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ABSTRACT. We used a 21 yr time series of productivity for 6 seabird species nesting in large numbers 
at the Farallon Islands, 40 km offshore of San Francisco. California, USA, to assess proximate and 
remote factors leading to variation in the food supplies available to these predators. The latter sampled 
prey throughout a 3200 km2 area. Depending on foraging ecology and reproductive capacity, some 
specles were more sensitive to food web perturbation than others. A serious lack of food was indicated 
by negat.ivc reproductive anomalies during all warm-water events, some of which were classifled as 
tropical El Nifio and others which were not. Equally spectacular but positive anomalies occurred dur- 
ing years adjacent to the negative ones, particularly evident among the most sensitive species. Much of 
the annual variation, positive or negative, in seabird reproductive success was explained by variation 
in the Southern Oscillation and/or the Aleutian low pressure system, both of which affect sea-surface 
temperature and thermocline depth off California. Results indicate that perturbations in the marine 
food web of the Cal~fornia eastern boundary current system, as indicated by the availability of food to 
seab~rds, are much more complex than is generally appreciated, and are not conf~ned only to negative 
excursions from normalcy. ENSO is important, but other global atmosphere-ocean phenomena affect 
the California Current just as dramatically. 
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INTRODUCTION 

The intense 1982-83 El Nino, i.e. the warm phase of 
the El Niiio-Southern Oscillation (ENSO) cycle, dra- 
matically increased awareness of the global interaction 
between the atmosphere and ocean and subsequent 
effects on marine biological processes (Barber & 
Chavez 1984, 1986, Norton et al. 1985, Robinson & del 
Pifio 1985, Pearcy & Schoener 1987). Such an inter- 
action had been known for some time (e.g. Glantz & 
Thompson 1981), but then additional study or analysis 
of old data began at levels unprecedented in this area 
of research. Certainly, the advance of computers, 
which allowed much greater access to global data sets, 
and integration of such sets led to success of the 
renewed analysis. 

Particularly exciting to marine vertebrate ecologists 
have been the longer-term data sets that link top 
trophic-level predators to oceanographic events that 
affect food webs and change the availability of prey 
(e.g. Boersma 1978, Murphy 1981, Paulik 1981, Duffy 
et  al. 1984, Shannon et al. 1984, Norton 1987). These 
linkages are also evident in the 16 yr time series com- 
piled on prey availability and the breeding ecology of 
6 species in the seabird community at the Farallon 
Islands, California, USA, 1971 to 1986 (Ainley & 

Boekelheide 1990). These islands lie within the central 
upwelling zone of the California Current system (Par- 
rish et al. 1981), which, as with other eastern boundary 
currents, is among the most oceanographically vari- 
able areas of the world ocean at all spatial and tempo- 
ral scales (Glantz & Thompson 1981). 
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Ainley & Boekelheide (1990) indexed relative prey 
availability by relating Farallon seabird diet to breed- 
ing productivity (mean number of young raised per 
breeding pair), which measures the success of parents 
in simultaneously feeding themselves and their chicks, 
an  energetically demanding activity. In concert, Ainley 
et  al. (1993) showed that the prevalence of important 
prey species in seabird diet (i.e. percent composition) 
was almost exactly correlated with prevalence of these 
prey in extensive mid-water trawl surveys designed to 
capture small fish (of suitable size for bird consump- 
tion) throughout the upper water column of the 
3200 km2 foraging range of the birds. Moreover, 
absolute prevalence in surrounding waters of the sin- 
gle most important prey, juvenile rockfish Sebastes 
spp., was indicated equally by both the Farallon 
seabird diet and the trawls. Such a strong connection 
between reproductive success and prey availability is 
not novel to the Farallon system, however, but has 
been shown in a number of systems and studies as 
summarized elegantly by Montevecchi (1993). 

Thus, the extreme variability in diet and reproduc- 
tive success of the Farallon seabirds can provide 
insights into the proximate and remote causes of food- 
web variation. The seabirds sample intensively year 
after year in a way that would be financially prohibi- 
tive using the classical methods of fisheries oceanogra- 
phy. Seabird reproductive anomalies, as we measured 
them, are independent of population size and structure 
as shown indirectly by Ainley & Boekelheide (1990). 
Proximate causes of the anomalies are mediated 
through availability of their primary prey: euphausiids, 
small fish and cephalopods (Ainley & Boekelheide 
1990, Sydeman et al. 1991, and 'Results' herein). Vari- 
ous analyses have shown significant correlations 
between diet or reproductive success and local sea 
level, sea-surface temperature and the strength of 
upwelling during the late winter months (January to 
March) preceding the bird nesting season (Ainley & 
Boekelheide 1990, Ainley et al. 1993, Nur et al. 1993). 
These factors are also known to correlate with regional 
abundance of microzooplankton (Bernal 1981, Chelton 
1981, McLain & Thomas 1983), which are the prey of 
small fish. Ultimately, the critical factors are likely the 
local levels of primary production and, more impor- 
tantly, the efficiency by which it is assimilated into the 
upper trophic levels (e.g. Peterman & Bradford 1987). 

An analysis by Norton & McLain (1994; see also Nor- 
ton et al. 1994) provides the basis for exploring the 
more remote factors that affect local ocean conditions 
and ultimately the food web of coastal central Califor- 
nia. Using time-series analysis, these authors found 
significant correlation between water temperatures in 
the upper 300 m of the water column off California and 
2 ocean-atmosphere systems: atmospheric pressure in 

Darwin, Australia, as part of the Southern Oscillation 
(SO), and pressure at 45"N, 165"W, as part of the 
Aleutian low (hereafter called the Aleutian low pres- 
sure system index, or AL), 1954 to 1986. The warming 
effect of variation in the AL (Empirical Orthogonal 
Function 2, or EOF2, of Norton & McLain 1994) was 
confined to the upper 100 m, in contrast to the deeper 
warming driven by SO (EOF1). SO leads to warmer 
waters by a perturbation of the deep thermal structure 
through coastally trapped Kelvin waves, but AL leads 
to warmer water by a relaxation or change of prevail- 
ing winds that allows the normally warmer waters off- 
shore of the California Current to flow toward the 
coast. The latter flow, in turn, promotes additional 
warming because the atmospheric pressure gradient 
becomes more conducive to northward geostrophic 
advection. The response of the ocean off California to 
variation in the AL is almost immediate, i.e. a 0-order 
response, relative to the lagged effects of SO. 

Norton & McLain (1994) further partitioned the time- 
series results into 2 seasonal components: the spring- 
summer (S) warming period (March to August; to be 
designated, for example, as EOFlS or SO-Summer and 
EOF2S or AL-Summer) - hereafter denoting the 
period at the start of the designated year - and the 
fall-winter (W) cooling period (September to February, 
EOFlW or SO-Winter and EOF2W or AL-Winter). Data 
were averaged from 6 coastal blocks in the eastern 
North Pacific between the latitudes of Vancouver, 
British Columbia, Canada, and San Diego, California 
(33 to 50°N). In actuality, the 2 time periods represent 
12 mo intervals, e.g. one spring-summer to the next 
spring-summer, over which ocean-atmosphere pro- 
cesses were integrated (in both the ecological and ana- 
lytical senses) to affect the measured (i.e. 'differenced') 
state of the nominal period relative to the previous 
respective period. The mid-point of the spring-summer 
12 mo interval would be January and that of the fall- 
winter 12 mo interval would be June. 

Our objectives in this paper, using a longer seabird 
data set from the Farallones than that published by 
Ainley & Boekelheide (1990) plus the results of Norton 
& McLain (1994), were to identify ( 1 )  the relative 
degree to which the SO and AL affect variation in the 
availability of prey to seabirds in the coastal central 
California food web (as indicated by seabird reproduc- 
tive success) and (2) the relative degree to which the 
2 remote factors explained variation better than local 
factors, such as sea-surface temperature. 

SPECIES STUDIED. DATA AND METHODS 

We collected seabird productivity data annually at 
the Farallon Islands (37.6" N, 137.0" W), 40 km off- 
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shore of San Francisco, California. Methods and most 
of the productivity data set (1971 to 1986) are pre- 
sented and discussed in Ainley & Boekelheide (1990); 
data collected in the same way from 1987 to 1991 are 
presented herein for the first time. 

The 6 seabird species investigated in detail are the 
'sampling devices' by which we assessed food web 
variation. Included were Brandt's and pelagic cor- 
morants Phalacrocorax penicillatus and P. pelagicus; 
western gull Larus occidentalis; common murre Uria 
aalge; pigeon guillemot Cepphus colun~ba; and 
Cassin's auklet Ptychoramphus aleuticus. For most 
species, respective Farallon numbers comprised a sig- 
nificant proportion of California and West Coast popu- 
lation~ (Ainley & Boekelheide 1990). These species 
together sample all of the water column over the conti- 
nental shelf and much of it over the slope. The cor- 
morants and the murre feed to depths near 100 m, the 
guillemot feeds to slightly shallower depths, the auklet 
to 35 m and the gull at the surface. The Brandt's cor- 
morant, gull and murre forage within 80 km of the Far- 
allones, the auklet within 30 km and the others within 
< 5  km. The auklet is exclusively a planktivore (mainly 
euphausiids); the Brandt's cormorant and to a lesser 
extent the guillemot are piscivores. The remainder 
feed on fish, cephalopods and macrozooplankton (the 
murre is more a planktivore than the others in this 
subgroup). The gull is the most catholic of all, being 
both a scavenger and a predator on anything edible. 
The sampling (= nesting season) of the auklet extends 
from March to July and that of the other species from 
late April to August, with some interspecific and much 
annual variation as a function of feeding and breeding 
capabilities (Ainley & Boekelheide 1990). The murre 
and auklet lay but one egg per breeding attempt and, 
thus, show lower annual variability in reproductive 
success than the other species (Ainley & Boekelheide 
1990; see 'Results'). 

In this exploratory analysis, we used stepwise 
regression, starting with a full model (i.e. all factors) 
to determine atmospheric-oceanographic factors that 
affected reproductive success of each species (chicks 
fledged per pair that attempted breeding, i.e. laid at 
least 1 egg). We were not testing hypotheses at this 
stage, but using the statistics described by Seber (1977, 
p. 362-3?8), we sought relationships to explain vari- 
ability by finding the 'best' regression (maximum 
adjusted r2). Thus, we sought the factors that maxi- 
mized the explained variation in seabird reproductive 
success and, therefore, some of the factors retained in 
the models had p-values slightly >0.05. We present all 
p-values and significance levels for readers only inter- 
ested in those factors significant at p < 0.05. 

Numerous studies show that ENSO affects the local 
variables we used, as it also does variation in the 

Aleutian Low (Norton & McLain 1994); thus, none of 
the variables were 'independent', which is true for any 
study attempting to relate aspects of ocean weather 
and climate. Our point was to determine whether the 
more remote vs the local variables alone, e.g.  ENSO vs 
variation in the Aleutian Low vs local upwelling, when 
each variable was held constant in the regressions, 
could better explain variation in I-eproductive success. 
Variables that contributed nothing were dropped from 
the model. Among variables, we included the spring- 
summer (S) and fall-winter (W) EOFl (SO) and EOF2 
(AL) of Norton & McLain (1994), as well as data series 
of local ocean factors that have been shown to affect 
the seabird food web of central California: (a) Bakun's 
(1973) Upwelling Index during January and February, 
combined, for 36" N off California (Ainley et al. 1993); 
(b) average daily sea-surface temperature at the Faral- 
lones during March (Nur et al. 1993); and (c) average 
daily sea level at San Francisco during February (Chel- 
ton et al. 1982, McLain et al. 1985). 

Data sets of local variables were compiled by the 
National Oceanic and Atmospheric Administration 
(see 'Acknowledgements'), except for the tempera- 
tures, which were collected daily at  the Farallones 
(Alnley & Boekelheide 1990, PRBO unpubl. data). The 
regression analyses using physical conditions included 
the years 1971 to 1986, the period of overlap between 
data on reproductive success and the data from Norton 
& McLain (1994). In the tables, the local variables are 
referred to as follows: UW-J+F = upwelling index Jan- 
uary & February combined, T-MAR = average daily 
sea-surface temperature at the Farallones during 
March, SL-FEB = average daily sea level at  San Fran- 
cisco during February. EOFl is designated as SO and 
EOF2 as AL (e.g. EOFlS = SO-Summer). 

Using rockfish data from Ainley et al. (1993) we  also 
correlated rockfish prevalence to the above physical 
factors in the models. A suitable index to rockfish avail- 
ability is the proportion of rockfish in the diet fed to 
chicks by the common murre; this index is closely com- 
parable to results of systematic trawling by the National 
Marine Fisheries Service in central California (Ainley et 
al. 1993). Allowed by temporal overlap, we used the 
seabird productivity time series, 1973 to 1991, to relate 
reproductive success to diet variability (no diet data 
available for 1971 and 1972), and that of 1973 to 1986 to 
relate diet variability to the Norton & McLain (1994) 
data set (no physical time series available after 1986). 

We used log(1 + rs), where rs is reproductive success, 
to meet criteria of normality in the reproductive suc- 
cess data for pigeon guillemots and pelagic cormorants 
(both species exhibited many years when success was 
zero). These transformations also provided highest 
r-values. Alternating patterns of high and low repro- 
ductive success were investigated using the autocorre- 
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lation between adjacent years (Priestly 1981) and a 
non-parametric Runs Test (Siegel 1956). Statistical sig- 
nificance in the latter 2 tests was considered at  p I 0.05 
(see Siegel 1956). However, considering the relative 
shortness of the reproductive time series, the fact that 
the Runs Test is a 2-tailed test and that this is an 
exploratory analysis, we believe that a value of p = 0.10 
is worth our attention. 

RESULTS 

Variability in seabird productivity 

The seabirds, and especially those species that can lay 
multiple-egg clutches, exhibited significantly reduced 
productivity or total reproductive failure during 1973, 

1 .OO 1 BRANDT'S CORMORANT (1.32, 0.14) 

W 
a PELAGIC CORMORANT (0.93, 0.20) 

WESTERN GULL (1.33, 0.08) 

W 
2 
C 0.25 1 COMMON MURRE (0.79, 0.04) 

a 
W 
a 1.00 1 

PIGEON GUILLEMOT (0.84, 0.1 1) 

Fig. 1 Divergence of values for reproductive success ex- 
pressed as anomalies from the mean for 6 species of seabirds 
nesting on the Farallon lslands. 197 1 to 1991. Lines above and 
below mean lines indicate the 95% confidence intervals of 
mean reproductive success (not mean anomaly); dark bars 
Indicate ENSO years; mean reproduct~ve success (and 

standard error) in parentheses 

t6.0 +1.0 
EOFl - Bar, Left Scale 1 

I EOF2 - Line, Right Scale ! t  

Fig. 2. Values of Empirical Orthogonal Functions from Norton 
& McLain (1994) for the years 1971 to 1986. Each year is 
divided ~ n t o  2 periods. spring-summer (March to August) and 
fall-winter (September to February of following year). Bars: 
EOFl (Southern Oscillation]; 0-0: EOF2 (Aleutian Low 

index) 

1976, 1978, 1983, 1986, 1989 and 1990 (Fig. 1). During 
2 yr ENSOs (1972-73, 1982-83; Fig. 2), sea-surface 
temperature anomalies (as indicators of ENSO onset) 
were not positive off California until late the first year 
after most Farallon seabirds had completed breeding; 
thus, effects on reproduction of seabirds (as we measure 
it here) were not apparent in the first year. Frequent 
negative anomaly was most apparent in pelagic cor- 
morant and pigeon guillemot, both of which dive deep 
but exhibit a restricted foraging range and diet under all 
conditions. The more trophically flexible western gull 
and Brandt's cormorant showed lessened variability. 

Contrasting the years of negative reproductive an- 
omalies were those of positive anomalies: 1971, 1975, 
1977, 1979, 1981, 1985 and 1987. Positive, like nega- 
tive, anomalies were most evident among species that 
lay large clutches, particularly pelagic cormorant and 
pigeon guillemot. These 2 species, in fact, rarely expe- 
rienced 'average' reproductive success. During years 
of greatest positive anomaly they did so well that 
reproductive success exceeded all respective values 
ever measured elsewhere in their subarctic range, as 
did chick growth rates (Ainley & Boekelheide 1990). 

The year-to-year reproductive success of several 
species exhibited a negative autocorrelation between 
years. The pattern was significant for the 2 species 
most sensitive to prey ava~labllity, pelagic cormorant 
and pigeon guillemot (Table 1). Thus, years of strong 
positive reproductive success were followed (or pre- 
ceded) by negative success. 

Causes of productivity variation 

In multiple regressions using only independent vari- 
ables that were each si.gniflcant, 40 to 56% of variabil- 
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Table 1 
years of 

tive 

Autocorrelation (lag 1) indicating whether or not 
positive and negative anomaly alternated; reproduc- 
success of Farallon seabird species, 1971 to 1991 

Species A.utocorrelation (lag 1) Probability' 

Brandt's cormorant -0.02 >0.10 
Pelagic cormorant -0.53 <0.05 
Western gull 0.16 >0.10 
Common murre ~ 0 . 0 1  >0.10 
Pigeon guillemot -0.36 <0.10 
Cassin's auklet 0.05 0.10 

'Runs test, a 2-tailed test, considered significant at 
alpha < 0.10 in this exploratory analysis 

ity in seabird reproductive success (depending on spe- 
cies) was explained by the physical factors retained in 
the model. Including all factors that maximized the 
amount of explained variation (maximum adjusted r2), 
47 to 61% of variability in reproductive success was 
explained (Table 2). In both analyses, SO-Winter (plus 
at least 1 local variable) was the most consistent 
component of the various regression models (5 of 
6 species). In the second analysis, AL-Summer also 
remained in the models (4  of 6 species). The Upwelling 
Index in January+February and sea-surface tempera- 
ture in March were the most frequent local factors 
retained (5 of 6 species; Table 2 ) .  When only the EOFs 
were used in the regressions, SO-Winter was in all 
6 models and AL-Summer was in 4 of 6 (Table 3).  
We used lagged variables (-1) to test whether EOFs of 
the period preceding the seabird reproductive season 

affected results, but no significant relationships were 
apparent. 

The physical values are only surrogates of prey 
availability. We related reproductive success directly 
to prey availability during the period when adult 
seabirds are provisionlng their chicks at the nest 
(June-July). As detailed in the 'Introduction' and 
'Methods', we used composition of the murre diet dur- 
ing June to index prey availability; no data were avail- 
able for prey availability during other periods of the 
year. Prevalence of juvenile rockfish during the chick- 
provisioning period explained 27 to 67% of annual 
variation in reproductive success depending on 
seabird species (Fig. 3). Upwelling during January & 
February and sea-surface temperature during March 
explained 73 % of annual variation in the prevalence of 
rockfish [Table 4; findings also reported by Ainley et  
al. (1993) using a slightly shorter data set]. When 
retaining variables to maximize adjusted r2, 77% of 
variation was explainable. In this case, 3 EOF values 
were retained in the model. 

Finally, w e  added prevalence of juvenile rockfish 
into the stepwise regression matrix that included all 
the physical variables. Prevalence of rockfish in the 
diet is explained by upwelling during January & Feb- 
ruary (Ainley et al. 1993). By doing this, we thought 
that we mlght be able to determine the degree to 
which the physical variables could be  surrogates of 
prey availability outslde of the chick-provisioning' 
period, when no prey data are available within the 
seabirds' foraging range. These final regression mod- 
els greatly improved the ability to explain variation in 

Table 2 .  Results of regression analyses showing physical variables compnsing a model in which the adjusted r2 value is 
n~aximized to explain reproductive success, rs, in Farallon seabirds, 1971 to 1986 Blank values were dropped from the model 

SO-Sum SO-Win AL-Sum AL-Win UM7-J+F T-MAR SL-FEB 

Brandt's cormorant, rs; C =  -0.281, maximum adj. r2 = 0.612 
P - -0.182 -1.749 -0.505 - 0.140 - 

P - 0.028 <0.001 0.127 - 0.250 - 

Pelagic cormorant, log(1 + rs); C = 0.577, maximum adj. r2 = 0.509 
P - -0.172 -0.494 - -0.012 - -0.003 

P - 0.012 0.134 0.155 - 0.017 

Western gull, rs; C = 4.701, maximum adj. r2 = 0.484 
P - - -0.329 - -0.009 0 . 2 7 7  - 
P - - 0.143 - 0.233 0.035 - 

Common murre, rs; C = 3.697, maximum adj. r2 = 0.603 
P -0.064 0.076 - -0.258 -0.021 -0.239 -0.001 

P 0.027 0.092 - 0.150 0.015 0.035 0.291 

Pigeon guillemot, log(1 + rs); C =  0.006, maximum adj. r2 = 0.466 
P - -0.032 - - -0.032 -0.002 -1.813 

P - 0.022 - - 0.024 0.151 <0.003 

Cassin's auklet, rs; C = 35.968, maximum adj. r2 = 0.554 
P - 24.934 -0.861 0.296 0.531 -0.106 - 

P - 0.114 0.021 0.127 0.163 0.010 - 
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Table 3. Results of regression analyses showing only EOF variables comprising a model in which the adjusted r2 value is 
maximized to explain reprodurtive success, rs, in Farallon seabirds, 1971 to 1986 

SO-Sum SO-Win AL-Sum AL-Win 

Brandt's cormorant, rs; C =  1.354, adj. r2 = 0.608 
P - -0.147 -1.749 -0.496 

P - 0.059 0.001 0.137 

Pelagic cormorant, log(1 + rs); C = 0.558, adj. r' = 0.264 
P - 

P - 

Western gull, rs; C =  1.390, adj. r2 = 0.324 
P 
P - 

Common murre, rs; C =  0.773, adj. r2 = 0.253 
P -0.042 
P -0.077 

Pigeon guillemot, log ( l  + rs); C = 0 609, adj. r2 = 0.392 
P - 

P - 

Cassin's auklet, rs; C =  0 700, adj. r2 = 0.194 
P -0.030 
P -0.072 

reproductive success for only 1 species, the pigeon 
guillemot (Table 5). The new model for this species 
explained 95 % of annual variation in reproductive 
success (cf. Tables 3 & 5)! Models for the other species 
were not or were only slightly affected by the addition 
of rockfish prevalence to the regression. 

DISCUSSION 

Variability in reproductive success of the California 
seabirds depend on the breeding and trophic plasticity 
of respective species (Ainley & Boekelheide 1990). 
Pelagic and Brandt's cormorant, western gull and 
pigeon guillemot lay more than 1 egg per annual nest- 
ing attempt and, thus, when food is abundant can 
produce multiple young. Common murre and Cassin's 
auklet lay 1 egg and, in contrast, cannot respond to 

food surplus except by increased chick growth rates 
(Ainley & Boekelheide 1990); i.e. fatter chicks have a 
higher chance of subsequent survival. The murre and 
auklet, however, because of their more conservative 
breeding capacity appear better able to cope when 
food is not available. Their reproductive success, thus, 
varied little. 

Our results show that much remains to be learned 
about perturbations in the upper portions of the food 
web of the California Current system. The variable 
'AL-Summer' appears to be an important factor in 
affecting food availability to seabirds and is temporally 
consistent with the seabird breeding season in central 
California with respect to calendar months (March to 
August overlapping a nesting season of April to July). 
In addition, the mid-point of the 12 mo interval ending 
with spring-summer, i.e. January, is also consistent 
with the late-winter period that other studies have 

Table 4. Results of regression analyses showing physical variables comprising a model In which the adjusted r2 value IS maxi- 
mized to explain the percentage of juvenile rockfish in the diet of common murres on the Farallon Islands, 1973 to 1986 

SO-Sum SO-Win AL-Sum AL-Win UW-J+F T-MAR SL-FEB 

Significant variables only 
Percent rockfish, C =  77.798, adj. r2 = 0.681 

P - - - - 1.245 -0.504 - 
P - - - - ~ 0 . 0 0 1  0.008 - 

Variables maximizing adjusted r2 
Percent rockf~sh, C = 63.154, ad] r2 = 0.772 

P - 0.512 0.188 -11.20 1.352 -0.416 

P - 0.105 0.188 0.143 0.001 0.022 - 
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Fig. 3. Relationship, for 6 seabirds, between breeding productivity and rockfish availability, as determined by the proportion of 
rockfish in the murre diet. Equations of regression are as follows: 

Brandt's cormorant: y = -1.35 + 0.6972, r2 = 0.51, p = 0.001 
Western gull: y  = 0.917 + 0.007x, r2 = 0.28, p = 0.020 
Common murre y = 0.587 + 0.003x, r2 = 0.27, p = 0.024 

shown to be critical to development of prey resources 
important to the birds' breeding efforts (e.g. Wylie 
Echeverria 1987, Ainley et al. 1993). 

Seemingly problematic is the even greater impor- 
tance of SO-Winter, a factor that represents the fall- 
winter period (September to February) after the sea 
bird reproductive season. September to February, of 
course, is the period when maximum effect of ENS0 is 
usually apparent. Changes are underway, however, 
well before; the period of maximum response can be 
attained 3 to 9 mo after a perturbation in the Southern 
Oscillation (Norton & McLain 1994). Indeed, oceanic 
processes that culminate in the fall-winter conditions 

Pelagic cormorant: y = 0.033 + 0.00022, r2 = 0.48, p = 0.001 
Pigeon guillemot: y =  0.035 + 0.014x, r2 = 0.67, p = 0.001 
Cassin's auklet: y  = 0.507 + O.O03x, r2 = 0.30, p = 0.016 

begin to perturb the California Current environment 
early in ENS0 events and within 1 mo of effects appar- 
ent along the Equator (Huyer & Smith 1985, Rienecker 
& Mooers 1986). Moreover, the EOF values in the study 
of Norton & McLain represent the integration of 
processes over the year interval that leads to the state 
measured in the nominate, e.g. fall-winter, period (see 
their Fig. 11). Thus, considering the short versus long 
time lags (between perturbation and maximum effect), 
respectively, of SO and AL, these are much more con- 
temporaneous than our temporal designation at first 
indicates. In concert, the seabirds are also indicating 
that significant food web perturbations are under way 
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Table 5. Results of regression anal)-sc,s showing physical variables. plus prevalence of juvenile rockfish In the seabird diet, com- 
pr is~ng a model in which the adjusted r2 value is mdximized to explain reproductive success, rs, in Farallon seabirds, 1971 to 1986 

SO-Sum SO-Win AL-Sum AL-Win UW-J+F T-MAR SL-FEB DIET 

Brandt's cormorant, rs; C = -2.761, adj. r2 = 0.639 
P - -0.306 -1.868 0.345 -0.002 

P - 0.010 0.002 0.089 0.162 

Pelagic cormorant, log(l+rs);  C =  0 047, adj. r2 = 0.562 
P - -0.172 - 

P - 0.032 - 

Western gull, rs; C =  5.266, adj. r2 = 0.508 
P - -0.448 -0.018 -0.323 

P - 0.076 0.075 0.022 

Common murre, rs; C = 3.700, adj. r2 = 0.603 
P -0.064 0.076 - -0.022 -0.239 

P 0.027 0.092 - 0.015 0.035 

Pigeon guillemot, log(l+rs); C = 1.277, adj. r2 = 0.921 
P - -0.059 - -0.004 -0.087 

F - 0.006 - 0.286 0.068 

Cassin's auklet, rs; C =  0.712. adj. r2 = 0.659 
P -0.047 - 0.184 - -0.008 - 

P 0.008 - 0.040 - 0.018 - 

long before maximum anomalies in physical conditions 
are evident. The fact that we found no significant cor- 
relations between reproductive success and SO of the 
previous year (i.e. the fall-winter preceding the repro- 
ductive season) is further support for our supposition. 

It is possible that if Norton & McLain (1994) had tem- 
porally partitioned their results into smaller periods 
(rather than just 2), our analysis and theirs would have 
matched even more closely. Al.so, if their analysis had 
been directed just at central California, the effect of 
spatial averaging whose geographic center is well to 
the north (i.e. Oregon) would have also provided a 
greater temporal match. It is well known that ocean 
seasons (e.g. peak of maximum upwelling; Bakun 
1973) and effects of ENS0 (McLain et al. 1985) 
progress northward along the coast in the eastern 
North Pacific. Correspondingly, the initiation of 
seabird reproduction in Oregon is a month or more 
later than in central California depending on species 
(cf. Scott 1973, Ainley & Boekelheide 1990). Thus, geo- 
graphic position has much bearing on the temporal 
aspects of both ocean perturbation and, avian repro- 
duction. 

Results show the validity of the partitioning of ocean 
warming events off California by Norton & McLain 
(1994) into EOFs related to the Southern Oscillation 
and the Aleutian low pressure system, at least from a 
biological perspective. With just EOFs in the regres- 
sion matrix, the one representing SO conditions, i.e. 
SO-Winter, and that representing AL conditions, AL- 
Summer, were retained in the models for most avian 
species. This is consistent with the time lays, noted by 

Norton & McLain (1994), whereby perturbations in 
respective distant areas propagate signals to affect the 
California Current, the response to perturbations in 
the AL (EOF2s) being much more immediate than 
those of the SO. Only 2 models, those for common 
murre and Cassin's auklet, retained SO-Summer. 
These are the 2 seabird species that feed heavily on 
euphausiids, particularly Thysanoessa spinifera and 
Euphausia pacifica (Ainley & Boekelheide 1990, PRBO 
unpubl. data). These organisms (especially E. pacifica) 
occur deep in the water column (S. Smith pers. comm.) 
and, thus, potentially are more directly sensitive than 
are other prey species to deep changes in thermal 
structure brought by Kelvin waves (which affect ther- 
mocline depth). These euphausiids are particularly 
important for these seabirds during the pre-breeding 
period in late winter before the rockfish become avail- 
able (PRBO unpubl. data). 

The fact that EOF2s (mostly AL-Summer) fell out of 
the regression models when local factors, such as up- 
welling index, sea-surface temperature and sea level, 
were added is also consistent with the interpretation of 
Norton & McLain (1994). The strength and position of 
the Aleutian low pressure system has direct bearing on 
the strength of upwelling-favorable winds in the Cali- 
fornia Current. A relaxation or intensification of these 
winds allows offshore warm waters to move shoreward 
or be displaced seaward by upwelled water, respec- 
tively (e.g. Bolin & Abbott 1963, Hickey 1979). The 
relaxation of winds also brings a rise in sea level as 
the offshore waters move coastward (Chelton 1981). In 
their analysis, Norton & McLain considered EOF2s to 
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represent local conditions relative to the very remote 
forcing by the SO (EOFls); for our purposes, relative to 
real-tune, immediate conditions, we considered both the 
AL and SO to be 'remote' (or, one could consider AL to 
designate 'regional' conditions). Thus, AL-Summer ap- 
pears to be a valid surrogate of the truly immediate, lo- 
cal conditions that affect the spring-summer breeding 
season of the seabirds. Ainley et al. (1993) found that ad- 
vection by strong, persistent winds strongly affects the 
availability of rockfish juveniles in the vicinity of the 
Farallones. Those results, too, are consistent with the 
surrogate value of AL-Summer. 

The fact that actual prey availability during the chick 
provisioning period did not significantly improve the 
explanation of variability in reproductive success for 
most species also added credence to use of the surro- 
gate physical EOF values. The improved explanation 
on the part of the pigeon guillemot, however, was dra- 
matic. For that species, more than any of the others, 
whether or not they breed at  all must have little to do 
with the local factors in the California Current near the 
Farallones and preceding the time of egg-laying and 
parenting. In fact, of the 6 species studied, the guille- 
mot is the only one that does not reside year-round in 
the vlcinity of the Farallones. Indeed, except when 
breeding, the species occurs in British Columbia north 
of the California Current. These results increase our 
confidence still more that the EOFs help to explain 
food-web variability especially during the time of year 
when no prey data are available. 

Two aspects of the results deserve further comment. 
First, negative reproductive anomalies occurred 
during each El Nilio (1973, 1976, 1983 and 1986) but 
classic El Nino conditions do not explain all negative 
perturbations in the productivity of eastern boundary 
current systems (see also Bernal 1981, Chelton 1981, 
McLain & Thomas 1983, Norton et al. 1985). From the 
perspective of Farallon seabirds, reduced population 
size and breeding failure, i.e. expected consequences 
of the perturbed food web brought by El Nirio (Barber 
& Chavez 1984, 1986), occurred also in 1978, 1989 and 
1990, none of which was an  official El Nino year (see 
Pares-Sierra & O'Brien 1989, Johnson & O'Brien 1990a, 
b, Philander 1990). 

Other researchers have noted unusual aspects of the 
ocean off California during 1978 (Brinton 1981, Chel- 
ton et al. 1982, McLain et al. 1985). Although changes 
in the Aleutian low pressure system were involved in 
affecting California oceanography in 1978 (Norton et  
al. 1985, Norton & McLain 1994, this study), perturba- 
tions were also noted around the globe: a negative 
anomaly clearly stood out in South African oceano- 
graphic, fisheries and seabird data (Duffy et al. 1984, 
Shannon et al. 1984, McLain et al. 1985), as did poor 
reproductive success of seabirds in the Scotia Sea 

(Croxall et al. 1988) and in the eastern Canadian Arc- 
tic (Birkhead 1993). In the last case, reproductive fail- 
ure was caused by pack ice that did not disappear dur- 
ing summer, as it does usually; see also Niebauer & 
Day (1989) for anomalous ice conditions in the opposite 
extreme during 1978-79 in the Bering Sea and not 
related to ENSO. Other aspects of the unusual meteo- 
rological conditions between 1976 and 1978 have been 
discussed (Rasmusson et al. 1984, Emery & Hamilton 
1985, Kerr 1985), and years similar to 1978 have been 
noted with respect to the eastern North Pacific (Norton 
et al. 1985, Norton & McLain 1994). The inlplication is 
that a large-scale ocean-atmosphere perturbation 
occurs periodically, with results in eastern boundary 
currents and elsewhere that can be as equally severe 
biologically (and physically, i.e. warm water) as those 
brought by ENSO. 

Second, positive anomalies were just as spectacular 
and appear to be just as worthy of investigation as are 
negative ones. As a result of events in 1982-83, the 
marine biological literature is now replete with reports 
mainly of negative excursions from normality related 
to El Nino. Yet infrequent, positive reproductive anom- 
alies and recruitment, for instance, can sustain fish- 
eries on long-lived fish species for decades (e.g. Sis- 
senwine 1984, MacCall 1986, Norton 1987) just as the 
infrequent strong year-classes of apex predators can 
also maintain their respective populations (e.g. Ainley 
et al. 1990). In the present study, 7 of the 21 years when 
many seabird species produced few young were coun- 
tered by 7 when they were extremely productive. The 
years of negative anomaly were all preceded (or fol- 
lowed) by those when seabirds were exceptionally 
successful. Results were significant for the 2 species 
most sensitive to food web perturbation owing to their 
inability to forage over wide areas: pelagic cormorant 
and pigeon guillemot. Boersma (1978), in a single- 
species and shorter-term analysis than the present one, 
also noted exceptional productivity in Galapagos pen- 
guins Spheniscus mendiculus during the year preced- 
ing El Nino 1972-73. Thus, determining the conditions 
that lead to these positive annual anon~alies should be 
just as important as the negative ones. Taken together, 
we should be able to learn most about the system by 
studying the opposite extremes (e.g. Chelton et  al. 
1982). Whether or not the positive anomalies are 
related to the reversal or opposite of El Nino in the 
ENSO cycle remains to be determined. Indeed, some 
of these positive years (1971, 1987) are now recognized 
as 'La Nina' (Kerr 1988, Philander 1990, Norton & 
McLain 1994). 

In conclusion, the present study confirms that El 
Nino (i.e. the warming aspect of ENSO) is not the only 
factor that can significantly perturb the ocean and food 
web in the eastern North Pacific, and that atmospheric 
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te leconnect ions  b e t w e e n  various pa r t s  of t h e  g lobe  - a  

mos t  difficult a r e a  of r e sea rch  - l ikely p lay  a s t rong  

role  in  affecting significant pe r tu rba t ion  in t h e  food 

w e b s  of e a s t e r n  boundary  cur ren t  sys tems  ( s e e  also 

Pares-Sierra  & O'Brien 1989, J o h n s o n  & O'Brien 1990a,  
b ,  Ph i l ander  1990). At  p resen t ,  n o  p r o g r a m s  exist  tha t  

s a m p l e  sufficiently i n  t ime  and space t o  a n s w e r  detai ls  

of h o w  food w e b  interact ions  a n d  s t ruc tu re  a r e  

affected in  t h e  u p p e r  a n d  midd le  t rophic  levels of these  

sys tems .  O u r  motivation h e r e  in  statistically compar ing  

t h e  t o p  p reda to r s  a n d  potent ia l  physical  forcing mech-  
a n i s m s  w a s  to invoke  interes t  i n  fu r the r  explorat ion of 

t h e  c a u s e s  of variabili ty i n  t h e  food w e b  s t ruc tu re  of 

t h e  California C u r r e n t  sys tem,  particularly in  its mid-  
d l e  a n d  u p p e r  levels .  
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