
A b s t r a c t . - w e  computed corre- 
lations between various population 
estimates for Central California 
chinook salmon Oncorhynchus 
tshawytscha and both freshwater and 
marine environmental variables using 
methods that account for intraseries 
correlation in a more accurate and 
conservative way than those used 
previously. These indicated a nega- 
tive influence of ENSO (El Nirio- 
Southern Oscillation) conditions in 
the year during which most of these 
fish are caught or leave the ocean to 
spawn. Although freshwater envi- 
ronmental influences have been pre- 
viously proposed on the basis of 
correlation analysis, and have been 
demonstrated using direct survival 
estimates based on marked fish, they 
were not detectable using correlation 
techniques that accurately account 
for intraseries correlation. There 
was also weak evidence for an influ- 
ence of conditions associated with a 
negative upwelling index at the time 
chinook salmon enter the ocean. 
However, because these conditions 
are associated with high river flows 
in addition to oceanographic effects, 
these correlations may merely result 
from the influence of freshwater 
flows. To further describe oceano- 
graphic influences we computed the 
principal components of upwelling 
index, sea level height, and sea sur- 
face temperature. The first principle 
component, which reflected the 
effects of ENSO conditions in the 
equatorial Pacific during the previ- 
ous winter, was significantly corre- 
lated with chinook salmon abundance 
in their final year, and marginally 
correlated with abundance during 
the first ocean summer. This work 
demonstrates new techniques for 
reducing spurious correlations and 
the practical difficulties involved in 
sorting out the multivariate influ- 
ences on populations subject to re- 
mote forcing through oceanographic 
and meteorological conditions. 
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Understanding the influences of envi- 
ronment on survival and abundance 
of chinook salmon Oncorhynchus 
tshawytscha is necessary for manage- 
ment of both fisheries and surface 
water in central California. The 
salmon fisheries are managed by 
allocating predicted preseason abun- 
dance between catch and spawning 
escapement, and flow rates in central 
California rivers are currently man- 
aged to allow adequate flows for 
spawning and rearing of chinook 
salmon. Better understanding of en- 
vironmental influences on salmon 
populations could improve the ability 
to forecast preseason abundance 
and more clearly define the impacts 
of water management on salmon 
abundance. 

Chinook salmon spawn in fresh- 
water, but spend most of their lives 
in the ocean. In California’s Central 
Valley, there are four distinct runs of 
chinook salmon named for the timing 
of their spawning migrations: fall, 
late-fall, winter, and spring. Typically 
over 90% of the spawning salmon are 
from the fall run, and over 80% 
spawn in the Sacramento River and 
its tributaries (USFWS 1987). Fall 
run chinook salmon migrate up- 
stream July through November, and 
spawn October through January. 

Eggs incubate in the gravel October 
through March, and young fish rear 
in the streams and migrate down- 
stream December through June 
(USFWS 1987). Most fish spawn at 
age 3, with some spawning a t  ages 2 
and 4, and a few fish a t  age 5 (Dett- 
man e t  al. 1986, Reisenbichler 1986, 
Kope 1987). The precocious 2-year- 
old spawners are primarily males and 
are called “jacks.” While in the 
ocean, Central Valley chinook salmon 
are  harvested by commercial and 
recreational troll fisheries. Catches in 
both fisheries are dominated by 
3-year-old fish (Denega 1973, Kope 
1987). 

In addition to natural production, 
several hatcheries and spawning 
facilities produce fish to enhance the 
fisheries and mitigate for losses of 
spawning and rearing habitat result- 
ing from water development projects 
(Fig. 1). The contribution of hatchery 
production to spawning runs has in- 
creased in recent years, and has been 
estimated to be approximately 15% 
of the total run in the upper Sacra- 
mento River (Reisenbichler 1986), 
78% of the run in the Feather River, 
and 87% of the total in the American 
River (Dettman and Kelley 1986). 

Numerous studies have examined 
relationships between environmental 
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Flgure 1 
Chinook salmon spawning streams and fish facilities of California’s 
Central Valley. CNH = Coleman National Hatchery; RBDD = Red 
Bluff Diversion Dam; FRH = Feather River Hatchery; NH = Nim- 
bus Hatchery; MRFI = Mokelumne River Fish Installation; MRFF 
= Merced River Fish Facility; SWP = State Water Project pump- 
ing plant; CVP = Central Valley Project pumping plant. 

variables and recruitment or abundance of Pacific sal- 
monids through correlation analysis. Many of these 
studies have focused on chinook salmon (e.g., Van Hyn- 
ing 1973, Barton 1980), and a few have dealt with the 
stock of chinook salmon that spawns in California’s 
Central Valley. Most of these studies have detected en- 
vironmental influences on recruitment; but in the case 
of Central Valley chinook salmon, reasonably longtime- 
series of recruitment data have been lacking. Some 
analysts have therefore used estimates of spawning 
escapement as a proxy for past recruitment (Dettman 
e t  al. 1986, Dettman and Kelley 1986, Reisenbichler 
1986, USFWS 1987). In general, these studies have 
reported positive correlations with flow variables and 
negative correlations with temperature during the 
period when the spawners were migrating downstream 
as smolts. Because of a negative correlation between 
flow variables and temperatures (Dettman e t  al. 1986), 
it is impossible to distinguish between effects of 
temperature and effects of flow using existing data. 

Stevens and Miller (1983) used two time-series of smolt 
estimates based on smolt catches in the delta (Fig. l), 
and showed a positive correlation with flows in the 
previous winter. The most convincing studies used 
estimates of mortality based on the difference in sur- 
vival between tagged fish released above the delta and 
tagged fish released below the delta to show a positive 
influence of flow rates in the delta and negative in- 
fluences of temperature and diversions (Kjelson and 
Brandes 1989, Kjelson e t  al. 1981, USFWS 1987, Dett- 
man e t  al. 1986). 

In contrast to those of freshwater, potential marine 
influences on Central Valley chinook stocks have not 
been explored. Oceanographic conditions off the Cali- 
fornia coast vary dramatically providing potentially 
important interannual differences in predators, prey, 
transport, and ocean temperature during the marine 
phase of chinook salmon life. The normal pattern of cir- 
culation in the northeastern Pacific involves north- 
westerly winds of varying strength along the coast of 
California in the spring and summer months which rein- 
force the geostrophic flow of the California Current and 
transport surface waters offshore (Mysak 1986, Hickey 
1989). This causes varying degrees of upwelling of 
deeper water and longshore advection of subarctic 
water along the coast of California and Oregon, which 
are associated with colder temperatures and depressed 
sea level heights. The amount of upwelling is estimated 
by an upwelling index based on winds computed from 
measured atmospheric pressure gradients (Bakun 
1975). Occasional El Nirio-Southern Oscillation (ENSO) 
events, characterized by a warming of equatorial 
Pacific waters, have a dramatic effect on California 
coastal waters. These effects may result from either 
coastal trapped waves which propagate poleward from 
the Equator, or an atmospheric teleconnection between 
the Equator and midlatitudes (Emery and Hamilton 
1985, Mysak 1986). The former would cause higher sea 
surface temperatures and sea level heights, but would 
not necessarily affect Bakun’s upwelling index (Enfield 
and Allen 1980, Emery and Hamilton 1985, Mysak 
1986). The latter involves an increase in strength of 
the Aleutian low-pressure system and a weakening of 
the north Pacific high-pressure system. Changes in the 
atmospheric pressure gradients, associated with ENSO 
events, weaken the northerly winds which results in 
less upwelling, warmer sea temperatures, higher sea 
level, and a lower upwelling index (Norton 1987, Mysak 
1986). ENSO events and anomalous strengthening of 
the Aleutian low pressure system may occur at the 
same time, but each also occurs alone (Emery and 
Hamilton 1985, Mysak 1986). 

Marine and freshwater influences on California Cen- 
tral Valley chinook salmon could be confounded. Large- 
scale oceanographic and meteorological conditions in 
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the Pacific have been related to precipitation in Califor- 
nia, which could in turn influence flow rates. Markham 
and McLain (1977) found a positive correlation between 
California rainfall and sea surface temperature off the 
coast of Washington. However, rainfall in California 
is only weakly related statistically to equatorial condi- 
tions associated with ENS0 events (Douglas and 
Englehart 1981, Cayan and Peterson 1989, Redmond 
1988). 

Environmental influences on fish populations are 
often explored by computing correlations between en- 
vironmental and population time-series; however, these 
are computed and the significance of resulting correla- 
tions are evaluated in a variety of ways. In attempting 
to detect environmental influences by computing corre- 
lations, the probability of obtaining a significant result 
is often artificially inflated by two problems: (1) intra- 
series correlation and (2) multiple tests (cf. Walters and 
Collie 1988). The latter arises from the fact that many 
environmental series can be tested for correlation with 
the population series; hence the probability of falsely 
identifying a significant relationship is greater than the 
probability level of each test. Methods exist for deal- 
ing with both problems, but we focus on the former 
here [see Hollowed et  al. (1987) and Drinkwater and 
Myers (1987). for examples of dealing with the latter]. 
The former, intraseries correlation, is a lack of statis- 
tical independence of observations, which implies that 
the true number of degrees of freedom that should be 
used in determining the significance of a computed cor- 
relation is less than the number of points in the series. 
There are two steps that can be taken to deal with this 
problem: (1) removing as much of the intraseries cor- 
relation as possible, and (2) accounting for the remain- 
ing correlation in the computation of confidence limits. 

Removal of intraseries correlation can be accom- 
plished by arbitrarily “pre-whitening” the series (Le., 
filtering the series so that correlation between adja- 
cent points is removed) (Box and Jenkins 1976, Fogarty 
1988), but is more directly justified when there is a 
physical basis for doing so and the new series repre- 
sents a meaningful quantity. In the case of an abun- 
dance or catch series, one can compute a recruitment 
time-series from the origmal series using deconvolu- 
tion (Kope and Botsford 1988). Deconvolution is a pro- 
cedure based on the observation that catch or abun- 
dance is a sum over age-classes which is essentially a 
weighted sum over past recruitment (i.e., a moving 
average), in which the weighting factors are the 
(assumed constant) probabilities of survival to each age. 
If the abundance or catch series is established using 
a size limit, rather than an age limit, the numbers a t  
each age that are larger than the size limit must also 
be accounted for in the weighting factors. Deconvolu- 
tion inverts this summing process to give recruitment 

in terms of catches or abundances. Deconvolution pro- 
vides two advantages over using the catch or abun- 
dance series without deconvolution: (1) it removes the 
intraseries correlation due to summing ages in abun- 
dance or catch data, and hence provides more conser- 
vative estimates of the significance of correlations 
between recruitment and the environment; and (2) it 
yields an estimate of recruitment from the abundance 
or catch data, hence it can also increase the magnitude 
of estimated correlation coefficients. However, decon- 
volution cannot yield an exact value of recruitment 
when noise is present in the abundance or catch data. 
The error present in the recruitment estimates depends 
on the error present in the catch or abundance series 
and on the stability of the deconvolution (Kope and 
Botsford 1988). Thus, there is a trade-off between the 
two advantages of removing the effects of multiple age- 
classes and the disadvantage of amplifying errors that 
depends on the stability of the deconvolution and the 
magnitude of measurement errors in abundance. Con- 
sequently, deconvolution may not always be useful. 

Intraseries correlation is accounted for in the com- 
putation of confidence limits by estimating the variance 
of the computed correlation coefficient in a way that 
accounts for the intraseries correlation. This often in- 
volves using one of the many approximations to an ex- 
pression originally due to Bartlett (1946) (Box and 
Jenkins 1976, Chelton 1984, Botsford 1986). This a p  
proach is functionally equivalent to adjusting the num- 
ber of degrees of freedom using a variation of the 
expression originally due to Bayley and Hammersley 
(1946) (Sutcliffe e t  al. 1976, Drinkwater and Myers 
1987). We use another method for dealing with this 
problem that leads to an actual probability of detection 
that is closer to the specified probability than other 
methods (Kope and Botsford 1988, Botsford and Wain- 
wright unpubl.). 

In spite of the fact that greater intraseries correla- 
tion artificially inflates the probability of detecting a 
significant relationship, some researchers have added 
intraseries correlation to the time-series before com- 
puting correlations. For example, in the freshwater 
chinook salmon studies cited above, Dettman e t  al. 
(1986) and Reisenbichler (1986) used 2-year moving 
averages of both spawning escapement and environ- 
mental variables in an effort to reduce the effects of 
age structure in the spawning escapement data. Hol- 
lowed e t  al. (1987) used five-point moving averages in 
their analysis of recruitment patterns in the northeast 
Pacific. Because the effects of intraseries correlation 
were not accounted for in either of these studies, the 
use of moving averages would decrease the probability 
of detecting real correlations and increase the probabil- 
ity of spurious correlation (Kope and Botsford 1988). 
Others have used moving averages before computing 
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correlations, but then have attempted to account for 
increased intraseries correlation [cf. Drinkwater and 
Myers (1987), who use a modified form of the Bayley 
and Hammersley (1946) approach]. 

The goals of the study reported here are to explore 
potential environmental influences on chinook salmon 
populations in California's Central Valley, and to dem- 
onstrate the effective use of some recently developed 
methods of correlation analysis that are more realistic 
and conservative than those used previously. We iden- 
tify potential oceanographic environmental influences 
on these populations and show that the freshwater in- 
fluences, which were established by direct survival 
estimates (USFWS 1987, Kjelson and Brandes 1989), 
are not detectable from correlation analysis of the 
available environmental and population data. 

Data and methods 

Environmental data were obtained from four sources. 
Average monthly streamflow data were obtained from 
published USGS records for gauging stations at Verona 
on the upper Sacramento River, Nicholas on the 
Feather River, and Fair Oaks on the American River. 
Flow and diversion data for the Sacramento-San J o a  
quin delta were obtained from the California Depart- 
ment of Water Resources DAYFLOW hydrological 
model. Data on sea surface temperature at the Farallon 
Islands, southern oscillation index, and tidal height at 
San Francisco (37.48 N 122.22 W) were obtained from 
D. Cayan (Scripps Inst. Oceanography, La Jolla, CA 
92037), and calculated coastal upwelling index at lat. 
39"N (Bakun 1975) was obtained from A. Bakun 
(Pacific Fish. Environ. Group, Natl. Mar. Fish. Serv., 
NOAA, Monterey, CA 93940). 

Population data were taken from the recreational 
fishery, the commercial fishery, and spawner esti- 
mates. We used spawner data from the upper Sacra- 
mento River, the Feather River, the Yuba River, and 
the American River. In the available data, adults had 
been separated from jacks on the basis of length. Fish 
less than 60.7 cm fork length were taken to be jacks 
and larger fish were counted as adults. For the period 
1970-86, spawning stock estimates were obtained from 
Pacific Fishery Management Council (PFMC) reports. 
For  the years 1962-69, total fall-run spawners were 
taken from Fry and Petrovich (1970), and adult spawn- 
ers were estimated by multiplying the total estimate 
of fall-run spawners in each stream by the fraction of 
carcasses classified as adults in the spawning stock 
surveys. In addition to  abundance indices from indivi- 
dual streams, total adult spawners for the entire Cen- 
tral Valley were estimated by multiplying the fraction 
of adults reported in all spawning stock surveys each 

year by the number of spawners in all runs for all rivers 
combined. 

Commercial and sport catch south of Point Arena 
were obtained from PFMC reports for the years 
1971-86, and from L.B. Boydstun (Calif. Dep. Fish 
Game, Region 11, Rancho Cordova, CA 95670, unpubl. 
data) for the years 1962-70. Commercial effort, 
measured in thousands of landings, and sport effort, 
measured in thousands of angler days, were obtained 
or calculated from the same sources. Fishing effort was 
used to calculate catch-per-unit-effort (CPUE) in an at- 
tempt to remove some of the effects of variable fishing 
effort from the catch data. 

Recruitment of year-classes a t  the beginning of the 
commercial fishing season in their second year of life 
was estimated by deconvolution of the abundance in- 
dices using the procedure described in Kope and Bots- 
ford (1988). This involved calculating the contribution 
of recruitment in each year to the abundance indices 
in subsequent years using an age-structured catch and 
escapement model with population parameters esti- 
mated by separable virtual population analysis of 
marked hatchery fish (Kope 1987). In addition to the 
recruitment estimates obtained by deconvolution of the 
individual abundance series, we estimated recruitment 
by deconvolving the combined abundance series. This 
combined deconvolution was obtained by adding to- 
gether commercial catch, sport catch, and total spawn- 
ing escapement for each year, and deconvolving the 
combined abundance series (Kope and Botsford 1988). 

Examination of the different recruitment estimates 
revealed that the deconvolved spawner series contained 
a great deal of high-frequency noise which resulted 
from the marginal stability of the deconvolutions of 
spawner indices. Because of differences in the relative 
contribution of each age-class, the deconvolution of 
total spawners was inherently much less stable than 
the deconvolution of adult spawners (Kope and Bots- 
ford 1988). Because recruitment estimates from spawn- 
ers (adults and jacks) and adult spawners were highly 
correlated with one another (hence probably represent 
the same signal, and the deconvolved adult spawners 
contain less introduced error), only deconvolved adult 
spawners were used as recruitment estimates derived 
from spawning escapement. 

No attempt was made to separate natural production 
from hatchery fish in the spawning escapement. Be- 
cause of the large contribution of hatchery fish to the 
spawning runs (cf., Rdisenbichler 1986, Dettman and 
Kelley 1986) and the straying of hatchery fish (Hallock 
and Reisenbichler 1979, Sholes and Hallock 1979), ac- 
curate estimation of the natural component of the runs 
was not possible. 

Before computing correlations with environmental 
data, we tested for an influence of density on the pop- 
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Flgure 2 
Chinook salmon stock-recruitment curves for the main stem of the 
Sacramento River. Upper curve was fitted to the data for brood years 
1962-66 and the lower curve was fitted to 1967-83. 

degrees of freedom is less than the number of years 
in the series. Linear trends in the time-series reflect 
variability on time scales that: (a) can easily be removed 
by detrending, and (b) are not detectable with existing 
data. We have removed linear trends from our time- 
series because they may obscure a relationship on 
faster time scales. 

Intraseries correlation due to variability on inter- 
mediate time scales was accounted for in evaluating 
the significance of computed correlation coefficients. 
The variance of computed crosscorrelation coefficients 
can be approximated by 

ulation series. Stock-recruitment relationships for the 
Sacramento, Feather, and American Rivers were ex- 
amined by plotting recruitment against spawning 
stock, and fitting Ricker stock-recruitment curves to 
the data by the standard linear-regression method. This 
approach can result in substantial biases in the esti- 
mates of stock-recruitment parameters that result from 
the correlation between recruitment and subsequent 
spawning stock (Walters 1985, Kope 1988). However, 
because we use stock-recruitment curves only as a 
visual aid in interpreting the stock-recruitment data, 
potential bias was not evaluated. 

To examine possible relationships between recruit- 
ment and the environment, correlations were computed 
between time-series of recruitment and quarterly aver- 
ages of the environmental variables at all lags that had 
potential biological meaning. These quarterly averages 
are referred to as: winter, January-March; spring, 
April-June; summer, July-September; fall, October- 
December. Correlations with individual stream flows 
were computed at lags that corresponded to the winter, 
and to spring while the fish were resident in the 
streams as fry or migrating downstream. Correlations 
with delta flows and diversions were computed for the 
spring while the fish were migrating to sea, and cor- 
relations with oceanographic variables were computed 
from the spring in the year that  fish migrated to sea 
through the summer 2 years later when most fish 
mature and leave the ocean to spawn. Correlations in- 
volving abundance indices (i.e., catch and spawning 
escapement series) were computed at lags that as- 
sumed the indices consisted primarily of 3-year-old fish. 

Variability on all time scales can contribute to the 
variance of time-series and to the magnitude of calcu- 
lated correlation coefficients. However, variability on 
greater than annual time scales involves intraseries 
correlation, which implies the effective number of 

where n is the number of data pairs, p,(i) and pYy(i)  
are the autocorrelation functions of the two time-series 
variables a t  lag i, and r&) is the computed cross- 
correlation coefficient between the two time-series a t  
lag t (Botsford and Wainwright unpubl., Kope and 
Botsford 1988). When no intraseries correlation is pres- 
ent, this expression simplifies to 

1 
Var [ y z y ( t ) ]  = - n 

Because the real values of the autocorrelation functions 
of time-series variables are unknown, and computed 
autocorrelation coefficients must be used instead, ex- 
pression (1) can sometimes produce variance estimates 
smaller than expression (2). However, expression (2) 
places a lower bound on the possible variance of corn- 
puted crosscorrelation coefficients because it approx- 
imates the variance in the best possible case, when no 
intraseries correlation is present. We estimated the 
significance of computed crosscorrelation coefficients 
by assuming a normal distribution with variance given 
by the greater of expressions (1) and (2). This strategy 
has performed the best in giving appropriate rejection 
rates in Monte Carlo simulations for independent ran- 
dom series with varying degrees of intraseries correla- 
tion (Botsford and Wainwright, unpubl. data). 

Results 

Exploration of possible density-dependence revealed 
no clear relationships that could be removed prior to 
examining the influence of environmental variables. 
The stock-recruitment relationship for the upper Sacra- 
mento River appears to show a decrease in the equi- 
librium stock size that coincides with the closure of Red 
Bluff Diversion Dam in 1966 (Fig. 2). This supports the 
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Table 1 
Correlations of chinook salmon population estimates with freshwater flow variables in the Sacramen- 
to Valley, California. All correlations significant a t  the 0.1 level using the uncorrelated series test 
are shown. Asterisks refer to levels of significance using the test that accounts for intraseries cor- 
relation [equation (l)]. 

Index Variable Age of influence Correlation 

Feather River adult spawners Delta diversions 1st spring 0.456" 
Feather River recruits 

(deconvolved adult spawners) Delta diversions 1st spring 0.424" 
Total adult spawners Delta inflow 1st spring 0.402' 

Delta outflow 1st spring 0.393' 

'p<O.l.O, *'p<0.05 

Table 2 
Correlations with combined California Central Valley fall-run chinook salmon spawning stock indices. 
UPW = upwelling index, SLH = sea level height, SST = sea surface temperature. All correlations 
significant at the 0.1 level using the uncorrelated series test are shown. Asterisks refer to levels of 
significance using the test that accounts for intraseries correlation [equation (l)]. 

Index Variable Age of influence Correlation 

Total adults UPW 1st spring - 0.542' 

SST 3rd spring - 0.427' 
1st summer -0.444' 

3rd summer -0.593"' 

Recruits (deconvolved adults) SLH 3rd summer -0.425" 
SST 3rd summer - 0.541' * *  

*p<o.io,  **p<o.o5, ***p<0.01 

argument that the decrease in recruitment is a direct 
consequence of the dam rather than the result of grad- 
ual habitat degradation or increasing fishing pressure 
(Hallock e t  al. 1982, Hallock 1983). A similar effect had 
been observed by Reisenbichler (1986) but he found 
that the spawning runs resulting from the 1964,1965, 
and 1966 brood years were intermediate between the 
stock-recruit curves associated with the time periods 
before and after these years. With our deconvolved 
recruitment estimates, the 1964 brood year appears to 
have been abnormally low, but 1965 and 1966 appear 
comparable with earlier years. Data for the Feather 
River and the American River do not fit stock-recruit- 
ment curves as well as the Sacramento River data. Our 
data include few years before the damming of the 
Feather River and none for the American River before 
the construction of Nimbus Dam. On both of these 
rivers, the hatchery contribution to the spawning 
escapement is large, hence lack of a clear stock-recruit- 
ment relationship is not surprising. 

To assess the influence of the freshwater environ- 
ment on Sacramento Valley stocks, we computed cor- 

relations between population variables and environ- 
mental variables on three rivers-the Sacramento, the 
Feather, and the American-as well as the total of 
these three, and relevant environmental variables. 
Population variables were total spawners, adult spawn- 
ers, jacks, and recruitment estimated by deconvolution 
of adult spawners. We thus tested for environmental 
effects on all spawners, as well as differential effects 
on jacks and adults, and recruitment to the adult 
spawner population. Environmental variables were the 
flow of each river, total diversions of flow in the 
Sacramento-San Joaguin Delta, diversions as a percent- 
age of flow, delta inflow, and delta outflow. We pre- 
sent all correlations that were significant at the 0.1 
level using the standard uncorrelated series test, and 
annotate with asterisks the significance of each of these 
according to the more conservative test that allows for 
intraseries correlation. 

The results (Table 1) provide no evidence for an in- 
fluence of the freshwater environment on numbers of 
total spawners, jacks, adults, or adult recruits to these 
stocks. In fact, the number of correlations significant 
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Table 3 
Correlations between chinook salmon recruitment estimates from ocean abundance indices and en- 
vironmental variables in Central California. All correlations significant at the 0.1 level using the un- 
correlated series test are shown. Asterisks refer to levels of significance using the test that accounts 
for intraseries correlation [equation (I)]. 

Index Variable Age of influence Correlation 

Commercial catch 

Recreational catch 

Commercial CPUE 

Recreational CPUE 

Recruits 
(deconvolved commercial catch) 

Recruits 
(deconvolved recreational catch) 

(combined deconvolution) 
Recruits 

UPW 
SLH 
SST 

SST 

UPW 

SST 

UPW 

UPW 
SST 

SST 

UPW 
SST 

1st fall 
1st fall 
2nd spring 
3rd summer 

1st spring 
1st summer 
2nd winter 

1st spring 
1st summer 

1st spring 
2nd winter 
1st spring 
2nd winter 

1st spring 
3rd spring 

1st spring 

1st spring 
3rd summer 

0.397' 
-0.415'. 
-0.437. 
-0.503.' 

0.711' 
0.484'' 
0.578 

-0.607 
- 0.448 

0.583 
0.500 

-0.453 
-0.357 

-0.460'' 
-0.335 

0.353. 

- 0.476.' 
-0.538.' 

'p<O.lO, "p<0.05 

at the 0.1 level is half the number expected if all series 
were independent (i.e., 4 versus 8 out of 80), and the 
only correlations significant at the 0.05 level using the 
conservative test-a positive effect of diversions on 
Feather River fish-has no apparent physical or bio- 
logical explanation, because diversions during down- 
stream migration would be expected to have a negative 
effect on survival. We consider this one a spurious cor- 
relation. Lack of correlation with delta diversions and 
total delta outflow may be due in part  to the fact that 
hatcheries on the Feather and American Rivers have 
released most of their smolts below the delta since the 
mid-1970s. 

Marine influences on spawners were assessed by 
computing correlations between the same population 
variables and upwelling index, sea level height, and sea 
surface temperature. The resulting correlations (Table 
2) are significant at the 0.05 level only for adult spawn- 
ers and recruitment to the adult spawner population. 
They show a negative influence of conditions associated 
with E N S 0  events (i.e., higher ocean temperatures, 
higher sea levels) in the third spring and summer, im- 
mediately before the adults enter the rivers to spawn. 

There is also a positive correlation with upwelling in- 
dex in the first spring and summer, during which 
smolts migrate downriver, through the delta, and enter 
the ocean. 

We also tested for marine and freshwater influences 
on catch data from both the commercial and the recrea- 
tional fishery. We attempted to  remove the effects of 
fluctuations in effort from the catch by computing com- 
mercial catch-per-unit-effort and recreational catch- 
per-unit-effort using the marginal effort data. We com- 
puted recruitment estimates from deconvolution of 
each of these. There is a substantial number of correla- 
tions significant at the 0.1 level using the standard test, 
but none reflect freshwater influences (Table 3). Of the 
correlations that are significant at the 0.05 level, two 
are with temperature in the third summer, and the re- 
maining four are in the first marine year, three of them 
being with upwelling index and the other with sea level 
height. None of the catch-per-unit-effort variables were 
significantly correlated with any of the environmental 
variables using the conservative test. 

These results indicate that oceanographic conditions 
during the first and third years of life may influence 
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Table 4 
Autocorrelations of the Southern Oscillation Index (SOI) and crosscorrelations between SO1 and 
oceanographic variables off Central California. UPW = upwelling index, SLH - sea level height, 
SST = sea surface temperature, PC = principal component. Underlined correlations correspond to 
an influence of previous SO1 on winter oceanographic conditions off California. 

so1 UPW SLH SST 1st PC 

Winter SO1 
-9 mo 
-6 mo 
-3 mo 
0 
3 mo 
6 mo 
9 mo 
12 mo 

Spring SO1 
-9 mo 
-6 mo 
-3 mo 
0 
3 mo 
6 mo 
9 mo 
12 mo 

Summer SO1 
-9 mo 
-6 mo 
-3 mo 
0 
3 mo 
6 mo 
9 mo 
12 mo 

Fall SO1 
-9 mo 
-6 mo 
-3 mo 
0 
3 mo 
6 mo 
9 mo 
12 mo 

0.552'** 0.478"* 
0.730*** 0.261 
0.811*** 0.208 
1.000*** 0.667*** 
0.256 0.380" 
0.031 -0.140 

-0.110 0.231 
-0.131 - 0.034 

0.112 0.340. 
0.115 0.113 
0.256 -0.050 
1.000*** 0.393. 
0.825"' 0.022 
0.688*** 0.246 

-0.224 -0.094 
0.562. 0.424- 

-0.154 0.143 
0.031 -0.091 
0.825"' 0.390. 
1.000*** 0.269 
0.785"* 0.200 

0.109 0.197 
-0.214 -0.256 

0.761"' 0.428.' 

-0.110 -0.175 
0.688"' 0.426" 
0.785*** 0.305 
1.000~ **  0.164 

0.114 0.233 
-0.152 -0.269 
-0.072 0.263 

0.835*** O m * *  

'p<O.lO; **p<0.05; ***p<O.Ol 

-0.205 
-0.211 
-0.439.. 
-0.651*** 
- 0.342. 
- 0.270 
-0.239 
-0.042 

-0.102 
-0.117 
-0.169 
-0.268 
- 0.297 
- 0.540**' 

-0.067 

0.190 
-0.037 
-0.242 
-0.337. 
- 0.573"' 

-0.147 
-0.021 

0.063 
-0.324 
-0.211 
-0.441.. 

-0.389 

-0.433.- 

-0.630.- 
-0.341. 
-0.123 
- 0.044 

O.OO0 
-0.093 
-0.405" 

-0.305 
-0.108 
-0.133 
-0.103 

-0.088 
-0.330 
-0.165 
- 0.298 
- 0.328 
- 0.402. 

-0.212 

0.029 
0.007 

-0.191 
-0.350. 
-0.572*** 

-0.337 
0.047 

0.128 
- 0.246 
-0.192 
-0.344. 

-0.g-3"' 

-0.518.- 

-0.33999 

-0.479." 
-0.314 
0.043 
0.087 

-0.253 
-0.279 
-0.390. 
-0.712*'* 
-0.449.. 
-0.168 
10.163 
-0.078 

-0.202 
-0.321 
-0.030 
-0.414. 
-0.326 
- 0.406. 

-0.129 

-0.070 
0.092 

- 0.353 
-0.448.. 
-0.507*** 
-0.544'** 

-0.531- 

-0.301 
0.090 

0.197 
-0.406. 
-0.309 
- 0.346 
-0.604.- 
-0.385. 
0.010 

-0.031 

these stocks of chinook salmon. However, because the 
correlations are with three oceanographic variables 
rather than consistently with one, they are somewhat 
difficult to  interpret in terms of a causal mechanism. 
To attempt to solve this problem, we sought a single 
indicator of variability in the coastal ocean. We com- 
puted the principal components (Harris 1975) of 
variability in sea surface temperature, sea level height, 
and upwelling index, in the hope that they would have 
a meaningful physical interpretation. The resulting 
first principal component is larger than the second and 

third by about a factor of two, depending on season, 
and its loading is approximately equal for all three 
variables (positive for sea level height and Ocean 
temperature and negative for upwelling index). 
Positive values of sea level height and surface tem- 
perature are consistent with the higher latitude effects 
of ENS0 events as would be propagated by coastal 
trapped waves, but the negative value of upwelling 
index would require atmospheric teleconnection (recall 
the upwelling index is not a measure of actual upwell- 
ing, but an estimate based on atmospheric pressure 
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Table 5 
Correlations between first principle component of the oceanographic variables and estimated total 
age-3 abundance (recreational catch + commercial catch + adult spawners) of chinook salmon in Central 
California. 

Season First year Second year Third year 

Total abundance Winter 
Spring 
Summer 
Fall 

Deconvolved total abundance Winter 
Spring 
Summer 
Fall 

0.289 
0.356' 
0.274 

-0.115 
0.121 
0.361' 
0.166 

-0.177 

0.101 
-0.317 
-0.139 

0.114 
0.239 

- 0.202 
0.017 
0.108 

-0.151 
-0.354 
-0.482. 

0.080 

-0.139 
-0.319 
-0.480** 

0.097 

* p <  0.10; "p<0.05 

differences, cf. Emery and Hamilton 1985, Mysak 
1986). 

To test whether the first principle component was 
actually related to ENSO events, we computed lagged 
correlations between it and the Southern Oscillation 
Index (SOI), a primary indicator of ENSO events (Table 
4). The results show that the first principal component 
is highly correlated with the Southern Oscillation Index 
during the previous winter. Also, in all but one instance 
(sea level height and spring SOI) the three oceano- 
graphic variables are correlated with SO1 in the pre- 
vious winter in the way that would be expected from 
their loading in the first principle component. 

To further simplify interpretation, we attempted to 
use a single indicator of abundance. In correlations 
computed thus far, no single population variable had 
a demonstrably stronger relationship to environmental 
variables tested. We therefore used the sum of com- 
mercial catch, recreational catch, and spawner esti- 
mates as a single indicator of annual population abun- 
dance. For the corresponding deconvolved estimate we 
use the deconvolution of this combination of these three 
series, the deconvolution that was previously shown to 
provide the best estimate of recruitment (Kope and 
Botsford 1988). 

The results using the first principle component and 
the total abundance estimate (Table 5) indicate an in- 
fluence of ENSO-related conditions during the summer 
of the third year (a< 0.05) and provide weak evidence 
for an influence of ENSO-related conditions during the 
first spring (a< 0.10). These relationships are reflected 
in both the total abundance and the estimate of recruit- 
ment to total abundance obtained through deconvolu- 
tion. The estimate of total abundance is also correlated 
with previously identified oceanographic variables. The 
correlations with spring upwellimg are - 0.478 (~(0.10) 
and -0.511 (~ (0 .01 )  for total abundance and decon- 

volved total abundance, respectively. The correlations 
with summer ocean temperature are  - 0.551 (aCO.10) 
and -0.540 (~(0.05)  for total abundance and decon- 
volved total abundance respectively. 

Discussion 

The negative correlation between abundance in the 
third year and the first principle component of the 
oceanographic variables is consistent with observed 
effects of ENSO events on coastal oceanographic con- 
ditions and fish populations. Productivity in the Califor- 
nia Current, as represented by zooplankton biomass, 
has long been known to be inversely correlated with 
sea surface temperature (Reid et al. 1958, Reid 1962). 
High productivity has traditionally been attributed to 
upwelling, but this explanation was recently questioned 
by Chelton e t  al. (1982) who proposed that higher zoo- 
plankton biomass resulted from increased equatorward 
flow in the California Current. The two proposed 
mechanisms are difficult to separate because conditions 
conducive to upwelling would also increase the strength 
of the California Current. However, whether colder 
water comes from the subarctic or from deeper coastal 
waters, it is higher in nutrients than the warmer sur- 
face waters, hence colder ocean temperatures in the 
winter and spring are  associated with higher produc- 
tivity in the California current (Chelton e t  al. 1982). 
Effects on productivity would be most noticeable dur- 
ing strong ENSO events. For example, total catch and 
average weight of chinook salmon landed in the com- 
mercial and sport fisheries were lower during the re- 
cent 1983 ENSO event (PFMC 1984, Pearcy et al. 
1985, Johnson 1988). 

The weak correlation between marine environmen- 
tal variables during the first summer and indices of 
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abundance and recruitment is of the opposite sign to 
that expected on the basis of these relationships be- 
tween the environment and productivity. However, it 
is possible that because juvenile fish feed on different 
prey than adult fish, shifts in prey distributions in 
warm-water years may result in higher growth and sur- 
vival rates for juveniles. Northward shifts in the dis- 
tribution of larval clupeids have been documented in 
warm-water years (Radovich 1959, 1961), and larval 
anchovies were found closer to shore than usual dur- 
ing the 1983 ENSO (Brodeur e t  al. 1985). Larval 
clupeids are a principal prey of juvenile chinook salmon 
(Peterson e t  al. 1982, Pearcy e t  al. 1985). Data taken 
off the Oregon coast show no significant difference in 
feeding by first-year chinook salmon between 1983, a 
warm-water year, and the other years 1980-85 (Bro- 
deur and Pearcy In press). 

The results obtained here for freshwater influences 
during the downstream migration in the first year have 
greater implications for the general methodology of 
correlation analysis in fisheries than for the dependence 
of salmon survival on environment. Other direct obser- 
vations-the fact that differences in survival between 
marked fish released above the delta and marked fish 
released below the delta is correlated with flow over 
10 years (USFWS 1987)-provide convincing evidence 
for a negative effect of low flows in the delta. Our 
results merely underscore the potential for falsely iden- 
tifying a suspected relationship using standard methods 
for computing correlations. A dependence of abun- 
dance on freshwater variables was not detected when 
intraseries correlation was removed, rather than arti- 
ficially added, and when it was taken into account in 
computing correlation coefficients. Fortunately, for 
this case there have been direct measurements of sur- 
vival, and we need not rely solely on Correlation anal- 
ysis of abundance and environmental data. 

Although a freshwater effect is not detectable in cor- 
relations with these freshwater variables, it may pro- 
vide a partial explanation for the weak correlation seen 
between population variables and oceanographic con- 
ditions during the first year. During the spring, the 
first principle component of oceanographic variables 
is highly correlated with total delta inflow-flow in the 
Sacramento, Feather, and American Rivers (0,687, 
0.577, 0.610, and 0.631, all significant at the 0.01 level 
using the conservative test). Thus the correlation be- 
tween the first principle component of oceanographic 
variables during the first spring may be due to occur- 
rences in freshwater, rather than oceanographic 
influences. 

The various relationships implied in the results of this 
study provide a view of remote forcing of the North 
American marine and terrestrial environment that may 
be of general utility in examining the effects of envi- 

ronmental variability on other species. Events in the 
equatorial Pacific appear to drive the oceanographic 
and meteorological environment in the eastern North 
Pacific and western North America. Autocorrelations 
in the SO1 (Table 4) indicate that the Equatorial events 
are spring to winter events (Le., in column I, seasons 
within any springto-winter period are correlated with 
each other, but none are correlated with seasons in any 
other spring-to-winter period). The rest of Table 4 in- 
dicates that these events influence conditions in our 
coastal ocean only in the following winter. This “winter 
only” aspect of this correlation is consistent with re- 
sults relating an index of atmospheric pressure condi- 
tions on the west coast of North America, the Pacific 
North American index to events in the equatorial 
Pacific (Horel and Wallace 1981). Mysak (1986) at- 
tributed this “winter only” aspect of the equatorial1 
midlatitude teleconnection to the requirement for 
strong westerlies between the equator and midlatitudes 
in order to advect the atmospheric Rossby waves 
responsible for the teleconnection to the northeast. 
These westerlies exist only during the winter. The 
covariability among our three oceanographic variables 
(Le., the fact that UPW is as important as SLH and 
SST in the loading on the first principle component) 
suggests an atmospheric teleconnection with equatorial 
ENSO rather than a wave propagating poleward from 
the Equator (cf. Emery and Hamilton 1985, Mysak 
1986). These variables are also related to winter rain- 
fall in central California. For example, annual rainfall 
in Sacramento is significantly correlated with the first 
principle component and the upwelling index in winter. 
Flows through the Sacramento-San Joaquin Delta the 
following spring are in turn correlated with that rain- 
fall, as well as winter oceanographic conditions. This 
remote forcing on a global scale and the associated 
covariability of marine and terrestrial variables further 
confound the identification of causal mechanisms from 
these kinds of data. 

However, even direct measures of survival versus 
environmental variables do not necessarily identify 
mechanisms unequivocally. Covariation between flow 
rates, diversions, and reversed flows in the lower San 
Joaquin River continue to obscure the true cause of 
lower run size in the San Joaquin River system (Kjelson 
and Brandes 1989, USFWS 1987). 

The differences in results between standard methods 
and the new methods used here are  a rough measure 
of how much more conservative they are. At the 0.10 
level, for example, the more conservative method of 
computing the variance of the estimate of correlation 
coefficient yielded significant correlations roughly half 
as often as standard methods (Tables 1-3). These 
results, together with simulations that show that the 
combination of equations (1) and (2) yield the prescribed 
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false detection rates (u) (Botsford and Wainwright un- 
publ.), imply that this correction for intraseries correla- 
tion or a similar one should be used in correlation 
analysis. 

Deconvolution also reduced the number of significant 
correlations. For example, at the 0.10 level, using the 
standard test, there were only 6 significant correlations 
with deconvolved variables, whereas there were 21 
significant correlations for corresponding variables 
that were not deconvolved. The fact that this ratio is 
lower when the more conservative correlated series 
test is used (5 with deconvolution and 13 without) is 
to be expected because the test itself accounts for some 
of the intraseries correlation. Although the number of 
significant correlations is less with deconvolution, we 
cannot recommend its use in all situations. Deconvolu- 
tion can have two positive effects on correlation 
analysis: (1) It can provide a better estimate of recruit- 
ment, and (2) it can reduce intraseries correlation, 
hence the variance of the estimate of correlation coef- 
ficient (Kope and Botsford 1988). However it can also 
have a negative effect. If the deconvolution is marginal- 
ly stable, the abundance data is noisy, or the coeffi- 
cients of the deconvolution are inaccurate, deconvolu- 
tion can lead to a poorer estimate of recruitment. In 
the results presented here, deconvolution introduced 
some additional significant correlations and reduced 
the magnitude of existing correlations (although they 
remained significant at the same level). This suggests 
that  the deconvolved series may be a poorer proxy 
for recruitment than the raw abundance series, and 
that this detracts from the removal of intraseries 
correlation. 

The practical implication for chinook salmon man- 
agers of the correlations obtained here is primarily a 
recommendation of where to focus further research 
rather than a means of immediately achieving a drama- 
tic improvement in management. Because these stocks 
are managed by annually attempting to control effort 
based on an attempt to predict abundance, an under- 
standing of the factors affecting abundance is neces- 
sary. The relationship between salmon populations and 
oceanographic conditions during the third year has an 
RZ of 0.23, and hence would not produce predictions 
that could substantially improve catch. I t  also does not 
hold for oceanographic conditions in the previous 
3-month period, hence there is little potential for long- 
term prediction. However, the results do indicate two 
potentially useful relationships between environment 
and abundance. Our understanding of these relation- 
ships could possibly be improved to the point that they 
could be useful in management. The ability to estimate 
numbers at each age in catch and escapement would 
improve our ability to determine potential oceano- 
graphic effects as well as provide a possible predictor 

of catch (i.e., 2-year olds). The current practice of differ- 
entiating jacks from older fish on the basis of size leads 
to considerable uncertainty that could be removed by 
determining age through hard parts or separation of 
modes in the size distributions each year. Also, the ex- 
istence of a demonstrated freshwater effect implies we 
should attempt to remove that effect from the data 
before searching for an oceanographic effect. However, 
this is complicated by the fact that  an unknown frac- 
tion of the annual catch is produced by hatchery fish 
that were trucked below the delta for release, and 
hence not exposed to that effect. Better knowledge of 
where and when fish are released could provide the 
basis for removal of the effects of variable release 
numbers and release strategies from the data before 
searching for oceanographic effects. 

In general, results from correlation analyses in fish- 
eries will always contain an element of doubt and, by 
themselves, are probably not strong enough evidence 
of causal relationships that management should be 
based on them. Poor performance of past relationships 
argue for less dependence on them (Sissenwine 1984, 
Drinkwater and Myers 1987, Walters and Collie 1988), 
however, as we have shown here, there are ways of 
improving the reliability of correlation analyses. For 
example, smoothing with moving averages should be 
done only when the level of measurement noise war- 
rants it, and it should always be accompanied by some 
means of accounting for the intraseries correlation 
introduced. Although we agree that the resulting 
statistical relationships do not, by themselves, provide 
a solid basis for management, we are not as pessimistic 
as some others (e.g., Walters and Collie 1988) regard- 
ing the utility of correlation analysis. It supplies infor- 
mation on patterns that allows formulation of hypoth- 
eses that can then be tested through direct means. It 
increases the probability of detection of relationships 
that might otherwise be missed. Fisheries analysts can- 
not afford to dismiss the opportunities it provides, but 
should use it only as exploratory analysis (cf. Bakun 
1990, Botsford e t  al. 1989). 
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