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ABSTRACT: We studied short-tailed shearwaters P u f f ~ n u stenuirostrjs foraging near the Pribilof
Islands, Alaska, USA, during the summers of 1987, 1988, and 1989. Their foods were almost exclusively
the euphausiid Thysanoessa raschii, which they obtained both from near-surface swarms a n d from
epibenthic layers. Near-surface mating swarms of euphausiids occurred in areas of elevated phytoplankton standing stocks near inshore tldal fronts. Many of these euphausiids had attached spermatophores. Shearwaters also obtained euphausiids over shallow reefs and inshore of the fronts where
euphausiids were trapped in water shallower than 40 m by lrreyulanties In bottom topography ('bathymetrlc traps'). We hypothesize that the largely inshore distribution of shearwaters in the southeastern
Bering Sea described by previous workers is the result of attraction of shearwaters to frontal areas
where euphausiids may forage on phytoplankton stocks throughout the summer. These areas, w h e n
shallower than 40 m, would also permit shearwaters to access epibenthic aggregations of euphausiids
during daylight, w h e n euphausiids not engaged in mating swarms usually migrate to depth.
KEY WORDS: Short-tailed shearwater . Puffinus tenuirostris . Euphausiids . Thysanoessa raschii .
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INTRODUCTION
Short-tailed shearwaters Puffinus tenuirostris migrate annually from their breeding colonies in southeastern Australia to spend the austral winter in the
North Pacific (Shuntov 1964, Tanaka & Kajihara 1979,
Guzman 1981, Go.uld et al. 1982). Millions of these
birds forage in the Bering Sea between A p r ~ and
l
October (Schnelder & Shuntov 1993), where they eat predominantly euphausiids, in particular, Thysanoessa
raschji and T inermis (Ogi 1973, Ogi et al. 1980, Hunt
et al. 1981a. Schneider et al. 1986, Troy & Johnson
1989, Troy & Bradstreet 1991).In the Bristol Bay region
of the southeastern Bering Sea, Ogi et al. (1980) esti'E-mail: glhunt@uci.edu
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mated that shearwaters consume at least 30000 t of
euphausiids annually, a consumption roughly equivalent to the consumption of euphausiids by sockeye
salmon Oncorhynchus nerka during the month that
they reside in Bristol Bay before ascending rivers to
spawn (Nishiyama 1974). To forage efficiently, shearwaters would profit from mechanisms that permit
euphausiids to be predictably harvested. Discovery
and understanding of these mechanisms are important
because, as shearwaters are the greatest component of
avian biomass in the eastern Berlng Sea, their foraging
distribution and high prey consumption impact the
ecosystem (Schneider et al. 1986). Their prey consumption will have its greatest impact if it is highly
concentrated in space or time a n d conflicts with the
needs of other high trophic level organisms.
Key to understanding the foraging ecology of shorttailed shearwaters in the southeastern Bering Sea is
identification of the circumstances In which they are
able to capture euphausiids. Short-tailed shearwaters
forage by pursuit diving from the surface, plunging
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from above the surface, seizing prey at the surface,
and hydroplaning, a foot-propelled movement at the
surface in which the head and back may be beneath
the surface while the wings are held out of the water
(Ogi et al. 1980, Morgan 1982). In the eastern Bering
Sea, short-tailed shearwaters frequently forage in
flocks of tens of thousands or more, with major concentrations of these flocks occurring in an arc from
the eastern passes of the Aleutian Islands along the
coast into Bristol Bay and then northwestward over
the nearshore waters to Nunivak Island (Guzman
1981, Hunt et al. 1981c, Gould et al. 1982, Troy &
Johnson 1989). Schneider & Shuntov (1993) reviewed
data showing that these large shearwater aggregations are associated with the 50 m isobath, near the
inner front (Schumacher et al. 1979, l n d e r & Schumacher 1981), throughout the eastern and western
Bering Sea, as well as in the shallow passes of the
/,le..+;
,,,~n and Commander isiancis.
A tidal front, similar to the inner front of the southeastern Bering Sea (Schumacher et al. 1979, l n d e r &
Schumacher 1981), occurs in the vicinity of the 50 m
isobath around St. Paul and St. George Islands in the
Pribilof Islands of Alaska, USA (Kinder et al. 1983). At
St. Paul Island, this front separates well-mixed inshore
waters from strongly stratified middle domain water; at
St. George Island, the front demarks the transition
between a well-mixed nearshore regime and the
waters of the outer domain (Coyle & Cooney 1993).
Vertical mixing at fronts is likely to support local
phytoplankton blooms over a longer period than
would stratified waters of the shelf, which become
nutrient depleted after the spring bloom (Sambrotto et
al. 1986, Whitledge et al. 1986; see also Pingree et al.
1975, Simpson et al. 1979, and Le Fevre 1986 for a
review). For example, in August 1987, high phytoplankton biomass was present above the thermocline
just seaward of the fronts surrounding the Pribilof
Islands, as were large concentrations of euphausiids
(Thysanoessa raschii near St. Paul Island and T inermis on the south side of St. George Island; Coyle &
Cooney 1993). Elsewhere, frontal regions with enhanced phytoplankton production also support elevated and prolonged production of zooplankton (Kiorboe et al. 1988, Kierrboe 1993, Nielsen et al. 1993),and
planktivorous predators such as fish larvae (e.g. K i ~ r boe et al. 1988) and seabirds (see Hunt & Schneider
1987 and Hunt 1991 for reviews) frequently aggregate
in frontal regions to forage.
In this paper we investigate the roles of tidal fronts
and irregularities in the bottom that can block the
downward migration of euphausiids along a sloping
bottom as features of the marine environment important for successful foraging by shearwaters in the
Benng Sea. In the 1 9 7 0 ~
few
~ short-tailed shearwaters

-

were seen near the Pribilof Islands, and no feeding
flocks were seen (Hunt et al. 1981b) In contrast, during surveys around the islands in 1987 and 1988 (Coyle
& Cooney 1993, Hunt unpubl.), we saw high numbers
of short-tailed shearwaters, including flocks of feeding
blrds. In 1989, we Investigated the foraging ecology of
these shearwaters by analyzing the distribution and
behaviors of shearwaters in relation to prey biomass
and bottom topography in the vicinity of St. Paul
Island.

METHODS

The distribution and abundance of short-tailed
shearwaters, acoust~cally determined biomass and
phytoplankton were assessed in the vicinity of St. Paul
and St. George Islands in 1987, between 28 July and 16
August, and m 1988, between 28 July and 20 August.
Surveys extended approximately 40 nautical miles
(n miles) (74 km), weather permitting, from these
islands (Figs. 1 & 2; see also Coyle & Cooney 1993).In
1989, between 6 and 14 August, we focused our surveys in the region north of St. Paul where w e encountered large numbers of foraging shearwaters in the
vicinity of a frontal system (Coyle & Cooney 1993),and
to the east of St. Paul where large flocks of foraging
shearwaters were also encountered.
Counts of shearwaters and other seabirds were
made from the bridge of the RV 'Alpha Helix' (eye
height 7.7 m above the sea surface) while the ship was
underway. Vessel speeds varied from about 15 km h-'
when we were conducting echosounder surveys to
about 19 km h-' when we were not deploying the
transducer. Birds were counted continuously in a
300 m arc from directly ahead of the vessel to 90" off
the side with the best visibility (least glare). The continuous count of flylng birds (as opposed to a snap-shot
method, see Tasker et al. 1984) overestimates the density of flying birds on the transect line (van Franeker
1994),but provides an estimate of avian movements in
an area (Hunt et al. 1994). Data on flying birds are
depicted as birds counted per 9.3 km of survey, the distance between oceanographic stations which required
0.625 h to cover at 15 km h-'; counts of birds on the
water or feeding are presented as numbers km-'
Areas surveyed were determined by multiplying the
distance traveled, as determined by satellite navigation, by the width of the transect surveyed.
Shearwater behaviors were recorded as flying (with
flight direction), sitting on the water, and feeding. We
defined feeding birds as those which were hydroplaning, plunge diving at shallow angles into the water, or
making pursuit dives from the surface. For the purpose
of thls analysis, we assumed that blrds sitting on the
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Flg. 1 Distr~butiona n d rate of encounter wlth short-tailed
shearwaters in flight (birds 9.3 km
of survey track)(A) 28 July to 16 August 1987; ( R ) 28 July to 20 August 1988;
and (C) 6 to 14 August 1989. Upper island IS St Paul, lower
island is St. George (Alaska, USA]; solid lines Indicate
approximate locations of the tldal fronts around each island,
as determined by CTD casts

Fig. 2. Distribution a n d density (birds km-')of short-tailed
shearrvaters that were either feeding or resting on the water:
( A ) 2 8 July to 16 August 1987, (B) 28 July to 20 August 1988;
and ( C ) 6 to 14 August 1989. U p p e ~island is St Paul, lower
island 1s St. George; solid lines indicate the approximate locatlons of the tidal fronts around each island, a s determined by
CTD casts

water had previously fed in the vicinity of where they
were resting We determined the shearwaters' prey by
shootlng 3 to 5 birds per flock from flocks of birds that
were foraging. We limited our collections to foraging
birds so that we could be certain that the birds had ob-

tained their prey near where we collected them. We restricted our collections to 5 birds per flock because initial inspection showed that all birds collected had taken
similar prey and thus larger samples would not have
significantly increased our knowledge of prey use.

'
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Table 2. Distribution of short-talled shearwater numbers cvlth respect to a n oceanographic frontal system north of St. Paul Island
in 1989 Proportion of effort or counts in parentheses
Location

Minutes of survey
effort
Shearwaters
observed flying
Shearwaters
observed on water
or feeding

52
(0.095)
413
(0.059)
4 24
(0.011)

Total

4 n m~les

2 n rn~les

Inshore

2 n miles

lnshore
of fiont

frontal
zone

offshore
of front

72
(0.132)
1989
( 0 283)
7236
(0.187)

152
(0.279)
2661
(0.380)
30431
(0.785)

72
(0.132)
564
(0.080)
535
(0.014)

Offshore

196
(0.360)
1388
(0.198)
131
(0.003)

544
(0.998)
7015
( l .OOO)
38757
(1.000)

,
respect
Table 3. Comparison of expected and observed distributions (proportions) of short-tailed shearwaters, by b e h a v ~ o r with
to a n oceanographic front north of St. Paul Island in 1989. Expected proportion based on time spent surveying zone. Confidence
intervals on the proport~onof shearwaters observed were constructed for a per family Type 1 error rate of a = 0.05 (Family =
flying, feeding or on water); p, true proport~onof birds In that b e h a v ~ o rcategory In a p a r t ~ c ~ l l 7a rn n ~

-

Location
Inshore

2 n miles

4 n miles

2 n miles

inshore
of front

in frontal
region

offshore
of tront

Expected proportion
of birds
0 052 C p, 5 0.066 0.270 5 p, 5 0.297 0 364 C p, 5 0 394 0.077 5 p, < 0.081
Confidence interval
around true proportion
of flying birds
Confidence interval
0.009 <pi 20.0123 0.182 5 p, 50.192 0 . 7 8 0 5 p , 5 0.791 0.0123 < p , 5 0.0153
around true proportion
of birds on cvater or feeding

shelf-dwelling Thysanoessa raschii are vertical migrators, descending to depth during the day (Ponomareva
1963). During the summer months, members of the
genus Thysanoessa may form daytime near-surface
and surface swarms for mating (Smith & Adams 1988,
Hanamura et al. 1989). Breeding by T raschii appears
to occur in the presence of elevated phytoplankton
densities (Paul et al. 1990) It is of interest to examine
the predictability of where shearwaters are likely to
encounter euphausiids vuln.erable to predation. We
suggest that 3 mechanisms may support the vast
majority of short-tailed shearwater foraging in the
southeastern Bering Sea. foraging at euphausijd
matlng swarms In frontal regions, foragi.ng at depth
on euphausiids trapped on the bottom lnshore of tidal
fronts, and foraging where tidal currents force
euphausiids to remain in shallow water, such as may
occur in the Aleutian passes.
Fluorescence measurements in the vicinity of the
tidal fronts surrounding the Pribilof Islands indicate
the presence of elevated levels of phytoplankton
(Schneider et al. 1990, Coyle & Cooney 1993) relative

Offshore

0.1.83 < p, 5 0 213

0.003 5 p, 5 0.004

to the stratified waters of the southeastern Bering Sea,
where, beginning in June, nutrient limitation leads to
low phytoplankton production and standing stocks
(Sambrotto et al. 1986, Whitledge et al. 1986). In summer, tidal fronts, such a s the front on the north side of
St Paul Island or the inner front of the southeastern
Bering Sea, may have elevated levels of phytoplankton
in comparison to stratified offshore waters a s a result of
enhanced vertical flux of nutrients and in situ production (Pingree et al. 1975, Simpson et al. 1.979, see
Le Fevre 1986, K i ~ r b o e1993 for reviews). In other
frontal systems, enhanced zooplankton production has
been associated with enhanced phytoplankton production in the frontal region (Richardson 1985, Kiorboe
et al. 1988, Kimboe 1993).
Summertime near-surface foraging of shearwaters
may be associated with euphausiid mating swarms.
Spermatophores occurred on many of the euphausiids
found in the stomachs of the shearwaters, some of
which were foraging at or just beneath the water's surface. In these cases, w e conclude that the shearwaters
were obtaining euphausiids that were or had recently
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Fig. 5. Observations east of St. Paul Island, 14 August 1989.
(A) distribution of short-tailed shearwaters in birds km-'

between 1252 and 1412 h ADT; and (B) acoustically estimated
biomass in g m-' over a shallow underwater reef

been in mating swarms. We hypothesize that these
mating swarms would be most frequently encountered
near fronts. We hypothesize further that patches of

near-surface phytoplankton associated with the tidal
fronts in the southeastern Bering Sea provide the food
necessary to sustain mating swarms of euphausiids
long after near-surface phytoplankton concentrations
away from the front have decreased. These concentratlons of surface swarms of euphausiids could result In
the aggregation of foraging shearwaters in the vicinity
of fronts. The predominately coastal distribution of
short-tailed shearwater flocks in Bristol Bay a n d the
southeastern Bering Sea (Guzman 1981, Hunt et al.
1981c. Gould et al. 1982, Troy & Johnson 1989) fits with
this prediction, although we lack the data necessary to
demonstrate the validity of the proposed mechanism
for determining this distribution.
Shearwater foraging at the Pribilof frontal systems is
of varticular interest because it is the first documented
case of marine birds f o r a g ~ r ~atg a front when the proposed mechanism for enhanced prey availability was
the result of prey attraction to elevated phytoplankton
concentrations at the front. In other cases of birds foraging at fronts, either the mechanism was not identified, or the zooplankton had been aggregated by physical forcing associated with frontal processes (Hunt
1991, Franks 1992).
We also found short-tailed shearwaters foraging over
epibenthic patches of acoustically located biomass
which net tows revealed to contain euphausiids (Coyle
& Cooney 1993). These patches were at depths of
between 30 and 4 5 m. Epibenthic patches of euphausiids at depths greater than 40 m were rarely attended
by foraging or sitting shearwaters. We observed what
we interpreted as the bubble tracks of diving shearwaters down to depths of about 30 m , considerably deeper
than the 20 m maximum dive depth estimated by Morgan (1982) for short-tailed shearwaters in the Southern
Hemisphere. Thus, w e would expect that short-tailed
shearwaters could capture euphausiids between the
surface and 30 or 40 m depth.
We hypothesize that depressions in the tops of reefs
and ridges across the slope of the escarpment surrounding the islands may trap euphausiids as they

able 4. Presence of aggregations of short-ta~ledshearwaters in relation to prey depth or depth of bottom, a n d whether prey

was detected under the flock, north and east of St. Paul lsland in 1989
Depth of top of prey concentration or of the seafloor, when no prey detected (m)
20-29
30-39
40-49
50-59
Feeding shearwaters
Resting shearwaters

1 flock, no prey
2 flocks with prey
1 flock w ~ t hprey

Prey concentration
No prey concentrations
detected. no shearwater
without
shearwaters
concentration present

1 flock, no prey
3 flocks with prey
3 flocks, no prey
3 flocks with prey
No prey concentrations
without
shearwaters

No flocks

No flocks

1 flock with prey

1 flock, no prey

4 prey concentrations

4 prey concentrations
without
shearwaters

without
shearwaters
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attempt to migrate downward in the morning. These
depressions or 'bathymetric traps' can prevent downward-migrating euphausiids from descending farther
because to do so, the euphausiids would have to
reverse their downward migration and move toward
the surface to clear the edge of the depression or the
rtdge. Where euphausiids are trapped a g a ~ n s the
t bottom at depths of 40 m or less, they are vulnerable to
predation by shearwaters. Euphausiids are unlikely to
be trapped by bottoms with extremely steep slopes,
such as those on the south side of St. George Island,
because they will be able to move deeper while 'in
contact' with the bottom. Where the bottom is flat, as it
is on the reefs east of St. Paul Island, or slopes gently
with ridges and gullies normal to the slope, as it does
on the north side of St. Paul Island, there is a greater
likelihood of the euphausiids being trapped at a shallow depth.
of fcragicg or S!:
In the present s t ~ ~ dconcentrations
y,
ting short-tailed shearwaters north of St. Paul Island
were at or within 2 n miles inshore of the tidal front. Because most bathymetrically trapped euphausiids attended by short-tailed shearwaters will be at depths of
less than 40 m, these aggregations when near the coast
are likely to be close to, but inshore of, the tidal fronts
which occur parallel to and between the 50 and 70 m
isobaths in the southeastern Bering Sea (Schumacher et
al. 1979, Kinder et al. 1983, Coyle & Cooney 1993). If
enhanced levels of phytoplankton are present in the
vicinity of these inshore fronts as they were around the
Pribilof Islands (Coyle & Cooney 1993),these frontal areas may be particularly attractive to foraging euphausiids. Thus, although the fronts are not necessary for the
entrapment of vertically migrating euphausiids, the
presence of a front and its associated concentrations of
phytoplankton may lead to more elevated numbers of
euphausiids in shallow water than might have occurred
in the absence of the fronts.
Coyle et al. (1992) described a third mechanism
whereby euphausiids can be forced to remain in shallow water where they are vulnerable to avian predators. At a reef east of St. George Island, murres (Uria
spp.) foraged on euphausiids that were prevented from
descending to depth by tidal currents that impinged
upon the reef and counteracted the downward swimming of the euphausiids. A similar combination of a
tidal pump and shallow bathymetry may be responsible for the large aggregations of foraging shearwaters
in the passes of the Aleutian Islands (Troy & Bradstreet
1991, Schneider & Shuntov 1993, Hunt unpubl. data).
Elsewhere, Vermeer et al. (1987) and Brown & Gaskin
(1988) described situations in which extremely strong
tidal currents interacting with bathymetry force
euphausiids to the surface where they are fed upon by
surface-foraging birds.
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