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ABSTRACT

We propose that ocean conditions of the Near Islands in
the western Aleutian Arc mimic those of the shallow
continental shelf of the eastern Bering Sea to the extent
that the marine community, including assemblages of
forage fishes and their avian predators, has distinctly
coastal characteristics. In contrast, marine avifauna and
their prey at neighbouring Buldir Island are distinctly
oceanic. For example, at the Near Islands, the ratio of
thick-billed to common murres, Uria lomvia and U.
aalge, is low and black-legged kittiwakes, Rissa tridactyla,
but not red-legged kittiwakes, R. brevirostris, nest there.
Diets of murres and kittiwakes are dominated by sand
lance, Ammodytes hexapterus, an abundant coastal
species. At Buldir Island, thick-billed murres greatly

outnumber common murres, red-legged kittiwakes and

black-legged kittiwakes are both abundant, and diets of
the birds consist primarily of oceanic squid and lantern-
fish (Myctophidae). This mesoscale difference in food
webs is apparently a consequence of the local physio-
graphy. A broad escarpment.on the Near physiographic
block creates a comparatively expansive, shallow, shelf-
like habitat around the Near Islands, where a pelagic
community typical of coastal regions flourishes. Buldir
Island is the only emergent feature of the Buldir physio-
graphic block, with little shallow water surrounding it
and, apparently, little opportunity for other than
oceanic species to exist. Patterns in the distribution of
fishes, and thus of sea birds, throughout the Aleutian
Islands might be largely explained by the presence or
absence of shelf-like habitat and the relationship
between physical environments and food webs. In the
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larger context of fisheries oceanography, this. model for
the Aleutian Islands improves our ability. to intérpret
physical and biological heterogeneity in the ‘ocean-and
its relationship to regional community _»d§namics and
trends in the abundance and productivity of-individual
species at higher trophic levels.-
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INTRODUCTION

The abundance of four species of primarily piscivorous
sea birds, common and thick-billed murres (Uria aalge
and U. lomwia, respectively) and red-legged and black-
legged kittiwakes (Rissa brevirostris and R. tridactyla,
respectively) on Buldir Island and the Near Islands in
the western Aleutian Islands increased rapidly in the
decade from the mid 1970s to the mid 1980s (Byrd and
Douglas, 1989). The exceptional growth of those popu-
lations suggested that birds nesting there likely were not
limited by food during that time, and contrasted with a
simultaneous decline of similar magnitude in numbers
of the same species on the Pribilof Islands in the south-
eastern Bering Sea (Byrd, 1989; Dragoo et al., 1989). On
the Pribilofs, walleye pollock (Theragra chalcogramma)
generally supports most of the piscivorous sea birds, as
well as fur seals (Callorhinus ursinus) which indicates that
it is a particularly abundant forage species (Lucas, 1899;
Hunt et al., 1981a; Johnson, 1985; Sinclair et al., 1994;
Decker et al., 1995).

Studies on the Pribilofs in the late 1980s concluded
that nesting sea birds were food stressed, which might
have caused low productivity, high mortality (particu-
larly of juveniles) and the observed population decline
(Springer, 1994). The decline in abundance of sea birds
was indeed matched by generally poor productivity
during those years (Dragoo et al., 1989), as well as by a
decline in pup production of fur seals on the Pribilofs
and by a widespread, continuing decline in numbers of
Steller sea lions (Eumetopias jubatus) in the Aleutian
Islands, Bering Sea, and Gulf of Alaska (Merrick et dl.,
1987; York and Kozloff, 1987; Trites and Larkin, 1989).
Together, these changes raised concerns over the status
of forage fish stocks, including the commercially impor-
tant pollock stock, and the relationship of climate
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change and commercial fishing to ecosystem change
and the stability of marine bird and mammal popula-
tions (Swartzman and Hofman, 1991; Alverson, 1992;
Springer, 1992; Wooster, 1994).

In an attempt to help explain the situation in general,
and the divergent trends in sea bird populations
between the western Aleutian Islands and the Pribilof
Islands in particular, we undertook a study of sea bird
feeding ecology in the western Aleutians in the
summers of 1988-89. An understanding of trophic
dependencies of murres and kittiwakes there was
lacking, and was needed to interpret the population
changes and, apparently, ecosystem changes that were
occurring in the Bering Sea.

METHODS

The Aleutian Islands are the peaks of a submerged
mountain range, the Aleutian Ridge, formed by the
collision of the Pacific plate with the Bering Sea plate
(Gard, 1977). The eastern third of the ridge forms the

Alaska Peninsula that rises from the shallow continen-
tal shelf of the western Gulf of Alaska and south-eastern
Bering Sea. In deep water to the west of this shelf, only
the highest peaks of the range emerge. Depending on
local physiography, the peaks are surrounded by escarp-
ments of greater or lesser extent forming a chain of
islands encircled by differing amounts of shallow water.
Some of the larger islands and island groups have rather
broad escarpments with water depths less than 200 m.
Small islands that are isolated or lie a distance off the
centre of the ridge have narrow escarpments and little
shallow water surrounding them.

The Near Islands include Attu, Agattu, Shemya, and
Nizki-Alaid islands (Fig. 1). They all lie within a radius
of approximately 50 km on the Near physiographic
block toward the western end of the Aleutian Arc
(Gard, 1977). Buldir Island lies about 150 km east of
the Near Islands and is the only emergent feature of the
Buldir block. Waters less than 200 m deep are extensive
around the Near Islands, but are nearly absent around
Buldir Island (Fig. 2).

Figure 1. Location of the study area in the North Pacific Ocean. Bathymetry in metres.
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Figure 2. Bathymetry of the Near and Buldir physiographic-blocks of the western Aleutian Ridge.
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We sampled sea birds at both locations in the
summers of 1988 and 1989 as part of a programme of
coordinated studies of sea birds and their trophic
relationships in the western Aleutians. Most birds were
collected near shore as they returned to the colonies
from feeding, although some were taken at sea during
pelagic transects run to determine foraging distributions
{J. Piatt et al., unpubl. data). Collections were made at
various times of day between early morning and late
evening. In addition, regurgitated meals from black-
legged and red-legged kittiwake chicks were collected at
Buldir Island.

Diet samples were preserved in 70% ethanol and
enumerated using preserved reference material and
standard taxonomic keys. The biomass of individual
prey was approximated using relationships between
otolith length and fish length and weight, size categories
of squid based on beak size in intact specimens (small, 2
g; medium, 7 g; and large, 30 g), fresh volumes of
individual zooplankton, and fresh weights of other
invertebrates (e.g. Bedard, 1969; Springer et al., 1984,
1986). A standard weight of 5 g was assigned to
unidentified fishes unless the fresh weight of the uni-
dentified material in the stomach exceeded 5 g, in which
case the actual weight was used.

It was not possible to correct for the differential
digestion and passage rates of hard parts from various

© 1996 Blackwell Science Ltd., Fish. Oceanogr., 5, 45-55.

prey types in estimating their importance in diets. For
example, squid beaks are known to persist in stomachs
of sea birds for longer periods than otoliths and other
hard parts of fishes (Furness et al., 1984; van Heezik and
Seddon, 1989). Isotopic studies also indicate that the
importance of squid in relation to fishes is overesti-
mated for species that consume squid (Hobson et al.,
1994). However, comparisons of diets that we make
should not be affected by this problem, because passage
rates of prey remains likely do not differ greatly between
conspecifics.

RESULTS

There were no conspicuous differences in diets of any
species between vyears, although in most cases the
sample sizes were too small to allow meaningful compar-
isons. The frequency of occurrence and number of prey
in adult diets pooled by species and location are shown
in Table 1. The estimated contributions of each prey
species or taxon to the total prey biomass for each
species of sea bird and for kittiwake chicks are shown in
Figs 3-11.

Red-faced cormorants (Phalacrocorax urile) were col-
lected only at Agattu, where over 95% of their diet was
sand lance (Ammodytes hexapterus). Minor amounts of
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Figure 3. Relative biomass of prey in diets of red-faced
cormorants at Agattu Island.

Agattu

[ Blenny

squid (primarily Gonatidae), shrimp (Pandalus spp.),
and blenny (Lumpenus spp.) also were consumed (Fig. 3).

Diets of black-legged kittiwakes were more diverse at
Buldir than at either Agattu or Attu (Table 1, Fig. 4).
At Buldir, birds that fed at night or very early in the
morning took primarily lanternfish (mainly Stenobra-
chius leucopsarus) and squid, while those that fed during
the afternoon took mainly euphausiids (Thysanoessa
spp.), hyperiid amphipods (Parathemisto spp.) and cope-
pods (Neocalanus spp.) (Fig. 5). With the possible excep-

tion of polychaetes (Nereis spp.) at Attu, invertebrates
were not important at the Near Islands, where black-
legged kittiwakes fed mainly on sand lance and lantern-
fish. Diets of chicks were similar to adult diets (Fig. 6).

Red-legged kittiwakes do not nest on the Near
Islands. On Buldir their diets consisted of about half
squid and half lanternfish (Fig. 4). Chicks were fed on a
diet similar to that of the adults (Fig. 6). In general, diets
of red-legged kittiwakes were much less diversified than
diets of black-legged kittiwakes at Buldir Island.

Diets of common murres at all three sites were
dominated by sand lance, particularly at Agattu and
Attu where other prey were hardly represented (Fig. 7).
Squid, in addition to sand lance, were important to
common murres at Buldir.

Squid was the primary prey of thick-billed murres at
Buldir (Fig. 8). They also took a wide variety of fishes
there, including pollock, greenlings (Hexagrammos deca-
grammus), sculpins (Cottidae), ronquils (Bathymaster
signatus and Ronquilus jordani), lanternfish, and sand
lance. Squid was relatively unimportant on Agattu,
where a small sample of birds instead fed primarily on
pollock and sand lance (Fig. 8).

Information on diets of pigeon guillemots (Cepphus
columba) is inconclusive because the sample size was so
small. Unidentified small crabs were present in both

Figure 4. Relative biomass of prey in diets of black-legged kittiwakes (BLKI) at Buldir, Agattu and Attu islands and red-legged

kittiwakes (RLKI) at Buldir Island.
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Figure 5. Relative biomass of prey in diets of black-legged kittiwakes at Buldir Island in the morning and afternoon.

Squid
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birds examined and an unidentified fish was present in
one bird (Table 1).

Likewise, the sample size of horned puffins (Fratercula
corniculata) was small and inconclusive. Squid was
the most common prey on both Buldir and Agattu
(Fig. 9).

Squid was the only prey found in diets of tufted
pufhns (Fratercula cirrhata) at Buldir and it contributed
most of the biomass at Agattu (Fig. 10). Sand lance was
most important in the small sample from Attu.

DISCUSSION

Despite a broad overlap in the suite of species eaten by
sea birds at Buldir and the Near Islands, the proportions
of the various prey differed greatly between the two
locations. Squid was very important to all birds at

Overall

Crustaceans
B Amphipod
[} Parathemisto
Euphausiid
Copepod

Fishes

I Sand lance
B Lanternfish

Sculpin

Afternoon

Buldir, but only to puffins at the Near Islands. Puffins
are squid specialists ~ adults feed heavily on them
elsewhere in the eastern Aleutians and western Gulf of
Alaska (Wehle, 1982; Piatt et al., unpubl. data) even
though fish are usually fed to chicks (Wehle, 1983;
Hatch and Sanger, 1992; ]. Piatt et al., unpubl. data).
Thick-billed murres are known to feed heavily on squid
in the North Pacific during winter (Ogi, 1980).

Lanternfish were the most important of the fishes
consumed by both species of kittiwake at Buldir, but
were replaced for the most part by sand lance in diets of
black-legged kittiwakes at the Near Islands. Thick-billed
murres ate mostly squid on Buldir, but sand lance and
pollock on the Near Islands. Common murres ate
mostly sand lance, which ranked first in their diets
even on Buldir, while ranking third, fourth, or lower in
diets of the other species there.

© 1996 Blackwell Science Ltd., Fish. Oceanogr., 5, 45-55.
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Figure 6. Relative biomass of prey in diets of kittiwake
chicks at Buldir Island. BLKI, black-legged kittiwake; RLKI,
red-legged kittiwake.
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Sand lance constituted approximately half or more of
prey in diets of most sea birds at the Near Islands. Sand

lance were smaller (younger) at the Near Islands than at
Buldir, where most fish were large adults. The presence

Figure 7. Relative biomass of prey in diets of common
murres at Buldir, Agattu and Attu islands.

Buldir Attu

> =488¢

[l Polychaete
Squid
Euphausiid
B Lanternfish
Pollock

Sculpin

[ Sand lance
© 1996 Blackwell Science Ltd., Fish. Oceanogr., 5, 45-55.

Figure 8. Relative biomass of prey in diets of thick-billed
murres at Buldir and Agattu islands.
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of abundant younger age classes at the Near Islands
implies that (1) sand lance spawn there in much greater
numbers- than at Buldir, (2) juvenile sand lance con-
gregate there in summer to feed on an abundant
community of coastal/shelf zooplankton, as they do
elsewhere - along mainland coasts (Andriashev, 1954;
Springer et al., 1984), or (3) both occur. Juvenile sand
lance are found around Buldir, but apparently in small
numbers and late in summer when they are fed to puffin

chicks (Wehle, 1976; V. Byrd and J. Williams, unpubl.

Figure 9. Relative biomass of prey in diets of horned puffins
at Buldir and Agattu islands.
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Figure 10. Relative biomass of prey in diets of tufted puffins
at Buldir, Agattu and Attu islands.
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data). At Buldir there is a limited amount of shallow
substrate where sand lance can spawn (Dick and
Warner, 1982), and the abundance of zooplankton
prey suitable for juvenile sand lance (Rogers et al.,
1979; Springer et al., 1987) might also be limited at
Buldir compared with the Near Islands.

Squid and lanternfish play major roles in the alloca-
tion of biomass and transfer of energy to higher trophic
levels in the oceanic food web supporting the majority
of sea birds at Buldir Island. Because squid and lantern-
fish are both vertical migrators (Frost and McCrone,
1979), rising at dusk from depth to forage in the rich
surface layer, they are more available to sea birds from
dusk to dawn than during the day. Notwithstanding
the depths to which alcids can dive (Piatt and Nettle-
ship, 1985), it is likely that most feeding by murres and
puffins, as well as by surfacefeeding kittiwakes at
Buldir, occurs during twilight and darker hours.

A striking feature at Buldir was the unusually large
consumption of zooplankton by black-legged kitti-
wakes. Zooplankton were often concentrated near the
surface during the day in such densities that birds in
flocks of a few hundred would simply sit on the surface
and peck them up quickly enough to be full in roughly
an hour (J. Piatt et al., unpubl. data). Black-legged

kittiwakes feed on euphausiids and other zooplankton
elsewhere (Hunt et al., 1981a; Springer et al., 1984), but
not to such an extent as at Buldir. Although the
consumption of zooplankton by black-legged kittiwakes
at Buldir appears to be exceptional, the importance of
zooplankton elsewhere in Alaska is likely underesti-
mated because of the rapid digestion of soft-bodied
animals (Hobson et al., 1994).

Black-legged kittiwakes are widely distributed in
Alaska and prey on numerous species, usually the most
abundant one in a given location. Black-legged kitti-
wakes are primarily daytime foragers throughout most
of their range in Alaska, and in addition to sand lance
they consume large amounts of Arctic cod, saffron cod,
pollock, capelin, and herring (Springer, 1991; Baird,
1994). Crepuscular and nocturnal foraging is probably
important at colonies in the Aleutians, particularly
those with little shallow water, such as Buldir and at
Bogoslof Island in the eastern Aleutians (J. Piatt,
unpubl. data), and at other colonies near the edge of
the continental shelf, such as the Pribilof Islands and
Middleton Island in the Gulf of Alaska (Hunt et al.,
1981a; Hatch et al., 1993). Such flexibility might explain
the overall success of black-legged kittiwake as a species
- it is one of the most abundant and widely distributed
sea birds in the Northern Hemisphere.

Red-legged kittiwakes, on the other hand, are very
restricted in their diets and in their range (Byrd, 1978;
Byrd and Williams, 1993; Hunt et al., 1981a). They
usually forage only from dusk to dawn, and have
evolved a specialized eye structure to aid vision in low
light (Storer, 1987). They nest at only five locations in
the Bering Sea, including Buldir Island but not the Near
Islands. Appropriate islands apparently are those near
oceanic food webs and abundant, nocturnal prey. The
real advantage of oceanic sites to red-legged kittiwakes
however, might be that the surrounding waters do not
support abundant diurnal prey of the kind most sought
after by black-legged kittiwakes. This might reduce their
appeal to black-legged kittiwakes and, thus, competition
between the two species, particularly for nesting space.

Patterns in forage fish distributions associated with
regional oceanographic conditions have been cited as
explanations for mesoscale differences in ratios of sea
bird species nesting on St George I. compared with St
Paul L., Pribilof Islands (Hunt et al., 1981a,b), and in
Norton Sound compared with St Lawrence L in the
northern Bering Sea (Springer et al., 1987). Likewise,
the pelagic distribution of various species of sea birds
across the broad eastern shelf of the Bering Sea has been
shown to be associated with hydrographic domain
structure and the resultant differentiation of food webs

(Schneider et al., 1986). On Buldir Island, the ratio of

© 1996 Blackwell Science Ltd., Fish. Oceanogr., 5, 45-55.
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common murres to thick-billed murres is about 1:9, but
on the Near Islands the ratio is about 9:1. The divergent
diets of the two species support the hypothesis that the
contrasting ratios of murres on the Near Islands com-
pared with Buldir, and varying ratios throughout the
Aleutian Islands and elsewhere in their range, are
caused by differences in the composition of local
pelagic fish communities (Springer, 1991). Common
and thick-billed murres nest widely, but not uniformly,
throughout the Aleutians (Sowls et al., 1978). The ratio
of common murres to thick-billed murres is directly
proportional to the area of shallow water surrounding
each island colony, presumably because variable physi-
cal habitat results in heterogeneous distributions of
preferred prey. Although not strictly continental shelf
areas, the larger islands and escarpments form meso-
scale shelf-like habitats that apparently extend the
ranges of typically coastal marine fauna and food webs
across the basin of the North Pacific-Bering Sea in
much the same way that islands extend the ranges of
terrestrial fauna and flora (MacArthur and Wilson,
1967). Coastal communities, therefore, are more or less
developed depending on the extent of shallow-water
habitat surrounding each island. Elsewhere in Alaska
that the two species overlap, common murres character-
istically feed on more pelagic fishes, such as sand lance,
whereas thick-billed murres feed more on demersal
fishes and invertebrates (Hunt et al., 1981a; Springer et
al., 1984, 1986, 1987). Differences in diet are parallelled
by differences in pelagic distribution as well, with thick-
billed murres foraging farther offshore and in a greater
variety of marine habitats than common murres (Piatt
et al., 1991).

Conversely, extensive shallow water over broad
escarpments, like that surrounding the Near Islands,
apparently limits the abundance of large-bodied,
oceanic zooplankton, such as Neocalanus spp., thus
excluding many planktivorous sea birds like the least
auklet, Aethia pusilla. Least auklets do not nest, or nest
in very small numbers, in the Near Islands and similar
islands in the Aleutians with broad escarpments,
whereas they are abundant on Buldir Island and other
islands lying off the arc (Sowls et al., 1978) with greater
access to zooplankton prey.

CONCLUSIONS

Qur observations from the Near Islands and Buldir
Island provide the basis for a model of food web
differentiation throughout the Aleutian Islands caused
by the distribution of shallow, shelf-like habitat. They
further support previous conclusions that we can gen-
eralize about the importance of various prey species to

© 1996 Blackwell Science Ltd., Fish. Oceanogr., 5, 45-55.

sea birds, and thus about sea bird distributions, only if
we account for regional physical environments and
associated marine communities. Although separated
by only about 150 km, Buldir Island and the Near
Islands are distinct oceanographically. A lack of
shallow, shelf-like habitat around Buldir apparently
limits coastal/shelf communities, and sea birds there
depend on oceanic species for food. At the Near Islands,
a broad, shallow escarpment provides an environment
suitable for a fauna characteristic of coastal shelves.
Thus, the pattern of sea bird distribution in the
Aleutian Islands is largely determined by the distribu-
tion of physical habitat, e.g. the presence or absence of
shallow zones that support particular communities and
food webs.

Black-legged kittiwakes on Buldir Island fed both day
and night. At night they preyed on lanternfish and
squid, but in the day they switched almost entirely to
zooplankton, consuming large quantities of euphau-
siids, hyperiid amphipods and copepods. Intense plank-
tivory has not been previously documented for black-
legged kittiwakes.

Because adult black-legged kittiwakes fed day and
night, diets of chicks changed between morning and
afternoon, e.g. from fish to zooplankton and, among
fishes, from lanternfish to sand lance. Such prey-switch-
ing must be accounted for when comparing information
on diets between dates and locations and when inter-
preting patterns of growth and survival of kittiwake
chicks.

Knowledge of pattern and scale, like that exemplified
by fish distributions, sea bird distributions, and sea bird
diets in the western Aleutians, and of the mechanisms
responsible, is essential to our understanding of what
ecosystems are and how they work (Levin, 1992). On a
larger scale, differences between sea bird population
trends and sea bird prey species in the western Aleu-
tians and in the south-eastern Bering Sea provide clues
to ecosystem change. Whereas oceanic (lanternfishes
and squid) and coastal (sand lance) forage species were
apparently flourishing in the western Aleutians during
the mid 1970s to mid 1980s, forage species characteristic
of the shelf (pollock and capelin) were apparently not
readily available to the birds (Decker et al., 1995; Hunt
et al., 1996). Some possible interpretations are: (1)
oceanic and coastal species and communities respond
to environmental change differently from shelf species
and communities; (2) the nature of environmental
change was different in the various domains; and (3)
food web interactions in the larger domain of the Bering
Sea were primarily responsible for fluctuations in abun-
dance of forage species (Springer, 1992).
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An obvious next step toward understanding impor-
tant ocean and food web dynamics and variability in
production at higher trophic levels is to ask why
conditions in the marine environments of the south-
eastern and south-western Bering Sea apparently were
so different. The implications of such differences are
likely far greater than the observed effect on sea birds,
and attempts to reconcile observations like these should
be an important part of future research on fisheries
oceanography and marine ecosystems.
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