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INTRODUCTION

High latitude marine ecosystems undergo pro-
nounced seasonal cycles that affect predator and
prey populations. This is particularly true in the

Bering Sea, where seasonal variability in sea ice
cover and annual variability in sea ice extent influ-
ence primary production and energy transfer to ben-
thic and pelagic predator communities, including
seabirds (Hunt et al. 2002b, 2011, Coyle et al. 2011,
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ABSTRACT: The Bering Sea is a highly productive ecosystem with abundant prey populations in
the summer that support some of the largest seabird colonies in the Northern Hemisphere. In the fall,
the Bering Sea is used by large numbers of migrants and post-breeding seabirds. We used over
22 000 km of vessel-based surveys carried out during summer (June to July) and fall (late August to
October) from 2008 to 2010 over the southeast Bering Sea to examine annual and seasonal changes
in seabird communities and spatial relationships with concurrently sampled prey. Deep-diving
 murres Uria spp., shallow-diving shearwaters Ardenna spp., and surface-foraging northern fulmars
Fulmarus glacialis and kittiwakes Rissa spp. dominated summer and fall seabird communities. Sea-
bird densities in summer were generally less than half of fall densities and  species richness was lower
in summer than in fall. Summer seabird densities had high interannual variation (highest in 2009),
whereas fall densities varied little among years. Seabirds were more spatially clustered around
breeding colonies and the outer continental shelf in the summer and then dispersed throughout the
middle and inner shelf in fall. In summer, the abundance of age-1 walleye pollock Gadus chal co -
grammus along with spatial (latitude and longitude) and temporal (year) variables best explained
broad-scale seabird distribution. In contrast, seabirds in fall had weaker associations with spatial and
temporal variables and stronger associations with different prey species or groups. Our results
demonstrate seasonal shifts in the distribution and foraging patterns of seabirds in the southeastern
Bering Sea with a greater dependence on prey occurring over the middle and inner shelf in fall.
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Stabeno et al. 2012b). In addition to seasonal vari-
ability, spatial variability affects mixing regimes and
frontal boundaries that also impact seabird−prey
assemblages (Jahncke et al. 2008, Hunt et al. 2014).
Few high latitude seabird−prey studies, however,
have been carried out outside of the summer breed-
ing period, when species assemblages, individual
activity budgets, and mortality patterns change
markedly (Mason et al. 2007, Parrish et al. 2007,
 Renner et al. 2008, Santora 2014).

Predator response to temporal and spatial environ-
mental variability is also affected by constraints
imposed by species’ life histories. For example, cross-
shelf variability in the Bering Sea favors diving sea-
birds that capture subsurface prey in shallow, inner
shelf waters. In contrast, surface-feeding seabirds
tend to be more abundant in the deeper waters of the
outer shelf and shelf slope (Schneider & Hunt 1982,
Schneider et al. 1986, Hunt et al. 2014). During sum-
mer, many seabirds are central-place foragers, tied to
a breeding colony while incubating eggs or feeding
chicks. Central-place foraging constraints during the
summer breeding period restrict foraging to varying
radii around colonies to meet the energy demands
of nestling growth and self-maintenance (Burke &
Montevecchi 2009, Paredes et al. 2012, Harding et al.
2013). During fall, seabirds are not constrained to for-
age from a central place or a nest-bound chick and,
therefore, might change diets and spatial habitat
affinities compared to those in summer. Post-breed-
ing birds also must replenish energy reserves lost
during the breeding season and regrow feathers dur-
ing their annual molt. Feather molt, in particular, can
cause some diving species, like murres, to become
flightless, which limits travel distances in the search
for food (Davoren et al. 2002, Markones et al. 2010).
Adults of semi-precocial alcid species may also be
limited in their movement while tending to a flight-
less chick (Markones et al. 2010). These and other
factors highlight the need to better understand differ-
ences in seabird−prey−habitat associations between
breeding and non-breeding periods.

We studied seasonal and interannual variability of
seabirds and their association with key prey during
summer and fall over 3 yr, from 2008 to 2010, in the
southeastern Bering Sea (SEBS). We compared sea-
bird species composition, distribution, and density
during summer vs. fall and modeled seabird−prey re-
lationships using concurrent vessel-based seabird
and prey surveys. Our study was part of the Bering
Study and the Bering Sea Integrated Ecosystem Re-
search Project (hereafter ‘Bering Sea Project’) that
sought to understand mechanisms of physical forcing

and climate effects on food availability, trophic rela-
tionships, and spatio-temporal variability in predator–
prey dynamics in the Bering Sea (Harvey & Sigler
2013). The Bering Sea Project, along with prior
 ecosystem and long-term ecological studies, demon-
strated that juvenile (age-0 to 1) walleye pollock
Gadus chalcogrammus and euphaussiids (krill) were
key prey items for seabirds in the SEBS in recent
decades; however, capelin Mallotus villosus, sand
lance Ammodytes hexapterus, and other prey also
were regionally or historically important (Springer et
al. 1986, Sinclair et al. 2008, Renner et al. 2012, Hard-
ing et al. 2013). Many seabird species in the Bering
Sea are omnivorous, consuming different species of
zooplankton and fishes, spatially between colonies or
ecoregions, seasonally, and when self-feeding vs.
provisioning chicks (Hunt et al. 2002a, Paredes et al.
2012, Renner et al. 2012, Harding et al. 2013). Abun-
dance of these prey species can vary greatly by sea-
son, year, and region (Brodeur et al. 1999, 2002, Hol-
lowed et al. 2012, Parker-Stetter et al. 2013, Ressler et
al. 2014); for example, physical forcing from wind and
winter sea ice extent over the shelf can greatly affect
the distribution and abundance of fish populations in
the SEBS (Hunt et al. 2002b, Stabeno et al. 2012a).
Furthermore, changes in prey resources can have dif-
ferential impacts on surface-feeding vs. diving pisciv-
orous and planktivorous seabirds (Kitaysky & Gol-
ubova 2000, Piatt et al. 2007).

In our examination of the spatial coherence of sea-
birds and their prey over 3 yr during summer and fall
in the SEBS, we hypothesized that seabird spatial
patterns and prey associations would vary among
taxa, foraging guilds, behavioral groups (e.g. central-
vs. non-central-place foraging), and  season as wa -
ter column stratification developed during summer
breaks down during fall (Hunt et al. 2014). Further-
more, we hypothesized that prey abundance and
water column structure would most strongly influ-
ence seabird density.

MATERIALS AND METHODS

Study area and sampling design

Our study area encompassed 400 000 km2 on the
SEBS continental shelf (Fig. 1). Major seabird col -
onies in or near the study area include St. Matthew
Island in the north with 2.4 million birds, the Pribilof
Islands on the outer shelf with 2.2 million birds,
colonies on the inner shelf to the east with 250 000
birds collectively, and near the Alaska peninsula and
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Aleutian Islands to the south with 500 000 birds
 collectively (www.fws.gov/alaska/mbsp/mbm/ north
pacificseabirds/ colonies/).

Seabird and acoustic-trawl prey transect surveys
were conducted concurrently aboard NOAA vessels
during the summer (02 June to 31 July) and fall (18
August to 05 October) from 2008 to 2010. We col-
lected seabird data on ships of opportunity using the
same methodologies during all seasons and years,
allowing a comparison of seabird species composi-
tion, density, and distribution between summer and
fall and among years. Prey data, however, were col-
lected for different purposes in summer vs. fall and
targeted different prey species and age classes each
season. Summer acoustic-trawl surveys were con-
ducted by NOAA’s Midwater Assessment and Con-
servation Engineering (MACE) program to inform
stock assessments of walleye pollock. The MACE
surveys quantified water column density of age-1
and adult walleye Pollock, and euphausiids Thysa-
noessa raschii and T. inermis (De Robertis et al. 2010,
Ressler et al. 2012, 2014). Fall acoustic-trawl surveys
were conducted by NOAA’s Bering-Aleutian Salmon
International Survey (BASIS). Similar to the MACE
surveys, BASIS quantified forage fish abundance in
both the upper water column (above the pycnocline)
and the whole water column; however BASIS tar-
geted the epipelagic ecosystem to better understand
salmon ecology (Farley et al. 2009, Parker-Stetter et
al. 2013). (Table 1). Therefore, prey abundance could
not be compared between seasons, but could be

 compared among years within seasons. Total survey
effort varied among years and seasons (see Table S1
in the Supplement at www.int-res.com/articles/ suppl/
m549p199_supp.pdf). Transects surveyed within a
season among years or between seasons, however,
did not always overlap, largely because summer sur-
veys used randomized starting locations (Fig. 1).
Therefore, we aggregated seabird and prey data
within 37 × 37 km grid cells (Sigler et al. 2012)
throughout the study area for each season and year.
When comparing seabird metrics between seasons
within a year, we used only grid cells that were sam-
pled during both seasons, so that seabird distribution
and density were comparable. Hence, the number of
grid cells used for seabird−prey analyses varied be -
tween seasons and among years. For comparisons of
bird distribution and abundance between seasons,
however, we use only those cells sampled in both
seasons within a year (26 cells in 2008, 51 in 2009,
and 56 in 2010; Table S1).

Seabird data

Seabird observers conducted over 22 500 km of strip
transect surveys (Tasker et al. 1984, USFWS 2009).
Surveys were conducted during daylight hours from
the same vessels used for acoustic-trawl prey sur-
veys. An observer on the bridge of the vessel identi-
fied species, abundance, and behavior of seabirds
within a 300 m strip transect width, sampled as a 90°
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Fig. 1. Transect segments of vessel-
based marine bird and acoustic prey
surveys in the southeastern Bering Sea
study area (black polygon), 2008 to
2010. Surveys were conducted during
summer (02 June to 31 July) and fall (18
August to 05 October). Depth contours
depict important bathymetric domains.
White circles mark clusters of seabird
colonies within or adjacent to the study
area with ≥2 million birds (large circles)
or 10 000 to 500 000 birds (small circles). 

Map: Alber’s equal area projection

http://www.int-res.com/articles/suppl/m549p199_supp.pdf
http://www.int-res.com/articles/suppl/m549p199_supp.pdf
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arc from the bow to the beam and out to 300 m from
the vessel while in transit. Observers surveyed on
either side of the vessel, depending on observing
conditions. In our analysis, we included surveys con-
ducted during a Beaufort sea state ≤6, as sightings
decreased significantly with sea states ≥7 (Sigler et
al. 2012). When viewing conditions were restricted,
the survey strip width was reduced to 100 or 200 m.
Continuous transect lines were divided into 3 km
segments to calculate the density (ind. km−2) of all
seabirds sighted, whether on water or in air. We then
calculated seasonal and annual seabird density for

each 37 × 37 km grid cell by averaging all 3 km seg-
ments within each cell. Survey effort per season
ranged from 954 to 6032 km, with a mean of 8 to 13
survey segments per cell (Table S1).

Given that foraging behavior, diet, and breeding
status can all affect seabird distribution and seabird–
prey relationships (Davoren et al. 2002, Benoit-Bird et
al. 2011, Sigler et al. 2012, Jones et al. 2014), we ana-
lyzed seabird density data at several taxonomic, for-
aging niche, and behavioral levels. Northern fulmar
Fulmarus glacialis were examined individually be -
cause they were abundant and widespread in both
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Group                                              Species

SEABIRDS — SUMMER AND FALL
Single species
Northern fulmar                             Fulmarus glacialis
Taxonomic group
Shearwaters                                    Short-tailed shearwater [primarily] Ardenna tenuirostris, sooty shearwater A. grisea
Kittiwakes                                       Black-legged kittiwake [primarily] Rissa tridactyla, red-legged kittiwake R. brevirostris
Gulls                                                Glaucous-winged gull Larus glaucescens, glaucous gull L. hyperboreus, herring gull 
                                                        L. argentatus, other Larus spp.
Murres                                            Thick-billed murre [primarily] Uria lomvia, common murre U. aalge
Foraging guilds
Diving piscivores                           All cormorants Phalacrocorax spp., murres, guillemots Cepphus spp., murrelets

Brachyramphus spp., rhinoceros auklet Cerorhinca monocerata, puffins Fratercula spp.
Surface piscivores                          Gulls, kittiwakes, terns Sterna spp.
Diving planktivores                       Auklets (Ptychoramphus aleuticus, and Aethia spp.)
Surface planktivores                      Phalaropes Phalaropus spp., storm-petrels Oceanodroma spp.
Behavioral groups
Central-place foragers                   Northern fulmar, storm-petrels, cormorants, gulls, kittiwakes, terns, murres, guillemots,

murrelets, auklets, puffins
Non-central-place foragers           Albatrosses Phoebastria spp., shearwaters, phalaropes, jaegers Stercorarius spp.

PREY— SUMMER
Single species
Euphausiids                                    Thysanoessa spp.
Age-1 walleye pollock                   Gadus chalcogrammus

PREY— FALL
Single species
Capelin                                           Mallotus villosus
Age-0 Pacific cod                           G. macrocephalus
Age-0 walleye pollock
Forage group
Forage fish                                      Capelin, age-0 Pacific cod, age-0 walleye pollock
Other                                               Pacific herring Clupea pallasii, age-1+ walleye pollock, age-1+ Pacific cod, Pacific sand

lance Ammodytes hexapterus, stickleback (Gasterosteus aculeatus, Pungitius pungitius),
juvenile rockfish Sebastes spp, Bering wolffish Anarhichas orientalis, Pacific sandfish
Trichodon trichodon, rainbow smelt Osmerus mordax, prowfish Zaprora silenus, and
juvenile Atka mackerel Pleurogrammus monopterygius

Table 1. Species, taxonomic groups, foraging guilds, and behavioral groups of seabirds and their prey used for seasonal (sea-
birds) and inter-annual (seabirds and prey) comparisons of distribution, abundance, and predator–prey associations in the
southeastern Bering Sea, 2008 to 2010. Seasonal and annual comparisons and seabird−prey relationships were evaluated
within, not among species or groups. Therefore, a given species may be represented in more than one taxonomic, foraging, or
behavioral group. Northern fulmar were presented individually because they were numerically dominant in the study region
and generally not confused with other species; taxonomic groups were used for similar seabird species that were sometimes
difficult to distinguish at sea during strip transect surveys. Seabird foraging guilds represent the 4 main feeding modes, and
behavioral groups represent different spatial patterns relative to colony locations. Fish and invertebrates representing main 

seabird prey were analyzed as individual species in summer, and as species and groups in fall
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summer and fall. Four taxonomic groups were exam-
ined because their genera were abundant and wide-
spread but species were sometimes difficult to distin-
guish, leading to high proportions of ‘unidentified’
within the genera; these included shearwaters (pri-
marily sooty, Ardenna grisea), kittiwakes (primarily
black-legged, Rissa tridactyla), murres (primarily
thick-billed, Uria lomvia), and gulls (see Table 1 for a
complete list of species included). Four foraging
groups were analyzed, based on diving or surface-
feeding, and primary diet being planktivorous or pis-
civorous (Table 1). Finally, we analyzed all species
and taxonomic groups, including less abundant spe-
cies, as to whether they were central-place foragers
or seasonal migrants (non-central-place foragers).
Central-place foraging seabirds are those that breed
in the study area and forage from a central colony dur-
ing summer months (June and July in our study). Cen-
tral-place foraging species become non-central-place
foragers during fall (mid-August to early October in
our study). Species that breed during winter and
spring outside of our study area occurred within our
study area (e.g. shearwaters Ardenna spp. and alba-
trosses Phoe bastria spp.) as non-breeding and non-
central-place foragers during both seasons and
allowed for comparisons of distribution between
summer and fall that were not affected by colony
attendance. Unidentified species were included in
the lowest taxonomic or foraging category possible or
excluded from analyses.

Summer prey data

Herein, we provide an overview of methods for
estimating the biomass density of prey (kg nautical
mile [nmi]−2) during summer (2 June to 31 July)
acoustic surveys conducted from the NOAA Ship
‘Oscar Dyson’; see Honkalehto et al. (2010) and
Ressler et al. (2012) for detailed methodologies.
Briefly, we measured the abundance of age-1 pol-
lock and euphausiids using acoustic backscatter data
paired with midwater and bottom trawling along
north− south transects spaced 37 km apart during
daylight hours within the study area (Fig. 1).

Acoustic backscatter was measured with a Simrad
EK60 split-beam echosounder (18, 38, 70, 120, and
200 kHz; minimum ping interval of 1 s−1). Survey
speeds were 19 to 22 km h−1. The effective sampling
depth of transducers mounted on the hull of the ship
began 15 to 20 m below the water surface (due to a
combination of transducer depth and avoiding low
frequency near-field effects near transducers). We

assumed that prey available to surface-feeding sea-
birds was similar to prey measured at 15 to 20 m
depth. We attributed acoustic backscatter at 38 kHz
to walleye pollock biomass at length based on visual
examination of the acoustic signal, targeted midwa-
ter and bottom trawls to identify species composition
of the acoustic signal, and empirical target strength−
length (Traynor 1996) and length−weight relation-
ships. The length-at-age thresholds for age-1 pollock
were individuals greater than 9 cm and less than 17,
19, and 20 cm for 2008, 2009 and 2010, respectively.
Acoustic backscatter at 120 kHz was attributed to
euphausiids using multi-frequency methods and con -
verted to biomass using an empirical algorithm based
on backscatter frequency response and targeted mid -
water trawling (De Robertis et al. 2010, Ressler et al.
2012).

Fall prey data

Here we provide an overview of fall (18 August to
5 October) prey sampling methods; see  Parker-
Stetter et al. (2013) and Farley et al. (2009) for
detailed methodologies of acoustic and trawl sur-
veys, respectively. We collected acoustic data con -
tinuously in transit between stations where surface
trawl sampling occurred (Fig. 1). Surface trawls (all
years) were conducted every 65 km north−south and
midwater trawls (2009 to 2010) were typically con-
ducted once per day for acoustic target identification.
The number of transects and spatial extent of sam-
pling (Table S1) increased from 2008 to 2010. Addi-
tionally, stations were sampled at different spatial re -
solutions among years. In 2008 and 2009, stations
were spaced 120 km east−west by 65 km north−
south. In 2010, stations were spaced 65 km apart in
both directions. The surveys were conducted during
daylight hours. The water column was sampled via
active acoustics from 15 to 400 m depth, except dur-
ing 2008 when the maximum bottom depth sampled
was 100 m. Similar to summer surveys, the upper
15 m of the water column was not sampled acousti-
cally due to the depth of the transducers mounted on
the hull of the vessel. However, fish samples within
the top 25 m of the water column were collected with
the surface trawl at the resolution mentioned above
(see Farley et al. 2009).

We collected fall acoustic data in 2 different ways.
We used hull-mounted Simrad ES60 echosounders
(38 kHz) aboard charted fishing vessels or Simrad
EK60 split-beam echosounder (18, 38, 70, 120, and
200 kHz) aboard the NOAA Ship ‘Oscar Dyson’. To
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standardize comparisons across all vessels, we used
only the 38 kHz data. We calculated backscatter
(nautical area scattering coefficient [NASC], m2

nmi−2) for 2 depth zones, surface and water column,
depending on whether or not the water column was
stratified. Surface zone estimates were derived from
acoustic backscatter of fish above the pycnocline
(an acoustically detected layer related to the
oceano graphic mixed layer depth, i.e. depth of the
top of the pycnocline; Parker-Stetter et al. 2013).
Water column estimates were calculated for both
stratified and mixed water columns. For mixed water
columns in shallow water (<35 m depth), surface
and water column estimates were the same and
used interchangeably.

Acoustic backscatter was partitioned to species
using target strength estimates based on the fish’s
measured length and specific species, similar spe-
cies, or generalized length vs. target strength equa-
tions from the literature (see Table S1 in  Parker-
Stetter et al. 2013). We calculated species-specific
backscatter for capelin, age-0 Pacific cod Gadus
macro cephalus, and age-0 walleye pollock, a com-
bined category of these 3 species (referred to as ‘for-
age fish’), and a separate category for the remaining
species (‘other fish’) (Table 1).

Analysis

We used ANOVA, or a non-parametric equivalent
when parametric assumptions were violated, to
compare means between seasons and among years
with season–year interactions. We used Moran’s
index of dispersion (Moran’s I, value range −1 to 1)
to calculate spatial autocorrelation and test if the
distribution of seabirds or prey was clustered, ran-
dom or dispersed and whether the pattern changed
between seasons (seabirds) or among years (sea-
birds and prey). A significant Moran’s I indicates
that the spatial pattern among grid cells is signifi-
cantly different from a  random distribution. Signifi-
cant positive values of Moran’s I indicate cluster -
ing whereas negative values indicate dispersion.
We used a distance band of 85 km in the Moran’s I
calculation, so that at least 2 grid cells in any direc-
tion from the cell being evaluated would be
included (up to 16 cells, but generally ~8 cells due
to an imperfectly sampled grid in some seasons or
years) and specified inverse Euclidean distance for
calculating spatial relationships.

We used generalized additive models (GAM) and
the ‘mgcv’ package v1.7-22 (Wood 2004, 2006) in

the computer program R v3.0.1 (R Core Team 2013)
to model seabird density as a function of prey den-
sity, bottom water temperature, and spatial variables
of seafloor depth, latitude, and longitude. Seabird
density response variables and prey density predic-
tor variables were log10 transformed prior to analysis.
Pre dictor variables other than year were modeled
with nonlinear smoothing terms. Year was modeled
as a factor. The full summer model had the following
form:

seabirds ~ s(pol1) + s(euph) + s(bot_depth) + 
s(bot_temp) + s(lat) + s(lon) + yr + e (1)

where pol1 = age-1 walleye pollock biomass density,
euph = euphausiid biomass density, bot_depth = aver-
age bottom depth of grid cell, bot_temp = average
bottom temperature of grid cell, lat = latitude, lon =
longitude, and yr = year.

Full fall models took 3 primary forms that varied by
the categories of prey densities included: 

seabirds ~ s(all_prey) + s(bot_depth) + s(bot_temp) + 
s(layer_bot) + s(lat) + s(lon) + yr + e (2)

seabirds ~ s(fofi) + s(bot_depth) + s(bot_temp) + 
s(layer_bot) + s(lat) + s(lon) + yr + e (3)

seabirds ~ s(cape) + s(pcod0) + s(pol0) + s(othsp) + 
s(bot_depth) + s(bot_temp) + s(layer_bot) + s(lat) + 

s(lon) + yr + e (4)

where prey densities in these models included
NASC of the following: all_prey = all prey cate-
gories combined, fofi = key forage species (Table 1),
cape = capelin, pcod0 = age-0 Pacific cod, pol0 =
age-0 walleye pollock, and othsp = other fish spe-
cies; and spatio-temporal variables were layer_bot
= pycnocline depth, and the remaining variables to
same as for summer. Prey categories that were
compilations or subsets of one another were ana-
lyzed in separate models. Water depth and bottom
water temperature in fall were not available for all
grid cells and were not important explanatory vari-
ables; they were therefore excluded from final
analyses to maximize sample sizes. The 3 fall mod-
els also were run separately for water column prey
density estimates and near-surface (above pycno-
cline) prey densities with results reported sepa-
rately. All model families were Gaussian with
identity link functions. We used Akaike’s informa-
tion criteria (AIC) to test whether retaining all vari-
ables in full models resulted in overfitting relative
to removing insignificant (p > 0.05) variables and
to select among the 3 full models used in fall
analyses.
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RESULTS

Seabird abundance and distribution

Overall seabird species richness was lower in the
summer (42 species) vs. fall (54 species) (Fig. 2).
Species not observed in the summer that were pres-
ent in the fall included eiders Somateria spp. and
shorebirds; moreover, in the fall, a greater variety of
loons Gavia spp., gulls, and grebes were observed.
Density of total seabirds, the numerically dominant
taxa, and all foraging guilds except surface plankti-
vores was generally lower in summer vs. fall (Table 2).
Instances where summer seabird density was
greater or not significantly different in summer vs.
fall were identified by a season × year interaction
(p < 0.002) and included surface planktivores, central-
 place foragers, and northern fulmars, in addition to
total seabirds, all in 2009. For these groups in 2008
and 2010, summer densities were generally less
than half of fall densities, whereas in 2009 densities
showed considerably less seasonal variation or even
greater abundance in summer vs. fall for some taxo-
nomic groups (e.g. surface planktivores and north-
ern fulmars; Table 2).

Seabirds, in general, were more clustered at sea dur-
ing summer compared to fall. Although Moran’s I
for seabirds (except for non-central-place foragers in
summer 2010) showed a non-random, clustered distri-
bution for both summer and fall (i.e. Z > 0, p < 0.05),
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Fig. 2. Avian species richness in summer vs. fall at-sea sur-
veys in the southeast Bering Sea, 2008 to 2010. Richness is
the cumulative number of species for each 3 km segment of 

strip transect

Species or group 2008 2009 2010 p
Summer Fall Summer Fall Summer Fall Season Year Season*Year

Total seabirds 0.34 0.93 0.86 1.03 0.48 0.93 <0.001 <0.00 0.001
(0−0.91) (0.33−1.46) (0.03−2.02) (0−1.64) (0−1.43) (0.34−1.85)

Diving piscivores 0.14 0.38 0.29 0.47 0.23 0.4 <0.001 0.027 ns
(0−0.47) (0−1.12) (0−1.01) (0−1.09) (0−1.13) (0−1.05)

Diving planktivores 0.02 0.05 0.02 0.09 0.03 0.13 <0.001 ns ns
(0−0.08) (0−0.27) (0−0.22) (0−0.42) (0−0.73) (0−0.73)

Surface piscivores 0.02 0.22 0.1 0.26 0.02 0.2 <0.001 0.001 ns
(0−0.14) (0−0.82) (0−0.69) (0−0.87) (0−0.29) (0−0.65)

Surface planktivores 0.01 0.06 0.22 0.12 0.06 0.18 ns 0.001 0.001
(0−0.17) (0−0.26) (0−1.88) (0−0.73) (0−0.53) (0−1.26)

Central-place 0.3 0.81 0.76 0.91 0.45 0.85 <0.001 <0.00 0.002
foragers (0−0.91) (0−1.29) (0.03−2.01) (0−1.47) (0−1.41) (0.16−1.54)

Non-central-place 0.05 0.3 0.25 0.36 0.05 0.29 <0.001 0.005 ns
foragers (0−0.38) (0−1.30) (0−1.40) (0−1.50) (0−0.89) (0−1.58)

Northern fulmar 0.17 0.43 0.49 0.44 0.24 0.43 0.001 0.001 0.002
(0−0.90) (0−0.90) (0.02−1.29) (0−1.00) (0−0.80) (0−1.39)

Shearwaters 0.05 0.25 0.24 0.32 0.05 0.26 <0.001 0.006 ns
(0−0.38) (0−1.30) (0−1.40) (0−1.50) (0−0.89) (0−1.58)

Kittiwakes 0.02 0.19 0.1 0.22 0.02 0.14 <0.001 <0.00 ns
(0−0.14) (0−0.78) (0−0.69) (0−0.87) (0−0.29) (0−0.63)

Murres 0.11 0.19 0.22 0.4 0.18 0.29 <0.001 0.001 ns
(0−0.46) (0−0.90) (0−1.00) (0−1.08) (0−1.07) (0−1.03)

Table 2. Comparison of log-transformed (log10[x + 1]) seabird density (ind. km−2) in the southeastern Bering Sea between
 seasons and among years (2008 to 2010) according to species and groups defined in Table 1. Values shown are means with
ranges in parentheses. Sample sizes are the number of 37 × 37 km grid cells sampled each year during both summer and
spring: n = 26 cells in 2008, 51 in 2009, and 56 in 2010. Non-significant ANOVA results (p > 0.05) are marked as ‘ns’. Statistical 

comparisons were conducted within, not between, species or groups 
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the Moran’s I values were considerably higher in
summer vs. fall (more than double for central-place
foragers), indicating a greater degree of spatial clus-
tering during summer (Table 3). A shift in the centers
of distribution from the western (outer) and southern
margin of the continental shelf (where most of the
breeding colonies are) to the inner continental shelf is
evident in the mapped distribution of seabirds (Fig. 3,
Figs. S1−S4 in the Supplement at www.int-res.com/
articles/suppl/ m549p199_ supp. pdf). The shift in distri-
bution was not exclusively an effect of central-place
breeding seabirds dispersing from colonies in the fall
(Figs. S1−S3) because even migratory, non-breeding
species such as shearwaters were more clustered in
summer than in fall during 1 of 2 years in which com-
parisons could be made (Table 3, Fig. S4).

Prey abundance and distribution

Water column fish density (indexed by biomass
density in summer, kg nmi−2, and acoustic backscat-
ter NASC in fall, m2 nmi−2) was half to 10 times lower
in 2008 for both summer and fall (with the exception
of age-0 Pacific cod and walleye pollock in fall) com-
pared to 2009 and 2010 (Table 4). Forage fish density
in the surface zone (generally above the pycnocline)
during fall, however, showed an opposite trend, with
high values in 2008 and 2010 and lowest values in
2009 (Table 4). Reduced forage fish density in 2009
was most evident in age-0 Pacific cod and age-0
walleye pollock, with an opposite trend for capelin,
which showed an increase from 2008 to 2009. In
 contrast to highly variable forage fish densities, eu -
phausiid biomass density in summer remained rela-
tively consistent and did not significantly differ in
mesoscale acoustic backscatter in all 3 years (range

5.72 to 5.79 kg nmi−2; F = 0.699, p = 0.498; Table 4).
Euphausiids also had a far less clustered distribution
than forage fishes, with the exception of age-1 pol-
lock in summer of 2008 (Table 3).

Seabird and prey spatial models

In summer, age-1 walleye pollock and spatial (lat-
itude and longitude) variables were important com-
ponents of competing models for all species or
 foraging guilds except diving planktivores and gulls
(Table 5). The model that explained the greatest
amount of variability (R2 = 67%) was for central-
place-foragers, followed by all seabirds, surface
planktivores, northern fulmars, murres, and diving
piscivores whose models all had >50% of deviance
explained (range 51 to 68%). Seabird prey and spa-
tial habitat response curves for the 2 most abundant
seabirds, northern fulmar and murres, showed con-
trasting response shapes. Both species had some-
what similar response relationships to the biomass
density of age-1 pollock, but contrasting responses
to latitude and longitude (Fig. 4). Northern fulmar
density had a positive response with westerly longi-
tudes, increasing toward the central and outer con-
tinental shelf, whereas murre density peaked at
170°W longitude (Fig. 4). Biomass of euphausiids
was a significant predictor for non-central-place for-
agers, i.e. shearwaters (positive), and diving plank-
tivores (negative). The best fit model (R2 = 67%)
was for central-place foraging seabird species and
in addition to prey included spatial, and temporal
variables (Table 5), indicating the importance of a
colony effect of breeding seabirds during summer,
cross-shelf patterns in distribution, and the signifi-
cant interannual variability in seabird abundance.
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Species or group 2008 2009 2010
Summer Fall Summer Fall Summer Fall

Total seabirds na na 0.66 (7.5) 0.37 (4.4) 0.48 (7.2) 0.27 (4.1)
Central-place foragers na na 0.62 (7.1) 0.23 (2.9) 0.60 (8.9) 0.25 (3.9)
Non-central-place foragers na na 0.60 (7.2) 0.43 (5.1) 0.07 (1.5ns) 0.24 (3.8)

Age-1 pollock wcol 0.13 (7.7) – 0.56 (19.8) – 0.60 (21.7) –
Euphausiids wcol 0.20 (7.3) – 0.06 (2.4) – 0.14 (5.2) –

Forage fish wcol – 0.36 (3.3) – 0.59 (7.6) – 0.53 (11.3)
Forage fish surf – 0.48 (4.1) – 0.38 (5.0) – 0.46 (10.0)

Table 3. Moran’s I (with Z scores in parentheses) of spatial autocorrelation for mean densities (log10[x +1]) of seabirds and prey
(see Table 1 for species) among grid cells in the southeastern Bering Sea, 2008 to 2010. Prey were acoustically sampled for the
water column (wcol) summer and fall and in the near-surface layer (surf), i.e. above the pycnocline, in fall. All Moran’s I values
except non-central-place foragers in summer 2010 were positive and significantly different (p < 0.05) from a random distri -
bution, indicating a clustered rather than random or dispersed distribution. na: It was not possible to calculate Moran’s I

because too few and distantly spaced grid cells were sampled for comparison; ns: not significant

http://www.int-res.com/articles/suppl/m549p199_supp.pdf
http://www.int-res.com/articles/suppl/m549p199_supp.pdf
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The more common occurrence of age-1 walleye pol-
lock biomass rather than euphausiid biomass in
final models is consistent with the less patchy distri-
bution of euphausiids and the dominance of pisci-
vores in the avian community composition (Table 3).
Euphausiid biomass did occur in models, along with
age-1 walleye pollock, of central-place foragers and
shearwaters.

In fall, seabirds had a more variable association
with prey, spatial, and temporal variables compared

to summer. Models including water column rather
than surface (above the pycnocline) estimates of prey
density generally had better fits, with the exception
of diving and surface-feeding planktivores (Table 6).
Northern fulmars and murres had the strongest rela-
tionships (R2 = 0.66 and 0.44, respectively) with prey
and habitat, whereas gulls and surface planktivores
had the weakest model fits (R2 = 0.18 and 0.13,
respectively). Northern fulmar abundance was best
explained by age-0 Pacific cod (peaked response

208

Species or group                             R2             % dev          ΔAIC           Pol1           Euph              Lat               Long           Year

Central-place foragers                  0.67             68.5             74.2           7.20**             –               4.67**           7.90**            *
All seabirds                                    0.61             63.3             77.0           6.62**             –               4.52**           7.33**            *
Surface planktivores                     0.58             59.7             34.6           7.92**             –               4.48**           3.41**             –
Northern fulmar                             0.54             55.0             56.5           4.38**             –             1.00**,2          6.28**           **
Murres                                            0.50             52.5             4.1            3.67**             –               6.21**           8.64**             –
Diving piscivores                           0.49             51.1             38.1           3.89**             –               6.25**           8.65**             –
Non-central-place foragers           0.38             40.4             37.6           3.38**         5.35**           4.64**           3.59**            *
Shearwaters                                   0.37             49.0             35.2           3.41**         5.30**           4.38**            3.27*             *
Surface piscivores                         0.34             36.3             60.4           2.18*             –               3.09**           4.41**             –
Kittiwakes                                       0.34             36.5             55.1           1.88*             –               4.45**           4.63**            *
Diving planktivores                       0.15             17.6             4.5                 –             1.00*,2               –               7.92**             –
Gulls                                               0.07             8.2               2.7                 –                 –               2.84**               –                 –

Table 5. Results of generalized additive models (GAM) of prey abundance and distribution that best explain variation in sum-
mer log10(x +1)-transformed seabird density in the southeastern Bering Sea, 2008 to 2010 (n = 433 grid cells, 37 × 37 km). See
Table 1 for seabird species included in species groupings; annual sample sizes are provided in Table S1 in the Supplement.
Prey abundance and spatial variables include age-1 pollock (Pol1), euphausiids (Euph), year, latitude, and longitude. All vari-
ables are quantitative, except year, which was modeled as a factor. GAM results include adjusted R2, percent deviance
explained, ΔAIC, estimated degrees of freedom for significant smoothed variables, and their significance indicated as *p <
0.05 or **p < 0.001. Superscript 2 indicates a negative linear relationship. (–) indicates that the variable was included in the
final model but was not significant. ΔAIC is the decrease in AIC between a model with all variables in the table retained vs. a
model containing only the significant variables. All models below showed improved fit, i.e. negative ΔAIC, over a simple 

spatial model including only latitude and longitude

Species or group 2008 2009 2010 Test statistic p

Summer
Water column
Age-0 pollock 0.05 (171, 0.02) 0.48 (170, 0.09) 0.37 (172, 0.07) Χ2 = 18.0 <0.001
Euphausiids 5.72 (168, 0.05) 5.79 (167, 0.37) 5.76 (167, 0.50) F = 0.7 ns

Fall
Surface
All forage fishes 1.37 (41, 0.13) 0.53 (69, 0.07) 1.11 (92, 0.08) Χ2 = 38.9 <0.001
Capelin 0.17 (41, 0.05) 0.34 (69, 0.06) 0.40 (92, 0.05) Χ2 = 6.1 0.047
Age-0 Pacific cod 0.78 (41, 0.11) 0.07 (69, 0.04) 0.54 (92, 0.11) Χ2 = 55.7 <0.001
Age-0 pollock 1.25 (41, 0.12) 0.15 (69, 0.04) 0.62 (92, 0.08) Χ2 = 60.8 <0.001

Water column
All forage fishes 0.68 (15, 0.06) 1.24 (69, 0.09) 1.40 (64, 0.90) Χ2 = 8.1 0.017
Capelin 0.18 (15, 0.07) 0.60 (69, 0.07) 0.43 (64, 0.07) Χ2 = 8.0 0.018
Age-0 Pacific cod 0.17 (15, 0.08) 0.08 (69, 0.04) 0.71 (64, 0.11) Χ2 = 24.4 <0.001
Age-0 pollock 0.58 (15, 0.13) 0.97 (69, 0.09) 0.94 (64, 0.14) Χ2 = 2.4 ns

Table 4. Interannual variation of log-transformed (log10[x + 1]) mean (n, SE) biomass density (kg nmi−2) of seabird prey species
(see Table 1 for details) in summer, and acoustic backscatter (NASC, m2 nmi−2) from fall hydroacoustic surveys in the south-

eastern Bering Sea survey area, 2008 to 2010. Test statistic shows result of a Kruskal-Wallace test (Χ 2) or ANOVA (F)
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curve), other prey species (negative), and spatial
variables of water depth, bottom temperature, and
latitude (Table 6, Fig. 5). Murre density was best
explained by all water column prey (positive) and
depth of the mixed layer (negative asymptotic;
Table 6, Fig. 5). Prey categories that were retained in
models for 2 to 3 seabird species or groups included:
all prey (murres, diving planktivores), age-0 Pacific
cod (northern fulmars, shearwaters, surface pisci-
vores), capelin (shearwaters, surface piscivores), and
other fish species (northern fulmars, diving pisci-
vores). The forage fish category was only included in
very weak models (R2 = 0.07-0.13) of surface plankti-
vores and age-0 pollock was not retained in any fall
seabird–prey models.

DISCUSSION

The summer to fall transition in the SEBS
resulted in an increase in avian species richness,
abundance, and a greater dispersion of seabirds
over the continental shelf. This pattern was remark-
ably consistent among all seabird categories con-
sidered and was to some extent contrary to our ini-

tial hypothesis that seasonal spatial patterns would
vary by taxa, foraging guilds, and behavior groups.
Although seabirds in summer were more patchily
distributed, they had more consistent associations
with prey and spatial habitat variables compared to
seabirds in the fall. This supported our hypothesis
that seabird−prey and seabird−habitat associations
would vary by season, taxa, guild, and behavior
group. Static spatial features, however, such as
water depth (fall only) and longitude (both seasons)
were prominent explanatory variables in the final
models, emphasizing that strong spatial gradients
in habitats of the SEBS impact both predator and
prey distribution, despite considerable differences
in diets, foraging strategies, and life histories
among species and interannual variation in prey
abundance. Whereas we cannot directly compare
the relative strength of seabird− prey associations
between summer and fall due to sampling of differ-
ent prey and metrics used, it is interesting to note
the importance of static spatial variables in model-
ing seabird distribution, which is somewhat con-
trary to our initial hypothesis that dynamic variables
of prey abundance and water  column structure
would be stronger predictors.
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Fig. 4. Response curves from the best
fitting generalized additive models
(GAMs) for the effect of prey and
 spatial explanatory variables on the
summer breeding season density of
the 2 most abundant surface-feeding
(northern fulmars, R2 = 0.54) and div-
ing (murres, R2 = 0.50) seabirds (see
Table 1). Explanatory variables in-
cluded (a,b) age-1 walleye pollock,
(c,d) latitude, and (e,f) longitude. In
each panel the solid line is the smooth
function, dashed lines are 95% confi-
dence intervals, and the distribution of
points is indicated by tick marks on 

the x--axis
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Temporal variability in seabird abundance

Interannual variation in seabird abundance during
our study period appeared to reflect changes in dis-
tribution over a broader region than our study area in
response to prey. For example, northern fulmars and
shearwaters were in higher abundance at sea during
summer 2009 compared to 2008 and 2010 in our
study area. Similarly, farther north in the Chukchi Sea,
northern fulmars were more abundant in 2009 when
warm Bering Sea water intruded early and stayed
late into summer (Gall et al. 2013). In the SEBS,
increased seabird abundance in 2009 mirrors the
increase in summer age-1 pollock abundance from
2008 to 2009 (our data and Ressler et al. 2012, 2014).

Annual variability in seabird density at sea was
greater in summer vs. fall. During the summer breed-
ing season, in particular, there are many variables
that can affect the number of birds at sea within vary-
ing radii around the colony, including the proportion
of breeding birds that skip or fail breeding allowing
them to spend more time and range more broadly at

sea, thereby impacting an nual densities observed
during at sea surveys. For example, the proportion of
northern fulmars attending colonies in Alaska can
vary from 50 to 100% of maximum counts during con-
secutive years (Dragoo et al. 2015). Likewise, the
breeding success of black-legged kittiwakes can vary
from 0 to >60% of breeding pairs successfully rearing
young at a colony (Dragoo et al. 2015). In years of low
reproductive success, such as 2009 for black-legged
kittiwakes (Dragoo et al. 2015), fewer birds may at-
tend the colony and therefore more birds are ob-
served at sea during the summer breeding season,
which is consistent with our results. In contrast,
during fall surveys very few birds are still attending
colonies so the proportion of the population that is at
sea varies little among years. Also, increased species
diversity and abundance of seabirds during fall is
consistent with other high latitude regions (Ainley et
al. 1994) as species from many different breeding ar-
eas, including fresh or brackish water breeding habi-
tats, such as loons, grebes, and phalaropes, converge
on food resources at sea in the post-breeding season.
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Species Prey R2 % dev ΔAIC All Forage Pol0 Pcod0 Capelin Other Layer Water Water Lat Long Year
group depth fish fish fish bottom depth temp

Northern Surf 0.60 66.7 18.0 – 4.2* – 4.4* 1.1*,1 1.0*,2 1.9* 1.0*,2 7.6* –
fulmar Wcol 0.66 75.6 7.1 – 7.8** – 2.6* – 6.3* 4.0* 1.0*,2 – –

Murres Surf 0.42 54.4 12.0 – – – – – 7.8* – – – –
Wcol 0.44 53.5 4.9 1.0* 2.9* – – – – *

Dive pisc Surf 0.34 50.1 25 – – – – – 8.7* – – – –
Wcol 0.38 46.7 4.0 – – – 3.5* – – – – – **

Shearwaters Surf 0.22 31.1 22.5 – 1.0*,2 – – 5.2* – –
Wcol 0.39 53.7 4.5 – 2.1* 1.0* – 5.7** – – – – –

Dive plank Surf 0.36 46.3 5.7 – – – – – 5.2* – – – *
Wcol 0.28 33.8 4.1 1.0*,2 1.0*,1 – 1.0**,2 1.0*,2 1.0*,2 *

All seabirds Surf 0.08 10.6 6.6 – – – – – – – – – – 3.8* –
Wcol 0.33 46.7 6.6 – – – – – – **

Surf pisc Surf 0.24 34.0 10.9 – 7.9* 1.0*,1 – – – – – – –
Wcol 0.31 45.8 5.0 – – – – – 3.1* *

Kittiwakes Surf 0.22 28.5 24.3 – – – – – 3.7* –
Wcol 0.25 29.4 27.3 – – – – 1.0** 2.8* *

Gulls Surf 0.06 11.2 2.4 – – – – – – –
Wcol 0.18 30.1 2.4 – – – 2.1* – – *

Surf plank Surf 0.13 21.1 5.5 1.7* – 7.6* – – – –
Wcol 0.07 18.5 2.6 1.0*,1 – – – – – –

Table 6. Results of generalized additive models (GAM) for bird abundance in fall vs. prey backscatter and spatial variables in the south -
eastern Bering Sea, 2008–2010. Models were evaluated separately using prey acoustically detected in the surface layer (Surf, n = 148 grid
cells, 37 × 37 km) or for the water column (Wcol, n = 107 cells). The best model for each prey depth category is presented. Seabird groups
as in Table 5, see Table 1 for species included in species groupings. Prey abundance and spatial variables include all fish, forage fishes (all
fish excluding other species), age-0 pollock (Pol0), age-0 Pacific cod (Pcod0), capelin, other fish species (see Table 1), layer bottom, water
depth, bottom water temperature, latitude, longitude, and year. All variables were quantitative, except year, which was modeled as a factor.
GAM results include adjusted R2, percent deviance explained, ΔAIC, estimated degrees of freedom for significant smoothed variables, and
their significance indicated as *p < 0.05 or **p < 0.001. Superscripts indicate a 1positive and 2a negative linear relationship. (–) indicates that
the variable was included in the final model, but was not significant. ΔAIC is the decrease in AIC between the final model and the next best 

of the 3 candidate models evaluated (Eqs. 2, 3 & 4)
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Spatial variability in seabird abundance

The more aggregated distribution of seabirds dur-
ing the summer was largely, but not exclusively,
driven by central-place foraging species, which are a
major component of the seabird community during
summer. An examination of 4 decades of at-sea sur-
veys showed that for northern fulmars, colony effect
was a key  factor in modeling the distribution of this
highly abundant species in the SEBS (Renner et al.
2013). Colony effect can vary among seabirds, how-

ever; diving seabirds, such as thick-
billed murre, show a stronger
colony effect than surface-feeding
black-legged kittiwakes (Sigler et
al. 2012). The more colony-centric
distribution of thick-billed murre
was also evident in their isotopic
signatures, which were found to
have strong spatial patterns around
the Pribilof Island colonies, com-
pared to the dispersed isotopic sig-
natures of black-legged kittiwakes
at the same colonies (Jones et al.
2014). However, the central-place
foraging effect during summer did
not appear to limit some broad-scale
seabird–prey as sociations in our
study.

The importance of static spatial
variables, especially water depth
and longitude, on seabird distribu-
tion in the SEBS is consistent with
previous studies showing the impor-
tance of spatial variables in models
of prey distribution (e.g. euphausi-
ids; Ressler et al. 2014) and seabird
affinities for cross-shelf bathymetric
domains of inner (<50 m depth),
middle (50 to 100 m), outer (100 to
200 m), and shelf-slope (200 to
3000 m) (Schneider & Hunt 1982,
Hunt et al. 2014). These bathymetric
domains are also  differentiated
hydro graphically, particularly dur-
ing summer, with a well-mixed wa-
ter column on the inner shelf and
stratified water over the middle to
outer shelf and slope (Sigler et al.
2011). Varying bathymetric and hy-
drographic do mains greatly affect
seabird foraging and distri bution in
this region (Hunt et al. 1981, 2014

Kokubun et al. 2010). As with Hunt et al. (2014), who
used a smaller region but much longer time series (37
yr), we found that diving piscivores and planktivores
were more abundant over shallow inner and mid-
shelf  waters, whereas surface-feeding seabirds were
in deeper, outer shelf-slope waters. We also found
 patterns between seabird foraging guilds and water
mass characteristics similar to those observed in the
Aleutian Islands (Jahncke et al. 2005, Ladd et al.
2005), despite very different marine habitats; the
Aleutian Islands have a narrow continental shelf (10s
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Fig. 5. Response curves from the
best fitting GAMs for the effect of
prey (water column) and spatial ex-
planatory variables on the fall den-
sity of the 2 most abundant surface-
feeding (northern fulmars, R2 =
0.66) and diving (murres, R2 = 0.44)
seabirds (see Table 1). Explanatory
variables included (a) age-0 Pacific
cod, (b) other fish species, (c) bot-
tom depth, (d) bottom temperature,
and latitude for (e) northern ful-
mars and (f) all prey, and (g) layer
bottom for murres. In each panel
the solid line is the smooth func-
tion, dashed lines are 95% confi-
dence intervals, and the distribu-
tion of points is indicated by tick 

marks on the x-axis
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of km) with deep trenches or shallow shelves be -
tween islands, in contrast to the broad (100s of km),
relatively shallow shelf of the Bering Sea. For exam-
ple, surface-feeding northern fulmars were primarily
ob served in the oceanic waters of the central Aleu-
tians and diving shearwaters in coastal marine waters
of the eastern Aleutian Islands (Jahncke et al. 2005).
Moreover, diving seabirds in the Aleutian Islands oc-
cupied turbulent, well-mixed water masses near shal-
low water passes, whereas surface-feeding seabirds
occurred near surface convergences over deep water
passes (Ladd et al. 2005). Such consistent patterns of
foraging associations across habitat spectrums sug-
gest physical limitations to changes in prey distribu-
tion. However, water column stratification and prey
type can alter seabird foraging behavior; Kokubun et
al. (2010) found significant interannual variation in
seabird foraging patterns in relation to water mass
characteristics. In their study of individually tracked
thick-billed murres, foraging behavior varied annu-
ally with the intensity of the thermocline and water
temperature, likely through intermediate effects on
the vertical distribution of prey.

The hydrography of the SEBS shelf varies season-
ally, with much of the shelf becoming well mixed in
fall and winter (Kinder & Schumacher 1981, Stabeno
et al. 2001, Kachel et al. 2002) which is consistent with
our results that indicated all seabirds (including non-
breeding visitors such as shearwaters) were respond-
ing to large-scale changes in seasonal prey availability
and not simply a release from central-place foraging
constraints after the summer breeding season. The
dispersal of seabirds across the SEBS shelf, however,
appears to occur multi-directionally. Consistent with
our findings, but using a much longer time series and
a more detailed seasonal analysis, Hunt et al. (2014)
found that some nearshore species in the SEBS moved
further inshore from summer to fall; diving seabirds
shifted their relative distribution from inshore during
summer to offshore in fall, while the relative distribu-
tion of surface-feeding species showed an opposite
trend and shifted from offshore to inshore.

Seabird−prey associations

In summer, seabirds, including all foraging groups,
except diving planktivores and gulls, were more
closely associated with patchily distributed walleye
pollock rather than the more uniformly dispersed eu-
phausiids (at the coarse scale of our analysis). Our re-
sults included a subset of data used in Sigler et al.
(2012) and are consistent with their findings despite

using different methods and their larger study area in
the Bering Sea. In contrast, during fall the more dis-
persed distribution of seabirds over the middle SEBS
shelf is consistent with observed distributions of sev-
eral forage fish species throughout this region (Parker-
Stetter et al. 2013). Capelin, for example, which his-
torically was a larger component of seabird diets in
the Bering Sea compared to recent decades (Sinclair
et al. 2008, Renner et al. 2012), was only important in
our models for shearwaters, which are omnivorous
(Hunt et al. 2002a, Baduini et al. 2006), and surface
piscivores (in fall only since we did not measure
capelin abundance in summer). Capelin distribution
exhibits high interannual variability, apparently me-
diated by ocean temperature (Ciannelli & Bailey
2005). During 2009 in particular, high water column
densities of capelin were found in the middle and
outer shelf regions, i.e. between the 50 to 100 m and
100 to 200 m isobaths, respectively (Fig. 1; Parker-
Stetter et al. 2013), which is consistent with the stronger
shearwater−capelin association that we detected that
year (Fig. S4 in the Supplement). In fall, free from the
constraint of central-place foraging and the energy
demands of chick-rearing, seabirds are presumably
able to be less selective and more omnivorous in their
prey consumption. Our data and analyses of seabird
prey in summer or fall, however, did not include some
species such as squids (Gonatidae) and mesopelagic
fishes (Myctophidae) that are known to be important
prey for some seabird species or colonies in the Bering
Sea (Sinclair et al. 2008, Renner et al. 2012).

Other factors that affect the coherence of predators
and prey include prey abundance (Skov et al. 2000,
Davoren & Montevecchi 2003, Vlietstra 2005) and
the spatial resolution of predator−prey integration
(Schneider & Piatt 1986, Mehlum et al. 1999, Fauchald
et al. 2000). Seabirds and prey can be more tightly
coupled when prey and seabird abundance is rela-
tively high (Mehlum et al. 1999, Fauchald et al.
2000), although exceptions do exist, i.e. instances
where seabird−prey coupling is stronger when prey
abundance is low, especially at small temporal scales
(Vlietstra 2005, Ainley et al. 2009). Metrics of prey
abundance alone, however, are rarely good predic-
tors of seabird abundance unless the scale of the for-
aging behavior of a particular predator matches the
distribution patterns of the prey (Russell et al. 1992,
Davoren et al. 2002, Benoit-Bird et al. 2011, Santora
& Reiss 2011). Spatial scales at which seabirds track
prey have been shown to range from coarse to fine.
For example, Fauchald et al. (2000) and Fauchald &
Erikstad (2002) identified an overlap between murres
and capelin in the Barents Sea at large spatial scales
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(50 to 300 km), but no overlap at small scales (3 km).
Other studies have found that associations exist at
3 to 9 km spatial scales between common murres
and capelin in the northeast Atlantic (Davoren et al.
2002) and between thick-billed murres and verte-
brate (polar cod Boreogadus saida) and invertebrate
(pelagic amphipods, euphausiids) prey in the Barents
Sea (Mehlum et al. 1999), while associations at finer
(<1 km) resolution were weak. Benoit-Bird et al.
(2011) demonstrated in the SEBS that fine-scale ana -
lyses examining predator−prey associations may per-
form best using multi-species prey aggregations.
Furthermore, the distribution of prey patches was
important and euphausiid patches targeted by diving
murres were generally of higher density and located
closer to the surface. Similar patterns held true for
surface-feeding and diving species where metrics of
prey depth and patch density within larger prey ag -
gregations were stronger predictors of predator den-
sities or foraging activities than more coarse meas-
ures of prey biomass and abundance in vastly
different ecosystems of the Bering Sea and Humboldt
Current (Benoit-Bird et al. 2013, Boyd et al. 2015).
Our rather coarse 37 × 37 km spatial analysis iden -
tified greater association between predators and
prey in fall using water column prey density rather
than surface density (above the mixed layer depth),
regardless of vertical feeding depth of seabirds, and
only 40% of the final models included mixed layer
depth, which is contrary to our initial hypothesis that
water column structure would be one of the more
important variables affecting seabird density. Our
result can partly be explained by variability in the
vertical distribution of prey, where for some species
or in some years the density may be similar between
surface and deep waters, whereas in other years prey
become more abundant in surface vs. deep waters
and vice versa (our results and Parker-Stetter et al.
2013). More detailed metrics of prey  vertical distribu-
tion, patch aggregation, and patch density would
likely have improved our models of seabird–prey
relationships, especially at finer spatial resolutions.

Long-term climate variability has been linked to
shifts in prey distribution in the Bering Sea (Mueter &
Litzow 2008, Mueter et al. 2011, Simpson et al. 2011).
Likewise, long-term, northward shifts in the distribu-
tion of seabirds have also been observed in the Bering
Sea (Renner et al. 2013, Kuletz et al. 2014), as well as
the occurrence of new species farther north into the
Chukchi Sea (Day et al. 2013). Additionally, long-term
studies of seabird colonies in the Bering Sea indicate
that food web changes may be more pronounced for
near-surface foraging guilds compared to those forag-

ing at depth (Byrd et al. 2008). Our results identify an-
nual and seasonal variability in abundance and sea-
bird–prey and spatial–temporal habitat associations
over a relatively short 3 yr period during a cold regime
in the Bering Sea (Stabeno et al. 2012b). These results
will help to provide insight into mechanisms affecting
mesoscale seabird−prey relationships and enhance
understanding of how these abundant mid-upper
trophic level consumers will respond to climate vari-
ability in the Bering Sea. Further studies that include
quantifying the same species of prey in summer and
fall, an aspect which was lacking in our study, would
be valuable to directly assess factors affecting tempo-
ral changes in seabird−prey associations and prey
habitat requirements, especially during the little-
studied fall post-breeding season.
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