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Abstract

One of the primary motivations for the GLOBEC NEP program was the apparent inverse relationship between the
increase in salmon populations in the Gulf of Alaska since the mid-1970s and concurrent declines in salmon populations
in the California Current. The increase in abundance of some salmon species in the Gulf of Alaska can be plausibly
explained based on mechanisms involving changes in physical structure, biological productivity, and salmon survival.
To assess concurrent changes in salmon populations in the California Current and their possible physical and biological
bases we examined temporal and spatial patterns of co-variability between biological variables and physical descriptors
along the coasts of Washington, Oregon and California, from 1950 to 1990. The biological variables were catch records
of coho salmon, chinook salmon and an ecologically related species, Dungeness crab. The physical variables were sea
surface temperature, sea surface height (SSH) and the upwelling index (UWI). We found that while California Current
coho salmon declined uniformly in the mid-1970s, consistent with the proposed inverse relationship, chinook salmon
did not. All three species appear to be driven by the dominant mode of co-variability in the three physical variables,
an indicator of warm/cool water conditions, but in different ways. In general, warm conditions have a negative effect
on salmon at the age of ocean entry and spawning return, and Dungeness crab during the larval stage, while cool
conditions have a positive effect. Differences in spatio-temporal variability between the two salmon species suggest
they may respond to ocean conditions differently: coho salmon vary synchronously along the coast on annual time
scales, while chinook salmon vary on slightly longer time scales in a specific spatial pattern. Dungeness crab vary on
10-year time scales, synchronously along the coast, except for the most southern areas (central California) where
populations collapsed in the late 1950s. The dominant, warm/cool mode of physical co-variability, which drives these
populations regionally, is related to basin-scale indices; it appeared to follow these indices in the 1950s and 1975–
1990, but differs from them1960–1975, in ways that may be biologically important. 2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The GLOBEC North East Pacific program is an observational, modeling and retrospective study initiated
to study physical and biological ocean variability on decadal, to sub-annual time scales. A specific emphasis
of the program is the opposite biological impacts of the regime shift in physical conditions in the mid-
1970s indicated by the increase in salmon catches in the Gulf of Alaska (GOA), and concurrent decreases
in salmon catches and endangered salmon populations in the California Current System (CCS) (i.e. off
Washington, Oregon and California). The changes in catches of some salmon species in the GOA have
been amply demonstrated (e.g. Beamish & Bouillon, 1993; Francis & Hare, 1994; Francis, Hare, Hol-
lowed, & Wooster, 1998), and there are plausible links between physical changes in the atmosphere and
ocean and consequent biological productivity. Changes in mixed layer depth (Polovina, Mitchum, & Evans,
1995; Polovina et al., 1994) may have led to increases in chlorophyll levels (Venrick, McGowan, Cayan, &
Hayward, 1987), which in turn have probably resulted in the observed increase in zooplankton (Brodeur,
Frost, Hare, Francis, & Ingraham, 1996). However, similar links between physics and biology are not as
clear in the CCS.

There have been changes in the CCS, in physical oceanographic conditions, zooplankton and salmon,
but the effects of a shift in physical regime on CCS salmon have not been described as comprehensively
as in the GOA. The proposed inverse relationship between biological production in the CCS and the GOA
is based on hypothesized interannual change in the relative distribution of the West Wind Drift into these
two current systems (Chelton, Bernal, & McGowan, 1982; Francis et al., 1998). This hypothesis, based
on the coherence of sea surface height (SSH) along western North America (Chelton & Davis, 1982), was
proposed to explain the source for the low salinity water observed in the CCS during cool years. More
recently, Strub and James (2000) have noted other potential sources for that water. Also, the intensification
of the Aleutian low pressure system in the mid-1970s appears to have caused a weakening of the Alaska
Gyre, rather than a spin-up as might have been expected (Lagerloef, 1995), indicating this mechanism is
less likely. While there have been long-term, decadal-scale physical changes in the California Current
temperature and sea level (Roemmich, 1989), there does not seem to have been a decline in mass transport
of water from the north in the southern part of the CCS in the mid-1970s (McGowan, Cayan, & Dorman,
1998; McGowan, Chelton, & Conversi, 1996). Rather the effect of long-term change at those latitudes
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appears to be a deepening of the mixed layer, resulting in fewer nutrients in the euphotic zone (McGowan
et al.,1996; McGowan et al., 1998; Miller, 1996). Comparison of temperature and salinity on the central
California coast before and after the mid-1970s indicates warmer, fresher water in the later period, consist-
ent with the regime shift (Pennington & Chavez, 2000). There has been a decline in zooplankton pro-
ductivity in southern California (Roemmich & McGowan, 1995), but there was not a clear, sharp drop in
the mid-1970s. There is an inverse correlation between spring zooplankton abundance more than 60 km
offshore in southern California and at Station P in the GOA from 1957 to 1980 (Brodeur et al., 1996).
However, identification of this relationship has influenced more by data from the late 1950s than by the
data from the mid-1970s.

The evidence for an inverse relationship between salmon abundance in the GOA and the CCS is based
primarily on visual comparisons of graphs, and is often merely a comment associated with a demonstration
of changes in GOA. More careful and critical scrutiny is required as research interest shifts from suggesting
that there may be such an effect, to trying to establish the underlying mechanisms. Francis and Sibley
(1991) noted in plots of catches that the high catches of CCS coho salmon appear visually to correspond
to the low catches of GOA pink salmon, and vice versa, on decadal time scales. Subsequent analyses of
changes in GOA salmon catches have been focused on pink, chum and sockeye, species that are not
dominant in Washington, Oregon and California (e.g. Beamish & Bouillon, 1993). Hare and Francis (1995)
showed that intervention analysis with changes in the mean placed in 1949 and 1979 led to better fits of
time series models to Alaska sockeye and pink salmon data. The years 1949 and 1979 were determined
from intervention analysis of the North Pacific Index and Kodiak Island air temperature data (Francis &
Hare, 1994). Mantua, Hare, Zhang, Wallace and Francis (1997) showed that placing changes at these times,
and in 1925, in time series models of the Pacific Decadal Oscillation (PDO) improved their fit significantly,
but the same procedure did not improve the fit of the Southern Oscillation Index (SOI). To relate these
shifts to catch records from the GOA and the CCS (i.e. CCS coho salmon and Columbia River spring
chinook salmon), they appealed to visual interpretation of time series of catches and climate indices with
the shift times identified, noting that the CCS comparisons were not as compelling as the GOA series.
Hare, Mantua and Francis (1999) interpreted the loadings from the leading empirical orthogonal function
(EOF) of catch records from 1925 to 1997 for five salmon species in seven regions along the coast from
Alaska to California as indicating that there was an inverse relationship between the CCS and the GOA.
In computing this EOF, the catch records were weighted so that each location was of equal magnitude
(i.e. the combined variance of coho and chinook salmon in California equaled the combined variance of
the five species at the more northern locations). This EOF explained 34% of the variance, and loadings in
the CCS were predominantly of the opposite sign to those in the GOA but were not uniformly strong over
space. The magnitude of all of the loadings was approximately uniformly distributed between 0.0 and 0.9,
while half of the loadings in the CCS were less than 0.3. Thus, there is not strong statistical evidence for
inverse co-variability between the GOA and the CCS salmon; the evidence consists of visual comparisons
of graphs and interpretation of EOF loadings in which the differences are not very distinct.

There have also been investigations of environmental effects on the two primary CCS salmon species
at specific locations on interannual scales (see reviews in Botsford, Armstrong, & Shenker, 1989; Pearcy,
1992). The most compelling linkage was the positive correlation between upwelling and ocean survival of
Oregon hatchery coho salmon (Nickelson, 1986), which became negative and statistically insignificant after
the mid-1970s when coho salmon survival declined (Pearcy, 1997). Studies of the potential change in the
mid-1970s have included:

1. A comparison of survivals from 4 Washington state hatcheries before and after 1977 which indicated
no change in survival (Ryding & Skalski, 1999).

2. Analysis of hatchery survivals from the Oregon Production Index area, Puget Sound, and the Strait
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of Georgia over the time period 1972–1995, which indicated they were all declining (Beamish et al.,
2000) and

3. A study indicating temperatures from satellite imagery were negatively correlated with survival of hatch-
ery coho salmon in Oregon over the period 1985–1996, which was interpreted to mean that higher
temperatures could explain the decline in survival (Cole, 2000).

In addition to these effects, which presumably occur at the age of entry into the ocean, higher ocean
temperature conditions are known to have a negative effect on survival and growth of both coho and
chinook salmon at the age of return for spawning (Johnson, 1988).

Investigations of interannual relationships between chinook salmon and the physical environment at
various specific locations have included both marine and freshwater variables (e.g. Barton, 1980; van
Hyning, 1973). Kope and Botsford (1990) found a negative influence of ENSO conditions on central
California chinook salmon in the year in which either they returned to spawn or were caught in the fishery.
Regarding decadal-scale variability, Beamish, Riddell, Neville, Thomson and Zhang (1995) noted that
chinook salmon catches in the Strait of Georgia have declined since the mid-1970s.

To summarize, while the physical environment has been shown to affect CCS salmon at specific
locations, and some studies suggest an inverse relation between salmon in the GOA and the CCS, there
has been no strong statistical demonstration of the co-variability between the salmon abundance in the
GOA and the CCS. To begin to identify mechanisms underlying changes in CCS salmon populations, an
analysis of these populations over the period before and after the mid-1970s is needed. Here we examine
physical and biological data over the spatial range of the CCS (i.e. Washington, Oregon and northern
California) to understand more clearly how the changes in the physical state of the California Current that
occurred the mid-1970s might have caused biological changes, specifically in salmon populations. To
describe the physical state over this broad a scale we use SSH, sea surface temperature (SST) and Bakun’s
upwelling index (UWI). To describe the biological response at higher trophic levels we use salmon catch
for the two predominant California Current salmon species, coho (Oncorhynchus kisutch) and chinook
(Oncorhynchus tshawytscha). Neither the physical nor the biological data are completely satisfactory
descriptions of the state of the populations or the ocean, however even so any co-variability between them
may indicate common underlying mechanisms. Catch records can be influenced by a number of factors
which would confound our interests here, primarily changes in fishery regulations, fishing effort, and hatch-
ery production, but records of those factors are adequate to assess their effects on our analysis. Also, from
above, the evidence presented for abrupt changes in Pacific salmon production comes from catch records.
We also include catch records for the Dungeness crab, Cancer magister, in our analysis because they have
been shown to co-vary with salmon (Botsford, Methot, & Wilen, 1982), their larvae are in the plankton
when juvenile salmon enter the ocean and they are a significant prey of juvenile and adult salmon (Peterson,
Brodeur, & Pearcy, 1982).

There have also been numerous studies of the influence of physical conditions on interannual variability
in Dungeness crab abundance (see review in Botsford et al., 1989). Physical variables invoked to explain
that variability include SST, wind in various directions, the UWI, and alongshore flow. Some studies have
also sought to explain decadal scale change in the Dungeness crab, i.e. the collapse of the central California
population in the late 1950s (Wild, 1980; Wild & Tasto, 1983).

2. Data and methods

Salmon catch data were obtained from the Pacific Fishery Management Council (Pacific Marine Fisheries
Commission, 1993) for the years from the early 1950s (first data point varies with location) to 1990 (Fig.
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1). We also used total salmon catch by species from the State of Alaska. Dungeness crab data were obtained
from the Pacific States Marine Fisheries Commission by port grouping. To reduce computation, for each
species, data from highly correlated, adjacent ports were combined as shown in Fig. 1.

Analyses of these catch data are confounded by the influences of variations in hatchery releases and
fishery closures as part of management. Releases of hatchery salmon increased steadily from the early
1960s until the 1980s, and the influence of this trend may be present in the catch records used here (e.g.
Pearcy, 1997, Fig. 5.2 therein). In the management of salmon stocks there was a gradual trend toward
more restrictive regulations from the late 1970s through the 1980s. The exploitation rate index for coho
salmon remained between 0.6 and 0.9 through 1983, when it declined to low values for three years (Pacific
Fishery Management Council, 1996). A similar index for central California chinook salmon remained
between 0.55 and 0.8 from 1970–1990, except for a low point in 1985. The fishing seasons have been
reduced more in some locations than in others, in particular in the areas near the Klamath River in northern
California, and the Columbia River.

The use of catch data in the analysis of environmental influences raises the questions of where the fish
caught at each location spawned and in which ocean region were the environmental shifts effecting the
fish caught at each location. Coded wire tag data, which are primarily from hatchery fish, indicate most
coho salmon are caught near where they were spawned, but some travel hundreds of kilometers away from
their origin (Weitkamp et al., 1995, their Fig. 19). Studies of chinook salmon indicate that fish whose natal
stream is south of Cape Blanco are genetically disposed to migrate to the south, whereas fish hatched to
the north of the Cape tend to migrate northwards (Nicholas & Hankin, 1988). Chinook salmon also have
two types of life histories: an ocean-type life history in which only a few months are spent in freshwater
as juveniles, and a stream type in which the individuals typically migrate as yearlings. Fish following the
stream-type life history tend to migrate to the central north Pacific, whereas ocean-types are generally

Fig. 1. Locations, displayed by latitude, from which the physical data and biological data used in this analysis were assembled. The
gray boxes indicate how the data were combined zonally into five descriptors representing 37°N, 38–40°N, 41–43°N, 44–46°N and
47°N and into a species-specific number of biological descriptors (nine for coho salmon, seven for chinook salmon and five for
Dungeness crab). Port acronyms used in subsequent figures and text: CF—Cape Flatttery, Q—Quillayute, GH—Gray’s Harbor, AW—
Astoria and Warrenton, CR1—Columbia River Area 1, CR2—Columbia River Area 2, T—Tillamook, N—Newport, CB—Coos Bay,
B—Brookings, CC—Crescent City, E—Eureka, FB—Fort Bragg, BB—Bodega Bay, SR—San Francisco, M—Monterey.
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found closer to the coast (Healey, 1991; Myers et al., 1998). Generalizations regarding oceanic distributions
are easy to draw, but exceptions are numerous. For example, based on tagging studies, chinook salmon in
central California were believed to remain near their natal origins, but in 1998 two coded wire tagged
Sacramento River chinook salmon were recovered in the Bering Sea (Myers et al., 1999).

Physical data used were ocean temperatures from the COADS data set (Mendelssohn & Roy, 1996),
sea levels from shore stations and Bakun’s UWI (from NMFS Pacific Fisheries Environmental Laboratory
(PMEL)). These three parameters from different locations along the coast were combined into a single
alongshore array depicting zonal variability, as shown in Fig. 1. We also obtained monthly time series of
the SOI, the extra-tropical Southern Oscillation Index (SOIx), and the extra-tropical Northern Oscillation
Index (NOIx) from the NMFS PFEL. We obtained the PDO from the Joint Institute for the Study of the
Atmosphere and the Oceans Climate Data Archive at the University of Washington.

The primary method used to examine co-variability between physical conditions and biological descrip-
tors was computation of cross correlations. To account for seasonal effects in co-variability, we computed
cross correlations for each of the four seasons as January through March (winter), April through June
(spring), July through September (summer) and October through December (fall).

Assessing the statistical significance of computed cross correlations is complicated by two factors, intra-
series correlation and multiple tests. In the former, lack of independence of adjacent values within each
time series means that the number of statistical degrees of freedom is less than the number of samples in
the series. There are a number of methods for accounting for this effect in any single computation (see
recent assessment by Pyper & Peterman, 1998). A problem with those methods is that they depend on
computations from each series (i.e. only one realization of the random process) to determine the ‘general’
statistical characteristics needed to correct the number of degrees of freedom. One means of improving on
that approach is to determine the general statistical characteristics of each series from a number of similar
series, rather than a single series (Botsford & Paulsen, 1999). We have used that approach here, calculating
the effective numbers of degrees of freedom for different pairs of series, and then averaging them over
categories of similar series. We do not account for the problem of multiple tests here. Rather we regard
the results of this search for temporal and spatial pattern of co-variability as indications of hypotheses to
be tested further, not as proven relationships.

We computed the effective number of degrees of freedom using the variance in the estimate of the cross-
correlation from the following expression (Kope & Botsford, 1990)

var[Rxy(k)] �
1

N��k� �N��k��1

v � 1�N � �k�
�1�

�v�
N��k��[rxx(v)ryy(v)]. (1)

where N is the length of the series, k is the time lag, and ρxx and ρyy are autocorrelations in each variable.
This expression for the variance of the cross-correlation is appropriate for testing the null hypothesis that
the cross-correlation differs from zero. It is obtained by setting the cross-correlation to zero in the expression
for the variance (see Botsford and Brittnacher, 1998). The variance was computed for correlations between
each physical variable and each biological variable, at each location for each season. It was used to compute
the degrees of freedom by comparing it to 1/(N�|k|), the number of degrees of freedom for independent
points. The resulting number of degrees of freedom for each data type were averaged, and used to generate
the levels at which correlations were deemed significant at the 0.01, the 0.05 and the 0.10 level, assuming
a Gaussian distribution of computed correlation values. These values are noted on each figure presenting
correlation results.
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3. Results

A reasonable first step toward a better understanding of potential inverse changes in salmon populations
in the GOA and the CCS in the mid-1970s is to compare the specific population behavior of the two
predominant CCS species of salmon to the behavior of populations of those two species in the GOA (Fig.
2). Plotting the catch record for each species relative to catches in the 10 years before the mid-1970s
indicates that in the GOA the strong increases in salmon in the mid-1970s were in pink, sockeye and coho
salmon with a weaker increase in chum salmon. Of the two species common in the CCS, coho salmon
increased, but any increase in chinook catches was small or negligible. In the CCS, coho salmon catches
increased through the 1960s but then declined in the mid-1970s, while chinook salmon again remained
relatively constant.

Catches of the CCS species plotted by port groupings from Fig. 1, and normalized by dividing by mean

Fig. 2. Comparison of (A) catch records for various salmon species in Alaska with (B) catch records from the two salmon species
dominant in the CCS (i.e. ports in Washington, Oregon and California). To place all species data on the same scale, each series was
divided by its mean between 1950 and 1960
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catch at each location indicate the salient features of variability over time and space (Fig. 3). The qualitative
features of the coho salmon record are a gradual coastwide increase from the early 1960s through the mid-
1970s, followed by a dramatic decline. The increases may in part have resulted from the increase in the
numbers of hatchery releases, but the decline was neither the result of a drop in hatchery output nor to
changes in fishing regulations. Variability in the catches appears to be relatively synchronous along the
coast, and, at least in the 1970s, to have occurred over a relatively short time scale. Chinook salmon
records, on the other hand, exhibited neither a concomitant coastwide increase, nor a decline in the mid-
1970s, nor did they respond on time scales as short as those the coho salmon respond to. As noted above,
these records have been affected by regulations introduced at some locations in the late 1980s.

Fig. 3. The spatial distribution of catch over time for chinook salmon, coho salmon and Dungeness crab in the California Current.
To emphasize spatial variability at each location, each series was divided by its mean. The catch ports from which the data were
assembled are shown on the right; these location acronyms are defined in Fig. 1.
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Dungeness crab catch records north of central California exhibit a synchronous variability on ten year
time scales that has attracted much research attention (reviewed in Botsford et al., 1989). Dungeness crab
populations (catches) in central California declined in the late 1960s (Wild & Tasto, 1983).

The apparent synchrony in each of these catch records can be quantified in terms of empirical orthogonal
functions (EOFs, known in the biological literature as principal components) (Fig. 4). For coho salmon,
the leading EOF reflects the synchrony apparent in Fig. 3, and describes 69% of the variance. For chinook
salmon the leading EOF reflects the spatial pattern seen in Fig. 3, and describes 34% of the variance. Returns
for ports in the Columbia River north co-varied with Eureka and Crescent City in northern California, while
ports in central California (Fort Bragg, San Francisco and Monterey) co-varied with Oregon, south of the

Fig. 4. Loadings of the first empirical orthogonal function over space (catch ports) for each of the three species analyzed. This EOF
is referred to in the text as SEOF. The gray boxes encompass the port groupings as shown in Fig. 1.
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Columbia River. Brookings in southern Oregon remained independent of these. The leading EOF for Dung-
eness crab reflects the almost synchronous behavior of the more northern ports seen in Fig. 3 (i.e. Fort
Bragg and all ports to the north) and explains 44% of the variance. Subsequently, we refer to the leading
EOFs for each species as the spatial EOFs (SEOFs).

Plots of the data used to describe the physical environment indicate variability on time scales of several
years, and there appears to be considerable co-variability between SST, SSH and UWI (Fig. 5). Because
of that, and the fact that preliminary calculations of correlations between physical and biological variables
indicate structure in the physical variables that would be associated with warm water (ENSO-like) con-
ditions (i.e. negative correlations with temperature and sea level, along with positive correlations with
UWI), we have computed EOFs across these three variables for each location and season (Fig. 5, Table 1).

The leading EOF of the three physical variables appears to describe a significant mode of variability

Fig. 5. Variability in the spatial distribution of SST, SSH, UWI, and the first EOF of these three (PEOF). Temperature and the
UWI are given as actual values, while the SSH is divided by its mean value at each location.
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Table 1
Loadings of the first empirical orthogonal function (PEOF) of sea sur-
face temperature (SST), sea surface height (SSH), and upwelling index
(UWI), by latitude and season. The fraction of the variance explained
by the PEOF by latitude and season is also given

Latitude Season Loadings on Factors Prop. of σ2

SST SSH UWI

47 spring 0.160 0.725 �0.712 0.470
44–46 spring 0.726 0.635 �0.702 0.474
41–43 spring 0.736 0.649 �0.799 0.534
38–40 spring 0.887 0.635 �0.760 0.589
36–37 spring 0.762 0.785 �0.659 0.544
47 summer 0.580 0.786 �0.813 0.571
44–46 summer 0.813 0.817 �0.685 0.599
41–43 summer 0.789 0.717 �0.796 0.590
38–40 summer 0.899 0.659 �0.760 0.526
36–37 summer 0.854 0.770 �0.539 0.538
47 fall 0.799 0.597 �0.834 0.564
44–46 fall 0.759 0.744 �0.820 0.601
41–43 fall 0.764 0.889 �0.853 0.701
38–40 fall 0.918 0.622 �0.802 0.624
36–37 fall 0.763 0.794 �0.841 0.639
47 winter 0.236 0.836 �0.864 0.515
44–46 winter 0.750 0.805 �0.909 0.679
41–43 winter 0.847 0.896 �0.910 0.783
38–40 winter 0.847 0.882 �0.578 0.766
36–37 winter 0.713 0.913 �0.813 0.667

throughout the region, throughout the year (Table 1). The loadings are similar at each location; positive
SST, positive SSH and negative UWI in approximately equal proportions. Hereafter, we refer to this EOF
as the physical EOF (PEOF), and, in the context of this variable, we refer to high values as warm years
and low values as cool years with the understanding that we are not referring solely to ocean temperature.
The PEOF explains more than half the variance at almost all locations (Table 1). This variable does not
show the spatial trends seen in the other variables because it is calculated from correlations at each location,
i.e. it reflects local variability at each location. Note that the effects of the ENSO events in 1957–58 and
1982–83 affected all but the most northern station, and that there was a relatively cool period from 1963
to 1976 followed by a warmer period through the 1980s (Fig. 5).

3.1. Co-variability between physical environment and populations

3.1.1. Coho salmon
Correlations between coho salmon catch and the four variables representing the physical environment

were dominated by the UWI and the PEOF in the spring prior to salmon returning to spawn or be caught
in the fishery (lag � 0year) and entry of juveniles into the ocean (lag � 1year) (Fig. 6). Correlations with
UWI were strongest at latitudes 41–43°N, where that variable affected catches at all locations. It is not
surprising that physical conditions have an influence on all catches at all latitudes, because of the synchrony
of the catch of coho salmon indicated by the SEOF (Fig. 3). Catches at almost all latitudes were negatively
correlated with the PEOF at all latitudes, indicating cool years are favorable for coho salmon. In spring
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Fig. 6. Correlations between the coho salmon catches by port grouping (see Fig. 1) and the spring PEOF and spring UWI by latitude,
for lags corresponding to the age of return (lag � 0yr) and the age of ocean entry (lag � 1yr) of the salmon. Calculated significance
levels account for intra-series correlation in each data type (Eq. (1)). Shading indicates the magnitude but not the sign of the signifi-
cance level of the correlation.

there were also several significant correlations involving the PEOF and the UWI at longer time lags,
probably as a result of intraseries correlation, since they are not associated with any obvious biological
mechanism. A pattern of weaker correlations with temperature (not shown), distributed more southward
was probably the reason for the distribution of correlations with the PEOF having a broader spatial distri-
bution than the correlations with UWI. Correlations in the summer (not shown) had a similar pattern, but
were weaker, being significant only where the spring correlations were strongest. There were a few random
correlations in the winter, and fewer yet in the fall. None of these patterns changed after a linear trend
was removed from each series, primarily because the trends were small.

Because we were interested in potential changes in the mid-1970s, we have assessed the temporal changes
in the co-variability of coho salmon with the environment at that time. Examination of the pattern of
residuals in the regressions of both age of entry and age of return of coho salmon on both UWI and the
PEOF at latitudes 42–43°N showed that they typically declined to negative values beginning in the late
1970s, suggesting there was a change in the relationships in the later years. Separate regressions, of catches
before and after 1975, on both UWI and the PEOF yielded few significant relationships, except for the
UWI for the period after 1975. These were significant primarily because of a declining trend in both the
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UWI and catch. Interpretation of this relationship is confounded by the fact that in the years 1984–86 there
was a decline in effort that influenced the catches.

3.1.2. Chinook salmon
Correlations between chinook salmon catches and the physical environment did not lend themselves to

as clear an interpretation as those for coho salmon. In general they reflected conditions associated with
the PEOF, but differed from the correlations for coho salmon in two respects: (1) rather than a coastwide
synchronous response, they followed the pattern in the SEOF (Fig. 4), and (2) rather than physical con-
ditions at all latitudes having the same effect, physical conditions in the northern CCS had a different
effect from conditions in the southern part of the study area. Significant correlations were spread more
evenly across SST, SSH and UWI in spring and summer, and correlations with the PEOF were significant
as frequently as any one of the others. Correlations were marginally strongest in summer (Fig. 7). The
pattern of correlations is strongest at lag zero (year of return), with the number of correlations at non-zero
lags being ~10% of the total, the number expected on the basis of chance alone. Because the ages of entry
for chinook salmon vary from two to four years prior to the age of return, one would not expect correlations
at single non-zero lags to be as strong as for coho salmon where virtually all non-precocious spawners
from a single brood year return at the same time. Focusing on lag zero, which corresponds to environmental
conditions at the time of return for spawning, correlations with the PEOF in the south (e.g. 36–37°N) are
all negative, indicating a positive effect of cool conditions, as observed above for coho salmon. The response
to PEOF conditions at locations further to the north (e.g. 47°N) reflect the spatial variability indicated in
the SEOF for chinook salmon (Fig. 4), with significant negative correlations remaining on catches along
the Oregon coast (T � N � CB) and in central California (FB � SF � M), but positive significant corre-
lations (warm conditions favorable) along the Washington coast (CF and CR1&2).

3.1.3. Dungeness crab
Correlations between Dungeness crab catch and environmental variables were strongest during winter

and spring at lags of 3 and 4, and indicated cool conditions were favorable. Since most Dungeness crabs
enter the fishery at ages 4 and 5 (Botsford, 1984), catch here is indexed by the year in which the season
began, and the larval phase spans January through June, this indicates cool conditions have a favorable
effect on the larval stage. In the winter at lag 3, negative correlations indicate an effect of temperature to
the south on catch at each port (Fig. 8). Correlations with the PEOF are similar, but do not indicate as
strong a directionality. In the spring at lag 3, the PEOF indicates an effect of local conditions during the
larval phase on later catch, but temperature has a coastwide effect on northern catches. Correlations at lag
4 are similar. Correlations with the most southern port grouping (BB � SF � M) should be interpreted
with care because the catches declined in the late 1950s, hence will tend to be correlated with any environ-
mental series that contains a trend.

3.2. Basin-wide Indices

To determine how the relationships identified here might be influenced by basin-scale forcing, we exam-
ined co-variability between the physical variables found here to be important to these populations and
several indices of basin-wide conditions: the SOI, the SOIx, the PDO, and the NOIx. We examined co-
variability between these and UWI, SST, and the PEOF in spring, and just the latter two in summer and
winter. To test for lagged effects and possible predictive ability, we used basin-scale indices lagged 1, 2
and 3 seasons into the past, with the seasons defined as above.

The correlations indicate an influence of all of the basin scale variables on temperature and PEOF in
the same season (Fig. 9), but a weak influence on upwelling (not shown, only 17 of 80 were significant).
These relationships are strongest in winter, when all indices influence local conditions, and indices in some
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Fig. 7. Correlations between the chinook salmon catches by port grouping (see Fig. 1) and summer PEOF and SST by latitude, at
lags corresponding to age of return (lag � 0yr) and various ages of entry (lags � 2, 3 and 4 yr) of the salmon. Calculated significance
levels account for intra-series correlation in each data type (Eq. (1)). Positive correlations are shown in red and pink; negative
correlations are shown in blue.
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Fig. 8. Correlations between Dungeness crab catches by port grouping (see Fig. 1) and winter and spring values of the PEOF and
SST by latitude, at lags corresponding to an influence on the larval phase. Calculated significance levels account for intra-series
correlation in each data type (Eq. (1)). Shading indicates the magnitude but not the sign of the significance level of the correlation.

previous seasons also are correlated. These influences are weaker in spring with significant correlations
primarily with local effects in the same season. They are weaker still in the summer. For all seasons,
relationships are stronger with the more southern locations; locations south of 47°N were all correlated
with the basin-scale indices, with 47°N being correlated only for the winter values of sea surface tempera-
ture (SST) and PEOF. Of the four indices, NOIx and SOI provide the strongest correlations within the
season, and the SOI provided the strongest correlation in previous seasons. Note that there is only one
reversal of the sign of the dependence on previous seasons, between the PDO and the PEOF in summer.

Plots of zero mean, unit variance versions of the basin-wide indices (i.e. for each index time series, the
mean of the series was subtracted and the series was divided by its variance) and the values of PEOF
along the coast indicate there are time periods of greater and less co-variability between local conditions
(PEOF) and basin-scale indicators (Fig. 10). First, in both the basin indicators and the PEOFs at the five
latitudes, year-to-year differences in the mean of each are stronger than variability within each data type.
We treat each of them here as single indicators, one of basin wide conditions, the other of local physical
conditions (of biological importance). The two variables appear to co-vary strongly through the 1950s, but
not from 1960 through 1975. In particular, the basin indicators do not indicate the cool period (high values)
from 1964 to 1969, which appears to be important to coho salmon (Figs. 2 and 3). Both sets of variables
decline and the two co-vary annually following 1975, with common low values (warm years) in 1978 and
1983, and high values in 1982 and 1985 (cool years).
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Fig. 10. Comparison of zero mean, unit variance versions of (A) the PEOF and (B) the basin-scale climate indices. In each panel,
the mean (heavy line) and the envelope of maximum and minimum values are shown. The PEOF panel (A) includes the time series
of PEOF at each of the latitudes used here, 36–37°N, 38–40°N, 41–43°N, 44–46°N, and 47°N. Panel (B) includes all of the climate
indices shown in Fig. 9 (PDO, NOIx, SOIx, and SOI), however, the negative of the PDO was used.

4. Discussion

The patterns presented here indicate the variability in salmon populations is more complex than a simple
inverse relationship between GOA and California Current stocks. While CCS coho salmon populations did
collapse in the mid-1970s, apparently following a shift to warmer conditions (Figs. 2, 3 and 5), there was
no uniform decline in CCS chinook salmon, nor did total chinook salmon catch increase in the GOA, as
is generally believed. Furthermore, rather than varying synchronously in the CCS, as did coho salmon
catches, chinook salmon populations seem to exhibit greater spatial variability, and the effects of physical
conditions in the northern CCS differ from those in the south. However, our results do indicate that CCS
salmon populations and one associated prey species are significantly influenced by common, coastwide
environmental forcing, which is likely to act on these species through variability in biological productivity
at lower trophic levels. Furthermore, conditions responsible for this common forcing, represented by the
PEOF, co-vary with indices of basin-wide conditions during the 1950s and from 1975–1990.

These findings raise the question for the GLOBEC program as to why the populations of the two domi-
nant CCS salmon species, coho and chinook, behave differently. Chinook salmon have much more varied
life history, in terms of the age distribution of spawning and time spent in fresh water (i.e. ocean versus
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stream types). However, this variation is more likely to cause difficulties in detecting physical–biological
linkages than to be responsible for completely different mechanisms. Chinook salmon spend more time at
sea and migrate farther from their natal streams, thus catches of them may reflect the integration of marine
conditions over longer temporal and larger spatial scales. At present there is no clear explanation for these
observed differences between the two salmon species.

Many of the results obtained here are neither completely new, nor unexpected; rather, it is their demon-
stration on a CCS-wide scale that is potentially useful in interpreting results from field studies at specific
locations within the CCS. That the physical variability can be described in terms of co-variability in the
three variables used in all seasons, at all locations is useful, but unsurprising. Loosely speaking, it is now
common to expect either an El Niño year with low upwelling or a La Niña year with high upwelling in
the CCS. Also, Kope and Botsford (1990) formulated a similar EOF in central California and found the
same dependence of local conditions in the winter on a basin-scale index, the SOI. One advantage of the
PEOF description over any of the single raw indicators is that it appears to be more consistently related
to biological variability than the other indicators. A second reason for using the PEOF descriptions, rather
than single variables, is that it is probably impossible statistically to prove that one of the single variables
is the prime cause of observed biological variability anyway, given the consistent co-variability indicated
in Table 1. That it is composed of variables that are direct measurements of ocean state, as well as a
variable based on the state of the atmosphere (the UWI, which is computed from pressure observations),
suggests it may reflect a combination of remote forcing through the ocean and atmospheric teleconnection.

As noted in the introduction, some of the biological dependencies on the physical environment were
previously identified at specific locations, but quantification of the spatial scale of these effects and their
spatial variability provides further insights. For coho salmon our results are consistent with the positive
influence of upwelling as indicated in earlier studies (Cole, 2000; Nickelson, 1986), but the coastwide
coherence of abundance and dependence on coastwide PEOF conditions extend the geographic scope of
these conclusions. For one, the PEOF is related to the basin scale indicators, whereas spring upwelling is
not. The change in coho abundance in the mid-1970s appears to have been coastwide (in contrast to chinook
salmon), although its cause remains uncertain. The negative residuals in regressions with upwelling and
the PEOF following 1975 suggest there was a fundamental change in the relationship between the biology
and the physical environment, which is consistent with Pearcy’s (1997) identification of the disappearance
of the significant relationship between upwelling and OPI survivals. However, the latter observation may
simply indicate that the mean environment is now at such an extreme state that inter-annual variability no
longer expresses, i.e. the biological response may be saturated.

For chinook salmon, the effects of the physical environment are not as clear, but the negative effects
of PEOF conditions in the south at the age of return is consistent with the findings of Johnson (1988) and
Kope and Botsford (1990) regarding the negative influence of ENSO events. The difference in effects of
the physical conditions between the north and the south may follow from the inverse relationship between
physical conditions in the CCS and conditions in the GOA, and a greater number of fish in northern CCS
stocks migrating northward into the GOA. Rainfall and streamflow are also correlated with ENSO con-
ditions, and there is a zonal trend in that dependence, with lower rainfall during ENSO conditions in the
northern CCS, and less response in California (Redmond & Koch, 1991). Zonal variability in rainfall is
similar on both ENSO and decadal time scales (Dettinger, Cayan, Diaz, & Meko, 1998), and the decadal
scale variability accounts for 20–50% of the variance in rainfall (Cayan, Dettinger, Diaz, & Graham, 1998).
Variation in rainfall could affect salmon in freshwater, through streamflow, or in the marine environment
through outflow. Explanation of the spatial pattern of variability suggested by the SEOF is difficult, and
attempts to do so must be prefaced by the caveat that regulations in the 1980s sought to provide special
protection to stocks on the Klamath River in northern California and the Columbia River. However, the
spatial pattern also appears to be present earlier. A possible contributing factor is suggested by the fact
that the two areas that are counter to the expected negative effect of ENSO (central California and northern
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Oregon) are areas subject to the largest river outflows (i.e. from the Sacramento River and the Columbia
River). In addition to the possible effects of the large rivers themselves, most of the stream-type chinook
salmon occur in these rivers. The decline of chinook salmon catches in Georgia Strait appears to have
been more clearly linked to physical changes: a shift in bottom and surface temperatures in the Strait, as
well as a decrease in Fraser River discharge (Beamish et al., 1995).

The dependence of the Dungeness crab larval stage on cool years (low PEOF) provides a consistent
explanation for seemingly disparate explanations for recruitment variability in this species. Wild (1980)
noted that warmer years have a negative influence on crab recruitment in California, and proposed a direct
effect on egg mortality. This is consistent with the results of McConnaughey, Armstrong, Hickey and
Gunderson (1992) and McConnaughey, Armstrong, Hickey and Gunderson (1994) who explained poor
recruitment years off Washington on the basis of northward transport, out of the settlement area. Their
alongshore transport was calculated from coastal SSH, with high SSH corresponding to northward transport.
Recalling the co-variability between temperature and sea level, instead of warmer water leading to higher
egg mortality, and northward flows leading to transport beyond the settlement area, both of these corre-
lations may be result from the generally lowering of biological productivity in the California Current during
warm years. Other proposed relationships between crab catches and the environment have depended on
winds in specific directions (onshore), hence it is difficult to relate them to ENSO or PEOF variability. In
addition to the results reported here, we assessed the co-variability between CCS salmon and crab popu-
lations identified earlier (Botsford et al., 1982) by computing cross correlations at various lags, but there
were no compelling results. The only known strong link between CCS salmon and Dungeness crab is that
crab larvae of this species are often an important prey of salmon (e.g. Peterson et al., 1982). If the effects
of PEOF conditions on Dungeness crab larvae are mediated through fluctuations in food production, then
they may indicate a similar effect on other zooplankton and ichthyoplankton prey of the salmon. It is
interesting to note that although this time period has not been the focus of this study, the dramatic decline
of the central California Dungeness crab population in the late 1950s has been attributed to a shift in ocean
conditions indicated by an increase in the mean ocean temperature (Wild & Tasto, 1983), as well as a
population dynamic mechanism (Botsford, 1981).

Interpretation of oceanographic influences on decline in CCS salmon is confounded by the long-term
declining trend in the quality of the freshwater habitats of both chinook and coho salmon. Even if we
observe that a salmon population has declined synchronously with a change in ocean conditions, we would
not be able to separate the marine influence from the influence of the freshwater habitat deterioration
without survival data. Even if the ultimate cause of a long-term decline were to be found in the freshwater
phase, a decline would be just as likely to occur during a dramatic change in marine conditions, since both
freshwater and marine survival determine lifetime survival.

The relationships obtained here raise questions concerning population dynamics that require further eluci-
dation if we are to interpret GLOBEC results. Firstly, how can populations that appear to be subject to
the same environmental forcing on 3–7 year time scales (and possibly decadal scales) respond on such
different time scales (yearly for coho salmon, 3–5 years for chinook salmon, and 10 years for Dungeness
crab)? This is of course possible, but it is contrary to the common assumption that causally related popu-
lations and environments vary on similar time scales. A second question arises from the fact that the
physical environment appears to affect salmon at both the age of ocean entry and the age of return to
freshwater to spawn. How do these effects combine in these two different species, and what will the
GLOBEC field program be missing by studying only the juvenile stage (intensive sampling of the adult
stage would be prohibitively expensive)? Thirdly what differences should we expect in the responses of
coho salmon and chinook salmon to the environment based on their different age distributions of spawning?
As noted above, there will be differences in detectability of effects on survival at younger ages from
observations of adults, but it is doubtful that such differences in age structure underlie the fact that coho
salmon stocks have collapsed, while those of chinook have not. There is also a trend toward chinook
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spawning at older ages in the north, but that is unlikely to be the source of the spatial variability in
environmental effects. However, the differing age structure may partially explain the difference in temporal
scale of response (annual versus several years). We are pursuing answers to each of these questions.

In addition to the need for population modeling efforts and observational approaches, our results also
imply that additional retrospective analyses will be fruitful. Our exploratory analysis of catch data is merely
a first step necessary because the initial suggestions of inverse variability were made using the catch data.
Although other types of biological data avoid some of the problems associated with catch data, invoke
other problems. We are pursuing analyses of spawner data, which are not as broadly and consistently
available as catch, as well as survival data, which are available primarily for hatchery fish.

In summary, this exploratory search for patterns that might be useful in interpretation of results of
GLOBEC field studies has yielded some clear changes in perception of recent changes in the CCS, and
other, less certain suggestions of previously unreported variability. It is clear that:

1. There was not a uniform decline in CCS chinook salmon populations in the mid-1970s (nor did total
GOA chinook populations increase).

2. These three CCS species appear to be driven by common ecosystem level physical forcing manifested
in warm/cool years, and

3. The conditions driving the ecosystem are related to conditions at the basin scale, at least during the
1950s and 1975–1990.

Less certain suggestions include that:

1. There appears to be a spatial pattern to the chinook salmon variability.
2. Physical forcing of chinook salmon differs from that of coho salmon, hence mechanisms may be differ-

ent, and
3. The physical mechanism forcing coho salmon populations may have changed in the mid-1970s, so this

species may not be merely following the same mechanism through a dramatic change in physical con-
ditions.

The latter group of suggestions must be regarded as hypotheses for possible mechanisms that are consist-
ent with the (imperfect) observations, but with no claim to proof. As noted above, not only are catch
records not an accurate reflection of abundance, but also the three physical variables are only indices of
possible changes in circulation and hydrography. Moreover, we are limited statistically in trying to interpret
such slow changes with these short data series. Ongoing next steps in these investigations are:

1. To answer the population dynamic questions raised above.
2. To analyze spawner and survival data, which although are not available over as broad a geographical

range, and are location specific, but are not dependent on fishing effort.
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