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ABSTRACT - Changes in the abundance of southern California marine fish populations during the
past 30-years have raised concerns that these populations are at risk. These changes have been attributed
to changes in oceanic conditions, overfishing, pollution, and habitat alteration. The objective of this
study was to assess the relationship of changes in
southern California fish populations to trends in different environmental variables. Fish population
trends were determined from long-term (20- to 30year) fish databases (e.g., power generating station
fish impingement and trawl monitoring, recreational
fishing, and publicly owned treatment work (POTW)
trawl monitoring). Combined, these databases provided information on 298 species of fish. A number
of long-term environmental databases (e.g., CalCOFI
oceanographic data, shoreline temperature, coastal
runoff, and POTW effluent contaminant mass emissions) were used to identify several important independent environmental variables (e.g., Pacific
Decadal Oscillation (PDO); El Niño-Southern
Oscillation (ENSO); offshore temperature; upwelling
in the north, Southern California Bight (SCB), and
south; coastal runoff; and contaminant mass emissions). Relationships of fish population trends to
these environmental trends were determined using
stepwise multiple regression analysis. The analysis
sequentially assessed the relative importance of temperature, upwelling, and “other” variables in describing fish population trends. Most southern California
fish populations had population trends that followed
trends in natural oceanic variables. The most important of these were PDO (positive and negative
responses), upwelling in the SCB, offshore temperature, and ENSO. The PDO was the dominant influ1Private
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ence for most species in these databases, with the
presence or absence of upwelling in the SCB during
the warm regime having an important influence on
others. The reduced abundance of cold-water species
during the regime shift at the end of the 1970s was
compensated only in part by increased abundances
of warm-water species. Trends in surface runoff and
mass emissions were difficult to distinguish from
positive and negative PDO trends, respectively.
While many species showed positive or negative
responses to the environmental variables, catch
trends for several important fished species showed
weak or no relationships with any of the environmental variables examined, perhaps due in part to
fishing or other influences.

INTRODUCTION
Marine fish populations along the California
coast have undergone considerable changes in abundance during the past century. During the past few
decades, populations of many commercially and
recreationally fished species, as well as unfished
species, have decreased in California and southern
California (Love et al. 1998a,b; Herbinson et al.
2001; Brooks et al. 2002). These declines in abundance have raised concerns among scientists, managers, and the public that populations of many fish
species are at risk and that such changes may have
serious consequences to these populations and to the
ecosystem, as well as reducing the overall value of
this resource for human use. Changes in California
fish populations often have been attributed to anthropogenic activities, such as overfishing, habitat alteration, and pollution, as well as to natural changes in

oceanic conditions (Allen 1977, Stull et al. 1987,
Parrish and Tegner 2001, Sheehan and Tasto 2001,
Thomson 2001, Allen et al. 2002).
This array of potential causes of change makes it
difficult to assess whether any particular increase or
decrease in abundance, or shift in population distribution, is due to human activity or due to natural
changes in the oceanic environment. Although identification of anthropogenic influences on fish population changes is generally of concern because it is
under human control, understanding the natural
influence on these populations provides the necessary environmental context within which anthropogenic change must be distinguished and managed.
Fish populations are known to undergo natural
changes in abundance in the absence of significant
human exploitation or influence. Layers (varves) of
scales from the anaerobic Santa Barbara Basin show
periodic cycles of pelagic fish abundance extending
back 2000 years (Soutar and Isaacs 1969, 1974;
Baumgartner et al. 1992). Natural changes include
short-term and local changes resulting from storm
runoff, longer term regional changes due to El Niños
and La Niñas, and even longer-term changes due to
interdecadal shifts in oceanic regimes (Radovich
1960, 1961; Mearns 1988; Lea and Rosenblatt 2000,
Parrish and Tegner 2001). Recent studies have related temporal changes in fish populations along the
West Coast at least in part to natural changes in these
oceanic conditions (Hollowed et al. 1995, Mantua et
al. 1997, Klyashtorin 1998, Hollowed et al. 2001,
Brooks et al. 2002, Chavez et al. 2003). Improving
our ability to separate anthropogenic from natural
causes of change is therefore critically important to
our ability to manage and enhance this important
resource.
The goal of this study is to understand the relationship of southern California fish populations to
trends in environmental variables, with emphasis on
natural oceanic and atmospheric variables. The
objectives of this study are to determine the following: 1) What environmental variables have the most
effect on southern California fish populations? 2)
What species respond to what environmental variables? 3) Do all species respond alike to an environmental variable? 4) How important are environmental variables in determining trends in fish populations? Details of this study are presented more fully
in Allen et al. (2003).

METHODS
Database Development
Fish species and abundance databases were
developed from several long-term (20-30 year) fish
monitoring programs in southern California to determine environmental effects on fish species. These
databases included power generating station
impingement data, trawl survey data, and recreational fish catch surveys. Oceanographic data were compiled from a number of online databases. These
included temperature data collected from offshore
waters in the SCB and shoreline temperature data
collected along southern California beaches, as well
as a number of indices describing warm and cold
periods in the ocean and strength of upwelling. In
addition to oceanographic databases, rainfall/runoff
and outfall mass emissions databases were also
developed for nearshore influences.
Fish Abundance Data
Fish abundance data were obtained from the
Southern California Edison Company (SCEC) for
five southern California power generating stations at
Ormond Beach, El Segundo, Redondo Beach,
Huntington Beach, and San Onofre (Figure 1a).
These coastal power generating stations use seawater
to cool condensers. Seawater is pumped into the station from shallow coastal waters via an intake conduit, generally at depths of 4-9 m. Fish impinged in
the plant at this time are separated from the seawater
on impingement screens. Fish species collected on
these screens are identified, counted, measured, and
weighed at regular or irregular intervals during the
year. San Onofre Nuclear Generating Station
(SONGS) data were treated separately from nonSONGS generating stations (and was split into
SONGS units 1 and units 2&3) due to variation in
duration of data collection and catch for impingement catches from different intake conduits. NonSONGS data ranged from 1972 to 1999, SONGS 1
from 1972 to 1993, and SONGS 2&3 from 1983 to
2000 (Table 1)
Trawl data were obtained from County Sanitation
Districts of Los Angeles County (CSDLAC) for the
Palos Verdes Shelf, and from MBC Applied
Environmental Sciences for Huntington Beach
(Figure 1a). These data were collected as part of
National Pollutant Discharge Elimination System
(NPDES) monitoring programs for assessing effects
of the CSDLAC Joint Pollution Control Plant wastewater discharge and of the Huntington Beach
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for both surveys. Data from individual
stations were available for all CSDLAC
data but only summed survey catch per
unit effort (CPUE) was available for
HBGS data.
Recreational fish catch data collected
by the Marine Recreational Fisheries
Statistical Survey (MRFSS) were
obtained from the Recreational Fisheries
Information Network (RecFIN) website4.
The National Marine Fisheries Service
(NMFS), state fisheries agencies, and
other fishery management groups use
these data to aid in fisheries conservation
and management decisions and the development of fishery management plans. On
the Pacific Coast in California, the
(b)
MRFSS is conducted as a project of the
Pacific States Marine Fisheries
Commission (PSMFC) in conjunction
with California Department of Fish and
Game (CDFG) and NMFS. Data samples
were obtained for the years 1980 to 2000
with a hiatus from 1990 to 1992 (Table
1).
MRFSS data result from surveys of
angler catch (species, number, weight,
and length) and effort at fishing sites
upon completion of a fishing trip by
trained interviewers. Catch data were
obtained for fish species caught by shore
and boat (ocean within 3 miles [4.8 km]
from shore), with all fishing gear types,
Figure 1. Maps of fish data sites: (a) Locations of power generfrom Point Conception, California, to the
ating station impingement data and trawl data in southern
United States-Mexico International
California used in study; (b) Marine Recreational Statistical
Border (Figure 1b). Shore mode fishing
Survey (MRFSS) sites. CSDLAC = County Sanitation Districts of
access sites consist of piers, docks, breakLos Angeles County; G.S.= Generating station.
waters, beaches, banks, bridges, and
breach ways, while boat mode access
Generating Station (HBGS) cooling water discharge.
sites consist of privately chartered boats, commercial
Both surveys were collected with 7.6 m (headrope)
otter trawls with 1.3 cm cod-end mesh, and towed at passenger fishing vessels (CPFV), rental boats, and
privately owned boats. Data parameters selected for
1.0-1.25 m/sec. CSDLAC surveys trawled for 10analyses were the following: catch rates (number of
min along isobaths at 12 stations (3 depths and 4
fish per angler) and angler hours (total hours fished
transects); station depths in each transect were 23,
for a given fishing access site and fishing mode).
61, and 137 m. HBGS surveys trawled for 5 min at
12 stations (4 stations each at 3 sites) at 15 m. CSD- All data parameters collected for a particular species,
site, mode, and year were provided in 2-month interLAC data used in this study extended from 1973 to
vals termed waves (i.e. January/February, Wave 1).
1999, and HBGS data from 1976 to 1999 (Table 1).

(a)

Abundance, biomass, and length data were obtained
4Pacific

States Marine Fisheries Commission. 1999. Recreational Fisheries Information Network (RecFIN) [W. Van
Buskirk, ed.] http://www.psmfc.org/recfin.
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Table 1. Sources of environmental and fish abundance data and years with available data.

Several manipulations of the MRFSS data set
were necessary to meet the study objective. To
obtain more complete temporal and spatial coverage,
data from several sites were lumped with other site
data (in cases where a new name was given to an
existing site, or where a site was closed to fishing
and replaced with a nearby new fishing site with a
different name). In addition, only sites with the
longest time series of data were used for analyses
(Figure 1b). Catch rates were converted to number of
fish per 10,000 h and fishing pressure was represented by the total number of hours fished for any given
location and time period. Missing species data for a
given site and wave were estimated by multiplying
the average deviation in catch rate for that “fish
year” by the average catch rate of all other years for
the same site and wave. To account for fishing seasonality, the “fish year” was defined as November of
the previous year to the following November.

Atmospheric-Oceanic Environmental Data
Nearshore and offshore temperature data were
obtained from data archives available through the
CalCOFI website (www.calcofi.org). The CalCOFI
program is a collaborative effort of Scripps
Institution of Oceanography, the Coastal Fisheries
Resources Division of the Southwest Fisheries
Science Center; NMFS, of the National Oceanic and
Atmospheric Administration (NOAA); and the
California Department of Fish and Game (CDFG),
who conduct surveys of the California Current.
These cruises have monitored physical and biological changes of the California Current ecosystem
since 1949. Although surveys have extended from
northern California to the Gulf of California in the
past, recent quarterly cruises off California have
been conducted from just north of Point Conception
to San Diego. This region is divided into five water
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Methods used in calculating these values
are given in Allen et al. (2003).
Historical shoreline sea surface temperature data were obtained via anonymous
FTP at ftp://nemo.ucsd.edu/pub/shore.
The FTP site is a project of the Shore
Stations Program of the Marine Life
Research Group at Scripps Institution of
Oceanography. The Shore Stations
Program is responsible for the collection, analysis, and yearly publication of
daily sea surface temperature and salinity readings from various shore stations
along the Pacific coast of California,
Oregon, and Washington. The various
stations collect temperature readings
using a variety of sampling methods
including tide gauges, automated sys(b)
tems, commercial immersion thermometers, calibrated immersion thermometers,
and calibrated electronic digital thermometers. Temperature readings that are
reported in degrees Fahrenheit are converted to the nearest 0.1°C. Shoreline
temperature data used in this study were
analyzed from Port San Luis, California,
to the Scripps pier in La Jolla,
California. Data used in this study
ranged from 1970 to 2001 (Table 1).
Multivariate El Niño indices were
obtained from the NOAA-Cooperative
Institute for Environmental Sciences
(CIRES) Climate Diagnostics Center
Figure 2. Physical data sites: (a) California Cooperative Fisheries
web site (http://www.cdc.noaa.gov). The
Investigations (CalCOFI) cruise stations in the southern California
Bight, with five distinct water mass regions (California Current data are principal component analysis
Offshore, California Current, Southern California Bight [SCB], SCB (PCA) scores from six ENSO-related
Coastal, and Point Conception); (b) Watersheds used to estimate weather and oceanographic variables
runoff volumes and POTWs (publicly owned treatment works) used
that include sea-level pressure, zonal
for effluent mass emission data: Hyperion Treatment Plant (HTP;
City of Los Angeles); Joint Water Pollution Control Plant (JWPCP; and meridional components of the surCounty Sanitation Districts of Los Angeles County); and Orange face wind, sea surface temperature, surCounty Sanitation Districts (OCSD).
face air temperature, and total cloudiness fraction of the sky. Positive MEI
values represent the warm (El Niño)
mass regions: California Current (CC); California
phase and negative values represent the cold (La
Current Offshore (CCO); Point Conception (PC);
Niña) phase of the ENSO. The MEI values are given
Southern California Bight (SCB); and the Southern
for 12 sliding bimonthly seasons (Dec/Jan, Jan/Feb,
California Bight Coastal (SCBC) (Figure 2a). Yearly
Feb/Mar, etc.). A high and a low MEI value was calmean parameter values (temperature, salinity, and
culated for each year by averaging the three highest
zooplankton volume) have been computed for each
MEI values for the year, and the three lowest MEI
site in the survey grid. In the present study, temperavalues for the year. The average with the highest
ture, salinity, and zooplankton volume data were
absolute magnitude was used for each year. Data
obtained for the years 1970 to 2001 (Table 1).

(a)
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used in this survey ranged from 1970 to 2001 (Table
1).
Several indices representing the longer-term persistent temperature regimes of the Pacific Decadal
Oscillation (PDO) were obtained via from the following website: ftp://ftp.atmos.washington.edu/
mantua/pnw_impacts/INDICES/PDO.latest. The
index used is the first principal component of the
extra-tropical North Pacific Ocean sea surface temperature (SST) anomalies (Mantua et al. 1997,
Zhang et al. 1997, Hare and Mantua 2000). Data
used in this survey ranged from 1970 to 2001 (Table
1). Indices negatively correlated with the PDO index
were obtained from the Climate and Global
Dynamics Division of the National Science and
Atmospheric Research website (http://www.cgd.
ucar.edu). Values represent area-weighted sea level
pressure over the region 30°N-65°N, 160°E-140°W,
or the area of the northern Pacific pressure cell
known as the Aleutian Low (Trenberth and Hurrell
1994). Data used in this survey ranged from 1970 to
2001 (Table 1).
Coastal upwelling indices were obtained from the
PFEL website (http://www.pfeg.noaa.gov). The index
values represent wind-driven Eckman transport normal to the coastline. Positive values are, in general,
the result of equatorward wind stress while negative
values imply downwelling, the onshore advection of
surface waters accompanied by a downward displacement of water. The index was obtained for six
locations along the coast of California and Baja
California (24°N, 27°N, 30°N, 33°N, 36°N, and
39°N). Data used in this survey ranged from 1970 to
2001 (Table 1).
Outfall Mass Emissions and Runoff Data
Effluent data from the three largest municipal
wastewater treatment facilities: Hyperion Treatment
Plant (HTP; City of Los Angeles); Joint Water
Pollution Control Plant (JWPCP; CSDLAC); and
Orange County Sanitation District (OCSD) (Figure
2b) in the SCB were obtained directly from each discharging agency. These facilities discharge an average of 353, 351, and 215 million gallons per day
(mgd), respectively, of treated wastewater effluent.
Effluent constituent monitoring is mandated under
the NPDES permits issued by the U. S.
Environmental Protection Agency (U.S. EPA) and
the Los Angeles and Santa Ana Regions of the
California Regional Water Quality Control Board
(CRWQCB). Monthly data were originally obtained
for 87 constituents covering the years 1971 through

2000. The methods used for calculating effluent
parameter mass emissions is given in Allen et al.
(2003).
Daily rainfall data from 1970-2000 for six rainfall
gauges at airfields (Santa Barbara, Los Angeles,
Long Beach, Vista, San Diego-Miramar, San DiegoLindbergh) were obtained from the NOAA National
Climatic Data Center website. Daily rainfall data
were summed by month and then entered in a database for further calculation of amount of storm
runoff. A total of 168 watershed delineations along
the southern California coast were obtained from a
data set created by the Interagency California
Watershed Mapping Committee (CALWATER)
(Figure 2b). The watersheds then were assigned to
75 discharge points. Runoff from these watersheds
was determined using rainfall data (see Allen et al.
2003) and a runoff model (Ackerman and Schiff
2003).
Data Analysis
Data analysis involved the following steps: 1)
selection of the most meaningful databases for each
fish species; 2) selection of important environmental
variable trends; 3) determine relationships of fish
population trends relative to environmental variables
using multiple regression analysis; 4) determination
of the most influential environmental trends for each
species and classification of fish species by the single environmental variable that most influenced their
population trends.
Selection of Most Meaningful Database for Fish
Species
As many fish species were found in different
databases in this study, there was a need to select a
most meaningful database for use in the analyses.
The importance of fish species in each database was
determined by its frequency of occurrence (number
of years of occurrence) and percent total catch in the
database over the period examined. The most meaningful database for a species was that in which it had
its highest frequency of occurrence (i.e., occurred in
the most years), and, in the case of ties with another
database, its highest percent abundance. Frequency
of occurrence was adjusted to a 30-year database to
provide a more even weighting between 20- and 30year databases. Thus, a maximum percent occurrence
for a species occurring 100% of the time in a 20-year
database would be 67%.
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Identification of Most Important Environmental
Variables
Initially, 25 weather/oceanographic variables
were identified from the environmental databases
described above. These were reduced to only those
summarizing the main patterns in the weather and
oceanographic indices using principal component
analysis. For each set of interrelated variables, a
PCA and Varimax analysis was performed (see Allen
et al. 2003). This analysis created new variables
(axis scores) that were correlated with independent
subsets of the original variables. Thus, the most
important of the original weather/oceanographic
variables were identified as those that were most correlated with the major principal component axes.
These new variables were defined as shoreline temperature, NpiPDO (North Pacific Index x PDO), offshore temperature, El Niño, a dummy PDO variable,
northern upwelling, upwelling in the Bight,
upwelling off Baja California, runoff, and outfall
mass emissions (see Results). Data for each new
variable were converted to z scores to standardize the
data for trend comparison and multiple regression
analysis. Plots of these variables then were smoothed
using a LOESS multivariate smoothing technique
(Grosse 1989, Venables and Ripley 2002) in an
attempt to capture general patterns rather than shortterm fluctuations.
Stepwise Multiple Regression Analysis
Stepwise multiple regression analysis was used to
determine the most important relationships between
fish population and environmental trends. The multiple regression analyses were done in a step-wise,
top-down manner. The independent variables used in
the three stages of analysis are in order of presumed
importance as far as scale of effect is concerned.
Thus, the most large-scale atmospheric/oceanographic variables (e.g., ENSO, PDO) that are welldescribed by ocean temperature were considered
first, followed by more regional variables
(upwelling), and then local variables (e.g., runoff and
outfall mass emissions). In the first step, atmospheric/oceanographic (or temperature) variables were
used as the independent variables and fish species
CPUE values as the dependent variables. In the second, the regression residuals from the temperature
analysis were used as the dependent variable in a
regression analysis with upwelling variables. Finally,
the regression residuals from the upwelling analysis
were used in a regression analysis with the outfall
and runoff variables as environmental variables.
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The regression analysis output (see Allen et al.
2003) included standardized partial regression coefficients (slopes), R2 value, p values associated with
tests of the null hypotheses for the overall regression, and each independent variable. The standardized partial regression coefficients are directly comparable since these coefficients are not affected by
the scale or variability of the dependent and independent variables. These coefficients are obtained if
all the dependent and independent variables are first
converted to z scores before analysis. When there are
interaction terms among the independent variables
(as is the case with the temperature data where
TempPDO x TempENSO interaction is included), all
variables literally need to be converted to z scores
before analysis (including the computation of the
interaction term), and the unstandardized regression
output is used (Aiken and West 1991).
At each stage of the regression analyses of all
species, regression models were computed for all
combinations of lags of 0, 1, and 2 years for each of
the independent variables, except that TempPDO
variable already has a gradual 4-year lag built in.
The regression model with the lowest p value associated with the overall regression was chosen for
inclusion in the results as the basis for the next level
of analysis.
If there is positive temporal autocorrelation in the
residuals of the regression analysis, the regression
error variances will tend to be underestimated and
the regression p values will tend to be too low. The
regression p values were used here for screening purposes (selecting models for further analysis and
interpretation). The p value used for screening was p
= 0.05.
Determination of the Most Influential Environmental
Variables for Each Species
With many thousands of analyses comparing
species trends to environmental variables in different
fish databases, there was a need to select the most
meaningful species trends for evaluation. Within the
most representative database for each species, its
population trend may have a significant correlation
coefficient (p = 0.05 or less) with more than one
environmental variable. To determine the most
meaningful trend, the magnitudes of the regression
coefficients were ranked, from positive to negative.
Species considered to be strongly correlated with an
independent variable were those with regression
coefficients greater than +0.50 and less than -0.50. If
a species were strongly correlated with more than

one independent variable, focus was placed on the
variable with the regression coefficient of greatest
magnitude to limit discussion to a single variable
constituting the greatest influence to a species trend.

RESULTS
A total of 298 species of fish, representing 5
classes and 109 families, was included in the
impingement, trawl, and recreational fish databases
used in this study (see Allen et al. 2003 for complete
list of species). Dominant fish species differed
among databases (Table 2). The power generating
station impingement data and Huntington Beach
Generating Station trawl data were all dominated by
nearshore schooling species; species in these databases are all captured at depths less than 15 m. The
recreational fish catch data (both shore and boat)
were dominated by sandy bottom and pelagic
species. The CSDLAC trawl data was dominated by
deepwater flatfishes.
Description of Most Important Environmental
Variables
Temperature Trend Variables
Several interesting patterns were apparent from
the smoothed plots of the temperature variables
(Figure 3). The plots of shoreline temperature
(Figure 3a) and NpiPDO (Figure 3b) showed similar
patterns, with below average values in the 1970s and

in 1999-2001, and above average values in the 1980s
and 1990s. These data suggest that, overall, atmospheric trends seem to be influencing temperature in
the SCB. However, a below-average trough was
apparent in the NpiPDO trend, reflecting the 19881989 La Niña (Figure 3b). As the smoothed shoreline temperature plot appeared to be less influenced
by El Niño and La Niña events, it appeared to represent present views of the PDO pattern.
The offshore temperature plot (Figure 3c)
describes a change from above-average temperatures
in the late 1970s and early 1980s, a dip to below
average values during the 1988-1989 La Niña, a
return to above average temperatures in the mid1990s, and a decline to below average temperatures
in 1999-2001. The El Niño curve describes about
seven periods of temperatures indicative of El Niños
(1972, 1977-1980, 1982-1983, 1986-1987, 19921993, 1997-1998) during those two decades (Figure
3d). Strong El Niños occurred during 1982-1983 and
1997-1998, with moderate El Niños in 1972, 19861987, and 1992-1993. Strong La Niñas occurred in
1971, 1973-1976, 1988-1989, and 1999-2001. The
dummy long-term PDO plot (Figure 3e) describes an
idealized version of the shoreline temperature and
NpiPDO plots without El Niño and La Niña effects.
The dummy long-term PDO with lag effect plot
(Figure 3f) is the dummy PDO, with a gradual 4year lag to account for delayed responses in fish
populations.

Table 2. Percent catch abundance of dominant fish species by database. Dominant species in
each database are highlighted.
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Figure 3. Smoothed temperature plots of (a) shoreline sea surface temperature,
(b) atmospheric pressure indices representative of the Pacific Decadal
Oscillation (PDO), (c) offshore sea surface temperature, (d) El Niño Southern
Oscillation (ENSO) indices, (e) long term PDO "dummy" variable, and (f) long
term PDO "dummy" variable with four-year lag effect for the Southern California
Bight from 1970 to 2002.

Upwelling Trend Variables
The plots of upwelling north of Point Conception,
within the SCB, and off southern Baja California Sur
(Punta Eugenia to Bahia Magdalena) showed a pattern suggesting a movement of upwelling down coast
(Figure 4). The upwelling north (Figure 4a) showed
high upwelling in the late 1970s, low upwelling in
the 1980s and early 1990s, and an increase in the
late 1990s. The SCB upwelling trend (Figure 4b)
was high in the early 1970s, low in the late 1970s,
high (resembling the NpiPDO pattern) in the 1980s,
and low throughout the 1990s. The upwelling south
curve (Figure 4c) was nearly an inverse of the
upwelling SCB curve (Figure 4b); it was high in late
1970s, low in the 1980s, and high in the 1990s.
Outfall Mass Emissions and Runoff Variables
The outfall (effluent mass emissions) and runoff
plots showed different patterns (Figures 4d,e).
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Effluent mass emissions decreased until about 1990,
after which it became asymptotic (Figure 4d). Runoff
volume was low in the 1970s, high in the early
1980s, low in the late 1980s and early 1990s, high in
the early to mid-1990s, and low in the late 1990s
(Figure 4e). This curve appears to be a slightly exaggerated version of the NpiPDO curve (Figure 3b)
and hence is most likely influenced by atmospheric
patterns as was found with temperature.
Relationship of Fish Population Trends to
Environmental Trends
Among species meeting the selection criteria (see
Methods), a total of 123 species occurred in 15 or
more years (50% or more of a 30-year database). Of
these, 68 species (55%) were considered to be
strongly correlated with an environmental variable
(i.e., had regression coefficients greater than +0.50
and less than -0.50) and 55 (45%) were not correlat-

Figure 4. Smoothed temperature plots of (a) upwelling to the north of Point
Conception, (b) upwelling in the Southern California Bight, and (c) south of the SCB
from Punta Eugenia to Bahia Magdalena in Baja California Sur, from 1970 to 2002; (d)
mass emissions of the three largest municipal wastewater treatment facilities in the
Bight (Hyperion Treatment Plant, Joint Water Pollution Control Plant, and Orange
County Sanitation Districts); and (e) watershed runoff volume in the Bight from 1970
to 2000.

ed or were weakly correlated with these variables
(Figure 5). Of the 123 species, 28% (35 species)
were correlated with the PDO, 7% (9) with
upwelling in the Bight, and 7% (8) with upwelling in
the south. For many of the environmental variables,
some species were positively correlated and some
were negatively correlated. Of these, 23 species
(19%) were negatively correlated with PDO, 12
(10%) were positively correlated with PDO, and 7
(6%) were positively correlated with upwelling in
the Bight. Thus, more species showed population
trends correlated with environmental trends than did
not, and of those with trends related to environmental variables, more were correlated with a negative
PDO trend.

Species with Moderate to Strong Correlations to
Environmental Variables
Correlations involving PDO were predominant in
the 30-year databases (non-SONGS impingement
and CSDLAC trawl databases), whereas upwelling
in the SCB was predominant in the RecFIN boat data
(a 20-year database). The SONGS 2&3 impingement, RecFIN shore, and Huntington Beach showed
less response, largely because most species caught in
these surveys were more important in either nonSONGS impingement, CSDLAC trawl, or RecFIN
boat databases. For many species, the coefficients of
greatest magnitude were positive, and for other
species, negative (Tables 3, 4). Species with strong
correlations to one variable sometimes had strong
correlations with other variables (Tables 3, 4).
Species with strong correlations to specific environmental variables generally have population trend
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ual 4-year lag included in the model, was
not examined in PDO comparisons.
Upwelling Species. Of 32 species with
strong positive or negative regression coefficients to upwelling, 17 were correlated
with upwelling in the Bight, 12 with
upwelling in the south, and 3 with
upwelling in the north (Table 6). Restricting
these to species that occurred in 50% or
more of the years of occurrence in their
most relevant databases, there were 9 correlated with upwelling in the Bight, 8 with
upwelling south, and 2 with upwelling
north. Of these species, those with the highest positive correlations for upwelling in
Bight were spotfin croaker (Roncador
stearnsii) (2-year lag), blue rockfish
(Sebastes mystinus) (no lag), and cabezon
Figure 5. Percent of species responding to environmental variables (positive and negative) or showing no response to these
(Scorpaenichthys marmoratus) (1-year lag).
variables in the Southern California Bight, 1972-2000. PDO =
Those with greatest negative correlations
Pacific Decadal Oscillation.
were California butterfly ray (Gymnura
marmorata) (1-year lag) and halfbanded
curves that resemble the environmental variable
rockfish (Sebastes semicinctus) (1-year lag).
trends, either as a positive relationship where the
Similarly, those with the highest positive correlations
pattern varies in the same way as the variable or as
for upwelling south were shortspine combfish
the inverse (e.g., when the variable goes up, the fish
(Zaniolepis frenata) (2-year lag), Pacific chub mackpopulation goes down).
erel (Scomber japonicus) (1-year lag), and Pacific
PDO Species. Of 49 species with a strong posi- sanddab (Citharichthys sordidus) (no lag). Those
tive or negative regression coefficient to PDO (disre- with greatest negative correlations were yellowchin
garding number of years with data), 14 followed the
sculpin (Icelinus quadriseriatus) (2-year lag), blackpositive PDO and 35 followed the negative PDO
smith (Chromis punctipinnis) (no lag), and barred
(Table 5). Restricting these to species that occurred
sand bass (Paralabrax nebulifer) (2-year lag). Three
in 50% or more of the years of occurrence in their
species had positive correlations with upwelling
most relevant databases, there were 12 showing posi- north. Zebraperch (Hermosilla azurea) (2-year lag)
tive PDO and 23 correlated with negative PDO
and brown rockfish (Sebastes auriculatus) (2-year
(Table 5). Of these species, those with the highest
lag) had the highest correlations.
positive correlations were spotted kelpfish
Offshore Temperature and El Niños. Eight species
(Gibbonsia elegans), spotted turbot (Pleuronichthys
had positive or negative correlations with offshore
ritteri), and greenblotched rockfish (Sebastes rosentemperature (Table 7). In both cases, four species
blatti). Those with the greatest negative coefficients
had positive and three had negative regression coefand occurring in 50% or more of the years were
ficients. Of those occurring in 50% or more of the
ocean whitefish (Caulolatilus princeps), rockpool
years for their most relevant database, slough
blenny (Hypsoblennius gilberti), and rosy rockfish
anchovy (Anchoa delicatissima) (1-year lag), bat ray
(Sebastes rosaceus). In addition, many more species
(Myliobatis californica) (no lag), and California
were highly correlated with the negative PDO than
corbina (Menticirrhus undulatus) (2-year lag) had
the positive PDO. Species important to fisheries
positive correlations, whereas honeycomb rockfish
(e.g., sablefish, Anoplopoma fimbria; bocaccio,
(Sebastes umbrosus) (no lag) and hornyhead turbot
Sebastes paucispinis; northern anchovy, Engraulis
(Pleuronichthys verticalis) (no lag) had negative cormordax) proved to be more correlated with the nega- relations to offshore temperature.
tive PDO than with the positive PDO. The response
Seven species had positive or negative correlaof species to different lag periods, other than a grad- tions with El Niños (Table 7). Species with positive
correlations to El Niños included smooth stargazer
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Table 3. Positive partial regression coefficients* by fish species and independent variable (Pacific Decadal
Oscillation (PDO), Offshore temperature, El Niño, PDO/El Niño interaction, upwelling in the Southern California
Bight and to the north and south of the Bight, outfall, and runoff) listed by greatest positive magnitude (in bold
for each species).
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Table 4. Negative partial regression coefficients* by fish species and independent variable (Pacific Decadal
Oscillation (PDO), Offshore temperature, El Niño, PDO/El Niño interaction, upwelling in the Southern California
Bight and to the north and south of the Bight, outfall, and runoff) listed by greatest negative magnitude (in bold
for each species).
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Table 5. Fish species (trends) most correlated with the PDO. Species are ranked from strong positive
to strong negative coefficients; species occurring greater than 50% of the years relative to a 30-year
database are highlighted.
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Table 6. Fish species (trends) most correlated with upwelling in the Southern California Bight,
south of the Bight (from Punta Eugenia to Bahia Magdalena in Baja California Sur), and north of
the Bight (north of Point Conception). For each variable, species are ranked from strong positive
to strong negative coefficients. Species occurring in greater than 50% of the years relative to a 30year database are highlighted.
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(Kathetostoma averruncus) (1-year lag), Pacific
staghorn sculpin (Leptocottus armatus) (2-year lag),
longspine combfish (Zaniolepis latipinnis) (2-year
lag), and bay goby (Lepidogobius lepidus) (2-year
lag) (Table 7). Species with strong negative responses were cowcod (Sebastes levis) (no lag), speckled
sanddab (Citharichthys stigmaeus) (no lag), and rainbow seaperch (Hypsurus caryi) (1-year lag).
Runoff and Effluent Mass Emissions. Only two
species showed correlations with runoff and effluent
mass emissions (Table 4). Spotted cusk-eel (Chilara
taylori) showed a strong negative correlation to
runoff (which would be similar to a negative PDO
response). Longfin sanddab (Citharichthys xanthostigma) showed a strong negative correlation to
effluent emission (i.e., its population increased with
decreasing contaminant mass emissions).
Species with Weak or No Correlations to
Environmental Variables
Although the emphasis here has been on species
with population trends correlated moderately to
strongly to the environmental variables identified in
this study, a large number of species showed weak or
no correlations to these variables. Of species occurring in 50% or more of the years in their most relevant database, 55 showed no or weak correlations to
the environmental variables (Table 8). Many of these
species are well-known to the public, such as white
croaker (Genyonemus lineatus), kelp bass
(Paralabrax clathratus), California halibut
(Paralichthys californicus), California grunion
(Leuresthes tenuis), jack mackerel (Trachurus symmetricus), Pacific sardine (Sardinops sagax), Pacific
bonito (Sarda chiliensis), and yellowtail jack
(Seriola lalandi). The species best represented in the
databases (occurring in 100% of the years) were
white croaker, plainfin midshipman (Porichthys
notatus), California scorpionfish (Scorpaena guttata), splitnose rockfish (Sebastes diploproa), stripetail
rockfish (Sebastes saxicola), and pink seaperch
(Zalembius rosaceus). The population trend in
California halibut in CSDLAC trawl data generally
followed the positive PDO curve, but rather than
dipping down in the 1990s, it inclined upwards. The
trend of Pacific sardine was low in the 1970s, somewhat higher in the 1980s, and high in the 1990s.

DISCUSSION
The population trends found in the present study
differ somewhat from those of Brooks et al. (2002),
who found decreasing trends across all species. In
that study, the impingement and reef fish data
extended only from 1977 to 1993, several years prior
to the late 1990s cooling when some cold-regime
species began to increase in abundance. For example, in the present study, northern anchovy followed
a negative PDO pattern, declining in abundance from
the 1970s through the 1990s, but increasing again
after 1998. Many other species in common between
the two studies were also negatively correlated with
the PDO (Table 5), positively correlated with
upwelling in the Bight, or negatively correlated with
upwelling south (all of which showed decreasing
trends from the early 1980s to late 1990s) (Table 6),
or positively correlated to offshore temperature
(which appeared to be influenced by the late 1980s
La Niña, and showed a decreasing trend from the
early to late 1980s and early 1990s) (Table 7). Thus,
with a broader time perspective, the decreasing
trends observed in Brooks et al. (2002) appear to
reflect fish population responses to several different
oceanic variables that decreased during the period
examined, but which subsequently increased.
In the present study, more than half (55%) of the
fish species with good representation in the databases showed correlations with independent environmental variables defined. Most of these fish species
had southern California population trends that followed trends in natural oceanic variables. The most
important of these were the PDO, upwelling in the
Bight, upwelling off southern Baja California, offshore temperature, and the El Niño-Southern
Oscillation.
The PDO, which describes multidecadal cycles of
cold and warm oceanic regimes off California, had
the most influence on fish population trends in 30year fish databases. The importance of the PDO in
the northeastern Pacific and beyond was recently
emphasized by Chavez et al. (2003). This multidecadal oscillation spans several decades, and in
recent history, has caused major shifts in fish populations in the Pacific. The alternation between cold and
warm regimes has resulted in shifts in dominance of
pelagic fish populations off California by Pacific sardine in the 1920s to 1950 (a warm regime period) to
dominance by northern anchovy during the cold
regime from 1950 to 1980. Interestingly, northern
anchovy showed strong negative response to the
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Table 7. Fish species (trends) most correlated with offshore sea surface temperature and El Niño
in the Southern California Bight. For each variable, species are ranked from strong positive to
strong negative coefficients. Species occurring in greater than 50% of the years relative to a 30year database are highlighted.

PDO variable used in the present study, resulting in a
decrease in population size from the 1970s (cold
regime) through the 1980s and 1990s (warm
regime). Pacific sardine increased in both commercial landings (Wolf et al. 2001) and impingement
catches (present study) during the past three decades,
but primarily in the 1990s rather than in the 1980s.
Thus, it did not show a strong positive response to
the PDO variable (low in 1970s, high in 1980s and
1990s) used in this study. Rockfish populations were
higher in the cold regime and lower in the warm
regime. Many species of rockfish in the present
study (including bocaccio) showed strong negative
correlations to the PDO, indicating their cold-regime
affinity.
The PDO cycle is an important part of an atmospheric-oceanic cycle that affects oceanic climate
(temperature, upwelling, productivity, precipitation,
and runoff) along the Pacific Coast (Chavez et al.
2003). Hence, it is more than simply a shift in water
temperatures between warm and cold regimes. When
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the Aleutian Low atmospheric pressure cell is strong,
there is a warm regime off California. During the
warm regime, the California Current is weak,
upwelling is reduced, and nutrient levels and phytoplankton productivity are low, whereas precipitation
and runoff are high. When the Aleutian Low is weak,
the California Current is strong, upwelling is greater
(resulting in higher nutrients and productivity of
phytoplankton and zooplankton), with decreased precipitation and runoff. Thus, the shift from the cold to
the warm regime results not only in a change in
ocean temperature but also in reduced productivity
and increased runoff.
Upwelling strength along the California and Baja
California current varied between cold and warm
regimes, and in southern California within the warm
regime. Strong upwelling off central and northern
California occurred during the cold regime, when the
California Current and northerly winds were
stronger. However, there also was a period of relatively strong upwelling in the Bight during the 1980s

Table 8. Fish species trends showing weak or no response to Pacific Decadal Oscillation
(PDO), Offshore temperature, El Niño, PDO/El Nino interaction, upwelling in the Southern
California Bight (SCB), to the north and south of the SCB, outfall, and runoff), based on study
criterion. Species shown occurred at least 50% percent of the years relative to a 30- year database.
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and weak upwelling in the Bight in the 1990s, when
upwelling was stronger off southern Baja California
Sur. This suggests that the warm regime off southern
California consisted of two subregimes: a period
with strong upwelling in the Bight and one with
weak upwelling. Differences in upwelling strength in
the Bight between the 1980s and 1990s appeared to
affect recreational fish catches in these two periods.
Catches of some recreational fish species were more
abundant during the strong upwelling period of the
1980s, whereas others were more abundant in the
weak upwelling of the 1990s. Fish population trends
with strong positive or negative correlations to the
upwelling variables were best characterized in 20year databases (recreational fish catches for boat and
shore fisheries) that covered only the period from the
early 1980s to the late 1990s. Although the recreational catch database covered a shorter period,
resulting in a reduced emphasis on the PDO cycle, it
helped to define the importance of two upwelling
periods in the Bight during the warm regime of the
1980s and 1990s.
Few species in the present study showed strong
population responses to the short-term El Niño
(warm) and La Niña (cold) periods. Strong El Niños
occurred during 1982-1983 and 1997-1998, with
moderate El Niños in 1972-1973, 1987, and 19921993. A strong La Niña occurred in 1988-1989.
Although the period immediately following the
1997-1998 El Niño was originally thought to be a La
Niña, it lasted longer than a typical La Niña and is
thought to be the start of a cold regime (Chavez et
al. 2003). Population responses were most apparent
during the two strongest El Niños, but some species
responded to the 1988-1989 La Niña. Those that
responded to that La Niña (e.g., bat ray) were positively correlated with the offshore temperature variable (which became much colder in the late 1980s
before increasing afterward).
Effluent mass emissions discharged in deep water
by the three major publicly owned treatment works
were high in the 1970s and decreased monotonically
from then to the early 1990s (e.g., Stull 1995, CSDLAC 2002). A positive response to the early part of
this trend would be similar to a negative response to
the PDO, where cold regime species decreased in
abundance from the 1970s through the 1980s and
1990s; however, these negative PDO species generally showed some increase in the late 1990s. A positive population correlation with this effluent trend
(high in the 1970s, decreasing to the 1990s) would
suggest that reductions in contamination or nutrients
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was detrimental to the population; whereas a negative correlation (low in the 1970s, increasing to the
1990s) would suggest that the population had benefited from the improved effluent quality. Longfin
sanddab had a negative correlation to effluent mass
emissions, increasing in the 1980s and particularly in
the 1990s as contaminant levels decreased, suggesting that its population may have benefited from
improved treatment. However, this southerly species
increased throughout the southern part of the SCB
during the warm regime (Allen et al. 2002), but
decreased after 1998, suggesting its population was
responding positively to the PDO trend. Although
population responses to effluent mass emissions
were difficult to distinguish at the regional scale
from the PDO oceanic trend, positive and negative
responses at local areas on the Palos Verdes shelf
have been described by other studies (Allen 1977,
Stull 1995, Stull and Tang 1996, CSDLAC 2002).
There is no long-term (20- to 30-year) database
of contaminant loadings in runoff to the SCB, but
information on precipitation and runoff does exist for
this period; hence, regional fish populations can only
be compared to trends in stormwater flow in runoff.
Annual runoff from southern California coastal
watersheds followed the atmospheric pressure trend
version of the PDO (i.e., NpiPDO, which was low in
the 1970s, late 1980s, and late 1990s, and high
through much of the 1980s and 1990s). Precipitation
is related to the PDO cycle, being low during the
cold regime and high during the warm regime.
Hence, a fish population trend responding positively
or negatively to the runoff trend would also be
responding positively or negatively to the PDO cycle
(which is the cycle that results in higher or lower
precipitation), thus making runoff effects on fish
populations difficult to distinguish after temperature
effects have been removed. Spotted cusk-eel showed
a negative correlation with runoff (Table 4). As this
is a relatively deepwater species that does not come
close to shore, it is likely that its correlation was due
to chance. As noted above, a very large number of
regression analyses were conducted and it is likely
that about 5% of significant correlations were due to
chance.
However, some nearshore species may have
responded directly to runoff rather than to temperature changes, as both increased occurring during the
warm regime of the PDO. Although regional
responses of fish populations to runoff cannot be distinguished from those of the PDO, local effects
appear to have occurred near the Santa Clara River

and in Santa Monica Bay (Allen et al. 2003). In
some cases, local fish abundances were lower when
annual runoff was high and the reverse when it was
low. However, recreational fish catches in Santa
Monica Bay appeared to be positively related to
runoff.
It is also important to note that catch trends for
several important fished species (e.g., white croaker;
kelp bass; California halibut; California sheephead,
Semicossyphus pulcher; several rockfishes and surfperches; and others) did not show a relationship with
any of the environmental variables examined. These
fish species require additional research to determine
the causes influencing their trends. It is quite possible that fishing pressure, fishing regulation changes,
habitat alteration, or some other undetermined cause
is influencing the trends in these fished species.
There was some suggestion that a departure in the
population trend of California halibut in trawl data
examined in this study from the positive PDO trend
(halibut increased in abundance in the late 1990s)
may reflect a response to closure of the set-gillnet
fishery in southern California. Examination of such
departures from trends of important oceanic variables may provide a basis for detecting such
changes. Commercial and recreational fishing and
habitat alteration can have regional effects, but these
effects must be distinguished from natural oceanic
trends.
Although fish population responses to fishing
pressure or habitat alteration were not examined
directly in this study, the results of this study has
fishery management implications. Several fished
species showed population trends that were correlated with environmental variable trends. Identifying
responses of fish species to a changing environment
is an important first step in determining which
species are susceptible to different environmental
trends. This, in turn, provides insight into expected
changes in fish availability over time and management practices necessary to complement those
changes. For example, of the dominant species comprising the recreational shore and boat catches
(jacksmelt, Atherinopsis californiensis; white croaker; barred sand bass; Pacific chub mackerel; barred
surfperch, Amphistichus argenteus), half showed
responses to environmental variables. Barred sand
bass and Pacific chub mackerel were positively correlated with upwelling in the SCB, and barred surfperch was negatively correlated with the PDO. For
some recreational fish species, fishery independent
trends (i.e., in impingement data) were similar to

fishery dependent trends, with recreational catch data
lagging impingement data by one or more years
(Jarvis et al. in press). Identification of such relationships provides a basis for forecasting species
responses to environmental changes and thus may
facilitate adaptive management. Accordingly, fisheries managers could implement decreased bag limits
for these species during predicted periods of
decreased upwelling and warming temperature in
southern California ocean waters. Parrish and Tegner
(2001) point out that monitoring of the changing
ocean environment is crucial to successively managing our fishery resources for many generations.
Although additional study is needed to assess the
effects of commercial and recreational fisheries,
habitat alteration, and other anthropogenic activities
on these populations, the identification of the basic
trends in oceanic environmental variables that affect
fish populations provide a basis for assessing anthropogenic effects on fish population trends in the SCB.
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