate. Canadian Journal of
Fisheries and Aquatic Sciences 50,1002-1016.

Beamish, R.J. and Bouillon, D.R. (1995) Marine fish produc-
tion trends off the Pacific coast of Canada and the United
States. In: Canadian Special Publication of Fisheries and
Aquatic Sciences (Climate Change and Northern Fish
Populations, Victoria, B.C., 19 October, 1992-24 October,
1992) (ed. R.J. Beamish) 121, National Research Council,
Ottawa, pp. 585-591.

Beamish, R.J., McFarlane, G.A. and King, J.R. (2000) Fish-
eries climatology: understanding decadal scale processes
that naturally regulate British Columbia fish populations.
In: Fisheries Oceanography: an Integrative Approach to Fish-
eries Ecology and Management (eds P.J. Harrison and T.R.
Parsons), pp. 94—145. Blackwell Science, Oxford.

Beamish, R.J., Neville, C.E. and Cass, A.]. (1997) Production
of Fraser River sockeye salmon (Oncorhynchus nerka) in
relation to decadal-scale changes in the climate and the
ocean. Canadian Journal of Fisheries and Aquatic Sciences
54,543-554.

Beamish, R.]., Noakes, D.]., McFarlane, G.A., Klyashtorin, L.,
Ivanov, VV. and Kurashov, V. (1999) The regime concept
and natural trends in the production of Pacific salmon.
Canadian Journal of Fisheries and Aquatic Sciences 56,
516-526.

Bigg, M.A. (1988) Status of the Steller sea lion Eumetopias
jubatus in Canada. Canadian Field Naturalist 102, 315—-336.

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113

Bradford, M.J. (1999) Temporal and spatial trends in the
abundance of coho salmon smolts from western North
America. Transactions of the American Fisheries Society
128,840-846.

Brodeur, R.D., Frost, BW., Hare, S.R., Francis, R.C. and Ingra-
ham, W.J. Jr (1999a) Interannual variations in zooplank-
ton biomass in the Gulf of Alaska, and covariation with
California Current zooplankton biomass. In: Large Marine
Ecosystems of the Pacific Rim. Assessment, Sustainability,
and Management (eds K. Sherman and Q. Tang), pp. 106—
137. Blackwell Science, Malden, Mass.

Brodeur, R.D., Mills, C.E., Overland, J.E., Walters, G.E. and
Schumacher, J.D. (1999b) Evidence for a substantial
increase in gelatinous zooplankton in the Bering Sea,
with possiblelinks to climate change. Fisheries Oceanogra-
phy 8,296-306.

Brodeur, R.D. and Ware, D.M. (1992) Long-term variability in
zooplankton biomass in the subarctic Pacific Ocean. Fish-
eries Oceanography 1,32-38.

Brodeur, R.D. and Ware, D.M. (1995) Interdecadal variability
in distribution and catch rates of epipelagic nekton in the
Northeast Pacific Ocean. In: Canadian Special Publication
of Fisheries and Aquatic Sciences (Climate Change and
Northern Fish Populations, Victoria, B.C., 19 October,
199224 October, 1992) (ed. R.J. Beamish) 121, National
Research Council, Ottawa, pp. 329-356.

Calkins, D.G., McAllister, D.C., Pitcher, KW. and Pendleton,
GW. (1999) Steller sea lion status and trend in Southeast
Alaska:1979-1997. Marine Mammal Science 15,462—477.

Chelton, D.B. and Davis, R.E. (1982) Monthly sea level varia-
bility along the western coast of North America. Journal
of Physical Oceanography 12, 757-784.

Cushing, D.H. (1975) Marine Ecology and Fisheries. Cam-
bridge University Press, Cambridge, 278 pp.

Decker, M.B., Hunt, G.L. and Byrd, GV. (1995) The relation-
ships among sea surface temperature, the abundance of
juvenile walleye pollock (Theragra chalcogramma), and
the reproductive performance and diets of seabirds at the
Pribilof Islands, southeastern Bering Sea. In: Canadian
Special Publication of Fisheries and Aquatic Sciences
(Climate Change and Northern Fish Populations, Vic-
toria, B.C., 19 October, 1992-24 October, 1992) (ed. R.J.
Beamish) 121, National Research Council, Ottawa, pp.
425-437.

Ebbesmeyer, C.C., Cayan, D.R., McLain, D.R., Nichols, F.H.,
Peterson, D.H. and Redmond, K.T. (1991) 1976 step in the
Pacific climate: forty environmental changes between
1968 and 1975 and 1977-84. Interagency Ecological
Study Program Report, no. 26. In: Proceedings of the
Seventh Annual Pacific Climate (PACLIM) Workshop, Asilo-
mar, California, April, 1990, California Department of
Water Resources, pp. 115-126.

Francis, R.C. and Hare, S.R. (1994) Decadal-scale regime
shifts in the large marine ecosystems of the North-east
Pacific: a case for historical science. Fisheries Oceanogra-
phy 3,279-291.

109



Ecological effects of regime shifts in the Bering Sea A J Benson and A W Trites

Francis, R.C., Hare, S.R., Hollowed, A.B. and Wooster, W.S.
(1998) Review: effects of interdecadal climate variability
on the oceanic ecosystems of the NE Pacific. Fisheries
Oceanography 7,1-21.

Gargett, A.E. (1997) The optimal stability ‘window: a
mechanism underlying decadal fluctuations in North
Pacific salmon stocks? Fisheries Oceanography 6,109-117.

Graham, N.E. (1994) Decadal variability in the 1970s and
1980s: observations and model results. Climate Dynamics
10, 60-70.

Hare, S.R. and Francis, R.C. (1995) Climate change and sal-
mon production in the Northeast Pacific Ocean. In: Cana-
dian Special Publication of Fisheries and Aquatic Sciences
(Climate Change and Northern Fish Populations, Vic-
toria, B.C., 19 October, 1992-24 October, 1992) (ed. R.J.
Beamish) 121, National Research Council, Ottawa, pp.
357-372.

Hare, S.R. and Mantua, N.J. (2000) Empirical evidence for
North Pacific regime shifts in 1977 and 1989. Progress in
Oceanography 47,103-145.

Hayward, T.L. (1997) Pacific ocean climate change: atmo-
spheric forcing, ocean circulation and ecosystem
response. Trends in Ecology and Evolution 12,150-154.

Hilborn, R. and Walters, C.J. (1992) Quantitative Fisheries
Stock Assessment: Choice, Dynamics and Uncertainty.
Chapman & Hall, New York, 570pp.

Hollowed, A.B. and Wooster,W.S. (1995) Decadal-scale varia-
tions in the eastern subarctic Pacific. Part II. Response of
the Northeast Pacific fish stocks. In: Canadian Special Pub-
lication of Fisheries and Aquatic Sciences (Climate Change
and Northern Fish Populations, Victoria, B.C., 19 October,
1992-24 October, 1992) (ed. R.J. Beamish) 121, National
Research Council, Ottawa, pp. 373-385.

Hurrell, JW. (1995) Decadal trends in the North Atlantic
Oscillation: regional temperatures and precipitation.
Science 269, 676—679.

Isaacs, J.D. (1975) Some ideas and frustrations about fishery
science. California Cooperative Fisheries Investigations
Reports 28,34-43.

Jones, PD. (1994) Hemispheric surface air temperature var-
iations: a re-analysis and an update to 1993. Journal of Cli-
mate 3,1193-1203.

Kawasaki, T. (1991) Long term variability in pelagic fish
populations. In: Proceedings of the International Sympo-
sium, Sendai, Japan, 18 November, 1914—18 November, 1989
on Long-Term Variability of Pelagic Fish Populations and
Their Environment (eds T. Kawasaki, S. Tanaka, Y. Toba
and A. Taniguchi). Pergamon Press, Oxford, pp. 47-60.

Kawasaki, T. and Omori, M. (1988) Fluctuations in the three
major sardine stocks in the Pacific and the global
trend in temperature. In: Long-Term Changes in Marine
Fish Populations (eds T.Wyatt and G. Larranenta). Instituto
de Investigaciones Marinas de Vigo, Vigo, Spain, pp.
37-53.

King, J.R., Ivanov,VV,, Kurashov,V,, Beamish, R.]. and McFar-
lane, G.A. (1998) General circulation of the atmosphere

110

over the North Pacific and its relationship to the Aleutian
Low. North Pacific Anadromous Fish Commission Document
no. 318. Department of Fisheries and Oceans, Nanaimo,
B.C.,18pp.

King, J.R., McFarlane, G.A. and Beamish, R.]. (2000) Deca-
dal-scale patterns in the relative year class success of
sablefish (Anoplopoma fimbria). Fisheries Oceanography 9,
62-70.

King, J.R., McFarlane, G.A. and Beamish, R.]. (2001) Incor-
porating the dynamics of marine systems into the stock
assessment and management of sablefish. In: Pacific Cli-
mateVariability and Marine Ecosystem Impacts from the Tro-
pics to the Arctic (eds S.M. McKinnell, R.D. Brodeur, K.
Hanawa, A.B. Hollowed, J.J. Polovina and C.-I. Zhang). Pro-
gress in Oceanography 49,619—-639.

Livingston, P.A. (1991) Groundfish food habits and predation
on commercially important prey species in the eastern
Bering Sea from 1984 to 1986. NOAA Technical Memoran-
dum. NMFS F/NWC-207. U.S. Department of Commerce,
240pp.

Livingston, P.A. (1993) Importance of predation by ground-
fish, marine mammals and birds on walleye pollock Ther-
agra chalcogramma and Pacific herring Clupea pallasi in
the eastern Bering Sea. Marine Ecology Progress Series
102, 205-215.

Livingston, PA., Low, L.-L. and Marasco, R.J. (1999) Eastern
Bering Sea ecosystem trends. In: Large Marine Ecosystems
of the Pacific Rim. Assessment, Sustainability, and Manage-
ment (eds K. Sherman and Q. Tang). Blackwell Science,
Malden, Mass, pp. 140-162.

MaccCall, A.D. (1996) Patterns of low-frequency variability in
fish populations of the California Current. California
Cooperative Fisheries Investigations Reports 37,100-110.

Mackas, D.L., Thomson, R.E. and Galbraith, M. (2001)
Changes in the zooplankton community of the British
Columbia continental margin, 1985-1999, and their cov-
ariation with oceanographic conditions. Canadian Journal
of Fisheries and Aquatic Sciences 58, 685-702.

Manak, D.K. and Mysak, L.A. (1987) Climatic atlas of arctic
seaice extent and anomalies, 1953-1984. Climate Research
Group Report, 87—8. Department of Meteorlogy, McGill
University, Montreal, Quebec. 214 pages.

Mann, K.H. and Lazier, J.R.N. (1996) Dynamics of Marine
Ecosystems: Biological-Physical Interactions in the Oceans.
Blackwell Science, Cambridge, Massachusetts, 394pp.

Mantua, N.J., Hare, S.R., Zhang,Y.,Wallace, ].M. and Francis,
R.C. (1997) A Pacific interdecadal climate oscillation with
impacts on salmon production. Bulletin of the American
Meteorological Society 78,1069-1079.

McFarlane, G.A. and Beamish, R.]. (1992) Climatic influ-
ences linking copepod production with strong year
classes in sablefish, Anoplopoma fimbria. Canadian Journal
of Fisheries and Aquatic Sciences 49,743-753.

McFarlane, G.A. and Beamish, R.J. (1999) Sardines return to
British Columbia Waters. PICES Scientific Report. In: Pro-
ceedings of the 1998 Science Board Symposium on the

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113



Ecological effects of regime shifts in the Bering Sea A J Benson and A W Trites

Impacts of the 1997/98 El Nifno Event on the North Pacific
Ocean and its Marginal Seas. pp.77—-82.

McFarlane, G.A., King, J.R. and Beamish, R.]J. (2000) Have
there been recent changes in climate? Ask the fish. Pro-
gress in Oceanography 47, 147-169.

McFarlane, G.A. and Beamish, R.J. (2001) The reoccurrence
of sardines off British Columbia characterize the dynamic
nature of regimes. In: Pacific ClimateVariability and Marine
Ecosystem Impacts from theTropics to the Arctic (eds McKin-
nell, S.M., Brodeur, R.D., Hanawa, K., Hollowed, A.B.,
Polovina, ].J. and Zhang, C.-I.). Progress in Oceanography.
49,151-165.

McFarlane, G.A., Beamish, R.J. and Schweigert, J. (2001)
Common factors have opposite impacts on Pacific herring
in adjacent ecosystems. In: Herring: Expectations for a
New Millenium (eds F. Funk, J. Blackburn, D. Hay, A.J. Paul,
R. Stephenson, R. Toresen and D. Witherell) Alaska Sea
Grant College Program AK-SC-01-04, pp. 51-67.

McKinnell, S.M., Brodeur, R.D., Hanawa, K., Hollowed, A.B.,
Polovina, J.J. and Zhang, C.-I. (2001) An introduction to
the beyond ElI Nino conference: climate variability and
marine ecosystem impacts from the tropics to the Arctic.
Progress in Oceanography 49, 1-6.

Merrick, R.L. and Calkins, D.G. (1996) Importance of juve-
nile walleye pollock in the diet of Gulf of Alaska Steller
sea lions. In: Ecology of JuvenileWalleye Pollock (The Impor-
tance of Prerecruit Walleye Pollock to the Bering Sea and
North Pacific Ecosystems, Seattle, WA, 28 October— 30 Octo-
ber1993) (eds R.D. Brodeur, P.A. Livingston, T.R. Loughlin
and A.B. Hollowed) NOAA Technical Report. NMFS 126.
U.S. Department of Commerce, pp. 153-166.

Merrick, R.L., Chumbley, M.K. and Byrd, GV. (1997) Diet
diversity of Steller sea lions (Eumetopias jubatus) and their
population decline in Alaska: a potential relationship.
Canadian Journal of Fisheries and Aquatic Sciences 54,
1342-1348.

Merrick, R.L., Loughlin, T.R. and Calkins, D.R. (1987)
Decline in abundance of northern sea lion, Eumetopias
jubatus, in Alaska. 1956-1986. Fisheries Bulletin U.S. 85,
351-365.

Miller, A.J. (1996) Recent advances in California Current
modeling: decadal and interannual thermocline varia-
tions. California Cooperative Fisheries Investigations
Reports 37,69-79.

Miller, A.J., Cayan, D.R., Barnett, T.P,, Graham, N.E. and
Oberhuber, J.M. (1994) The 1976-77 climate shift of the
Pacific Ocean. Oceanography 7, 21-26.

Minobe, S. (1997) A 50-70 year climatic oscillation over the
North Pacific and North America. Geophysical Research
Letters 24, 683—686.

Mueter, EJ. and Norcross, B.L. (2000) Changes in species
composition of the demersal fish community in near-
shore waters of Kodiak Island, Alaska. Canadian Journal
of Fisheries and Aquatic Sciences 57,1169-1180.

Niebauer, H.J. (1988) Effects of the El Nino-Southern Oscilla-
tion and North Pacific weather patterns on interannual

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113

variability in the Subarctic Bering Sea. Journal of Geophy-
sical Research 93 (C5),5051-5068.

Olesiuk, PF, Bigg, M. A. and Ellis, G.M. (1990) Recent trends
in the abundance of harbour seals, Phoca vitulina, in Brit-
ish Columbia. Canadian Journal of Fisheries and Aquatic
Sciences 47,992-1003.

Orensanz, ].M., Armstrong, J., Armstrong, D. and Hilborn, R.
(1998) Crustacean resources are vulnerable to serial
depletion — the multifaceted decline of crab and shrimp
fisheries in the greater Gulf of Alaska. Reviews in Fish Biol-
ogy and Fisheries 8,117-176.

Ottersen, G.B., Planque, Belgrano, A., Post, E., Reid, P.C. and
Stenseth, N.C. (2001) Ecological effects of the North Atlan-
tic Oscillation. Oecologia 128,1-14.

Overland, J.E., Miletta Adams, ]. and Bond, N.A. (1999) Deca-
dal variability of the Aleutian Low and its relation to
high-latitude circulation. Journal of Climate 12, 1542—
1548.

Overland, J. and Pease, C.H. (1982) Cyclonic climatology of
the Bering Sea and its relation to sea ice extent. Monthly
Weather Review 110, 5-13.

Pascual, M.A. and Adkison, M.D. (1994) The decline of the
Steller sea lion in the Northeast Pacific: demography, har-
vest or environment? Ecological Applications 4, 393—403.

Pearcy,W.G. (1992) Ocean Ecology of North Pacific Salmonids.
University of Washington Press, Seattle, WA, 179pp.

Peterman, R.M., Pyper, B.]., Lapointe, M.E.,, Adkinson, M.D.
and Walters, C.J. (1998) Patterns of covariation in survival
rates of British Columbian and Alaskan sockeye salmon
(Oncorhynchus nerka) stocks. Canadian Journal of Fisheries
and Aquatic Sciences 55, 2503-2517.

Piatt, J.K. and Anderson, PJ. (1996) Response of common
murres to the Exxon Valdez oil spill and long-term
changes in the Gulf of Alaska marine ecosystem. In:
American Fisheries Society Symposium (Exxon Valdez Oil
Spill Symposium Proceedings, Anchorage Alaska, 2
February—5 February, 1993), (eds S.D. Rice, R.B. Spies,
D.A.Wolfe and B.AWright) 18, Bethesda, MD, pp.720-737.

Pitcher, KW. (1990) Major decline in number of harbor seals,
Phoca vitulina richardsi, on Tugidak Island, Gulf of Alaska.
Marine Mammal Science 6,121-134.

Planque, B. and Taylor, A.H. (1998) Long-term changes in
zooplankton and the climate of the North Atlantic. ICES
Journal of Marine Science 55, 644—654.

Polovina, J.J., Mitchum, G.T. and Evans, G.T. (1995) Decadal
and basin-scale variation in mixed layer depth and the
impact on biological production in the central and North
Pacific, 1960-1988. Deep Sea Research 42,1201-1716.

Quinn, T.J. and Niebauer, H.J. (1995) Relation of eastern Ber-
ing Sea walleye pollock (Theragra chalcogramma) recruit-
ment to environmental and oceanographic variables. In:
Canadian Special Publication of Fisheries and Aquatic
Sciences (Climate Change and Northern Fish Populations,
Victoria, B.C., 19 October, 1992-24 October, 1992) (ed. R.J.
Beamish) 121, National Research Council, Ottawa, pp.
497-507.

111



Ecological effects of regime shifts in the Bering Sea A J Benson and A W Trites

Rebstock, G.A. (2001) Long Term Changes in the Species Com-
position of Calanoid Copepods off Southern California. PhD
Thesis. Scripps Institute of Oceanography, University of
California, San Diego, 221pp.

Reid, J.L. (1962) On circulation, phosphate-phosphorus
content, and zooplankton volumes in the upper part
of the Pacific Ocean. Limnology and Oceanography 7,
287-306.

Roemmich, D. and McGowan, J. (1995) Climatic warming
and the decline of zooplankton in the California Current.
Science 267,1324-1326.

Rogers, D.E. (1984) Trends in abundance of northeastern
Pacific stocks of salmon. In: The Influence of Ocean Condi-
tions on the Production of Salmonids in the North Pacific
(ed.W.G. Pearcy). Oregon State University Press, Corvallis,
OR, pp.100-127.

Rosen, D.A.S. and Trites, AW. (2000) Pollock and the decline
of Steller sea lions: testing the junk food hypothesis. Cana-
dianjournal of Zoology 78, 1243-1250.

Shannon, LV., Crawford, R.].M., Pollock, D.E, Hutchings, L.,
Boyd, A.J., Taunton-Clark, J., Badenhoust, A., Melville-
Smith, R., Augustyn, C.J., Cochrane, K.L., Hampton, L.,
Nelson, G., Japp, DW. and Tarr, R.J.Q. (1992) The 1980s —
A decade of change in the Benguela ecosystem. South
African Journal of Marine Science 12, 271-296.

Soutar, A. and Isaacs, ].D. (1974) Abundance of pelagic fish
during the 19th and 20th centuries as recorded in anae-
robic sediments of the California. Fisheries Bulletin 72,
257-273.

Springer, A.M. (1992) Walleye pollock in the North Pacific.
How much difference do they really make? Fisheries Ocea-
nography 1, 80-96.

Steele, J.H. (1996) Regime shifts in fisheries management.
Fisheries Research 25,19-23.

Stephenson, ER. and Morrison, LV. (1995) Long-term fluc-
tuations in the rotation of the Earth’s rotation: 700 Bc to
AD 1990. Philosophical Transactions of the Royal Society of
London A351,165-202.

Stone, G., Goebel, J. and Webster, S. (eds) (1997) Pinniped
Populations, Eastern North Pacific: Status, Trends and [ssues.
A Symposium of the 127th Annual Meeting of the American
Fisheries Society. New England Aquarium, Conservation
Department, Central Warf, Boston, MA 02110, 179pp.

Sugimoto, T. and Tadokoro, K. (1997) Interannual-interdeca-
dal variations in zooplankton biomass, chlorophyll con-
centration and physical environment in the subarctic
Pacific and Bering Sea. Fisheries Oceanography 6,74-93.

Tanasichuk, RW.,Ware, D.M., Shaw,W. and McFarlane, G.A.
(1991) Variations in diet, daily ration, and feeding periodi-
city of Pacific hake (Merluccius productus) and spiny dog-
fish (Squalus acanthias) off the lower west coast of
Vancouver Island. Canadianjournal of Fisheries and Aquatic
Sciences 48, 2118-2128.

Thomson, R.E. (1981) Oceanography of the British Columbia
Coast. Canadian Special Publication of Fisheries and Aquatic
Sciences 56, National Research Council, Ottawa, 291pp.

112

Trenberth, K.E. (1990) Recent observed interdecadal cli-
mate changes in the Northern Hemisphere. Bulletin of the
American Meteorological Society 71,988—-993.

Trenberth, K.E. (1991) Recent climate changes in the North-
ern Hemisphere. In. Department of the Environment Work-
shop on Greenhouse Gas Induced Climate Change. A Critical
Appraisal of Simulations and Observations, Amherst, Mass,
8 May, 1989—-12 May, 1989. (ed. M. Schlesinger). Elsevier,
New York, pp. 377-390.

Trenberth, K.E. and Hoar, T.]. (1996) The 1990-95 EI Nino-
Southern Oscillation event: longest on record. Geophysi-
cal Research Letters 23, 57—60.

Trenberth, K.E. and Hurrell, JW. (1995) Decadal coupled
atmosphere-ocean variations in the North Pacific Ocean.
In: Canadian Special Publication of Fisheries and Aquatic
Sciences (Climate Change and Northern Fish Populations,
Victoria, B.C., 19 October, 1992—24 October, 1992) (ed. R.J.
Beamish) 121, National Research Council, Ottawa, pp.
15-24.

Trites, AW. (1992) Northern fur seals: why have they
declined? Aquatic Mammals 18, 3—18.

Trites, AW. and Larkin, PA. (1996) Changes in the abun-
dance of Steller sea lions (Eumetopias jubatus) in Alaska
from 1956 to 1992: How many were there? Aquatic Mam-
mals 22,153-166.

Trites, AW., Livingston, P.A.,Vasconcellos, M.C., Mackinson,
S., Springer, A.M. and Pauly, D. (1999) Ecosystem change
and the decline of marine mammals in the eastern
Bering Sea: testing the ecosystem shift and commercial
whaling hypotheses. Fisheries Centre Research Reports 7,
106pp.

Venrick, E.L. (1994) Scales of variability in a stable environ-
ment: phytoplankton in the central North Pacific. In: Eco-
logical Time Series, Chapter 10 (eds T.M. Powell and J.H.
Steele). Chapman & Hall, New York.

Venrick, E.L., McGowan, J.A., Cayan, D.R. and Hayward, T.L.
(1987) Climate and chlorophyll a: long term trends in the
central North Pacific Ocean. Science 238,70-72.

Walker, G.T. (1924) Correlation in seasonal variations
of weather. Part IX: a further study of world weather.
Memoirs of the Indian Meteorological Department 24,
275-332.

Walker, G.T. and Bliss, EW. (1932) World weather.
Part V. Memoirs of the Royal Meteorological Society 4,
53-84.

Ware, D.M. (1992) Production Characteristics of Upwelling
Systems and the Trophodynamic Role of Hake. South Afri-
canjournal of Marine Science 12,501-513.

Ware, D.M. (1995) A century and a half of change in the
climate of the NE Pacific. Fisheries Oceanography 4,
267-277.

Ware, D.M. and McFarlane, G.A. (1989) Fisheries Production
Domains in the Northeast Pacific Ocean. In: Canadian Spe-
cial Publication of Fisheries and Aquatic Sciences (Effects of
ocean variability on recruitment and an evaluation of
parameters used in stock assessment models. Vancouver,

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113



Ecological effects of regime shifts in the Bering Sea A J Benson and A W Trites

B.C., 26 October, 1987-29 October, 1987). (eds R.]. Beamish
andG.A. McFarlane) 108, Department of Fisheries and
Oceans, Ottawa, pp. 359-379.

Ware, D.M. and Thomson, R.E. (1991) Link between long-
term variability in upwelling and fish production in the
northeast Pacific Ocean. Canadian Journal of Fisheries and
Aquatic Sciences 48, 2296-2306.

Wepestad, V.G., Fritz, LW., Ingraham, W.]. and Megrey, B.A.
(2000) On relationships between cannibalism, climate
variability, physical transport, and recruitment success
of Bering Sea walleye pollock (Theragra chalcogramma).
ICES Journal of Marine Science 57, 272-278.

Wooster,W.S. and Hollowed, A.B. (1995) Decadal-scale varia-
tions in the eastern subarctic Pacific. Part . Winter ocean
conditions. In: Canadian Special Publication of Fisheries
and Aquatic Sciences (Climate Change and Northern Fish
Populations, Victoria, B.C., 19 October, 1992-24 October,
1992) (ed. R.]J. Beamish) 121, National Research Council,
Ottawa, pp. 81-85.

Wyllie-Echeverria, T. (1995) Sea-ice conditions and the dis-
tribution of walleye pollock (Theragra chalcogramma) on
the Bering and Chukchi Sea shelf. In: Canadian Special
Publication of Fisheries and Aquatic Sciences (Climate
Change and Northern Fish Populations, Victoria, B.C., 19

© 2002 Blackwell Science Ltd, FISH and FISHERIES, 3,95-113

October, 1992-24 October, 1992) (ed. R.J. Beamish) 121,
National Research Council, Ottawa, pp. 131-136.

Wyllie-Echeverria, T. and Wooster, W.S. (1998) Year to
year variations in Bering Sea ice cover and some conse-
quences for fish distributions. Fisheries Oceanography 7,
159-170.

Yndestad, H. (1999) Earth nutation influence on the tem-
perature regime of the Barents Sea. ICES Journal of Marine
Science 56, 381-387.

York, A.E. (1995) The relationship of several environmental
indices to the survival of juvenile male northern fur seals
(Callorhinus uarsinus) from the Pribilof Islands. In: Cana-
dian Special Publication of Fisheries and Aquatic Sciences
(Climate Change and Northern Fish Populations, Vic-
toria, B.C., 19 October, 1992-24 October, 1992) (ed. R.].
Beamish) 121, National Research Council, Ottawa, pp.
317-327.

Zebdi, A. and Collie, J.S. (1995) Effects of climate on herring
(Clupea pallasi) population dynamics in the Northeast
Pacific Ocean. In: Canadian Special Publication of Fisheries
and Aquatic Sciences (Climate Change and Northern Fish
Populations, Victoria, B.C., 19 October, 1992-24 October,
1992) (ed. R.J. Beamish) 121, National Research Council,
Ottawa, pp. 277-290.

113



