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INTRODUCTION

Describing the density and spatial distribution of
seabirds is an important step in understanding their
role in marine ecosystems and their vulnerability to
changes in these ecosystems (Hunt et al. 1999). In par-
ticular, this information is essential for understanding
the birds’ responses to variability in physical and bio-
logical marine processes (Hunt & Schneider 1987), and
assessing likely impacts and risks to seabirds from oil
spills, other chemical contamination, over-fishing of
prey and accidental by-catch in fishing gear (Wiens et
al. 1984, Montevecchi 2002). We report year-round

measures of density and spatial aggregation of
seabirds over the inner continental shelf off southwest
Vancouver Island, British Columbia. We also report
hydroacoustic measures and spatial aggregation of rel-
ative prey abundance, and the associations of seabirds
with these prey patches. This information is critical for
a broader understanding of how predators respond to
distributions of epipelagic prey. This paper is part of an
investigation into the diversity, abundance and distrib-
ution of seabirds in this productive area, and their vul-
nerability to oil spills and changes in the local ocean
environment (Davoren & Burger 1999, Davoren 2000,
Burger 2003).
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Measures of spatial aggregation of seabirds and
their relationships with prey are both highly sensitive
to the scales at which these parameters are measured
(Schneider & Piatt 1986, Hunt & Schneider 1987,
Logerwell et al. 1998, O’Driscoll 1998, Davoren 2000,
Davoren et al. 2002, 2003, Schneider 2002). Patterns
and correlations which are evident at one spatial scale
(e.g. 1 km along a linear transect) might become
obscured or undetectable at smaller (100s m) or larger
(10s km) scales (Fauchald et al. 2000). We report spa-
tial scales at which common seabird species and
trophic guilds off Vancouver Island aggregated, and at
which the seabirds were associated with their potential
prey.

Spatial patterns exhibit 2 distinct characteristics,
defined as the grain and intensity (Pielou 1969,
O’Driscoll 1998). Grain is the spatial distance between
patches of high density, whereas intensity is the mea-
sure of grouping or crowding within these patches
(O’Driscoll 1998). In our analysis we used the neigh-
bour K statistical analysis, which provides measures of
both grain and intensity for seabird distributions along
transects, and also for the associations between the
birds and their prey (O’Driscoll 1998, Davoren 2000,
Davoren et al. 2002, 2003). This method has several
advantages, reviewed by O’Driscoll (1998) and
O’Driscoll et al. (2000), over earlier methods of deter-
mining spatial distributions of seabirds, such as vari-
ance:mean ratios, binning data in progressively larger
sample units or spectral analysis. This is the first study
to determine spatial aggregations and
bird-prey aggregations for a complete
community of seabirds throughout all sea-
sons. Patterns revealed in our analysis are
applicable to other epipelagic predators
with similar foraging strategies and con-
straints in other marine ecosystems.

The waters of the continental shelf off
southwest Vancouver Island support a
productive marine ecosystem and a large
and diverse avifauna (Martin & Myres
1969, Vermeer et al. 1989, 1992, Morgan
et al. 1991, Hay 1992, Wahl et al. 1993).
About 300 laden oil tankers and thou-
sands of other vessels transit this area
annually, posing a real threat from cata-
strophic or chronic oil spills (Ford et al.
1991, Burger 1992, 1993a, 1993b, Anon.
2002). Our methods and results are useful
for monitoring the year-round responses
of birds to variations in ocean conditions,
either anthropogenic (e.g. oil pollution
and fishing) or climate-driven (e.g. El
Niño, Pacific Decadal Oscillations, global
climate change).

MATERIALS AND METHODS

Study area and survey methods. Birds and prey
were simultaneously and continuously sampled along
fixed transects over the continental shelf off southwest
Vancouver Island (Fig. 1; Burger 2003). Most surveys
followed a 120 km transect route encompassing the
inner shelf region (Pachena and Inshelf legs), the
edges of the Juan de Fuca marine canyon (Canyon
leg), the outer shelf region (Offshelf leg) and a cross-
shelf transect back to Barkley Sound (Crosshelf leg).
During winter when daylight was limiting, we reduced
the survey by crossing the shelf diagonally from the
outer Canyon end towards Cape Beale. Mechanical
problems with the vessel also reduced the duration of
2 surveys. Surveys averaged 6.3 h (±2.1 h SD; range
1.4 to 9.0; median 7.5 h) and 93 km in length.

For all but 2 surveys, we used the 11 m research
vessel MV ‘Alta’ (eye-level 2.0 to 2.5 m above the sea).
Surveys in November and December 1995 used the
20 m trawler ‘Dalewood Provider’ (eye-level 3.0 to
3.5 m above sea level). Vessel speed was relatively
constant (mean 8 knots [14.8 km h–1]; range 7 to
10 knots [13.0 to 18.5 km h–1]) but was occasionally
slowed to identify birds in dense flocks. Surveys were
usually restricted to periods with Beaufort sea state 3
or less (winds <5.5 m s–1 and white-caps from breaking
wavelets rare), although data were collected during
brief periods of stronger winds to ensure continuity of
the transects.
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Fig. 1. Transect route used for seabird counts off southwest Vancouver Island.
This paper includes data from the Pachena, Inshelf, Canyon, Offshelf and
Crosshelf legs, but not the Trevor and Beale legs, which had different marine 

environments. Depth isobaths are in m
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Bird observations were made by 2 observers scan-
ning forward 90° horizontally on either side of the ves-
sel and recorded in 1 min intervals (minimum spatial
unit 250 to 280 m). Several observers took turns on
duty to avoid fatigue. We counted all birds within
150 m on either side of the vessel (i.e. 300 m wide
strip). Observers were trained to estimate distances
with reference to known distances measured with the
ship’s radar. Tests suggested that few birds were
missed within 150 m but wider strips underestimated
densities (A. E. Burger unpubl. data). Birds flying more
than 250 m ahead of the vessel, following the vessel or
crossing behind the vessel were not counted. Flying
birds and those on the water were recorded separately.
Our method of counting all flying birds transiting the
observed area ahead of the vessel likely overestimated
their densities (Tasker et al. 1984, Van Franeker 1994)
but this error should be consistent within species and
species-groups.

Prey abundance was measured using a hull-
mounted 200 kHz Furuno 600 sounder with a paper
recorder, which sampled the water below about 1 m
depth. We divided the sounder traces into 1 min travel
intervals (approx. 250 m) and 10 m depth intervals (1 to
10 m for the surface water). Within each cell formed by
these divisions, we visually scored the density of prey,
based on the intensity of the sounder trace using a
scale of 0 (no prey) through 9 (near-saturation; Piatt
1990). We then squared the score to account for the
non-linear change in sounder intensity relative to prey
school density (Forbes & Nakken 1972). We focused on
the 1 to 10 m depth range, as a measure of near-surface
prey likely to be accessible to surface-feeding birds,
and on the 1 to 40 m range, as a measure of the overall
prey abundance accessible to most diving birds.
Forty m was selected as an appropriate depth setting
for the sounder because this covered the typical forag-
ing ranges of most diving birds (Burger 1991). Our sur-
veys which sampled deeper depths showed few
schools below 40 m, except Pacific hake Merluccius
productus (discussed below).

We did not directly identify the organisms producing
each sounder trace, due to the range of nets needed to
capture various prey types, the ability of many fish and
euphausiids to evade nets, and other logistical prob-
lems (Logerwell & Hargreaves 1996, Parrish et al.
1998). Instead, published material, opportunistic sam-
ples of near-surface fish and euphausiids, and analysis
of birds’ diets in this area were used to characterize
acoustic signals. Based on this, the most common
epipelagic schooling fish were sand lance Ammodytes
hexapterus and immature herring Clupea harengus
pallasi, and less commonly anchovy Engraulis mordax,
smelt Allosmerus elongatus and Hypomesus pretiosus,
and the juveniles of salmonids Oncorhynchus spp.,

rockfish Sebastes spp., sable fish Anoplopoma fim-
bria), and other species (Hay et al. 1992, Burger et al.
1993, Davoren & Burger 1999). Euphausiids Thysa-
noessa spinifera and Euphausia pacifica are abundant
in deeper water (>50 m) during daylight off Vancouver
Island but are often adducted into surface waters or
remain at the surface during daylight to spawn (Fulton
& LeBrasseur 1984, Mackas 1992, Mackas et al. 1997,
Allen et al. 2001). On several surveys in late summer
and autumn, we encountered large surface schools of
euphausiids, usually accompanied by mixed-species
flocks of seabirds. Traces made by larger fish, such as
salmonids and spiny dogfish Squalus acanthias, could
be identified by the solitary, bold traces and were dis-
regarded because they were not taken by birds. Pacific
hake, common in this area but too large to be taken by
seabirds, were usually >50 m deep (Mackas et al.
1997) and not likely to be included in our hydro-
acoustic sampling. Our interpretation of sounder traces
excluded near-surface interference caused by waves
and diffuse back-scatter from small plankton (e.g.
copepods) but included denser schools of larger zoo-
plankton, which were primarily euphausiids. Based on
these observations, published data and consultations
with a hydroacoustic expert (D. Mackas, pers. comm.),
we are confident that the majority of acoustic signals
observed in this study were schooling fish or euphausi-
ids, both primary prey of seabirds in our study area.

Spatial grouping and relationships with prey were
examined for all bird species for which there were suf-
ficient data. Data were also pooled within families for
common birds (gulls Laridae, alcids Alcidae) and in
3 foraging guilds (divers, surface-feeders and shear-
waters). Diving birds were predominantly alcids but
included loons, cormorants and grebes. Surface-
feeders were predominantly gulls but included ful-
mars, storm-petrels, phalaropes and an occasional
jaeger. Shearwaters, which usually forage at the sur-
face but are also accomplished divers (Burger 2001),
were treated as a separate foraging guild.

Comparison between birds and prey focused on
birds seen sitting on the water, which were more likely
to be foraging than flying birds. For many species
which feed at the surface, including most procellari-
iforms, phalaropes and gulls, the time on the wing
might, however, included active foraging. For these
species, we also considered the combined counts of
birds on the water and flying, in addition to the birds
on the water.

Following Morgan et al. (1991), we defined the sea-
sons as winter (16 December to 15 March), spring (16
March to 15 June), summer (16 June to 15 September)
and autumn (16 September to 15 December).

Neighbour K analysis. The spatial scales of aggrega-
tions within seabird species, among different species
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of seabirds, and between seabirds and prey, were cal-
culated using neighbour K analysis (O’Driscoll 1998,
O’Driscoll et al. 2000). Each analysis calculated patch
radius, which measures the spatial scale at which
aggregations occur, and crowding, which measures
the intensity of aggregation (O’Driscoll 1998). Patch
radius is also known as patch length (O’Driscoll 1998),
scale of aggregation (Davoren 2000, Davoren et al.
2002, 2003) and ambit radius (O’Driscoll et al. 2000).
We prefer the term patch radius because it emphasises
the typical horizontal dimension of a patch in both
directions of the transect line, i.e. along radii.

Essentially, the neighbour K analysis calculates, for
each bird within the transect (or each unit of prey
abundance), the mean number of other birds (or other
prey scores) within an increasing patch radius (starting
with spatial units of 250 m) of the bird’s location. The
mean distribution is then calculated for each bird (or
prey score) within the transect. Crowding is the mean
number of ‘extra’ neighbours (i.e. more than expected)
from a random distribution of the birds along the tran-
sect, plotted against the distance along the transect
(O’Driscoll 1998). The mean number of ‘extra’ neigh-
bours for each spatial unit along the transect is gener-
ated by comparing the actual number of neighbouring
birds, in increasing numbers of adjacent spatial units,
with a randomly-generated distribution. Following
O’Driscoll (1998), we set the criterion for significant
difference from randomly distributed data to be 0.01.
Patch radius was determined as the distance at which
there was the first peak in mean number of ‘extra’
neighbours and crowding was taken to be the value of
the mean number of ‘extra’ neighbours at that point.

Univariate neighbour K analyses calculated the
patch radius and crowding for each bird species (with
more than 5 individuals in a transect), group of species
or prey, without considering interactions with other
species or groups. Bivariate neighbour K analyses con-
sidered whether the distribution of one species or
group (seabirds) was significantly clumped or over-dis-
persed relative to the distribution of a second species
or group (prey). Bivariate bird-prey analyses were
restricted to transects with more than 10 of each group
being compared.

Statistical methods. We examined whether species
and foraging guilds had distinctive patch radii and
mean crowding, by comparing species within taxo-
nomic families and by comparisons among the 3 guilds
(surface-feeders, divers and shearwaters). Compar-
isons were made using the General Linear Model
(GLM) in SPSS 10, with α set at 0.05. The residuals
were examined for non-normality; the few deviations
from normality in the large number of tests we did
were considered trivial and ignored. If a comparison
included a species or guild in which bird density sig-

nificantly affected patch radius or crowding, we tested
these variables twice: with and without density as a
covariate. Including density as a covariate controlled
for the strong seasonal effects of bird density, espe-
cially on crowding. It was also deemed necessary to
compare species and guilds without including density
as a covariate, because variable density was an inte-
gral component of each species foraging niche and so,
could not be ignored.

RESULTS

Densities of seabirds

Seabird densities on the shelf showed a strong sea-
sonal trend, peaking in late summer through autumn
(July to November; Fig. 2). Dominant groups were Pro-
cellariiformes (especially sooty shearwater Puffinus
griseus, northern fulmar Fulmarus glacialis and fork-
tailed storm-petrel Oceanodroma furcata), phalaropes
(red-necked Phalaropus lobatus and red phalarope
P. fulicaria), gulls (especially California gull Larus cali-
fornicus, glaucous-winged gull L. glaucescens and, at
times, herring gull L. argentatus, Sabine’s gull Xema
sabini and black-legged kittiwake Rissa tridactyla) and
alcids (especially common murre Uria aalge and, to a
lesser extent, Cassin’s auklet Ptychoramphus aleuti-
cus, rhinoceros auklet Cerorhinca monocerata and
marbled murrelet Brachyramphus marmoratus). All of
the common species, except the resident glaucous-
winged gull, showed strong seasonal variations in den-
sity (Fig. 2; Burger 2003).

Variations in patch radius and mean crowding 
in seabirds

For most species, whether flying or on the water,
there was no significant correlation between patch
radius and bird density (Pearson correlation, p > 0.05).
The exceptions were significant positive correlations
in phalaropes (pooled counts for birds flying and on the
water, r = 0.994, p < 0.001, n = 9), glaucous-winged
gulls flying (r = 0.521, p = 0.011, n = 23), common mur-
res on the water (r = 0.406, p = 0.049, n = 24), rhino-
ceros auklets on the water (r = 0.620, p = 0.024, n = 13)
and in pooled data from all diving birds on the water or
flying (r = 0.460, p = 0.018, n = 26). Conversely, we
found significant positive correlations between crowd-
ing and density for all bird species whether flying or on
the water (Pearson correlation, p < 0.01), except for
rhinoceros auklets on the water (r = 0.396, p = 0.180,
n = 13). For all bird groups showing significant effects
of density, we therefore considered density as a covari-
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ate when testing seasonal variations of patch size or
crowding.

Among the common species (Table 1), significant
seasonal variations in patch radius were found only in
common murres on the water, which showed a slight
increase in patch radius during summer (Fig. 3; GLM
with density as covariate, F3,19 = 3.20, p = 0.047). With
data pooled into foraging guilds (Fig. 4), significant

seasonal variation in patch radius was found in sur-
face-feeding birds on the water and flying (GLM with
density as covariate, F3,21 = 3.72, p = 0.027) but not
shearwaters or diving birds, whether on the water or
flying (p > 0.05 in each case).

We found strong seasonal patterns in crowding
(Fig. 4) but these trends were not statistically signifi-
cant in any species or guild when density was included
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Fig. 2. Mean monthly densities of (a) the major families of birds, (b) species of procellariiforms (Procellariiformes), (c) species of
gulls and jaegers (Laridae), and (d) species of alcids (Alcidae) recorded in vessel surveys off southwest Vancouver Island, 

1993 to 1995. Note that the y-axis scales vary
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as a covariate (GLM, p > 0.05 in each case). The sea-
sonal trends in crowding were, therefore, driven by
seasonal changes in bird density rather than by sea-
sonal variations in flocking behaviour.

For most common species, and the shearwater and
surface-feeding guilds, the mean patch radius was
consistently larger for flying birds than for birds on the
water (Table 1 & Fig. 4). The only exceptions to this
trend were rhinoceros auklets, which consistently
showed the opposite pattern in all seasons (Fig. 3), and
common murres (Fig. 3) and diving birds collectively
(Fig. 4), which showed no consistent patterns across
the seasons.

For most species and all 3 guilds, the mean crowding
was consistently smaller for flying birds than for birds
on the water (Table 1 & Figs. 3 & 4). The exceptions
here were Cassin’s auklets (Fig. 3) and several species

which forage on the wing or frequently fly while forag-
ing (forked-tailed storm-petrels, phalaropes, Sabine’s
gull and black-legged kittiwake). The general year-
round pattern for most species was, therefore, that fly-
ing birds occurred in smaller aggregations, spread
over a wide area, whereas birds on the water tended to
occur in smaller areas, but in larger flocks.

Variations in patch radius and 
crowding among species and guilds

Comparisons of patch radius and crowding among
the species within taxonomic groups or guilds were
difficult, because the large seasonal variability in den-
sity, crowding and, to a lesser extent, patch radius,
resulted in weak tests. Within the Procellariiformes,

we found no significant differences in patch
radii and crowding among the 3 common
species, for birds on the water or flying
(Table 1; GLM, p > 0.1 in all cases; crowding
tested with and without density as a covari-
ate).

Within the gulls, there were no differences
between California and glaucous-winged
gulls in the patch radii for either birds on the
water or flying (Table 1; GLM, p > 0.4 in both
cases). California gulls tended to have higher
crowding than glaucous-winged gulls, but
not when density was controlled as a covari-
ate (Table 1; GLM, p > 0.2 for birds on the
water or flying). Other gull species had insuf-
ficient data for comparisons.

Among the alcids, Cassin’s auklets and
common murres had larger patch radii than
rhinoceros auklets and marbled murrelets
(Table 1; F3,55 = 5.30, p = 0.003 for birds on
the water; F2,37 = 4.05, p = 0.026 for birds fly-
ing). We found no difference among alcid
species in crowding for birds on the water
(Table 1; p > 0.6 with or without density as a
covariate), but for flying birds, common mur-
res and Cassin’s auklets were in larger
groups than rhinoceros auklets (F2,36 = 11.59,
p < 0.001 with density as a covariate).

The mean patch radii were similar for the 3
foraging guilds: 3.9 to 5.0 km for birds on the
water and 5.9 to 7.9 km for flying birds (Table
1; GLM: p > 0.6 in each case, with or without
density as a co-variate). Similarly, despite the
marked differences in mean crowding
among the 3 guilds, these were not statisti-
cally significant due to the high variance in
all guilds (Table 1; GLM: p > 0.07 in each
case, with or without density as a covariate).
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Bird group Patch radius Crowding No. of 
(km) (birds) surveys

Procellariiformes on water
Sooty shearwater 3.5 ± 3.0 143 ± 185 17
Northern fulmar 1.6 ± 2.1 97 ± 155 9
Fork-tailed storm-petrel 1.7 ± 1.8 51 ± 34 3

Procellariiformes flying
Sooty shearwater 7.2 ± 8.5 56 ± 115 22
Northern fulmar 11.9 ± 9.4 26 ± 31 14
Fork-tailed storm-petrel 7.3 ± 6.0 70 ± 107 7

Phalaropes on the water 1.5 ± 2.4 38 ± 58 7

Phalaropes flying 1.6 ± 3.3 13 ± 15 8

Gulls on the water
California gull 3.0 ± 3.4 867 ± 1576 14
Glaucous-winged gull 3.4 ± 4.1 55 ± 105 19

Gulls flying
California gull 5.6 ± 7.1 233 ± 546 12
Glaucous-winged gull 4.0 ± 4.6 7 ± 9 23

Alcids on the water
Cassin’s auklets 3.8 ± 3.2 33 ± 65 16
Common murre 4.9 ± 4.0 39 ± 43 24
Rhinoceros auklet 1.2 ± 1.0 8 ± 11 13
Marbled murrelet 1.0 ± 0.9 3 ± 2 6

Alcids flying
Cassin’s auklets 8.8 ± 9.3 55 ± 90 9
Common murre 4.8 ± 7.2 11 ± 24 21
Rhinoceros auklet 0.5 ± 0.4 3 ± 4 12

Foraging guilds - birds on water
Shearwaters 3.5 ± 3.1 143 ± 185 17
Surface-feeding birds 4.3 ± 5.1 574 ± 1301 23
Diving birds 5.0 ± 4.5 50 ± 86 25

Foraging guilds - birds flying
Shearwaters 7.3 ± 8.5 58 ± 117 22
Surface-feeding birds 7.6 ± 9.4 127 ± 358 26
Diving birds 5.9 ± 6.5 28 ± 57 25

Table 1. Mean (±SD) patch radius and crowding within each taxonomic
group and foraging guild, using pooled year-round data. See text for sta-
tistical tests
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Spatial and seasonal distribution of prey

Relative prey abundance showed a consistent
decline with increasing depth within the 1 to 40 m
sampling range (Fig. 5a). This trend held for all sea-
sons but was less marked in winter, when prey was
scarce at all depths. Prey abundance increased from
winter through spring and summer, then declined
slightly in autumn, remaining higher than in spring. In
all transects, there were many spatial units (1 min
travel intervals) without evidence of prey; on average,
prey schools were present within the 1 to 40 m range in
7% of the intervals in winter, 26% in spring, 51% in
summer and 28% in autumn. Prey abundance scores
were highly variable among the transects in each sea-

son (as indicated by the high SD in seasonal means;
Fig. 5a) and also within each transect (as indicated by
the high coefficient of variation within transects;
Fig. 5b).

Patch radius for the near-surface (1 to 10 m) prey had
a year-round mean of 4.1 ± 3.0 (SD) km (range 0.5 to
12.0 km) and showed no correlation with mean prey
scores per survey (r = 0.31, p = 0.224, n = 17 surveys).
Seasonal means of prey patch radius showed high vari-
ance (Fig. 6) but no significant differences among the
seasons (GLM, F3,13 = 1.02, p = 0.415). Patch radius for
the complete 1 to 40 m depth range averaged 6.1 ± 5.7
(SD) km (range 0.5 to 21.0 km) and was significantly
correlated with mean prey score per survey (r = 0.48, p
= 0.05, n = 17). With mean prey score controlled as a
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Fig. 3. Mean (+SE) patch radius (left graphs) and crowding (right graphs) in each season of 4 common species found year-round 
off southwest Vancouver Island. Birds recorded as being on the water and flying are shown separately
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Fig. 4. Mean (+SE) patch radius (left graphs) and crowding (right graphs) of the 3 foraging guilds off southwest Vancouver Island
in each season. Birds recorded as being on the water and flying are shown separately. The y-axis scale varies in the graphs 

on the right

Fig. 5. Variations in relative
prey abundance with depth
and seasons off southwest
Vancouver Island. The upper
graph (a) shows the seasonal
mean (+SD) of the average
prey score min–1 within each
transect. The SD bars indi-
cate the variability among
surveys within each season.
The lower graph (b) shows
the mean coefficient of varia-
tion (CV) of prey scores as a
measure of the average vari-
ability within each survey
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covariate, the 1 to 40 m prey patch radius showed no
significant seasonal variation (Fig. 6; GLM; F3,12 = 0.71,
p = 0.56).

In the 1 to 10 m depth zone, prey crowding showed
no significant correlation with abundance score (r =
0.15, p = 0.578, n = 17 surveys) and no significant vari-
ation among the seasons (Fig. 6; F3,13 = 0.948, p =
0.446). In the overall prey sample (1 to 40 m depth),
crowding scores were significantly correlated with
mean prey scores per survey (r = 0.54, p = 0.027, n = 17)
and showed a significant seasonal effect (GLM with
mean prey score as a covariate, F3,12 = 3.99, p = 0.035).
With crowding corrected for mean abundance score,
the marginal means of prey crowding were higher in
autumn (169) and winter (103) than spring (58) or
summer (13).

Spatial associations between birds and prey

Out of 19 surveys in which prey abundance was
recorded, prey and bird densities were sufficient for
bivariate neighbour K analysis in 15 surveys (fewer for

the less common bird species). Significant asso-
ciations between birds and near-surface (1 to
10 m) and total prey (1 to 40 m) samples were
found for most of the bird species and foraging
guilds tested (Table 2). Significant associations
were more likely for common than rarer spe-
cies, but no other variations among species,
families or foraging guilds were obvious.

For surveys in which there were significant
associations between birds and prey, we calcu-
lated the patch radius and mean crowding
using 1 to 10 and 1 to 40 m prey samples
(Table 3). Mean crowding in these bird-prey
associations was significantly positively corre-
lated with bird density for California gulls
(Pearson r = 0.911, p = 0.012, n = 6), all gulls
pooled (r = 0.900, p < 0.001, n = 9), all alcids
pooled (r = 0.687, p = 0.028, n = 10), all surface-
feeding birds pooled (r = 0.859, p = 0.003, n = 9)
and all diving birds pooled (r = 0.687, p = 0.020,
n = 11). Patch radius was never significantly
correlated with bird density for any species or
group and neither patch radius nor crowding
were ever correlated with prey abundance
scores (p > 0.05 in each case). We found no sig-
nificant seasonal variations in the patch radii of
bird-prey associations, nor in mean crowding
for common species and guilds (GLM, with bird
density as a covariate for species or groups
where it was significantly correlated with
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Fig. 6. Seasonal changes in (a) the mean (+SE) patch radius (km) and 
(b) mean (+SE) crowding (prey score) of potential prey schools off
southwest Vancouver Island. The sample sizes shown are the number
of surveys with sufficient data for neighbour K analysis of prey scores

Species or guild Near-surface Total prey No. of
prey sample surveys

(1–10 m) (1–40 m)

All shearwatersa 55 64 11
Northern fulmar 20 20 5
Forked-tailed storm-petrel 20 20 5
Phalaropes 57 43 7
California gull 75 75 8
Glaucous-winged gull 25 67 12
All gulls pooled 40 60 15
Cassin’s auklets 70 70 10
Common murre 67 53 15
Rhinoceros auklet 22 22 9
All alcids pooled 67 67 15
All surface-feeding birds 53 60 15
All diving birds 73 67 15
All birds 80 73 15
aResults were identical when sooty shearwaters were
analysed separately

Table 2. Percentage of surveys in which there were signifi-
cant spatial associations between birds on the water and rela-
tive prey abundance in the near-surface waters (1 to 10 m)
and in the total water column sampled (1 to 40 m). Sample
size is the number of surveys with sufficient data to compare 

birds and prey
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crowding; p > 0.05 in each case), but small samples
gave these tests low power (generally power < 0.2).

The overall mean patch radii show no consistent dif-
ferences among the bird species or foraging guilds
(Table 3). Mean crowding was less consistent among
the species and guilds, as expected by the differences
in density. Both patch radii and crowding in diving
birds and shearwaters tended to be slightly higher
when compared with the 1 to 40 m prey sample than
with the 1 to 10 m sample. We did not compare sur-
face-feeding birds with the 1 to 40 m prey sample. Sur-
face feeding species and shearwaters, generally had
higher crowding at prey patches than diving birds.

In pooled data for birds of all species, whether on the
water or flying, associations with prey in the 1 to 10 m
depth range schools typically occurred within a patch
radius of 4 to 5 km and involved about 40 birds,
whereas associations with prey in the larger 1 to 40 m
range were typically in patches with radii of 7 to 8 km
and involved about 100 birds (Table 3). The high SDs
indicate considerable variation around these mean
values.

DISCUSSION

Univariate measures of patch radius and 
crowding in birds

Most birds recorded over the shelf off Vancouver
Island were migrants which bred far from the study
area and their densities varied significantly through
the seasons (Morgan et al. 1991, Burger 2003). Sea-
sonal variations in density affected our ability to mea-
sure aggregation; significant measures of crowding
and patch radius were possible only when many birds
were present. Crowding was usually significantly
affected by bird density; this was not unexpected since
crowding is a measure of numerical aggregation, but
even at high densities, crowding might be low if the
birds maintain small patch radii (as did rhinoceros auk-
lets). After controlling for density, we found few differ-
ences in crowding among species or among seasons.
Patch radius, however, was seldom significantly
affected by bird density, giving some confidence that
the differences among species and guilds, and among
seasons were due to behavioural responses and not
density per se. The ability to separate spatial aggrega-
tion from density effects is one of the strengths of the
neighbour K method.

The general year-round pattern for most species was
that flying birds occurred in smaller aggregations
spread over larger patches than birds on the water.
This trend was weak for diving birds but strong for sur-
face-feeding birds and shearwaters. Although many

species, especially surface-feeding birds, seek food
while on the wing, it is a reasonable assumption,
applied in most pelagic studies, that counts of birds on
the water are more likely to reflect foraging situations
than counts of flying birds (Tasker et al. 1984, Loger-
well & Hargreaves 1996). The differences in crowding
and patch radius between flying birds and those on the
water are consistent with the network-foraging con-
cept, whereby seabirds seek food by flying indepen-
dently, spread over large tracts of ocean, but rapidly
aggregate on the water in larger flocks where accessi-
ble prey have been detected (Wittenberger & Hunt
1985). In our study area (Porter & Sealy 1981, Davoren
& Burger 1999) and elsewhere (Sealy 1973, Hoffman et
al. 1981), mixed-species flocks of birds typically aggre-
gate at near-surface prey patches and birds tend to
arrive singly. Foraging efficiency can be higher in
flocks than for solitary birds (Götmark et al. 1986),
although inhibition, interference competition and
resource depletion may be negative consequences of
flock feeding in some circumstances (Hoffman et al.
1981, Piatt 1990, Davoren & Burger 1999, Maniscalco
et al. 2001).

There was no clear evidence of species-specific
patch radius or crowding. Patch radius remained rela-
tively constant throughout the year, typically 2 to 8 km
for most species, despite large seasonal changes in
density and mean crowding. Patch radius seldom dif-
fered significantly among species within families
(Table 1) and was similar among the 3 foraging guilds
(Fig. 4). The similarity in spatial aggregation patterns
was probably because the various species, despite dif-
ferent foraging tactics, were responding to the same
mechanisms causing prey aggregations, as discussed
below.

Spatial distribution and aggregation of prey

Our study provides the first year-round measures of
relative prey abundance applicable to seabirds feed-
ing in the epipelagic zone in the temperate North
Pacific. We found a striking decline in prey abundance
with depth; the upper 10 m consistently provided the
highest and least variable prey scores in all seasons.
Local alcids typically feed in this zone, even though
they are capable of much deeper dives (Burger 1991,
Burger et al. 1993).

Prey abundance varied seasonally and was highest
in summer, followed by autumn and spring. Compared
to winter values, summer prey scores were 4-fold
higher (5-fold in the 1 to 10 m range) and prey were
found in 7 times more sampling intervals (50 vs 7%).
High prey densities during summer and, to a lesser
extent, autumn and spring are a consequence of
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increased local productivity during these seasons, aug-
mented by the seasonal onset of upwelling processes
bringing euphausiids and other zooplankton into the
shelf waters, and creating fronts at which they and
other prey taken by seabirds can be concentrated
(Denman et al. 1981, Mackas 1992, Mackas & Gal-
braith 1992, Mackas et al. 1997; Burger 2003 for meso-
scale effects on seabirds). Prey crowding, as expected,
was strongly correlated with prey abundance scores,
although prey abundance was highest in summer (Fig.
5), whereas prey crowding was highest in autumn (Fig.
6). One possible explanation is that smaller schools of
fish and macro-zooplankton coalesced in late summer
and autumn, prior to moving offshore or into deep
water for the winter (Hay et al. 1992, Mackas & Gal-
braith 1992). The combination of high densities and
dense aggregations of near-surface prey in summer
and autumn explains the large influx of non-breeding
migrant seabirds, consistently reported over the shelf
off Vancouver Island at this time (Morgan et al. 1991,
Hay 1992, Burger 2003).

Prey were typically aggregated in horizontal patches
of 4 to 6 km radius and although there was high vari-
ability among surveys, seasonal trends in patch radii
were not significant. This, together with the relatively
constant patch radii of seabirds throughout the year,

which rarely differed among species, suggests that dif-
ferent seabird species were responding to the same
mechanisms resulting in prey aggregations, rather
than exhibiting species-specific flocking and foraging
behaviour. Patches of prey extending several km
would be influenced more strongly by meso-scale
oceanic effects, such as upwelling and the Juan de
Fuca eddy (Burger 2003), than by small-scale tidal
fronts and similar processes operating at scales of 100’s
of m (Hunt & Schneider 1987).

Spatial aggregation of seabirds and 
associations with prey

Significant associations between birds and prey
were found in most of our surveys with sufficient data
for bivariate neighbour K analyses. The absence of sig-
nificant associations within a survey might indicate a
true lack of association between birds and prey (Vliet-
stra in press), but could also be due to confounding fac-
tors: the ability of the neighbour K method to detect
significant associations might be highly sensitive to
bird density and/or prey abundance score; birds might
have been attracted to prey not detected by the
sounder (within the upper 1 m or outside the sounder’s
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Species or guild Category Prey depth (m) Patch radius (km) Crowding (birds) n

All shearwatersa On water 1–10 6.2 ± 3.3 76 ± 64 6
All shearwatersa On water 1–40 6.4 ± 2.7 151 ± 104 7
Northern fulmar On water + flying 1–10 9.1 ± 10.8 77 ± 94 2
Forked-tailed storm-petrel On water + flying 1–10 2.0 6 1
Phalaropes On water + flying 1–10 2.7 ± 1.5 9 ± 4 4
California gull On water + flying 1–10 3.9 ± 3.3 63 ± 91 6
Glaucous-winged gull On water + flying 1–10 2.8 ± 2.3 46 ± 88 5
All gulls pooled On water 1–10 3.7 ± 2.8 65 ± 91 6
All gulls pooled On water + flying 1–10 3.8 ± 2.9 43 ± 76 9
Cassin’s auklets On water 1–10 3.8 ± 3.0 40 ± 51 7
Cassin’s auklets On water 1–40 5.3 ± 3.5 90 ± 82 7
Common murre On water 1–10 3.2 ± 2.5 25 ± 48 10
Common murre On water 1–40 4.3 ± 3.2 62 ± 81 8
Rhinoceros auklet On water 1–10 2.3 ± 0.7 18 ± 24 2
Rhinoceros auklet On water 1–40 1.9 ± 1.2 47 ± 10 2
All alcids pooled On water 1–40 4.8 ± 2.9 50 ± 67 10
All surface–feeding birds On water 1–10 4.1 ± 3.1 49 ± 81 8
All surface-feeding birds On water + flying 1–10 3.9 ± 2.9 41 ± 74 9
All diving birds On water 1–10 3.6 ± 2.6 23 ± 44 11
All diving birds On water 1–40 4.9 ± 2.8 50 ± 66 10
All birds On water 1–10 4.1 ± 2.9 40 ± 63 12
All birds On water 1–40 7.0 ± 3.9 100 ± 101 11
All birds On water + flying 1–10 5.3 ± 2.8 42 ± 62 10
All birds On water + flying 1–40 8.4 ± 7.7 99 ± 106 10

aResults were virtually identical when sooty shearwaters were analysed separately

Table 3. Mean (±SD) patch radius and crowding for significant spatial associations between birds and prey abundance measured
in near-surface waters (1 to 10 m depth) and in the complete prey sample (1 to 40 m depth). The sample size (n) was the number

of surveys in which there were significant associations between birds and prey
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sampling cone below the vessel); and the vessel might
have caused prey schools to disperse. Most of these
limitations are difficult to avoid and are found in other
studies comparing birds with hydroacoustic prey esti-
mates.

Bird species and guilds were typically associated
with prey at patch radii of 2 to 8 km and univariate
measures of bird patch radius (Table 1) were generally
similar to the bivariate bird-prey patches (Table 3).
This suggests that seabird spatial aggregation was
strongly linked to prey patchiness and that different
bird species were responding to similar cues. Other
studies which sampled at fine-scale resolutions
(<1 km) typically reported seabird aggregations or sig-
nificant associations between birds and prey at scales
of 1 to 5 or 1 to 10 km (reviews by Hunt 1997, Hunt et
al. 1999, Schneider 2002).

Murres (Uria spp.) provide the most data in this
regard, and the strongest associations between murres
and prey were found at scales of 2 to 6 km in New-
foundland (common murres; Schneider & Piatt 1986,
Piatt 1990), 2 to 3 km in the northeast Atlantic (thick-
billed murres Uria lomvia; Mehlum et al. 1999) and 3 to
4 km in this study (Table 3). Aggregations by murres at
2 to 4 km are likely nested within larger aggregations
linked with larger oceanic processes. Fauchald et al.
(2000) reported a hierarchical set of interactions
between murres (both species pooled) and prey with
significant associations at scales of >300 km, approxi-
mately 50 km and approximately 3 km, but not at finer
scales (minimum frame size 1 km).

Although there appears to be some consistency in
predator-prey patch aggregations among seabirds and
our study indicates some inter-seasonal consistency
too, patch sizes can be affected by prey availability and
the other factors. Some studies report larger radii for
bird-prey aggregations under spatial or temporal con-
ditions with higher productivity. Davoren (2000) found
that the bird-prey patch radii of rhinoceros auklets
near our study area were significantly higher (2 to
14 km) in 1 year when prey were more dispersed rela-
tive to other years (0.5 to 7 km) when prey were more
concentrated. Similarly, Davoren et al. (2003) found
that patch radii of common murres and their prey off
Newfoundland were larger in a productive area where
prey was persistent in space and time (mean 2.6 ± SE
0.4 km) compared to a less productive area where prey
was not persistent (1.2 ± SE 0.2 km). With high prey
densities, birds might have less need to track prey
schools and at small scales, this could result in low spa-
tial concordance between bird and prey patches (Vliet-
stra in press).

The strength of association with prey and patch size
is also likely to be affected by the seabirds’ energy
demands, constraints imposed by breeding and stage

within their annual cycle. For example, Davoren et al.
(2002) found that when common murres were flight-
less during post-breeding moult, they had larger
bivariate bird-prey patches compared to during pre-
breeding when they could fly. Breeding birds con-
strained to foraging near colonies might exhibit differ-
ent associations with prey than non-breeding birds,
although this was not evident in the seasonal trends of
the 4 common species which bred in or near our study
area (Fig. 3). We also did not find marked differences
between these species and the non-breeding migrants,
which made up the bulk of our samples.

The need to test for spatial scale in 
predator-prey studies

Failure to sample seabirds and their prey with fine
spatial resolution (<1 km) and to test for the appropri-
ate scale of spatial aggregation can lead to problems of
interpretation. Comparisons between our data and
2 studies made near our study site illustrate this. First,
Logerwell & Hargreaves (1996) investigated bird-prey
distributions off Vancouver Island using line transects
and trawl net sampling of prey fish in the upper 10 to
15 m. Using spectral analysis, they found significant
positive associations between birds (common murres,
and sooty and short-tailed shearwaters) and prey
abundance at scales of 100’s km. At a smaller scale
(minimum resolution of 6 km), however, they found a
negative association between bird densities and prey
abundance, which they attributed to the disruptive
effects of birds driving prey below the sampling range
of their near-surface nets. We find this explanation
unconvincing, because numerous studies, including
ours and those reviewed above, show the abilities of
murres and shearwaters to repeatedly locate and
exploit fish patches near the surface. Several other
explanations seem more likely. The spatial resolution
used by Logerwell & Hargreaves (1996) was probably
too coarse to detect the associations which we found at
2 to 8 km radii. Both murres (Burger 1991) and shear-
waters (Burger 2001) routinely forage deeper than the
depths (upper 10 to 15 m) sampled by Logerwell &
Hargreaves (1996) and they might, therefore, have
missed schools being exploited by the birds. In addi-
tion, as these authors mention, some of the important
prey species such as sand lance might have avoided
the net. Finally, their study did not consider euphausi-
ids and other macro-zooplankton which are important
prey for shearwaters and murres (Vermeer et al. 1987,
Hunt et al. 1996).

Second, Parrish et al. (1998) investigated associa-
tions between birds and prey off Cape Flattery, Wash-
ington (overlapping with our study area), at spatial
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bins of 1 km. They found significant positive associa-
tions with prey at this scale for common murres but not
for sooty shearwaters. The larger patch radii found for
shearwaters in our study (on the water: typically 3 to
4 km; flying: 3 to 15 km ) might explain this result.

Implications for monitoring of birds at sea and
assessing oil spills

The resolution of maps and GIS databases used to
monitor birds at sea is usually determined by some
arbitrary scale (e.g. 1⁄4 degree blocks: Morgan et al.
1991; 5’ × 5’ blocks: Ford et al. 1991) or by the resolu-
tion of the charts or GIS programs. Biologically deter-
mined spatial parameters are seldom considered. Our
data suggest that appropriate scales for mapping
aggregations of seabirds over the continental shelf at
the finest resolution should be in the 1 to 10 km range.
Smaller resolutions might erroneously show more ran-
dom distributions of birds and larger ones would not
capture the aggregations at prey concentrations. Spa-
tial resolutions of 1 to 10 km are also appropriate for
aerial surveillance in response to oil spills (Ford et al.
1991), in or for the use of satellite imagery to predict
where bird aggregations might occur (Briggs et al.
1987, Haney 1989). Information on appropriate spatial
scales is also essential for monitoring changes in distri-
bution and behaviour of birds at sea in response to
periodic (e.g. El Niño or Pacific Decadal Oscillation) or
long-term (global climate change) ocean processes.
Year-round studies of birds and prey in other areas are
needed to confirm the relative uniformity of patch size
among species and guilds, and across seasons,
reported off Vancouver Island.
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