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PERSPECTIVE

The regime concept and natural trends in the
production of Pacific salmon

R.J. Beamish, D.J. Noakes, G.A. McFarlane, L. Klyashtorin, V.V. lvanov, and
V. Kurashov

Abstract: Large fluctuations in the trends of Pacific salmon production in this century have been linked to trends in
climate in the Pacific that are in turn associated with climate trends throughout the Northern Hemisphere. The close
correspondence in the persistence of climate trends and the synchrony of the changes is evidence that a common event
may cause the regime shifts. The trends or regimes can be characterized by stable means in physical data series or
multiyear periods of linked recruitment patterns in fish populations. The regime concept is important in fisheries
management because the natural shifts in abundance may be large and sudden, requiring that these natural impacts be
distinguished from fishing effects. An equally important consideration is that biological and physical mechanisms may
change when regimes shift, resulting in conditions that may not be characterized in the earlier part of the data series.
Fluctuations in Pacific salmon abundance in this century were synchronous with large fluctuations in Japanese sardine
abundance, which can be traced back to the early 1600’s. The synchrony in the fluctuations suggests that Pacific
salmon abundance may have fluctuated for centuries in response to trends in climate. The concept of regimes and
regime shifts stresses the need to improve our understanding of the mechanisms that regulate the dynamics of fish and
their ecosystems.

Résumé : Les amples fluctuations observées dans les tendances de la production de saumon du Pacifique au cours de
ce siécle ont été liées a des tendances du climat dans le Pacifique, elles-mémes associées aux tendances climatiques de
I’ensemble de I’hémisphere nord. L’étroite concordance de la persistance des tendances climatiques et la synchronie des
changements montre & I’évidence qu’un événement commun peut causer les changements de régimes. Les tendances ou
régimes peuvent €tre caractérisées par des moyennes stables dans les séries de données physiques ou par des patrons
liés de recrutement dans les populations de poissons sur des périodes de plusieurs années. Le concept de régime est
important en gestion des péches car les changements naturels dans 1'abondance peuvent étre forts et soudains, et qu’il
est donc nécessaire de distinguer ces impacts naturels des effets de la péche. Autre aspect également important, les
mécanismes biologiques et physiques peuvent changer quand les régimes se modifient, ce qui crée des conditions qui
n’étaient pas forcément caractérisées dans la partie précédente de la série de données. Les fluctuations de 1’abondance
de saumon du Pacifique au cours de ce siecle étaient synchrones des grandes fluctuations de 1’abondance de la sardine
japonaise, qu’on peut faire remonter jusqu’au début du 17¢ si¢cle. Cette synchronie permet de penser que 1'abondance
de saumon du Pacifique fluctue peut-étre depuis des siecles en fonction des tendances climatiques. Le concept de
régime et de changement de régime fait ressortir la nécessité de mieux connaitre les mécanismes qui régissent la
dynamique des poissons et de leurs écosystémes.

[Traduit par la Rédaction]

Introduction

There is increasing evidence of persistent patterns and
synchronous changes in the climate/ocean environment in
the Pacific Ocean (Venrick et al. 1987; Ebbesmeyer et al.
1991; Latif and Barnet 1994; Polovina et al. 1995; Roem-

mich and McGowan 1995; Ware 1995; Gargett 1997; Gu and
Philander 1997; Mantua et al. 1997). Evidence is also accu-
mulating to show that large-scale trends in Pacific salmon
abundance are linked to trends in climate. In recent years, a
series of studies have identified both large-scale and re-
gional linkages (Beamish and Bouillion 1993; Francis and
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Fig. 1. Loess (f = 0.2) smoothed relationship between the
Aleutian Low Pressure index (ALPI) (solid line) (Beamish et al.
1997a) and the North Pacific index (NPI, 1 mbar = 100 Pa)
(broken line) (Trenberth and Hurrell 1995) (website
http://www.cgd.vcar.edu/cas/clmind/np.html). The inverse
relationship results from the use of pressure measurements for
NPI and area of low pressure for ALPI. As the area of low
pressure gets larger, the estimate of average low pressure
becomes smaller.

2 2

ALPI (108 km?)
o
1

NPI (mbar)

— T
1900 1925 1950 1975 2000

Hare 1994; Hare and Francis 1995; Adkinson et al. 1996;
Beamish et al. 1997a; Mantua et al. 1997; Pearcy 1997). As
the linkages are with climate, the impacts are seen over an
aggregate of stocks and not necessarily at the individual
stock level. The fluctuations in Pacific salmon abundance
have been shown to correspond to shifts in macrozoo-
plankton abundance (Brodeur and Ware 1992; Sugimoto and
Tadokora 1997) that can be linked to physical changes in the
ocean (Lagerloef 1995; Polovina et al. 1995). The trends in
salmon abundance are not necessarily the same for all areas
of the ocean, as climate shifts can also cause large-scale os-
cillations in ocean productivity (Gargett 1997) with regional
impacts (Adkinson et al. 1996). The release of large num-
bers of juvenile salmon from hatcheries provides convincing
evidence that reduced total abundance in some areas was a
result of ocean conditions and not of a reduction in the pro-
duction of juveniles (Beamish et al. 1995; Pearcy 1997).
Also, in areas of the subarctic Pacific where large increases
in salmon abundance occurred, the rate of increase among
species appears unrelated to the number of juveniles pro-
duced in hatcheries, suggesting a strong influence of ocean
conditions on the abundance trends (Beamish et al. 19975b).

Direct measures of productivity are difficult, but Adkinson
et al. (1996) demonstrated that an abrupt shift in the produc-
tivity parameter of the standard Ricker curve could model
the shifts in abundance of Bristol Bay sockeye salmon (Onco-
rhynchus nerka) stocks. Although Adkinson et al. (1996) did
not identify shifts in the productivity parameter of sockeye
salmon from the Fraser River, Beamish et al. (1997a) did
detect a shift that was synchronous with the 1976-1977 cli-
mate shift. Furthermore, they showed that after 1977 the
total returns of sockeye salmon from the best-studied popu-
lation in the river increased up to two times for the years of
largest smolt production.

These persistent trends in the dynamics of fish popula-
tions or in climate/ocean conditions can be termed “regimes”
(Namias 1953; Graham 1994; Steele 1996), which we define
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as a multiyear period of linked recruitment patterns in fish
populations or as stable means in physical data series. A re-
gime shift is a synchronous change in these variables. An
important question is whether the trends in Pacific salmon
abundance have always shifted naturally. If natural trends
occur, then fisheries management should account for this
phenomenon when assessing the impacts of fishing and de-
veloping management strategies. The possibility that Pacific
salmon populations fluctuate naturally is an important com-
peting hypothesis to the concept that abundance is regulated
solely by fishing and an intrinsic population relationship that
are relatively independent of the environment or associated
species.

In this study, we examine six indices of climate over the
Northern Hemisphere for persistence and for synchrony of
change. We combine four of these indices to produce a re-
gime index. We relate these indices of global climate to
Pacific salmon production and to historical information on
Pacific sardine (Sardinops spp.) catches to show that salmon
populations may have undergone shifts in production in as-
sociation with climate for centuries. We use the total catches
(Canada, United States, Japan, and Russia) of pink (Onco-
rhynchus gorbuscha), chum (Oncorhynchus keta), and sock-
eye salmon to represent the total production of Pacific salmon,
as the catches of these species account for about 90% of the
total catch of all salmon species (Beamish and Bouillon
1993). Catch of Pacific salmon has been used as an estimate
of production (Beamish and Bouillon 1993; Hare and Fran-
cis 1995; Mantua et al. 1997) because exploitation rates are
high, ranging from about 40 to 80%. We do not use the in-
dex of Pacific climate oscillations developed by Mantua et
al. (1997), but we do compare it with the indices used in our
study.

Climate indices

Aleutian Low Pressure index and North Pacific index

Beamish and Bouillon (1993) used an Aleutian Low Pres-
sure index (ALPI) as an indicator of a major climate process
that could affect Pacific salmon production. Trenberth and
Hurrell (1995) used another index of the Aleutian Low Pres-
sure system, the North Pacific index (NPI), which is virtu-
ally the inverse (Fig. 1, r = —0.86) of the ALPI described in
Beamish et al. (1997a). In Fig. 1, we show the smoothed
(loess f = 0.2) ALPI plotted against the smoothed (loess f =
0.2) anomaly of NPIL Trenberth (1990) showed that the NPI
is closely associated with the Northern Hemisphere tele-
connection pattern of Wallace and Gutzler (1981), establish-
ing a linkage with midtropospheric wind patterns. Both the
ALPI and NPI are suitable indices of the winter climate in
the subarctic Pacific. In this study, we use the ALPI.

The Aleutian Low is the winter weather pattern over the
North Pacific Ocean that strengthens late in the year and
weakens in the spring of the following year. The varying
levels of low pressures affect the intensity of winter storms,
which affect both midocean and coastal productivity (Ven-
rick et al. 1987; Gargett 1997) through changes in the hori-
zontal and vertical flows. We determined the index from
1899 to show the long-term pattern in the trends but com-
pare the ALPI with other indices beginning in 1950, as the
sea level pressure data are most reliable after this date (Tren-
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Fig. 2. Anomaly values (open circles) and CuSum’s (solid
circles) of three pressure indices. (A) Aleutian Low Pressure
index (ALPI) from 1950 to 1997 and the CuSum showing
distinct trends during 1950-1976, 1977-1989, and 1990-1997.
(B) Southern Oscillation index (SOI) from 1951 to 1996. The
extreme negative anomalies are El Nifio events and the extreme
positive anomalies are La Nifia events. There are changes in
1989 and 1996, but they do not affect the general slope of the
graph from 1977 to 1996. (C) North Atlantic Oscillation index
(NAOI) from 1951 to 1997 showing the change to positive
anomalies in the 1980’s and the CuSum showing distinct trends
during 1951-1980 and 1981-1995.
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berth and Hurrell 1995). The cumulative sum of the anoma-
lies was estimated to provide a simple visual picture of the
trends in the index. The method of accumulating sums or
CuSum (Murdock 1979) is a way of studying trends by in-
cluding information from past data points and giving less
weight to single values. The calculation is a simple addition
of a datum point to the sum of all previous data points. Each
datum point may have a constant subtracted from it to en-
hance visualization of trends in the series. The constant is
usually the mean of the entire series. If there is a trend in the
data, there will be a trend in the CuSum graph. A positive
slope indicates an above-average or increasing trend and a
negative slope represents a below-average or decreasing trend.
The year of the change in the slope of the CuSum is the year
that a regime shifts.

The ALPI (Fig. 2A) shows a trend of higher pressures
(smaller areas of low pressure and a corresponding smaller
index) from 1950 to 1976. There is a brief period from 1958
to 1963 where moderately intense winter pressures occurred,
but the general pattern was one of reduced areas of intense
low pressures. The ALPI identifies a period of extreme low
pressures from about 1977 to 1988 (Fig. 2A) and average
pressures after 1988. The CuSum graph (Fig. 2A) shows the
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general trend of reduced low pressures up to 1976 and a
change in slope that reflects the increased areas of intense
low pressures up to 1988. The weaker lows beginning in
1989 appear as a change in slope of the CuSum and a trend
toward average conditions.

The various indices employed in this paper were exam-
ined using standard statistical and time series analysis tech-
niques (Box and Jenkins 1976). These procedures have been
employed to analyze data in a number of fields of study in-
cluding fisheries (e.g., Stocker and Noakes 1988; Campbell
et al. 1991; Noakes and Campbell 1992) and readers are re-
ferred to the literature for details of these models and tech-
niques. An intervention analysis (Noakes 1986; Hipel and
McLeod 1994) was used to study the timing and significance
of the changes in the ALPI anomaly time series from 1950
to 1997. The analysis uses the time series to test for signifi-
cant shifts at selected years. Both the 1977 and the 1989
changes in the ALPI anomaly time series were significant
(P < 0.05).

Southern Oscillation index

The Southern Oscillation index (SOI) is the difference in
sea level pressures between Darwin (Australia) and Tahiti.
The oscillation of air masses in the tropical Pacific between
the western and eastern Pacific oceans was first described by
Walker (1924). The index is formed by subtracting the mean
sea level pressure from the annual or monthly averages and
dividing by the standard deviation. The SOI used in this
study is the standardized series of the standardized Tahiti
data minus the standardized Darwin data. When the index is
negative, the sea level pressure gradient across the tropical
Pacific is in an El Nifio or warm state, and when it is posi-
tive, it is in the La Nifia or cool state. The linkage between
the Southern Oscillation and El Nifio or El Nifio — Southern
Oscillation (ENSO) was recognized in the late 1960°s (Bjerk-
ness 1969). An El Nifio event occurs when the sea level
pressures at Darwin are anomalously high, resulting in a
series of atmospheric—ocean shifts that have global telecon-
nections (Trenberth and Shea 1987). Thus, the atmospheric—
ocean shifts in the tropical Pacific are of global importance.
The La Nifia event may be more restrictive in its impacts,
affecting the eastern North Pacific (Cayan and Webb 1992),
and its impacts are not the opposite of El Nifio (Hoerling et
al. 1997). La Nifia is a state that receives very little recogni-
tion in comparison with an El Nifio and particularly with re-
spect to the impacts on fish populations.

The SOI that we show extends from 1951 to the end of
1996 and is the average annual value (Fig. 2B). The index
has the familiar oscillations between El Nifio (negative) and
La Nifia (positive) states, but there are also three distinct
patterns. The regime up to 1977-1978 is characterized by
the well-known quasibiennial cycle (Reed et al. 1961; Ver-
yard and Eldon 1961) where there is an oscillation between
El Nifio and La Nifia events. Beginning in 1977, there is a
succession of El Niflo events without the extreme La Niifia
events. This pattern changes again in 1988-1989 with a
strong La Nifia. The period in the 1990’s is characterized by
even more intense El Nifio like conditions (Trenberth and
Hoar 1996) as a consequence of persistent high sea level
pressures in the western Pacific and at Darwin. The CuSum
graph (Fig. 2B) identifies a trend from 1951 to 1976 and
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from 1977 to 1987. There is a change in trend in the data
from 1988 to 1989 and in 1990, but the slope of the graph
does not change substantially after 1990, indicating that the
trend to extreme high pressures over Darwin persisted. An
intervention analysis of the standardized anomalies from 1951
to 1996 identified a significant (P < 0.05) change in 1977
but not in 1989-1990.

North Atlantic Oscillation index

The North Atlantic Oscillation index (NAOI) is the differ-
ence between the normalized winter (December—March) sea
level pressures at Lisbon, Portugal, and Stykkisholmar, Ice-
land (van Loon and Rogers 1978). The North Atlantic Oscil-
lation is a well-known climate pattern associated with
alternating high winter temperatures and low pressures (and
vice versa) between a number of centers. The phenomenon
has been known for centuries, but was formally described by
Walker and Bliss (1932) and recently by van Loon and Rog-
ers (1978) and Barnston and Livezey (1987). Strong positive
anomalies occur in the northwestern Atlantic Ocean when
the Icelandic low is intense as a result of strong westerly
winds flowing from the north over western Greenland. Neg-
ative anomalies occur with a weakening of the westerly winds
and reduction in the intensities of the Icelandic Low. The os-
cillations are associated with changes in the intensity and
position of dominant wind patterns, which also affect precip-
itation and temperature patterns (Walker and Bliss 1932; van
Loon and Rogers 1978; Hurrell 1995). The relationship also
forms a teleconnection with other areas (van Loon and Rog-
ers 1978). There is a relationship between the intensity of
the Icelandic Low and the Aleutian Low in the Pacific (Wal-
ker and Bliss 1932; Wallace and Gutzler 1981), confirming
the global nature of the indices.

Our data are the standardized series of the standardized
sea level pressure anomalies at Lisbon minus the standard-
ized sea level pressures at Iceland. Other formulations of the
index exist (i.e., Hurrell 1995) and the trends are similar for
the various formulations. The anomaly pattern (Fig. 2C) has
a trend from negative values in the early part of the time se-
ries to positive values in recent years. There is a change in
trend after 1979, a change in the anomaly pattern after 1989,
which appears as a prolonged positive trend, and a major
change in the index in 1996 to an extreme negative value.
The CuSum chart (Fig. 2C) shows a distinct change in trend
occurring about 1980 but no change in 1989. An interven-
tion analysis of the NAOI from 1951 to 1997 identified a
significant (P < 0.05) shift in 1981.

Atmospheric circulation in the Northern Hemisphere
We use the classification system developed by Russian
meteorologists (Girs 1971; Barry and Perry 1973) to study
the decadal-scale trends in the general circulation of the
winds in extratropical regions of the Northern Hemisphere.
The Russian system restricts the classification of wind pat-
terns to three types. One type, the western (W) circulation,
describes winds that follow a zonal pattern (latitudinal) with-
out prominent meridional (north and south) circulation. The
W circulation is typified by relatively fast east to west trans-
fers of air masses. The meridional (C) flows have dominant
northwest and southeast patterns that form weak subpolar
lows but a strong high over Siberia. The easterly (E) circula-
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tion (also meridional) is similar in form to C but opposite in
phase, resulting in different locations of the high and low
pressure systems. The E circulation is also characterized by
more intense lows, a weaker Siberian high, and a westward
movement of the anticyclone areas in the Pacific and around
the Azores. The C and E types result in northwest and south-
east transfers of arctic and tropical air masses, as well as the
establishment of large, quasi-stationary centers of atmospheric
pressure over some areas.

As the Russian literature may be difficult to locate, we
suggest that readers refer to the recent paper of Moore and
McKendry (1996) or to Rodianov (1994). Moore and Mc-
Kendry (1996) used a computer-assisted map typing process
(Yarnal 1984, 1993) to classify the dominant direction of the
westerly winds flowing over British Columbia, Canada, for
the November—-March period. We examined samples of the
classifications made by the Russian specialists and Moore
and McKendry (1996) and found that the classifications of
the basic three types were similar. It is important to note that
the actual classifications will depend on the size of the area
studied. The dominant annual pattern of wind in small areas
may be different from that in very large areas; thus the clas-
sifications are only directly comparable when similar areas
are studied for similar periods.

In the Russian classification system, the proportions of
days of each type were compared with long-term averages.
An index of these patterns, the atmospheric circulation index
(ACI), is developed from the anomalies for each pattern
type. As the anomalies will add to zero, the index C = - (W +
E). The AClI is the integral or the sum of the W + E anoma-
lies or the —C anomalies. The integral is a cumulative sum of
the anomalies described earlier. Changes in the ACI have
been linked to changes in trends of atmospheric pressure,
temperature, and precipitation (Girs 1971) as well as to
changes in the rotation of the solid earth or length of day
(Sidorenkov and Svirenko 1991), which will be considered
in a following section. Although our study compares indices
beginning in 1950, the ACI starts in 1891. The ACI (Fig. 3A)
indicates distinct trends during 1891-1902, 1903-1939, 1940
1972, and 1973-1990. A recent change started in 1990. As
the ACI is a CuSum, we do not show a separate CuSum
graph for the time series starting in 1950. An intervention
analysis was conducted to examine changes in the ACI be-
tween 1950 and 1996. Trends in the series were removed
using first differencing and the remaining autocorrelation
structure in the data was identified and modeled appropri-
ately. Significant (P < 0.05) changes in the ACI were de-
tected in 1972 and 1991.

Northern Hemisphere land and ocean temperatures

The Northern Hemisphere surface temperatures (NHST) is
a combined land and sea surface temperature series that we
obtained from the databases at the Institute of Ocean Sci-
ences, in Sidney, British Columbia. These data and earlier
data published by Jones (1988) are also available from the
Hadley Centre for Climate Prediction and Research, U.K.,
and the Climatic Research Unit, University of East Anglia,
U.K. Warming that started at the turn of the century ended in
the early 1940’s, with a brief cooling period in the 1960’s to
the early 1970’s. Since the mid-1970’s there has again been
a steady warming trend. The CuSum graph from 1950 to
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Fig. 3. (A) Index of general atmospheric circulation (ACI) from
1891 to 1996 showing the distinct fluctuations in trends.

(B) Annual anomalies (open circles) of Northern Hemisphere
surface temperatures (NHST) from 1950 to 1996 and the CuSum
showing distinct trends during 1950-1976 that correspond to a
modest cooling trend and during 1977-1996, which was a period
of general warming. The period from 1977 to 1996 is seen as
two trends that change to a more rapid warming period
beginning about 1988. (C) Length of day (LOD) from 1899 to
1996.
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1996 (Fig. 3B) shows changes in trends in the early 1960’s,
1977, and mid-1980’s. An intervention analysis of the
anomaly series from 1950 to 1996 did not identify a signifi-
cant (P < 0.05) shift in the time series in 1977.

Length of day

An index of environmental change that has been largely
overlooked is an index of Earth rotation or the length of day
(LOD). There is an extensive literature that documents the
relationship between Earth rotational changes or angular
momentum changes and climate. Here, we provide a brief
review as well as show how the decadal-scale trends are
consistent with trends in other climate indices.

The shells or the liquid core of the earth, the crust and
mantle, the hydrosphere, and the atmosphere do not move at
a constant rate (Munk and Macdonald 1960; Lambeck 1980;
Barnes et al. 1983; Hide and Dickey 1991). Additionally, be-
cause of the principle of the conservation of angular momen-
tum, there is a redistribution of angular momentum within
the shells of the earth that can be seen as seasonal, inter-
annual, and decadal trends in the measured LOD (Stephen-
son and Morrison 1995). The LOD is the difference between
the astronomically determined duration of the day or univer-
sal time 1 (UT1) and the atomic clock time (TA1), which
was established as exactly 86 400 s on January 1, 1958 (i.e.,
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Table 1. Periods of increasing and decreasing length of day
(LOD) from 1630 to 1995.

Increasing LOD  No. of years Decreasing LOD No. of years

1988-1995 8 1973-1987 135
1935-1972 38 1918-1934 17
1893-1917 24 1859-1892 32
1834-1858 25 1816-1833 18
1800-1815 16 1785-1799 15
1729-1784 50 1710-1728 19
1645-1709 81 1623-1644 22

UTI1 — TA1 = 0 on January 1, 1958). Changes in the LOD
are expressed as the difference in the measured LOD rela-
tive to the standard LOD. Because the LOD is a derived
value, there are minor differences in the time series used by
various authors (Stephenson and Morrison 1984; McCarthy
and Babcock 1986; Jordi et al. 1994). The data on the rota-
tion of the earth that we use are from the International Earth
Rotation Service in Paris, France (International Earth Rota-
tion Service 1996, 1997). We identified a persistent trend in
the LOD as the interval between the year in which a new
trend started, extending through any periods of average trend
up to the next change.

It may appear that millisecond changes in the daily rota-
tion of the solid earth would be of little consequence to fish
populations. The connection is through energy exchanges,
which can be quite large. Substantial changes in relative an-
gular momentum of the global atmosphere are seen to occur
on time scales of days to decades and longer. If the atmo-
sphere gains or loses angular momentum (the propensity of
a rotating object to remain in motion), then the earth must
lose or gain the corresponding amount of energy (primarily
angular momentum), which is seen as changes in the LOD.
The Trmportance of tnese changes s Tostrated oy {ne largest
interannual variation in LOD on record of +0.5 ms as a con-
sequence of the 1983 El Nifio (Dickey et al. 1994). A change
of similar magnitude was also noted for the 1997 El Nifio
event. The energy redistributions associated with the large
1983 El Nifio resulted in the slowing of the rotation of the
earth by 0.5 ms/day, which compares with decadal-scale
changes in this century of about 4 ms (Fig. 3C), indicating
that these decadal-scale changes in LOD represent large en-
ergy transfers.

The earliest estimates of the trends are approximations, as
the error in the annual LOD estimates is relatively large
(McCarthy and Babcock 1986). From 1800 until 1987, there
were four periods of decreasing LOD, averaging 20.5 years
in length and ranging from 15 to 32 years (Table 1). There
were four periods of increasing LOD for this period, averag-
ing 25.8 years and ranging from 16 to 38 years. From 1623
to 1799, we estimated there were three periods of decreasing
trends, ranging from 15 to 22 years, and two periods of
increasing trends of 50 and 81 years. A new trend of increas-
ing LOD started in 1988. There are shorter periods of de-
creasing trends, such as from 1945 to 1948, that we have not
distinguished as decadal-scale periods.

The LOD increased from 1950 to about 1972 (Fig. 3C).
There was a brief interruption in the trend in the late 1950’s
and early 1960’s, but in general, there was about a 2-ms in-
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Fig. 4. (A) Sum of the standardized anomalies of the four
pressure-related indices that form the regime index. (B) CuSum
of Fig. 4A.
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crease in the LOD. Beginning about 1973 or 1974, there was
a speeding up of the solid earth that lasted until the late
1980°s. A reversal in the trend is identifiable by 1989-1990
(Fig. 3C). Another change occurred in 1996 with the LOD
decreasing substantially relative to 1995. An intervention
analysis was conducted to test for changes in the mean level
of LOD. Visually, changes were expected in 1972 and 1988
(Fig. 3C). LOD was found to be highly autocorrelated, and
differencing was required prior to conducting the analysis. A
plot of the differenced LOD data also suggested shifts in
1972 and 1988 given the persistent runs of positive and neg-
ative differences around each of these times. The interven-
tion analysis did not yield significant changes at these times,
however, likely due to the significant leverage (statistical)
exerted by a few of the differenced data such as the large
difference between the 1984 and 1983 observations.

Regime index

The six indices in our study were developed separately by
investigators in different areas of science. As a result, the in-
dices have different formats, but all indices have distinct
trends that change in the mid-1970’s. A simplistic measure
of similarity would be to examine the correlation among the
various indices. However, this single value (correlation) pro-
vides only a crude measure of similarity among the various
indices. It does not provide information on the synchronous
changes in the trend (mean level) such as the regime shift in
1976-1977. The synchronous change of all of the indices at
about the same time provides relatively strong evidence of
linked processes, particularly as the number of indices con-
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sidered increases. Also, correlations reflect the measure of lin-
ear dependency between variables, and it is quite likely that
any physical relationships may be nonlinear. These indices
may also be more indicative of switches (binary or discrete)
between or among regimes. In such cases, the relationship to
salmon catch or abundance may be complex and (or) discon-
tinuous. Relatively low correlations would be expected in
such cases.

Pairwise correlations were calculated for each of the indices.
These correlations were not intended to identify or quantify
causal links (underlying physical mechanisms) or to con-
struct dynamically linked (transfer function) models. Aver-
age correlations of r = 0.60 were found, with four being in
excess of r = 0.80 (maximum r = 0.88). The weakest corre-
lations (0.2 < r < 0.3) were found when NHST was com-
pared with ALPI and ACIL

This similarity indicated that a combination of indices
could be used to produce a composite index of regimes and
regime shifts. We produced this composite index by dividing
the annual anomaly of each of the four pressure-related indi-
ces (SOI, ALPI, NAOI, ACI) by the standard deviation of
the time series and adding all standardized anomalies for
each year. We reversed the signs of SOI, as it was opposite
to the trends in the three other indices. The anomaly series
for each index was estimated with a new series mean; thus
the values may differ slightly from the anomaly values for
the longer time series. The regime index (RI) is the CuSum
of the sum of these standardized anomalies. The combined
index (Fig. 4A) has distinct trends from 1951 to 1976 and
changes abruptly in 1977, and the CuSum graph shows a
distinct change in 1976 (Fig. 4B). The intervention analysis
of the standardized anomalies for the RI identified signifi-
cant changes (P < 0.05) in 1977 and 1989.

Other indices of regimes

The Pacific Interdecadal Oscillation (PDO) recently de-
scribed by Mantua et al. (1997) identifies a pattern of decadal-
scale variability in the North Pacific as the first principal
component of sea surface temperatures (Fig. SA). The oscil-
lation is correlated with a variety of physical and biological
systems including Pacific salmon production and discharge
from large rivers on the west coast of North America. Zhang
et al. (1997) and Minobe (1997) also identified shifts around
1942-1943 and 1976-1977, about the same years that PDO
shifts. Remarkably, studies by Minobe (1997) and Zhang et
al. (1997) identified identical regimes and timing of shifts to
the PDO even though different approaches and different data
sets were used. When we extend the ALPI CuSum back to
1899 and convert the PDO to a CuSum (Fig. 5B), we find
that the regimes and years of change 1925, 1947, and 1977
are virtually identical in all indices except that we identify a
change in 1989 that was not previously identified in the
PDO (Mantua et al. 1997).

Interrelationships among climate indices and Pacific
salmon and sardines

The periods of increased Pacific salmon production in this
century occurred from the late 1920’s to early 1940’s and
from the late 1970’s to the mid-1990’s (Fig. 6A). The ACI
and all-nation catch of Pacific salmon follow the same gen-
eral trend (Fig. 6B). There is also a strong correspondence
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Fig. 5. (A) Pacific Interdecadal Oscillation index (PDO) from
Mantua et al. (1997). The PDO is the leading eigenvector values
from principle components analysis of the North Pacific sea
surface temperatures. (B) CuSum of Fig. 5A.
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(r = 0.57) between all-nation salmon catch and our com-
bined RI (Fig. 6C). A cross-correlation analysis was con-
ducted to determine if ACI was related to salmon catch. The
results indicated that including the ACI (lag 1) was useful in
predicting salmon catch in the next year. A direct compari-
son is confounded by the life histories of the various salmon
species in the catch. Nevertheless, it appears that changes in
the Pacific salmon catch may lag the changes in the environ-
ment by 1 or more years, which may prove useful for esti-
mating total salmon production in the North Pacific.

The periods of decreasing LOD in this century correspond
to years of increasing Pacific salmon catch. It was not possi-
ble to develop an index of Pacific salmon abundance prior to
the 1900’s, but it is possible to compare the synchrony of
abundance changes in three major sardine populations in the
North and South Pacific oceans (Kondo 1986; Kawasaki
1991; Serra 1991) with the all-nation Pacitic salmon catches
(Figs. 7A-7D) and then compare the trends in catches of sar-
dines off Japan (Fig. 7D) with the LOD time series (Fig. 7E).
Not only are the fluctuations of salmon and sardines syn-
chronous in this century, but the sardine populations off Ja-
pan and the Asian Far East, off Chile and the west coast of
South America, and off California and the west coast of
North America all fluctuated in abundance synchronously
(Kawasaki 1991). Hiyama et al. (1995) showed that there
was a dramatic decline in recruitment prior to the collapse of
the Japanese sardine (Sardinops melanostictus), indicating
that overfishing was not the cause.

Kondo (1986) summarized the catch records for the Japa-
nese sardine fishery from the early 1600’s until the present
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Fig. 6. (A) Total North Pacific catch of pink, chum, and sockeye
salmon from 1926 to 1995. (B) Relationship between total catch
(solid line) and general atmospheric circulation index (ACI)
dotted line, from 1950 to 1995 (ACI is shown to 1996). (C) The
relationship between total catch (solid line) and the regime index
(broken line) from 1950 to 1995. Note that the CuSum form
demonstrates the persistance of trends before and after the
change in the late 1970’s.
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and concluded that there has been a history of extreme fluc-
tuations in abundance. He identified alternating periods of
good and poor catches starting in the 1650’s. The periods of
good catches from the early 1600’s correspond closely (six
out of seven periods) to the periods of decreasing LOD in
Table 1 and to the two periods of increased Pacific salmon
catches in this century (Figs. 7D and 7E). We identified one
period of decreasing LOD from 1785 to 1799 that was not
identified by Kondo (1986) as a period of possible good sar-
dine catches. However, Ito (1961) identified a period of
increased Japanese sardine production from about 1780 to
1850, and this would match the combined periods of de-
creasing rotation from 1785 to 1799 and from 1816 to 1833.
Ito (1961) also identified a period of increased sardine pro-
duction in the waters around Japan from 1550 to 1600, which
is earlier than our LOD time series and slightly later than the
increase in sardine scale deposits from about 1510 to 1540
off California (Baumgartner et al. 1992) (Table 2).
Baumgartner et al. (1992) identified periods of increased
sardine scale deposition from about 1840 to 1880 and from
1900 to 1950, which correspond to the periods of decreasing
LOD from 1859 to 1892 and from 1918 to 1934, The Baum-
gartner et al. (1992) data did not show large abundances of
Pacific sardines (Sardinops sagax) in the early 1600’s but do
show that the abundance was high from 1670 to 1750, simi-
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Fig. 7. Relationship among catches of Pacific sardines, total
North Pacific catch of pink, chum, and sockeye salmon, and
decreasing periods of length of day. (A) Pacific salmon.

(B) Californian sardine scale is equivalent to 0 — 720 000 t at
the maximum catch. (C) Chilean sardine scale is equivalent to
0 — 6 500 000 t at the maximum catch. (D) Japanese sardine
scale is equivalent to 0 — 5400 000 t at the maximum catch.
Open rectangles show periods of high catches of Japanese
sardines from 1640 to 1900. (E) Solid rectangles showing
periods of decreasing trends in length of day.
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lar to Japanese records (Kondo 1986). They do show that the
abundance fluctuations were characteristic of the dynamics
of the populations as far back as the year 360. Thus, in gen-
eral, the periods of the good and poor catches of Japanese
sardines match the periods of decreasing and increasing av-
erage annual LOD, respectively, and there is some similarity
between strong and weak periods of California and Japanese
sardine production.

Discussion

In our study, we show that there is a synchrony among
major indices of climate in the Northern Hemisphere. The
correspondence in trends is not exact, but there is a close
similarity in the timing of changes. In some cases, evidence
of synchrony is not new, such as the linkage between the Pa-
cific and Atlantic pressure systems (Walker and Bliss 1932).
Although we did not include the PDO (Mantua et al. 1997)
in our regime index, the trends in the PDO were similar to
trends in most of the indices we described, particularly when
the PDO was shown in a CuSum form. The change we show
in the late 1970’s has been recognized in a number of other
studies (e.g., Ebbesmeyer et al. 1991; Beamish 1993; Miller
et al. 1994; Mantua et al. 1997). There is also a well-
documented coherence between the changes in the trends of
Pacific salmon catch and the change in the climate/ocean
environment in 1976-1977 (Beamish and Bouillion 1993;
Francis and Hare 1994; Hare and Francis 1995; Mantua et
al. 1997). The synchrony of the responses among Pacific
salmon, Pacific sardines, and the LOD is evidence that the
shifts possibly occurred for centuries and before modern
fisheries developed. This may indicate that Pacific salmon
abundance may also have fluctuated naturally for centuries
as a consequence of climate change.
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The close relationship of the timing of the shifts among
all of the indices of climate change indicates that a common
event may precipitate these shifts. Variations in response
lags are no doubt related to physical interactions between
the atmosphere, oceans, and the rotation of the solid earth as
well as to local and global oceanic processes. The complex
interaction between the ocean and the atmosphere and the
capacity for the ocean to integrate atmospheric changes re-
sulting in lagged responses are one explanation for the varia-
tion in the response issues found in the indices. Steele (1998)
noted that marine communities are more responsive to the
types of changes we describe here than are communities on
land.

Eubanks et al. (1986) and others showed a significant cor-
relation between the LOD and the Southern Oscillation con-
firming the close relationship between interannual changes
in the earth’s atmosphere and LOD. Interannual fluctuations
in LOD result largely from atmospheric forcing (Dickey et
al. 1992). The decadal changes in LOD, which we associate
with regimes, are generally attributed to core—mantle cou-
pling (Hide et al. 1980; Lambeck 1980; Rosen and Salstein
1983), although an atmospheric contribution of 10-20% has
been suggested (Lambeck 1980). Although interannual changes
in LOD are generally assumed to be of meteorological ori-
gin, whereas decadal changes are generally attributed to
core-mantle coupling, it appears that both the decadal and
interannual changes in LOD are correlated with changes in
climate indices on these time scales, suggesting that both
have a common origin. Establishing the linkage between the
decadal changes in LOD and the pattern of atmospheric cir-
culation (e.g., Courtillot et al. 1982) may prove to be quite
useful both in fisheries and ecosystem management.

Shifting regimes and changes in LOD may seem to be
very far removed from the day to day problems of managing
a particular salmon stock, but it does appear that these global
systems are related to natural trends in fish production even
for relatively small regions (Beamish et al. 1995). For fish
populations, there is little doubt about the importance of wa-
ter temperature. Additionally, Lambeck and Cavenaze (1976)
have shown that since 1820 there appears to be a fair corre-
lation between changes in the earth’s rate of rotation and cli-
mate. Periods of acceleration appear to coincide with periods
of warming and increased zonal winds, whereas periods of
deceleration occur during periods of cooling and decreased
zonal winds. Similarly, Fairbridge and Sanders (1987) iden-
tified accelerations of the earth with increased zonal circula-
tion, mild winters in the Northern Hemisphere, and stronger
monsoons in the tropics. A relationship between momentum
changes of the earth’s rotation and ocean processes has also
been related to changes in the flow of the Gulf Stream
(Morner 1986). Thus, we believe that the LOD will become
a useful index of environmental relationships when studying
the dynamics of fish populations. Similarily, when the ap-
propriate atmospheric circulation produces an increasing trend
in the ACI, the resulting ocean circulation and upwelling
pattern appear to be favorable for Pacific salmon production
probably because of the intensification of the Aleutian Low
(Brodeur and Ware 1992; Beamish and Bouillon 1993; Sugi-
moto et al. 1995).

The accumulating evidence of decadal-scale oscillations
in the environment such as in the Baumgartner et al. (1992)
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Table 2. Historic records of sardine abundances off Japan and California in relation to years of

decreasing length of day (LOD).

Historic reports of large catches

Decreasing LOD of sardines off Japan®

Periods of accumulation of sardine
scales off California®

1900-1950
1840-1870
1820-1840

1670-1750

1973-1987

1918-1934 1920-1945

1859-1892 1860-1885

1816-1833 1815-1840

1785-1799 No record of large catches®
1710-1728 1680-1730

7-1644 1640-1665

No record of large catches
1510-1540

1330-1370

1240-1280

1150-1190

915-1040

680-705

460-630

360400

“Estimated from fig. 1 in Kondo (1986).

bYears 360-1950 estimated from fig. 4 in Baumgartner et al. (1992).
Tto (1961) identified 1780-1850 as a period of increased Japanese sardine production.

time series and in a number of other series such as those
based on tree ring analyses supports the view that natural
fluctuations have occurred for centuries. We stress that there
is no reason to assume that shifts in regimes are cyclic,
switching from one state to the opposite and back again.
Thus, the change detected in our regime shift index in 1989—
1990 does not have to be a switching back to pre-1977 con-
ditions. For example, the weakening of the Aleutian Low
after 1989 was associated with a dominant annual wind di-
rection that was different from the dominant direction prior
to 1977 as shown by the ACI and Fig. SA. Similarly, we
would expect that the weakening trend in ALPI since 1989
would be associated with changes in Pacific salmon produc-
tion, but not necessarily a return to pre-1977 conditions. As
the concept of regimes is developing, we expect that expla-
nations for the differing responses between 1977 and 1989
will be identified and definitions will become more accurate.
Our regime shift index (RI) is experimental and it remains to
be seen if it is a useful way of classifying regimes and possi-
bly of finding relationships that facilitate forecasting recruit-
ment trends.

A strong relationship between fish population dynamics
and climate emphasizes the need to understand the linkage
between global warming (Kerr 1995) and fish population dy-
namics. The association of trends in surface temperatures
(NHST) with both the RI and a number of the individual in-
dices is evidence that the global warming time series is also
influenced by mechanisms that determine regimes. In gen-
eral, the concept of regimes and regime shifts stresses the
need to improve our understanding of the mechanisms that
regulate the dynamics of fish populations and their ecosys-
tems.
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