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ABSTRACT: We investigated variations in the small- to meso-scale abundance and distribution of the
6 most abundant seabird species in the northern California Current — black-footed albatross Phoebastria nigripes, sooty shearwater Puffinus griseus, pink-footed shearwater Puffinus creatopus, forktailed storm-petrel Oceanodroma furcata, common murre Uria aalge, and Cassin’s auklet Ptychoramphus aleuticus — during the upwelling season of 2000 and 2002. Covariates (21 total), with
importance assessed using logistic and generalized linear modeling and an information theoretic
approach, included physical features such as sea surface temperature, dynamic height (apparent
water-column pressure), and pycnocline depth; biological factors such as chlorophyll maximum; and
food-web factors such as the density of 3 size classes of zooplankton, the density of potential piscine
competitors, i.e. Pacific salmon Oncorhynchus spp., and abundance of fish prey such as zooplankton,
northern anchovy Engraulis mordax, and the juveniles of salmon and demersal fishes. The most
important factors explaining seabird occurrence changed from mesoscale physical features during a
food-rich year (2002; exhibited over 15 to 30 km) to smaller-scale occurrence of actual prey patches
during a food-poor year (2000; <1 km). Spatial overlap in occurrence of murres and shearwaters with
adult salmon was interpreted as co-occurrence and, perhaps, competition for prey species; a negative
spatial overlap between shearwaters and abundance of forage fish was interpreted as evidence for
prey depletion (or predator-induced alteration of availability) by the birds and other co-occurring
predators (salmon). Overall, results and other information indicated the value of adding spatially
explicit data on predator and prey species abundance and predator–prey behavior to improve foodweb modeling.
KEY WORDS: California Current · Food-web modeling · Prey depletion · Salmon · Seabird ·
Trophic competition · Upwelling fronts · Hotspots
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INTRODUCTION
Models of marine food webs have made remarkable
progress in recent years, partly by mining a wealth of information painstakingly accumulated over past decades
on species’ abundance, productivity, and diet. These

models can now be used to summarize information and
assess the potential for trophic interactions, including
food-web alterations by anthropogenic influence. They
are also very useful in identifying important gaps in our
knowledge as we work toward an understanding of how
open-ocean food webs work. A recent attempt to model
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the marine food web of the eastern Bering Sea was accomplished by Trites et al. (1999), who noted that their
modeling (using in part ECOSIM and ECOPATH) was
incapable of satisfactorily incorporating spatial aspects
and especially that of foraging by mobile top predators.
Similarly, food web models for the northern California
Current (NCC; Field et al. 2006, Ruzicka et al. 2007),
which incorporate biomass and trophic interactions of
higher trophic levels, also appear to be poorly resolved in
the spatial domain. Most recently, the spatially explicit
modeling of Brand et al. (2007) has made significant
progress in this regard.
Having better spatial resolution within an ecological
setting characterized by the addition and subtraction
of species, such as in the case of the NCC, allows better explanation of time- and space-varying predator
and prey interactions. These models use the so-called
efficiencies or rates of outcome of trophic interactions
to assess and quantify energy flow. Lacking still in
these models, however, is the degree to which the rate
of energy and resource transfer among trophic levels is
dependent upon or facilitated or inhibited by such processes as competition or symbiosis (see, e.g. Lima &
Dill 1990, Alonzo 2002, Lima 2002, Alonzo et al. 2003,
Fiksen et al. 2005). Models thus far largely incorporate
the net predation or consumption aspect of ecological
interactions. Addressing the behavioral aspects of predation in ecosystem models, however, would be important in determining, for instance, how changes in physical forcing, e.g. a climate regime shift, could affect
ecosystem organization beyond merely altering its
basic carrying capacity or food-web structure if the
abundance of keystone or strongly interacting species
is altered (e.g. Soulé et al. 2005). Repercussions would
cascade up and down the trophic pyramid, especially if
frontal or ‘hotspot’ structures had become altered in
location and intensity; already limited in space, this is
where predators or the act of predation itself concentrates prey (e.g. Hoefer 2000, Reese & Brodeur 2006).
The accumulation of information on the spatial and
ecological aspects of species interactions requires atsea research in which species’ abundance can be measured simultaneously at multiple spatial and temporal
scales. Co-occurrence in 3-dimensional space and time
would be the first hint at the potential for interaction
among species. Modern technology has been advancing rapidly to accommodate this need through the use
of towed or autonomous multi-sensing arrays that provide a continuous record of ocean and food-web properties at various depths. The ability to apply these data
to biological interactions in the middle and upper
trophic levels of ecosystems, however, is still in a
developmental stage.
We had the opportunity to investigate those biophysical ocean properties that have the strongest effect on

the mesoscale (~15 km, and finer scale) density of
seabirds by using towed multi-beam acoustic and SeaSoar arrays in the Northeast Pacific GLOBEC program
(see Batchelder et al. 2002, 2005). This program was
designed to better understand trophic interactions in
the NCC. In a preliminary look at these data, we were
able to investigate the effects of physical environmental factors on the density of seabird species during a
single year (Ainley et al. 2005). Since then we have
derived actual abundance estimates of potential prey
of various sizes from the original acoustic data and
from trawls of fish — potential seabird prey and competitors — conducted closely in time and space to the
SeaSoar and acoustic effort. Finally, we have also
added data from additional cruises in an oceanographically different year, and one characterized by significantly altered prey abundances. Herein we present
results of this statistical modeling effort designed to
determine the most important environmental covariates for the 6 most abundant avian species over multiple years to better understand structure in the upper
portions of the NCC food web. We hypothesized that
by including estimates of prey abundance, the importance of physical proxies for this factor, which were
evident in the initial analysis (Ainley et al. 2005),
would subside significantly, and also that we could
reduce the measurement of relationships to below the
mesoscale.

MATERIALS AND METHODS
We conducted 4 surveys to explore seasonal and
interannual patterns of community interactions in the
context of upwelling dynamics in the NCC. We sampled during the onset of upwelling in early summer
(29 May to 11 June 2000 and 1 to 18 June 2002; hereafter called June 2000 and June 2002 cruises, respectively) and during the mature phase of upwelling in
late summer (29 July to 12 August 2000 and 1 to 17 August 2002; hereafter called August 2000 and August
2002 cruises, respectively). The study area extended
from Newport, Oregon (44.6° N), south to Crescent
City, California (41.9° N), from the coast to 150 km offshore. Three vessels were involved in each sampling
period: 1 continuously towing SeaSoar and acoustic
arrays, 1 conducting day-night MOCNESS sampling of
zooplankton, and 1 trawling for small pelagic fish. The
towed-array vessel traversed regular grid lines, while
the other vessels conducted their net tows either just
before or just after that vessel passed in order to maintain spatial and temporal cohesion of sampling.
The towed-array vessel surveyed a grid of 12 ‘mesoscale’ track lines approximately 15 nautical miles
(n miles; 27 km) apart, and 2 grids of embedded ‘fine-
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scale’ track lines 7.5 n miles (13.5 km) in the northern
and southern portions of the larger (mesoscale)
GLOBEC-NCC area (Fig. 1). The MOCNESS vessel
mostly followed these tracks as well, sampling at predetermined intervals. A chartered fishing vessel
deployed midwater trawls located 1, 5, 10, 15, 20, 25,
and 30 n miles from shore along several of the designated transects and at fine-scale sampling stations.
Both net-towing vessels also sampled in areas of particular physical and/or biological interest (e.g. hotspots
and/or areas associated with fronts or eddies). During
2000, seabird surveys, described below, were conducted from the RV ‘New Horizon’, which attempted to
closely follow the RV ‘Wecoma’, from which the arrays
were towed. RV ‘New Horizon’ was charged mainly
with the task of conducting MOCNESS tows, but since
its cruising speed was greater than that of the RV
‘Wecoma’ (slowed in its towing capacity), it was able to
keep up.
Although continuously-underway sampling is more
suitable to seabird surveys, we could not observe from

June 2000

Newport

RV ‘Wecoma’ due to lack of berthing space and because the ship’s stacks, being forward of the bridge,
would have partially blocked our view. For a given
area of ocean, most seabird data were collected from
RV ‘New Horizon’ often in tandem and mostly within
12 h, but never more than 24 h from collection of the
SeaSoar and acoustic data (described in ‘Data collection’). We did not view this as an acute problem owing
to the NCC’s spatio-temporal coherence scales. As
indicated by Barth et al. (2000), the offshore (depth
>100 m) meanders in the region last for weeks to
months. Inshore (depth <100 m), currents throughout
the water column and surface temperature and salinity
change with the wind forcing on 2 to 10 d time scales.
The deeper (~50 m) horizontal density, temperature,
and salinity fronts are more stable. In general, alongshore correlation length scales are much longer than
cross-shelf correlation length scales. For instance,
Kundu & Allen (1976), using moored-array velocity
data, found alongshore and cross-shelf correlation
scales of at least 30 km, i.e. about the same distance as
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Fig. 1. Study area showing, for each of the 4 cruise periods, the SeaSoar track (blue lines) overlaid by positions of fish trawls
(red squares), along with the start position of each of the individual segments of the seabird survey (orange diamonds)
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our between-track spacing and 7 times the size of the
bins into which we combined our data (see next section).
During 2002, seabird surveys were conducted from
the vessels that were towing the arrays, RV ‘Thomas B.
Thompson’ and RV ‘Roger Revelle’, during the June
and August cruises, respectively. These vessels were
ideal for continuous seabird surveys and, thus, none of
the issues described in the previous paragraph applied
in 2002. The MOCNESS and trawl sampling proceeded on other vessels as in 2000.
Data collection. Bird surveys and binning of data:
Seabird surveys were conducted continuously during
daylight, using a 300 m wide transect strip. Within that
strip, birds that occurred within the 90° quadrant off
the ship’s bow that offered the best observation conditions were counted. Two observers were on watch during all survey periods (Spear et al. 2004). The total surface of ocean scanned for birds was as follows: 802.1
and 704.2 km2 (98 and 83 h) in the 2 cruises in 2000,
and 937.4 and 742.5 km2 (126 and 149 h) in the 2
cruises in 2002. For each bird sighted within the survey
strip, we noted behavior: resting on the water, feeding
or circling over a potential food source, attracted to the
ship, or flying in a steady direction. For the latter
behavior, we noted flight direction to the nearest 10°.
Among attracted individuals, we recorded only those
that approached the ship from the direction included
within the 90° quadrant being sampled. Thus, birds
that were attracted but that appeared from behind or
from the opposite side of the quadrant were not
counted (Spear et al. 2004).
A new transect was started every 15 min contiguous
with the previous transect. These survey segments
were used to bin the environmental data derived from
the SeaSoar, acoustics, and trawls (see next section) as
well as the bird density estimates and thus represented
the sample unit. Segments (bins) averaged ~4.3 km
(range: 3 to 5 km) in length depending on bird survey
vessel speed. Only those segments including SeaSoar
and acoustic effort could be used to model bird density.
Moreover, we only used segments that were within the

area bounded by where fish trawls were made, i.e. the
fish trawls defined the larger boundaries of the study
area used for analysis. Thus, transect or survey segment was the sample unit and 340 transects in 2000
and 471 in 2002 met these criteria and were used in the
analysis (Table 1).
Hydrographic and bioacoustic data: Most oceanographic data were collected using a towed, undulating
vehicle known as ‘SeaSoar’ (Pollard 1986). The vehicle
was cycled rapidly from the surface to depth while
being towed at 3.5 m s–1 (7 knots). The vehicle was
equipped with a Sea-Bird 9/11 plus CTD instrument
with dual T/C sensors mounted to point forward
through a hole in the SeaSoar nose. A WET Labs Flashpak fluorometer, using 490 nm (30 nm band pass) excitation and 685 nm detection wavelengths, was used to
estimate chlorophyll concentration (mg m– 3). The fluorescence signal was calibrated with discrete samples,
collected by the MOCNESS vessel, measured using
HPLC. Most of the temperature and salinity data were
collected by cycling SeaSoar on a bare hydrographic
cable from 0 to 120 m and back to the surface every
4 min. The result was hydrographic data with high
spatial resolution (1.25 km between along-track surface points, 500 m between profiles at mid-depth)
obtained rapidly (cross-margin sections in 2 to 10 h and
large-area maps in 2 to 6 d) so that a detailed ‘snapshot’ of the system could be obtained. Over the continental shelf, SeaSoar was cycled from 0 to 55 to 0 m
every 1.5 min, a pattern that resulted in along-track
profile spacing of 300 m between shallow profiling surface points (90 s × 3.5 m s–1). To sample to greater depths
over the continental slope, SeaSoar was also towed
using a faired cable cycling from 0 to 300 to 0 m every
8 min. Concurrently, vertical profiles of horizontal
velocity were measured using a hull-mounted acoustic
Doppler current profiler (ADCP); further details of this
data set can be found in Barth et al. (2005).
Using time-varying lags and an optimized thermal
mass correction, the 24 Hz temperature and conductivity data were corrected and used to calculate 24 Hz
salinity, and then averaged to yield 1 Hz values (Barth

Table 1. Flux-adjusted total counts across all transects in each year (n = 340 in 2000, 471 in 2002), and the number (%) of transects
in which birds were present for the 6 bird species included in analyses
Species
Ind.
Black-footed albatross Phoebastria nigripes
Pink-footed shearwater Puffinus creatopus
Sooty shearwater Puffinus griseus
Fork-tailed storm-petrel Oceanodroma furcata
Common murre Uria aalge
Cassin’s auklet Ptychoramphus aleuticus

201
269
6930
368
1819
443

2000
No. of transects (%)
63 (19)
66 (19)
244 (72)
46 (14)
102 (30)
52 (15)

Ind.
579
851
606
4251
1274
4678

2002
No. of transects (%)
96 (20)
68 (14)
55 (12)
60 (13)
130 (28)
51 (11)
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estimation because most species fly faster than survey
et al. 2000). The final 1 Hz data files contain unfiltered
vessels, thus increasing encounter rates; densities of
GPS latitude and longitude, pressure, temperature,
birds that fly slower or at a similar speed as the vessel
salinity, density anomaly (sigma t ) computed using
(e.g. storm-petrels Oceanodroma spp.), or are flying in
the 1980 equation of state, chlorophyll concentration
the same direction, are usually underestimated (Spear
(mg m– 3), and date and time of day. The 1 Hz SeaSoar
et al. 1992). Therefore, raw counts were adjusted for
CTD data were averaged into 2 dbar vertical bins corthis survey effect following Spear et al. (1992) using
responding to the bird effort. These data were used to
species-specific flight speeds from Spear & Ainley
compute environmental parameters including thermo(1997). Flux-adjusted counts were converted to density
cline depth and strength, and chlorophyll maximum
by dividing the corrected count by the area surveyed
concentration. These data were then integrated with
in each cruise segment. Corrected densities (birds
the along-track data for bird densities.
km–2) were calculated for each species observed on
Acoustic volume backscattering data were collected
with a Hydroacoustics Technology (HTI) multi-freeach cruise segment.
quency (38, 120, 200, and 420 kHz) model 244 towed
Environmental covariates: Data recorded at the start
bioacoustics instrument. The downward-looking transof each bird transect (cruise segment or bin) included
the following: position, course, ocean depth, distance
ducers were mounted in a towed dead-weight vehicle
to nearest point on the mainland, wind speed and
deployed on a short fixed cable off the side of the ship.
direction (nearest 10°), and speed and course of the
At typical tow speeds (3.5 m s–1), the transducers were
vessel. Also for each transect, averaged for the bin
at a depth of about 4 m. We configured the instrument
to collect volume backscattering (i.e. echo integration)
sizes described in ‘Bird surveys and binning of data’,
SeaSoar data (described in ‘Hydrographic and biodata using a raw ping rate of 4 pings s–1, or 1 ping s–1
acoustic data’) were used to determine sea surface
for each frequency. The raw data were collected into
12 s ensemble averages.
temperature and salinity (SST and SSS), chlorophyll a
Nekton trawls: Nekton samples were conducted
concentration by depth (from which the chlorophyll
maximum and its depth was determined), as well as
from chartered fishing vessels, the FV ‘Sea Eagle’ in
thermocline and pycnocline depths and their gradients
2000 and the FV ‘Frosti’ in 2002. At each trawl station,
(Table 2). These latter covariates were each identified
nekton collections were made with a Nordic 264 rope
trawl (Nor’Eastern Trawl Systems) towed in the surface
as the shallowest inflection point determined from
layer for 30 min at a speed of 6 km h–1
(see Brodeur et al. 2004 for additional
Table 2. Covariates used to model presence-absence and bird density (fluxsampling details). Most collections took
corrected counts of ind. km–2). ColDist was applicable only for Cassin’s auklet,
place during daytime, but occasionally
common murre and fork-tailed storm-petrel. Covariate bin size was the same as
tows were made during twilight or
for individual seabird transect segments (average 4.3 km)
nighttime (June 2000, n = 84 tows;
August 2000, n = 75 tows; June 2002,
Covariate
Description
n = 90 tows; August 2002, n = 94 tows).
Analyses included here were limited to
Cruise
June vs. August
DPTH
Ocean depth (m)
collections made during daylight hours,
SST
Sea surface temperature (°C)
since this is the time period during
SSS
Sea surface salinity (ppt)
which birds forage and day and night
ColDist
Sum (Colony Size × Dist–2 ) for all colonies
community structures may differ. NekCHLMX
Chlorophyll maximum (V)
MAX_dp
Depth of chlorophyll maximum (dbar)
ton abundance was then standardized
MLD
Thermal mixed-layer depth (dbar)
for differences in effort between tows
ThSlp
Thermocline slope (Δ°C per 20 m)
based on the volume of water filtered
Pyc_dpt
Pycnocline depth (dbar)
per trawl (see Reese & Brodeur 2006).
ZD_sm
Density (ind. m– 3) small zooplankton, 3–4 mm
Data analysis. Bird density: The comZD_med
Density (ind. m– 3) medium zooplankton, 5–10 mm
ZD_lg
Density (ind. m– 3) large zooplankton, 11–24 mm
paratively rapid movement of flying
Fish
Density (ind. m– 3) small fish > 24 mm
birds is one of the most serious forms of
DistB
Distance to Feature B (km)
bias encountered during seabird surAbsolute value of distance to Feature B(km)
DistB2
veys at sea (Spear et al. 1992, 2004).
GroupA
Ind. km– 3 of adult and subadult salmon
GroupB
Ind. km– 3 of small mid-water fish: clupeids, juvenile
Random directional movement (as opsalmon
posed to non-random directional moveGroupC
Ind. km– 3 of market squid
ment, which occurs when birds are
GroupD
Ind. km– 3 of juvenile demersal fish
attracted or repelled from the survey
GroupE
Ind. km– 3 of adult sardines, saury
vessel) typically results in density over-
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graphs plotting temperature or salinity as a function of
depth. Exceptions occurred where there was no inflection point and in that case, given no indication of a
mixed layer, thermocline depth was recorded as being
at the ocean surface (i.e. 0 m depth). We measured
thermo or pycnocline gradient as the temperature or
salinity difference (nearest 0.1°C for temperature and
0.01 ‰ for salinity) from the bottom of the mixed layer
(mixed-layer depth, MLD) to 20 m below the inflection.
In our initial analysis (Ainley et al. 2005), we used
distance to various along- and cross-shelf features
defined by location of (1) 11.5 to 12.0°C isotherm and
as defined by dynamic height (see Reid & Mantyla
1976; J kg–1 [m2 s–2] relative to 100 dbar, i.e. apparent
pressure associated with a column of water, as affected
by temperature and salinity); (2) the boundary where
strong cross-shelf gradients in dynamic height relaxed,
i.e. the outer edge of strong environmental gradients
that marked the inshore edge of the upwelling jet; and
(3) the jet’s center and highest elevation. These 3 features were all highly correlated with each other in both
years (r = 0.60043 to 0.77615), and with pycnocline
depth in 2002 (r > 0.64023). Thus, we included only the
second feature in the current analysis (Feature B in
Ainley et al. 2005); feature values were increasingly
positive as distances increased in an offshore direction
and increasingly negative as distances increased in an
inshore direction. To determine whether the upwelling
feature itself was important (as opposed to the directional relationship), we developed an additional distance variable by squaring all the values (DistB2).
Thus, small values represented distances closer to the
feature and larger values represented distances farther
from the feature, both offshore and inshore. In addition, distance from breeding colony was included in
the model for locally breeding species, as these had
colonies at discrete locations in the vicinity of the surveys.
Cruise (i.e. June vs. August) was also included as a
covariate. This allowed us to control for potential
changes in bird density associated with the time of season (breeding vs. migrating), an important consideration for some species (Ainley et al. 2005). Cruise also
reflected potential seasonal changes in the fish fauna.
We explored the option of using humpback whale
Megaptera novaeangliae abundance as a covariate,
but for the time being could not deal with issues of
their relative rarity compared to seabirds. In the ‘Discussion’, however, we will make some comments about
their possible influence on the basis of comparisons
with another study done in the study area at the time.
Seabird species spatial overlap: Having obtained
results of statistical modeling to look at importance of
environmental relationships, as an a posteriori exercise
we explored the degree to which the 3 most abundant

seabird species and the ones most likely to have very
high diet overlap (similar body size, subsurface foraging) — sooty and pink-footed shearwaters, and common murre — co-occurred in the study area. We used
the transect database described above to generate 2 ×
2 presence-absence matrices for all pairwise combinations of the 3 species for each cruise. Each transect was
categorized as to whether it contained foraging activity
by Species A only, Species B only, both Species A and
Species B, or neither Species A nor Species B. Foraging
activity was defined as 1 or more birds engaged in
feeding behavior. The resultant matrix was analyzed
using Cole’s index (Cole 1949) to determine whether
pairs of species were more or less likely to be found on
the same transect as would be expected if their distributions were entirely independent of each other. Cole’s
index has been used in other studies of potentially
competing species to determine whether they are
attracted or repelled by each other’s presence (e.g.
Ainley & Boekelheide 1990).
Indices of association are based on whether or not
sampling units that could contain a particular species
or behavior actually does contain that species or
behavior. Results based on these indices are sensitive
to the specification of the null category, i.e. the category in which nothing is observed (Gotelli 2000). For
example, consider the case where there is 1 observation of Species A and Species B in the same sampling
unit, and no other observation of either species anywhere else. If there were only 1 other sampling unit,
and that unit contained neither species, there would be
little evidence that the 2 species were positively associated. By chance alone, the 2 observations would be
expected to occur in the same sampling unit about half
the time. But if there were 1000 empty sampling units,
then the occurrence of the only 2 observations in the
same cell would strongly suggest that the 2 species
were positively associated.
In this analysis, we assumed that foraging activity
could potentially occur on any transect. However, the
database undoubtedly contains many transects in
which the absence of foraging behavior by either species results from the absence of prey along those transects, and these transects are not relevant to the question of whether or not Species A and Species B are
significantly associated when foraging. These transects were included in the analysis since we lack an
independent method for determining whether a transect contained actual foraging opportunities. Their
inclusion inflates the estimated number of transects in
the sample universe where foraging could occur, and
correspondingly increases the likelihood of Type II
error. Results of this analysis should therefore be interpreted as conservative in terms of identifying significant positive or negative associations between species.
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Micronekton and macronekton — acoustics: The
acoustic volume backscattering data (Sv) at 4 frequencies (38, 120, 200, and 420 kHz) were used to estimate
abundances within the ensonified volume. For zooplankton, we assumed a randomly oriented, fluid-filled
bent-cylinder acoustic backscattering cross-section
model in the form used by Greene et al. (1998) from the
models of Stanton et al. (1994), and for fish we use the
model of Love (1971). Using these models, for each
frequency we assumed the total backscatter within the
ensonified volume (as measured) was the sum of each
backscattering cross-section of the size class times
the abundance in that size class. The resulting set of
equations was then solved for the abundances, using a
non-negative least-squares algorithm (Greenlaw 1979).
Here we solved for abundances in the 3 zooplankton
size classes: ZD_sm (3 to 4 mm), ZD_med (5 to 10 mm),
ZD_lg (11 to 24 mm), plus the fish class (> 24 mm;
Table 2). These results were then averaged vertically
(15 to 100 m) and horizontally to match the seabird
sampling bins. For more details and bioacoustic data
access, see http://damp.coas.oregonstate.edu/globec/
nep/hti.
Good reviews of the extensive field of zooplankton
bioacoustics can be found in Foote & Stanton (2000).
Macronekton and fish trawls: Based on the known
diet of the seabird species we modeled (Ainley &
Sanger 1979, Briggs & Chu 1987, Ainley et al. 1996),
we separated the fish found in trawls into 5 groups: (A)
adult and subadult Chinook salmon Oncorhynchus
tshawytscha and coho salmon O. kisutch; (B) small
mid-water fishes, including juvenile salmon, northern
anchovy Engraulis mordax, surf smelt Hypomesus pretiosus, and Pacific herring Clupea pallasi; (C) market
squid Loligo opalescens; (D) juvenile demersal fish,
such as rockfish Sebastes spp.; and (E) adult Pacific
sardines Sardinops sagax and Pacific saury Cololabis
saira (Table 2). Since seabird surveys and fish trawls
were not fully synchronized, fish density for each segment of the seabird surveys (see next paragraph) was
estimated using geostatistical modeling techniques
based on values obtained from trawl results. This
method of determining spatial distributions of fish species and various community characteristics has been
previously used and described in detail by Reese &
Brodeur (2006). For each species we collected and calculated the abundance at specified sample locations.
The values obtained at the sample stations were then
used to interpolate predicted values at all locations.
Based on the station data, empirical semivariograms
were calculated for each fish group during each cruise.
The semivariogram is a geostatistical procedure in
which variables tend to be more similar in value the
closer they are spatially. Two types of directional components can affect surface predictions: global trends
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and anisotropy (Johnston et al. 2001), both of which
were examined for each fish group and incorporated
into the analyses when present.
Expected values of fish density were estimated for
each cruise by kriging. Kriging forms weights based on
surrounding measured values in order to predict values at unmeasured locations such that the closest measured values have the most influence on the predicted
value (Johnston et al. 2001). The weights of each measured value are derived from the modeled semivariogram that characterizes the spatial structure of the
data. Therefore, the weighting factor depends on the
semivariogram, the distance to the prediction location,
and the spatial relationships among the measured values in the vicinity of the prediction location. The benefit of utilizing this technique was that in addition to
producing predicted surfaces, it provided a measure of
the error associated with the predicted values (Johnston et al. 2001). In the absence of spatial correlation,
an alternative interpolation method was employed to
obtain the required spatial coverage. We chose to use
inverse distance weighting (IDW), which is similar to
kriging in that it weights the surrounding measured
values to derive a prediction for each location; however, the weightings are based only on the distance
between the measured points and the prediction location and do not depend on spatial correlation in the
data (Johnston et al. 2001).
Estimates of the abundance of each of these fish
groups were made for each of the cruise segments (i.e.
transects or bins) into which the data from bird surveys,
SeaSoar, and acoustics had been binned. To prevent
the use of extrapolated values of fish densities with
extrapolated values of other covariates, all data were
pruned such that only transects including data with
non-extrapolated predictions of fish densities within
the associated bins were used for further analyses.
Statistical modeling. Although 34 avian species
were observed during surveys in 2000 and 2002, many
of these species were observed on very few transects,
therefore precluding their use in this analysis. We
chose to statistically investigate the 6 most abundant
avian species (Table 1), but a high proportion of ‘zeros’
characterized these data as well (28 to 89% of total
transects). To address this problem, we chose to analyze these data in 2 stages, similar theoretically to the
2-step modeling approach advocated by Dobbie &
Welsh (2001) and Cunningham & Lindenmayer (2005).
We analyzed the presence-absence data (birds present
vs. not present on transect) using a logistic regression
model (Proc GENMOD; SAS Institute), and we modeled density (birds km–2) using general linear modeling (Proc MIXED; SAS Institute ) for only those survey
segments on which birds were sighted. Another benefit of this 2-step approach is that it allowed modeling of
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both these aspects of the data (presence-absence vs.
density) separately and we could therefore gain insight
into whether they are being influenced by biotic and
abiotic factors in different ways (Fletcher et al. 2005).
Moreover, the presence-absence picture reveals relationships at the mesoscale or above, while the density
(per transect) picture allows a smaller-scale investigation of predators, competitors, and their prey. It is now
well known that seabirds forage at nested scales, first
finding a region of higher food availability and then
once in that region, increasing the search effort to
locate prey patches (e.g. Logerwell et al. 1998, Fauchald et al. 2000, Pinaud & Weimerskirch 2005, 2007,
Weimerskirch 2007).
Survey transects within a particular day tended to
occur sequentially or within ≤ 2 h between surveys.
Thus, for our logistic regressions we used a first-order
autoregressive structure on variances with year-day as
a blocking effect, because we expected survey segments (transects) within days to be more highly correlated than survey segments between days (Ainley et al.
2005). Before modeling density, we used restricted
maximum likelihood estimation to examine several
variance structures to account for any autocorrelation
or lack of independence between survey segments in
each reduced data set. In addition to the first-order
autoregressive structure, we also investigated independent (within-subject error correlation is zero) and
compound symmetric structures (Littell et al. 2002). In
most cases the best variance structure was a first-order
autoregressive, but for Cassin’s auklet in 2002 and
fork-tailed storm-petrel in 2002, compound symmetric
performed better, and for fork-tailed storm-petrel in
2000, the independent variance was the best structure.
For each species, the best variance structure was used
in further general linear modeling.
We applied this 2-step analytical approach to 2 data
sets generated for each of the 6 numerically dominant
species encountered in the study area over both years,
which included black-footed albatross, pink-footed
shearwater, sooty shearwater, fork-tailed storm-petrel,
common murre, and Cassin’s auklet (see Ainley et al.
2005 for complete list of species encountered; Table 1
for scientific names). A presence-absence data set was
generated including all transects surveyed, which also
included a complete set of biotic and abiotic covariates
(n = 340 in 2000, 471 in 2002). A second data set was
generated to investigate the effects of biotic and
abiotic factors on density when birds were present, so
for each species this data set only included transects
on which birds were observed (n varied depending on
species; Table 1).
We used an information-theoretic approach (Burnham & Anderson 2002) to choose the best models for
each species, including an initial stage where we deter-

mined the best variance structure for the bird density
data (see paragraph above). This approach requires the
development of an a priori model set and the use of a
model selection criterion to find the best approximating
model given the data and model set. We developed a
priori single-factor model sets that investigated the effect of all the covariates of interest (Table 2) on presence-absence and bird density. For the linear modeling
of seabird density, we used Akaike’s information criterion corrected for small sample sizes (AICc), with delta
AICc (ΔAICc) and AICc weights to aid in model selection
(see Burnham & Anderson 2002). Models with the
lowest AICc were generally considered best, but the
degree to which 95% CIs for covariate coefficients
overlapped zero was also used to evaluate competing
models (ΔAICc < 2) and specific explanatory variables
(Cooch & White 2006). Multi-factor models were developed a posteriori if they seemed warranted based on
initial model selection results. We did not include
highly correlated covariates (r > 0.60, Spearman rank
correlations) in the same model and bird density data
were log-transformed.
We used the same general approach for modeling
presence-absence data, but used the generalized
estimating equations (GEE) approach to handle the
correlated response data associated with the logistic
regression modeling of seabird presence. Because
GEE is not likelihood-based, AIC model selection criteria cannot be used. Instead we used the quasi-likelihood under independence criteria (QIC) developed by
Pan (2001) to find a best approximating model given
the data and the model set. We generated delta
QIC (ΔQIC) and QIC weights following procedures
outlined for AICc by Burnham & Anderson (2002) to
aid in model selection. We evaluated these model
selection criteria similarly to AICc selection outlined in
the previous paragraph.

RESULTS
The oceanographic climate and the abundance of
various zooplankton and fish differed markedly between 2000 and 2002 as evidenced by the lack of overlap in CIs between years for many covariates (Table 3).
Potential seabird prey were much more abundant during 2002 as evidenced in the higher values for all zooplankton size groups and most fish groups.

General relationships among avian predators
The 6 species included in our analysis are the most
abundant representatives in the NCC of (1) a large,
surface-feeding generalist (black-footed albatross);
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model also supported the positive effect
of juvenile demersal fish density (prey),
as in 2000, in addition to nearness to
Feature B (Table 4).
Covariate
2000
2002
Similar to presence, higher blackMean
SE
95% CI
Mean
SE
95% CI
footed albatross densities in 2000 were
most strongly associated with deDPTH
391.92 32.85 327.30 to 456.54 384.78 25.91 333.87 to 435.70
SSTa
12.61
0.08
12.46 to 12.77 11.55 0.08
11.40 to 11.69
creased density of medium zooplank32.23
0.04
32.15 to 32.31 31.82 0.10
31.62 to 32.02
SSSa
ton (ZD_med) and increased densities
ColDist
1.10
0.05
1.00 to 1.19
1.02
0.03
0.96 to 1.07
of albatross prey, i.e. small mid-water
a
CHLMX
4.30
0.26
3.79 to 4.81
0.83
0.03
0.78 to 0.88
fish (GroupB) and juvenile demersal
MAX_dp 14.80
0.64
13.53 to 16.06 15.20 0.68
13.87 to 16.53
fish (GroupD); whereas densities in
MLD
6.66
0.28
6.11 to 7.21
5.88
0.21
5.48 to 6.29
ThSlp
2.75
0.07
2.62 to 2.88
2.60
0.06
2.48 to 2.73
2002 were affected by physical ocePyc_dpta 8.87
0.44
8.00 to 9.74
46.46 1.18
44.14 to 48.78
anographic features (Table 5). In that
1.94
1.04
–0.11 to 3.99
–6.84 0.82 –8.45 to –5.23
DistBa
year, albatross densities were lower at
a
ZD_sm
40.13
3.78
32.70 to 47.56 180.85 26.71 128.37 to 233.32
greater pycnocline depths (Pyc_dpt)
ZD_meda 7.78
0.68
6.45 to 9.10
69.62 11.17 47.67 to 91.56
3.25
0.26
2.74 to 3.76
7.83
0.63
6.60 to 9.06
ZD_lga
and higher inshore of Feature B (DistB).
0.0009 0.0001 0.0008 to 0.0010 0.004 0.0005 0.003 to 0.005
Fisha
There was some support for a relaGroupAa 0.58
0.08
0.43 to 0.73
0.92
0.06
0.82 to 1.03
tionship with chlorophyll maximum
a
18.90
2.27
14.44 to 23.37 42.70 2.82
37.17 to 48.24
GroupB
(CHLMX) as it occurred in our top
0.004
0.20 to 0.36
26.99 2.04
22.99 to 31.0
GroupCa 0.28
model as well as another that was com2.33
12.18 to 21.36
4.49
0.26
3.98 to 5.01
GroupDa 16.77
1.49
0.24
1.02 to 1.96
6.51
0.64
5.25 to 7.77
GroupEa
petitive, but the 95% confidence limits
on the beta for this effect included zero
a
Covariates in which 95% CIs do not overlap between years
and was thus a weaker effect. Finally,
there was some support for a positive
relationship with high density of adult and subadult
(2) a small, surface-feeding planktivore (fork-tailed
salmon, which, while competitors for food (Table 5),
storm-petrel); (3) 2 mid-sized, shallow diving (to 15 m)
could well drive prey closer to the surface, making
piscivores (sooty shearwater, pink-footed shearwater);
them more available to the non-diving albatross.
(4) a mid-sized, deep-diving (to 100 m) piscivore (common murre); and (5) a small, mid-depth diving (20 to
80 m) planktivore (Cassin’s auklet).
Pink-footed shearwater
Table 3. Mean, SE, and 95% CI for all habitat features and prey abundance covariates associated with transects used to model bird presence-absence in each
year (340 in 2000, 471 in 2002). See covariate descriptions in Table 2

Black-footed albatross
In 2000, the presence-absence of this surface-feeding generalist was affected by a variety of potential
prey classes, but most strongly by the presence of
potential competitors, adult and subadult salmon
(Table 4, Fig. 2). When salmon densities increased,
albatross presence decreased, an important relationship in all 3 of the top models. However, competitive
models also suggested that the probability of albatross
presence in 2000 decreased with increased density of
medium zooplankton (ZD_med) and increased with
densities, in turn, of the zooplanktons’ predators and
albatross’ prey: small mid-water fish, including juvenile salmon (GroupB) and juvenile demersal fish
(GroupD) (Table 4). The negative relationship of albatross with salmon competitors is consistent with the
positive relationship seen with salmon prey.
In contrast, in 2002 physical oceanographic features had the strongest effect on albatross presenceabsence, with increased presence closest to Feature B
(DistB2) and associated with lower SSS. A competitive

Presence-absence of this shallow-diving seabird was
strongly affected by cruise in 2000, with a higher presence during the second cruise. This would be consistent with the shearwaters’ migration into the study
area from nesting areas in the southern Peru Current
after their austral summer (boreal winter) breeding. In
addition, our best model included a strong negative
effect of depth and an interaction between the density
of adult and subadult salmon and cruise (Table 4;
Fig. 3). Thus, the occurrence of pink-footed shearwaters was highest at shallower ocean depths (DPTH),
i.e. the continental slope, and positively influenced by
the density of adult and subadult salmon (GroupA),
especially later in the season (Cruise 2), but negatively
influenced by the density of salmon early in the season
(Cruise 1). Consistent with these birds being associated
with predatory fish and marine mammals (D. G. Ainley
pers. obs.), the salmon would likely drive prey nearer
to the surface. Interestingly, cruise had only a weak
effect on pink-footed shearwater presence during
2002, but presence was increased at shallower ocean
depths and where SSS was decreased (Table 4). Shear-
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water presence was also less likely
where the pycnocline was deeper
(Table 4). In other words, these birds
were associated with waters overlying
the continental slope and not close to
the most intense upwelling.
In 2000, pink-footed shearwater density was highest at the upper levels of
chlorophyll concentration and while
none of the other single-factor models investigated were within 2 AICc, the 95%
CIs on the distance from Feature B, the
density of adult and subadult salmon, the
depth of the maximum chlorophyll, and
the depth of the thermal mixing layer all
excluded zero, indicating some support
for the effect of these covariates on
shearwater density (Table 5). In contrast,
higher densities of pink-footed shearwater in 2002 were associated with higher
densities of adult and subadult salmon
only, with no other covariates receiving
any support (Table 5).

Sooty shearwater
These medium depth-diving birds, another seasonal visitor to the NCC, were
the most abundant species (Ainley et al.
2005). They arrive from breeding colonies in the southwest Pacific in April
and May, earlier than pink-footed
shearwater, and depart by August. The
importance of cruise, a surrogate for time
of year, in explaining their occurrence
patterns and density in both years was
consistent with this behavior; in contrast to pink-footed shearwaters, another
southern hemisphere breeder, these
birds were far more abundant earlier in
the summer than later (Table 4, Fig. 4).
Sooty shearwaters fly much more
rapidly than pink-footed shearwaters
(Spear & Ainley 1997) and on that fact
alone would be expected to arrive earlier;
moreover the pink-foot initially flies over
the very productive Peru Current, perhaps slowing its travel (see Ballance et al.
1997). These differences are consistent
with the importance of year-day in the
analysis by Ainley et al. (2005), and with
higher shearwater densities noted earlier
in the season during the present study. In
2000, the strongest support was for a

Table 4. Ranking of top 5 models relating environmental and biological covariates to the presence-absence of abundant seabird species during June and August 2000 and 2002, using quasi-likelihood under the independence criterion
(QIC). The number of parameters (k ), ΔQIC, and QIC weights (QIC wt) are given
for all models. Sign of the slope coefficients (β) are included, with positive (+) and
negative (–) denoting those with 95% CIs that do not include zero; otherwise,
sign denoted as zero. Slope signs listed in same order as model coefficients. Intercept-only model included for comparison. See covariate descriptions in Table 2
Model

k

ΔQICa

QIC wt

β

Black-footed albatross, 2000
GroupA, ZD_med
GroupD, GroupA
GroupB, GroupA
GroupD, ZD_med
GroupB, ZD_med
Intercept-only

3
3
3
3
3
1

0.00
0.67
1.08
2.79
3.68
16.97

0.36
0.25
0.21
0.09
0.06
0.00

–, –
+, –
+, –
+, –
+, –

Black-footed albatross, 2002
DistB2, SSS
DistB2, GroupD
DistB2, GroupC
DistB2, CHLMX
DistB2
Intercept-only

3
3
3
3
2
1

0.00
1.07
2.99
5.31
6.09
26.41

0.51
0.30
0.11
0.04
0.02
0.00

–, –
–, +
–, –
–, 0
–

Pink-footed shearwater, 2000
Cruiseb, GroupA, DPTH,
Cruise × GroupA
Cruise, GroupA, Cruise × GroupA
Cruise, GroupA, GroupE, DPTH
Cruise, GroupE, DPTH
Cruise, GroupA, DPTH
Intercept-only

7
6
6
5
5
1

0.00
4.37
4.55
5.82
6.58
58.22

0.73
0.08
0.08
0.04
0.03
0.00

+, +, –, –
+, +, –
+, 0, 0, –
+, +, –
+, +, –

Pink-footed shearwater, 2002
SSS, DPTH
Pyc_dpt
SSS
Pyc_dpt, DPTH
Cruise, SSS
Intercept-only

3
2
2
3
4
1

0.00
1.88
3.31
3.87
3.95
7.88

0.43
0.17
0.08
0.06
0.06
0.01

–, –
–
0
0, 0
0, 0

Sooty shearwater, 2000
DPTH, GroupB, Cruise
DPTH, GroupD, Cruise
DPTH, GroupD
DPTH, GroupB
DPTH, Cruisec
Intercept-only

5
5
3
3
3
1

0.00
0.01
2.96
3.72
4.59
44.77

0.40
0.40
0.09
0.06
0.04
0.00

–, 0, 0
–, 0, 0
–, 0
–, 0
–, –

Sooty shearwater, 2002
Cruisec, DPTH, CHLMX
Cruise, DPTH, CHLMX, GroupE
Cruise, DPTH, GroupE
Cruise, DPTH
Cruise, CHLMX
Intercept-only

5
6
5
4
4
1

0.00
0.48
19.38
20.79
23.05
54.25

0.56
0.44
0.00
0.00
0.00
0.00

–, –, –
–, –, –, 0
–, –, 0
–, –
–, –

Fork-tailed storm-petrel, 2000
SSS, GroupB
SSS
GroupB
GroupD
SST
Intercept-only
Model

3
2
2
2
2
1
k

0.00
1.27
4.88
5.59
5.89
14.98
ΔQICa

0.56
0.30
0.05
0.03
0.03
0.00
QIC wt

–, +
–
+
+
+
β
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Table 4 (continued)
Model

k

ΔQICa

QIC wt

β

Fork-tailed storm-petrel, 2002
GroupD
GroupA
SSS
Pyc_dpt
ThSlp
Intercept-only

2
2
2
2
2
1

0.00
8.02
10.01
10.49
10.79
0.00

0.94
0.01
0.00
0.00
0.00
0.00

+
0
–
0
0

Common murre, 2000
DPTH, Pyc_dpt
DPTH
DistB, Pyc_dpt
DistB
SST
Intercept-only

3
2
3
2
2
1

0.00
0.90
10.63
17.72
38.07
97.14

0.61
0.39
0.00
0.00
0.00
0.00

–, 0
–
–, –
–
–

Common murre, 2002
Pyc_dpt, DPTH
Pyc_dpt
Pyc_dpt, DistB
DistB
DPTH
Intercept-only

3
2
3
2
2
1

0.00
18.74
20.00
43.95
59.25
131.15

1.00
0.00
0.00
0.00
0.00
0.00

–, 0
–
–, –
–
0

Cassin’s auklet, 2000
Pyc_dpt, MAX_dp, ZD_lg
MAX_dp, ZD_lg
Pyc_dpt, ZD_lg
Pyc_dpt, MAX_dp
Pyc_dpt
Intercept-only

4
3
3
3
2
1

0.00
1.10
2.65
7.32
7.72
12.58

0.50
0.29
0.13
0.01
0.01
0.00

0, –, 0
–, 0
0, 0
0, 0
0

Cassin’s auklet, 2002
Pyc_dpt, ColDist
ColDist
Pyc_dpt
GroupD
DistB
Intercept-only

3
2
2
2
2
1

0.00
9.61
11.04
18.64
19.01
25.69

1.00
0.01
0.00
0.00
0.00
0.00

–, –
–
–
–
–

a

Lowest QIC for: Cassin’s auklet in 2000 was 284.47 and in 2002 was 303.07;
black-footed albatross in 2000 was 313.44 and in 2002 was 455.48; common
murre in 2000 was 325.79 and in 2002 was 428.94; pink-footed shearwater
in 2000 was 284.90 and in 2002 was 387.11; sooty shearwater in 2000 was
367.36 and in 2002 was 600.90; fork-tailed storm-petrel in 2000 was 260.00
and in 2002 was 352.78
b
Bird density higher on 2nd cruise compared to 1st
c
Bird density higher on 1st cruise compared to 2nd

negative relationship between shearwater presence and
water depth (DPTH), with a higher probability of sooty
shearwater occurrence in shallower waters, thus inshore
of pink-footed shearwaters (Table 4). Our best models for
2000 included relationships between presence of these
birds and the density of small mid-water fish (GroupB)
and juvenile demersal fish (GroupD) (Table 4). These fish
categories were very highly correlated in 2000, so both
these covariates were equally supported in our best models. Although cruise was part of our best model, the 95%
CIs for beta associated with the cruise effect included
zero, so it was not as strong an effect in 2000, compared to
2002 (Table 4). In 2002, the presence of sooty shearwaters
was strongly associated with physical correlates: cruise,
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ocean depth (DPTH) and the maximum
chlorophyll (CHLMX) (Table 4). Occurrence was higher on the first cruise, in
association with shallower water, and at
the lowest chlorophyll maximum values.
There was also a weak association with
the density of adult sardines and saury,
but the 95% CIs of this beta overlapped
zero, so this 2nd best model was largely
competitive because of the cruise, ocean
depth, and chlorophyll maximum covariates.
In 2000, sooty shearwater density, similarly associated with cruise as above, increased with the density of adult and
subadult salmon (GroupA), i.e. possible
symbionts, and there was some weak
support for an interaction between
cruise and salmon density as evidenced
by our top model (Table 5). In 2002, in addition to cruise, sooty shearwater density
increased at the shallower chlorophyll
maximum depths and also at higher densities of forage fish, estimated from the
acoustic data (FISH), i.e. potential prey.
Ocean depth (DPTH) was correlated
with depth of chlorophyll maximum
(MAX_dp), so a model with DPTH instead of MAX_dp and FISH was highly
competitive. The density of medium zooplankton (ZD_med) was also correlated
with FISH density (potential predators of
these zooplankton), and again these 2 covariates were equally supported in the
top models (Table 5).

Fork-tailed storm-petrel

The presence of fork-tailed stormpetrels was most strongly related to
SSS and the density of small mid-water fish (GroupB),
i.e. potential prey in 2000 (Table 4, Fig. 5), with higher
probability of occurrence occurring in colder waters,
where small mid-water fish densities were highest. In
2002, the occurrence of storm-petrels was positively
related to the density of juvenile demersal fish
(GroupD), another potential prey group (Table 4).
In 2000, fork-tailed storm-petrel density was most
strongly related to the density of small mid-water fish
(GroupB) with some weak support for the effect of
ocean depth (DPTH) (Table 5). Density was higher in
2002 when pycnocline depth was shallower, and interestingly, there was again weak support for ocean
depth as being important (Table 5).
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Newport

June 2000

Newport

August 2000

Black-footed albatross
densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No black-footed
albatross
observed
Feature B
43°

200 m Isobath
Cape Blanco

Clupeid/juv. salmonid
abundance
(ind. km–2)

Cape Blanco

Clupeid/juv. salmonid
abundance
(ind. km–2)

359.23

39.96

OR
CA

42°

0.00

OR
CA

0.00
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Sea surface
salinity
(ppt)

Cape Blanco

Sea surface
salinity
(ppt)

33.98

33.13

OR
CA

42°

31.44

29.63
127°W

OR
CA

126°

125°

124°

127°W

126°

125°

124°

Fig. 2. Black-footed albatross occurrence patterns plotted as density in relation to covariate with strongest support based on
model weights from both density and presence-absence analyses (Tables 2, 4 & 5). In 2000, on transects where albatross occurred, density was related to density of small mid-water fish (GroupB). In 2002, albatross presence was related to sea surface
salinity (SSS). Feature B (upwelling front) is shown by the shaded thick line, and the shelfbreak (200 m isobath) by the thin black
line. OR: Oregon; CA: California; Juv.: juvenile
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Common murre
The presence of these deep-diving
birds in 2000 was negatively associated
with ocean depth, and although our top
model suggested some weak support
for a negative effect of pycnocline
depth, the 95% CIs on the beta associated with this effect included zero.
Thus, it added little in addition to the
ocean depth effect (Table 4, Fig. 6). In
2002, this general relationship was reversed, with greater pycnocline depths
associated with decreased probability
of presence and only weak support for
the negative effect of ocean depth
(Table 5). In other words, murres were
more closely related to the upwelling
front in 2002 than in 2000.
Common murre density in 2000 was
higher when SSS was increased and
there was also some weak support for
the negative effect of adult and subadult salmon, i.e. potential competitors,
on murre density (Table 5). In 2002,
pycnocline depth clearly had the
strongest effect on density, but there
was also weak support for the negative
effect of thermocline slope (ThSlp) and
the strong gradient of properties associated with the inshore side of Feature
B (DistB; Table 5).
This species breeds in colonies along
the adjacent coast, but unlike our findings in the initial analysis (Ainley et al.
2005), distance to nearest colony was
not an important effect on either the
presence or the density of murres.

Cassin’s auklet
The presence of this mid-depth
diving species was associated most
strongly with maximum depth of
chlorophyll in 2000, although both
pycnocline depth and the density of
large zooplankton were supported by
our best model. The presence of
Cassin’s auklet increased with decreased chlorophyll maximum depth in
2000, with a similar relationship with
pycnocline depth observed in 2002. In
addition, in 2002, the probability of
auklet presence was higher closer to

Table 5. Selection of top 5 models relating environmental and covariates to density of abundant seabirds during June and August 2000 and 2002, using
Akaike’s information criterion adjusted for small sample size (AICc). The model
deviance (DEV), number of parameters (k ), ΔAICc, and AICc weights (AICc wt)
are given for all models. The sign of the slope coefficients (β) are included, with
positive (+) and negative (–) signs denoting coefficients with 95% CIs that do not
include zero; otherwise, sign denoted as zero. Slope signs listed in the order that
coefficients appear in models. Intercept-only model is included for comparison.
See covariate descriptions in Table 1
DEV

k

ΔAICca

AICc wt

β

Black-footed albatross, 2000
GroupB, ZD_med
GroupD, ZD_med
GroupB
GroupD
GroupB, DistB
Intercept-only

178.11
178.61
182.76
183.15
182.26
198.54

5
5
4
4
5
3

0.00
0.50
2.29
2.68
4.15
15.79

0.37
0.29
0.12
0.10
0.05
0.00

+, –
+, –
+
+
+, 0

Black-footed albatross, 2002
Pyc_dpt, MAX_dp
Pyc_dpt
DistB
GroupA, MAX_dp
GroupA
Intercept-only

281.22
283.55
284.33
282.71
285.31
292.00

5
4
4
5
4
3

0.00
0.10
0.88
1.49
1.86
6.37

0.20
0.19
0.13
0.10
0.08
0.04

–, 0
–
–
+, 0
+

Pink-footed shearwater, 2000
CHLMX
DistB
GroupA
MAX_dp
MLD
Intercept-only

189.28
192.11
193.50
195.79
196.46
199.77

4
4
4
4
4
3

0.00
2.83
4.22
6.51
7.18
8.23

0.62
0.15
0.08
0.02
0.02
0.01

+
–
+
–
–

Pink-footed shearwater, 2002
GroupA
Intercept-only
Cruise
GroupE
SSS
GroupC

222.56
229.97
228.04
228.67
228.92
229.10

4
3
4
4
4
4

0.00
5.14
5.48
6.11
6.35
6.54

0.59
0.05
0.04
0.03
0.02
0.02

+

Sooty shearwater, 2000
Cruiseb, GroupA,
Cruise × GroupA
Cruise, GroupA
Cruise, ZD_lg
Cruise, Fish
ZD_lg, GroupA
Intercept-only

919.46
922.41
926.73
927.65
927.79
936.69

6
5
5
5
5
3

0.00
0.85
5.16
6.08
6.22
10.97

0.48
0.31
0.04
0.02
0.02
0.00

–, +, 0
–, +
–, 0
0, 0
–, 0

Sooty shearwater, 2002
Cruiseb, MAX_dp, Fish
Cruise, MAX_dp, ZD_med
Cruise, DPTH, Fish
Cruise, DPTH, ZD_med
Cruise, MAX_dp, DPTH
Intercept-only

910.23
910.27
911.40
911.61
912.05
927.21

6
6
6
6
6
3

0.00
0.04
1.17
1.39
1.82
10.74

0.17
0.17
0.09
0.09
0.07
0.00

–, –, +
–, –, +
–, –, 0
–, 0, 0
–, 0, 0

Fork-tailed storm-petrel, 2000
GroupB, DPTH
GroupD
GroupB
DPTH
DistB2
Intercept-only

126.68
129.24
129.41
132.24
134.72
146.83

4
3
3
3
3
2

0.00
0.15
0.32
3.15
5.64
15.45

0.33
0.30
0.28
0.07
0.02
0.00

+, 0
+
+
+
+

Model

0
0
0
0
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Table 5 (continued)
DEV

k

ΔAICca

AICc wt

β

Fork-tailed storm-petrel, 2002
Pyc_dpt
Pyc_dpt, DPTH
DPTH
DPTH, SST
DPTH, DistB
Intercept-only

226.73
224.67
228.68
227.25
227.50
236.03

4
5
4
5
5
3

0.00
0.32
1.95
2.90
3.16
4.12

0.31
0.26
0.12
0.07
0.06
0.01

–
–, 0
–
–, 0
–, 0

Common murre, 2000
SSS
SSS, GroupD
DistB
GroupD
DistB, GroupD
Intercept-only

362.53
361.60
365.18
365.95
363.80
372.06

4
5
4
4
5
3

0.00
1.28
2.65
3.42
3.49
7.37

0.37
0.20
0.10
0.07
0.06
0.01

+
+, 0
–
–
0, 0

Common murre, 2002
Pyc_dpt, ThSlp
Pyc_dpt
Pyc_dpt, DistB
ThSlp, DistB
DistB
Intercept-only

431.06
433.77
432.73
435.02
439.36
450.75

5
4
5
5
4
3

0.00
0.55
1.68
3.97
6.14
15.40

0.41
0.31
0.18
0.06
0.02
0.00

–, 0
–
–, 0
–, –
–

Cassin’s auklet, 2000
DistB, GroupA
SST, GroupA
SSS, GroupA
SST
DistB
Intercept-only

155.91
158.49
159.71
162.18
162.92
168.12

5
5
5
5
4
3

0.00
2.59
3.81
3.82
4.56
7.41

0.46
0.13
0.07
0.07
0.05
0.01

0, –
–, 0
+, –
–
–

Cassin’s auklet, 2002
Cruisec
Cruise, GroupD
Cruise, GroupD, Cruise × GroupD
Cruise, Pyc_dpt
Cruise, SSS
Intercept-only

185.35
183.74
182.16
185.03
185.05
199.65

4
5
6
5
5
3

0.00
0.85
1.85
2.15
2.16
11.94

0.27
0.18
0.11
0.09
0.09
0.00

+
+, 0
+, 0, 0
+, 0
+, 0

Model

densities recorded for the 2nd cruise in
August compared to the first cruise.
There was also weak support for both
an additive or interactive negative effect of demersal fish density on auklet
density, but cruise had the strongest
effect overall (Table 5). Demersal fish
also would be competitors for zooplankton prey.

Co-occurrence of seabirds
The 2 most abundant species encountered (see Ainley et al. 2005) and the
ones having the highest likelihood of
competing for the same prey, owing to
body size and subsurface foraging, i.e.
the common murre and sooty shearwater, were negatively associated in foraging flocks (Table 6). The 2 shearwaters,
however, with the sooty being 2 orders of
magnitude more abundant than the
pink-footed, were positively associated.
The pink-footed is not a deep diver like
the sooty but rather often catches prey
on the wing, forced to the surface by
subsurface foragers.

DISCUSSION
Interannual differences in patterns

a

Lowest QIC for: Cassin’s auklet in 2000 was 167.21 and in 2002 was 194.22;
black-footed albatross in 2000 was 189.16 and in 2002 was 291.89; common
murre in 2000 was 370.94 and in 2002 was 441.54; pink-footed shearwater
in 2000 was 197.94 and in 2002 was 231.20; sooty shearwater in 2000 was
931.82 and in 2002 was 922.56; fork-tailed storm-petrel in 2000 was 135.66
and in 2002 was 235.46
b
Bird density higher on 1st cruise compared to 2nd
c
Bird density higher on 2nd cruise compared to 1st

breeding colonies (Table 4, Fig. 7). The
auklet is a much weaker and slower
flyer than the murre (Spear & Ainley
1997), which might explain the latter
relationship.
When Cassin’s auklets were present
on transects in 2000, density was
higher at locations inshore of Feature B
(DistB), with weaker support for an
additional association with lower densities of adult salmon, potential competitors (Table 5). In 2002, cruise had a very
strong effect on auklets, with higher

The factors affecting seabird density
vary by species and year, but some consistencies with previous work (Ainley
et al. 2005) and between species and
years are evident. With the addition of
prey abundance data, while still impor-

Table 6. Results of analysis using Cole’s index of association for all pairwise
combinations of common murre, pink-footed shearwater, and sooty shearwater
species. The symbols (+) and (–) respectively indicate that 2 species were more
or less likely to be found together than would be expected if they were distributed randomly with respect to each other. ns: not significant
Cruise

Common
murre ×
Sooty
shearwater

Common
murre ×
Pink-footed
shearwater

Sooty
shearwater ×
Pink-footed
shearwater

Transects

June 2000
August 2000
June 2002
August 2002

(–) p < 0.01
ns
(–) p < 0.001
ns

ns
ns
(–) p < 0.05
ns (+)

ns
(+) p < 0.001
(+) p < 0.01
p < 0.1

114
79
212
114
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Newport

June 2000

Newport

August 2000

Pink-footed
shearwater densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No Pink-footed
shearwaters
observed
Feature B

43°
200 m Isobath
Cape Blanco

Cape Blanco

Adult salmon
abundance
(ind. km–2)

Adult salmon
abundance
(ind. km–2)
4.60

12.48

OR
CA

42°
0.00

OR
CA

0.00
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Adult salmon
abundance
(ind. km–2)
8.38

OR
CA

42°

Cape Blanco

Adult salmon
abundance
(ind. km–2)
5.10

0.00

127°W

OR
CA

0.00

126°

125°

124°

127°W

126°

125°

124°

Fig. 3. Pink-footed shearwater occurrence patterns plotted as density in relation to covariate with strongest support based on
model weights from density and presence-absence analyses (Tables 2, 4 & 5). In 2000, shearwater presence was related to density
of adult salmon (GroupA). In 2002, on transects where shearwater occurred, density was also related to adult salmon densities
(GroupA). Feature B (upwelling front) is shown by the shaded thick line, and the shelfbreak (200 m isobath) by the thin black line.
OR: Oregon; CA: California
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Newport

June 2000

Newport

August 2000

Sooty shearwater
densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No Sooty
shearwaters
observed
Feature B

43°

200 m Isobath
Cape Blanco

Adult salmon
abundance
(ind. km–2)
4.60

OR
CA

42°

Cape Blanco

Adult salmon
abundance
(ind. km–2)
12.48

OR
CA

0.00

0.00
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Cape Blanco

Adult salmon
abundance
(ind. km–2)

Adult salmon
abundance
(ind. km–2)
8.38

5.10

OR
CA

42°
0.00

127°W

OR
CA

0.00

126°

125°

124°

127°W

126°

125°

124°

Fig. 4. Sooty shearwater occurrence patterns plotted as density in relation to covariate with strongest support based on model
weights from both density and presence-absence analyses (Tables 2, 4 & 5). Shearwater presence in 2000 and density on transects where birds were present in 2002 was related to density of adult salmon (GroupA). Feature B (upwelling front) is shown by
the shaded thick line, and the shelfbreak (200 m isobath) by the thin black line. OR: Oregon; CA: California
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Newport

June 2000

Newport

August 2000

Fork-tailed storm-petrel
densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No Fork-tailed
storm-petrels
observed
Feature B

43°

200 m Isobath
Cape Blanco

Clupeid/juv. salmonid
abundance
(ind. km–2)
359.23

OR
CA

42°

Cape Blanco

Clupeid/juv. salmonid
abundance
(ind. km–2)
39.96

0.00

OR
CA

0.00
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Juv. demersal fish
abundance
(ind. km–2)
36.55

OR
CA

42°

Cape Blanco

Juv. demersal fish
abundance
(ind. km–2)
18.38

0.00

127°W

126°

OR
CA

0.00

125°

124°

127°W

126°

125°

124°

Fig. 5. Fork-tailed storm-petrel occurrence patterns plotted as density in relation to covariate with strongest support based on
model weights from both density and presence-absence analyses (Tables 2, 4 & 5). Storm-petrel presence related to density of
small mid-water fish (GroupB) in 2000 and juvenile demersal fish (GroupD) in 2002. Feature B (upwelling front) is shown by the
shaded thick line, and the shelfbreak (200 m isobath) by the thin black line. OR: Oregon; CA: California; Juv.: juvenile
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Newport

June 2000

Newport

August 2000

Common murre
densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No Common
murres
observed
Feature B

43°

200 m Isobath
Cape Blanco

Pycnocline depth
(m)

Cape Blanco

Pycnocline depth
(m)

19.33

33.43

OR
CA

42°
0.41

OR
CA

0.26
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Pycnocline depth
(m)
114.63

Cape Blanco

Pycnocline depth
(m)
80.05

OR
CA

42°
2.06

127°W

OR
CA

5.36

126°

125°

124°

127°W

126°

125°

124°

Fig. 6. Common murre occurrence patterns plotted as density in relation to covariate with strongest support based on model
weights from both density and presence-absence analyses (Tables 2, 4 & 5). On transects where murre were present, density was
relative to pycnocline depth in both years. Feature B (upwelling front) is shown by the shaded thick line, and the shelfbreak
(200 m isobath) by the thin black line. OR: Oregon; CA: California
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Newport

June 2000

Newport

August 2000

Cassin‘s auklet
densities
(ind. km–2)
>150.00
75.01–150.00
25.01–75.00
10.01–25.00
1.01–10.00
0.15–1.00

44°N

No Cassin‘s
auklets
observed
Feature B

43°

200 m Isobath
Cape Blanco

Large euphausiid
abundance
(ind. km–2)

Cape Blanco

Large euphausiid
abundance
(ind. km–2)

10.82

16.55

OR
CA

42°
0.47

OR
CA

0.90
Newport

June 2002

Newport

August 2002

44°N

43°
Cape Blanco

Pycnocline depth
(m)
42°

Cape Blanco

Pycnocline depth
(m)

114.63

80.05

OR
CA

2.06

127°W

126°

OR
CA

5.36

125°

124°

127°W

126°

125°

124°

Fig. 7. Cassin’s auklet occurrence patterns plotted as density across all transects in relation to covariate with strongest support
based on model weights from both density and presence-absence analyses (Tables 2, 4 & 5). Auklet presence in 2000 related to
euphausiids (ZD_lg) in 2000 and to pycnocline depth in 2002. Feature B (upwelling front) is shown by the shaded thick line, and
the shelfbreak (200 m isobath) by the thin black line. OR: Oregon; CA: California
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tant to some species, proximity to the upwelling front
(DistB, DistB2) became less directly important than
what was evident in the previous analysis, as we hypothesized. Pycnocline depth became the important
proxy for the front. Although, again, less so than reported in Ainley et al. (2005), the chlorophyll maximum depth, another indirect measure of prey availability at the larger scale (as is location of a front), was
important for a few species. Not surprisingly considering this effect, Reese & Brodeur (2006) found that
chlorophyll concentration was important in explaining
patterns in fish occurrence in the study area. Thus, if
chlorophyll maximum is a proxy for fish abundance, it
is not surprising that this covariate declined somewhat
in importance when direct measures of fish abundance
were included. Nevertheless, the comments made by
Ainley et al. (2005) in regard to birds being attracted,
at the mesoscale and above, to areas of strong, biologically meaningful odor would still apply.
In general, we observed stronger effects of biotic,
especially zooplankton and fish, covariates during
2000 than during 2002 (Table 7). The existence of this
interannual difference is consistent with the large contrasts in ocean properties observed between years
(Table 2) and consistent with annual variation in
oceanographic measures of the NCC as noted by
others (e.g. Wheeler et al. 2003, Suchman & Brodeur
2005, Reese & Brodeur 2006). Reese & Brodeur (2006)
observed decreased nekton density (but not biomass)
in 2000 compared to 2002 and, accordingly, a much
higher preponderance of fish occurred in the diet of
juvenile coho salmon in 2002 than in 2000 (Brodeur et
al. 2007). The latter is consistent with a more ‘normal’
seasonality (earlier peak abundance) in larval release
that year (Auth & Brodeur 2006). Similar to our measures of zooplankton density (Table 3), copepod abundance off Newport in 2002 was twice that of 2000

(Peterson & Schwing 2003). Finally, all these factors
were consistent with an ‘anomalously high’ southward
transport of high-nutrient cold water into the study
area from the subarctic in 2002, a quality that was lacking in 2000 (Kosro 2003). These differences in ocean
features between years are aligned with our observation that bird prey (small fish, zooplankton) abundance
was lower in 2000 compared to 2002, and are also
likely responsible for the variation in the strength of
this effect on bird densities between species and years.
In other words, when prey were less abundant or available, the effect on explaining predator occurrence was
stronger. In some respects, this is consistent with the
studies of Piatt (1987, 1990), who found that prey density was important in explaining the degree of aggregation by foraging, diving seabirds.

Predation, competition, or co-occurrence?
For the micronekton-feeding (small fish, large zooplankton), shallow-diving shearwaters, their close positive association between themselves and with adult
salmon (GroupA) likely reflects, at the least, the cooccurrence of predators seeking the same prey. On the
other hand, the salmon could also be facilitating prey
capture by the birds by concentrating prey or driving
them closer to the surface, a well-known association of
seabirds with subsurface predators in other systems
(e.g. Safina & Burger 1985, Harrison et al. 1991, Ballance et al. 1997). The negative relationship between
adult salmon and the diminutive Cassin’s auklet, both
being planktivores especially on euphausiids, could indicate competition for the same prey. As pointed out by
L. T. Ballance (pers. comm.), the auklet has far less aerial ability than the shearwater, and thus must interact
directly and continuously in the water with the salmon.

Table 7. An interspecific comparison and summary of the variables most important to explain the occurrence patterns of respective predator species (see Tables 4 & 5 for more details). Bold type emphasizes an organism or group of organisms; note preponderance of the latter factors during 2000 compared to 2002. See covariate description in Table 1

Black-footed albatross
Pink-footed shearwater
Sooty shearwater
Fork-tailed storm-petrel
Common murre
Cassin’s auklet

Model

2000

2002

Presence-absence
Density
Presence-absence
Density
Presence-absence
Density
Presence-absence
Density
Presence-absence
Density
Presence-absence
Density

GroupA, ZD_med
GroupB, ZD_med
GroupA, DPTH
CHLMX
DPTH, GroupB
GroupA
SSS, GroupB
GroupB, DPTH
DPTH, Pyc_dpt
SSS
Pyc_dpt, MAX_dp, ZD_lg
DistB, GroupA

DistB2, SSS
Pyc_dpt, MAX_dp
SSS, DPTH
GroupA
DPTH, CHLMX
MAX_dp, Fish
GroupD
Pyc_dpt
DPTH, Pyc_dpt
Pyc_dpt, ThSlp
Pyc_dpt, ColDist
Cruise
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Similarly, both salmon (Reese & Brodeur 2006) and
murres (the present study; see also Ainley et al. 2005)
respond very similarly to SST, SSS, and other measures
indicating spatially and temporally close association
with the inshore upwelling front. This is consistent
with finding no relationship to the occurrence of adult
sardines and saury (GroupE), which in the NCC occur
offshore, in highly stratified (deep pycnocline and thermocline) warm waters (Emmett et al. 2005).
The fact that small fish and zooplankton were less
abundant in 2000, with a stronger effect, therefore, on
predator occurrence, might lead to other implications
of ecological relationships. In 2002, when small fish
were far more abundant overall, and likely not limiting
to most piscivores, the physical features did a better
job of ‘explaining’ the birds’ patterns. In other words,
the predators needed just to be in the general vicinity
of easily available food to be able to find prey, and not
as densely aggregated to therefore facilitate closer statistical coincidence (cf. Piatt 1990). Regardless, especially sooty shearwaters and common murres, by far
the 2 most abundant avian piscivores in the NCC, did
not mix in foraging flocks (Hoffman et al. 1981, Ainley
& Boekelheide 1990). Murre flocks tended to occur
inshore of sooty shearwater flocks, suggesting possible
segregation in foraging but within the same mesoscale
habitat (at least as we measured it; see also Wiens &
Scott 1975, Ainley et al. 2005). Where they did cooccur, they avoided foraging in the same flocks. This is
further indirect evidence that these piscivores, likely
with help from other predators (see next paragraph),
can negatively affect the availability of prey for one
another in this system (see also Logerwell & Hargreaves 1996, Lewis et al. 2001, Ainley et al. 2003).
These results at face value appear to be contrary to
those of Ballance et al. (1997), who found that largebodied seabirds in the tropics, only under conditions
of high food availability, physically excluded smaller
species from foraging flocks and hypothesized that
under those conditions, competition had a large role in
community structuring. Trophic competition, and flock
exclusion appears important too, in the NCC even
when food availability is low. In the habitat separation
within the NCC, as discussed above, the species are
of similar body size.
The present results in part, then, merely confirm
long-held, local knowledge that smaller fishes, especially anchovies, are the food of choice for murres,
shearwaters, and many marine fishes in the central
and northern NCC during mid- to late summer (Chu
1984, Ainley et al. 1996, Miller & Brodeur 2007).
Humpback whales Megaptera novaeangliae, another
predator of anchovies and other fish of inshore, upwelled waters, were associated with adult salmon as
well in our study area and, of course, would also have
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been involved in any prey depletion (Tynan et al.
2005). On the other hand, associations of whales, birds,
and predatory fish can result in coordinated foraging behavior as fish prey are ‘balled-up’, presumably
facilitating the micro-scale foraging by all predators
involved (e.g. Robinson & Tetley 2007).

Spatial aspects of co-occurrence in food-web
modeling
Despite finding relationships between fish abundance and bird densities in the present study, we measured an inconsistent signal between food resources
and seabird densities. There are a variety of reasons
why this might be, including discordance between
food abundance (as measured by us) and food availability (as perceived by the predator), the spatial scale
at which we sample fish and at which fish are available
to birds, and the influences of other fish predators on
food availability for the avian species we studied. Most
importantly, we found the closest relationship between
predators and prey in the year when prey were less
abundant and seemingly more patchy (see also Fauchald & Erikstad 2002).
Obviously, further information is needed on the
depth stratification of predators and prey, as well as
their spatio-temporal ambits, in the waters of the NCC
and elsewhere. This is especially true given the great
mobility of the predators treated in a study such as ours
(e.g. Inchausti & Ballesteros 2008). The most successful
models someday will use the ambits of the various species, rather than merely using densities in grid cells
and depth bins (e.g. Brand et al. 2007). Trying to quantify the daily (or longer) spatio-temporal aspects of
foraging by a whale, a school of salmon, and a shearwater flock within the same meso- to small-scale
region would be an interesting study, and became only
recently possible to resolve in this age of advanced
electronic and acoustic tracking technology (e.g.
Weimerskirch 2007, Au & Benoit-Bird 2008).
Other evidence that the meso- and larger-scale spatial aspect to trophic transfer is not as simple as it might
first appear is contained in the fish community hotspots
identified in the GLOBEC study area by Reese &
Brodeur (2006, their Fig. 4). While the Heceta Bank and
Crescent City hotspots for fish, especially for salmon,
were certainly attractive to whales (cf. Tynan et al.
2005, their Fig. 5), there was no 1:1 match in the case of
birds (cf. Ainley et al. 2005, their Fig. 2). A whale and
bird hotspot (juvenile salmon, too) was located at the
base of the upwelling plume that extended out from
Cape Blanco (midway in the study area). This was an
area of particularly dense concentrations of euphausiids (e.g. Ressler et al. 2005) but apparently not fish. Per-
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haps this represents still another prey-depletion case
by predators, with fish likely being the most important
euphausiid predators in this region (cf. Scheffer et al.
2005, Miller & Brodeur 2007). From the perspective of
the entire study area, the concentrations of murres and
shearwaters were found on the inshore edges, rather
than throughout the entire expanse of the fish hotspots
(cf. Reese & Brodeur 2006, their Fig. 4; Ainley et al.
2005, their Fig. 2). This area of overlap coincided with
the steep gradients in properties of the upwelling jet.
Seemingly, forage fish were more vulnerable at least to
avian, cetacean, and piscine (adult salmon) predation
in that situation, and/or forage depletion by predators
occurred at the edge of the prey ‘hotspot’ (e.g. Logerwell & Hargreaves 1996). All of the bird species (as well
as the whales or salmon) we considered here, except for
perhaps breeding Cassin’s auklets, could easily forage
anywhere within the study area.
Trophic overlap as well as species co-occurrence are
aspects of some of these species’ interactions. While at
the broadest scales, knowing population size, diet, and
trophic transfer rates of these mobile predators and
prey might bring valid, instructive outcomes to foodweb or ecosystem models, at the mesoscale and finer
scales where the main interactions actually occur, we
have a long way to go before finding satisfactory outputs. Better understanding of organism ambits and
foraging behavior is important. Such information is
necessary in models to understand the mechanisms
behind the way in which climate change and fish
extraction affect coastal marine ecosystems (e.g. Trites
et al. 1999, Brand et al. 2007).
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