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Comparative foraging ecology of planktivorous 
auklets in relation to ocean physics and 

prey availability 

George L. Hunt J r l l * ,  Robert W. R u s s e l l l ~ * * ,  Kenneth 0. coyle2, Thomas Weingartner2 

'Department of Ecology and Evolutionary Biology. University of California, Irvine. California 92697, USA 
21nstitute of Marine Sciences, University of Alaska, Fairbanks, Alaska 99775, USA 

ABSTRACT. We tested the hypothesis that the spatial distributions of foraging least, crested and para- 
keet auklets (Aethia pusilla, A. cristatella and A. psittacula, respectively) in the shallow passes of the 
Aleutian Islands would be determined by physical mechanisms that control near-surface prey concen- 
trations. We recorded currents using an Acoustic Doppler Current Profiler, volume scattering using 200 
and 420 kHz scientific echosounders, and the numbers of foraging birds. Zooplankton were sampled 
using a multiple opening/closing net and environmental sampling system (MOCNESS). Prey choice of 
birds was ascertained by collecting foraging birds and examining their stomach contents. Most sam- 
pling occurred between 8 July and 6 August 1993, when we conducted 50 passages along a transect 
that crossed a sill between Unalga and Kavalga Islands, western Aleutian Islands, thereby samplinq the 
loraglng activity ot auklets at a variety of times of day and tidal phases. We found that the abundance 
of foraging individuals of each of the 3 auklet species was a function of tidal speed. Auklet species were 
selective about the species of prey taken. Regardless of tidal direct~on, crested auklets foraged on 
euphausiids upwclled on the upstream side of the pass, whereas least auklets consumed copepods 
concentrated in near-surface convergences on the downstream side. Parakeet auklets foraged over the 
top of the pass and took fish and invertebrates. Tidal speed and direction influenced the distance 
between the peak numbers of some, but not all, species of auklets. Auklet prey preferences dictated 
where they foraged in the pass and the physical mechanisms exploited for successful foraging. Thus, in 
this instance, resource partitioning by these closely related planktivores was enhanced by a spatial 
segregation forced by the physical processes that enhanced the availability of prey. Our findings 
emphasize the important role of physical processes in the structuring of marine communities. 

KEY WORDS: Biological-physical coupling. Tidal fronts. Least auklet - Crested auklet. Parakeet auk- 
let . Aethia pusilla .Aethia crjstatella . Aethja psittacula . Seabird foraging ecology 

INTRODUCTION 

In the Northern Hemisphere, continental shelf 
regions support the majority of resident marine birds. 
Two features of continental shelves contribute to their 
importance as foraging areas: shelf waters are highly 
productive, and continental shelves are characterized 
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by the interaction of currents with bathymetry which 
can produce spatially and temporally predictable con- 
centrations of prey. Here, we report on the foraging 
ecology of least (Aethia pusilla), crested (A. cristatella) 
and parakeet auklets (A. psittacula) and the physical 
mechanisms that influenced the availability of their 
zooplankton prey in an Aleutian Islands pass. 

Mechanisms responsible for the formation, persis- 
tence or dispersal of zooplankton patches are not well 
understood. In the open ocean, variability in zooplank- 
ton aggregation is primarily a function of biological 
interactions such as grazing and predation, or behavior 
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dependent on zooplankton mobility, such as social 
interactions, mating aggregations or vertical mlgra- 
tions (Haury & Wiebe 1982). In stratified water, vertical 
patchiness is associated with the tendency for zoo- 
plankton to accumulate in layers on pycnoclines 
(Barroclough et al. 1969, Cooney 1989, Fragopoulu gi 
Lykakis 1990, and references therein). 

In coastal systems, the format~on of zooplankton 
patches occurs at the scale of fronts, tidal processes 
and river plumes and is dominated by physical pro- 
cesses (Pingree et al. 1974, Herman et  al. 1981, 
Gagnon & Lacroix 1982, Franks 1997). Tidal currents 
flowing through passes can upwell zooplankton 
(Thompson & Golding 1981, Thompson & Wolanski 
1984) and can subsequently concentrate them in 
vortices and secondary circulation cells (Wolanski & 

Hamner 1988, Wolanski et al. 1988). Species of verti- 
cally migrating zooplankton may become concentrated 
when they swim against currents (e.g.  Simard et al. 
1986, Coyle et al. 1992), or they may be advected into 
shallow regions and become trapped against the bot- 
tom (Genin et al. 1988). Thus, in coastal regions, zoo- 
plankton patchiness is llkely to be the result of inter- 
acting biological and physical factors (Haury et al. 
1978, Haury & Pieper 1987), and the strength of the 
physical process is likely to determine the extent to 
which it forces zooplankton patchiness. 

Physical features at which foraging seabirds con- 
centrate include oceanic frontal systems (e.g. Kinder 
et  al. 1983, Haney & McGillivary 1985a, b ,  Vermeer et 
al. 1985, Briggs et al. 1988, Hunt & Harrison 1990, 
Decker & Hunt 1996, Hunt et al. 1996) and tidally dri- 
ven upwellings and convergences (e.g.  Vermeer et al. 
1987, Brown & Gaskin 1988, Cairns & Schneider 1990). 
When currents are  strong, plankton can be advected to 
the surface and become available to surface-foraging 
seabirds (Vermeer e t  al. 1987, Brown & Gaskin 1988) 
When currents are not sufficiently strong to transport 
zooplankton to the surface, seabird species capable of 
diving to depth can make use of prey concentrated in 
subsurface patches (Coyle et al. 1992). 

In this study, we investigated the physical processes 
that determined the horizontal and vertical distribution 
of zooplankton eaten by least, crested and parakeet 
auklets that foraged in a shallow tidal pass in the 
Delarof Islands, western Aleutian Islands. At the outset 
of our study, we hypothesized that auklets would for- 
age  in tidal passes where zooplankton concentrations 
were predictably available. We expected that, where 
tidal currents impinged upon the bottom, there would 
be a consistent spatial organization of the foraging 
birds based on the depth from which their prey were 
being transported. Our prediction was that near- 
surface layers of zooplankton would surface upstream 
of deeper layers, and that birds foraging on near- 

surface layers would form foraging aggregatlons 
upstream of birds dependent on deeper layers of prey. 
We tested these predictions by determining the distri- 
butions of the 3 species of foraging auklets, their diets, 
the horizontal and verticdl distrtbution and abundance 
of their prey, and the physical processes responsible 
for determining zooplankton distributions in an  Aleut- 
ian Islands pass. 

STUDY AREA AND FOCAL SPECIES 

The Aleutian Islands form a 2000 km arc from the 
Alaska Peninsula in the east to Attu Island in the west 
(Fig. 1). The shallow passes associated with thls chain 
of islands permit partial communication of waters 
between the North Pacific Ocean and the Bering Sea. 
The Delarof Islands, located at 51" 35' N, 178" 55' W, 
form the eastern flank of Amchitka Pass, one of 4 major 
ocean connections between the North Pacific and the 
Bering Sea. The bathymetry surrounding the Delarof 
Islands is complex (Fig. 1). The pass between Unalga 
and Kavalga islands is 12 km wide and 54 m deep. To 
both the north and south, the sill between the islands 
slopes away steeply to over 1000 m depth. 

Five spec~es  of small planktivorous auklets breed in 
the Aleutian Islands, of which least, crested and para- 
keet auklets are relatively abundant in the study area 
(Sowls et al. 1978). In the vicinity of the Delarof Islands, 
the principal colonies of auklets are on Gareloi Island, 
where 400 X 105 least, 186 X 105 crested and 43 X 105 
parakeet auklets have been estimated to breed (Sowls 
et al. 1978). Based on discussions with staff of the 
Alaska Maritime National Wildlife Refuge and our own 
observations, these estimates are probably low by a 
factor of 2 or 3.  The presence of large numbers of auk- 
lets foraging near their colonies is important to a study 
such as this because it facilitates the obtaining of a 
strong signal-to-noise ratio (high numbers of foraging 
birds relative to low background numbers) when seek- 
ing pattern in foraglng distributions. During 1993, 
when we made our observations, the auklets were 
feeding their chicks at colonles on Gareloi Island, 
20.5 km north of the sill. 

All species of auklets obtain their food underwater 
by pursuit diving (Ashmole & Ashmole 1967). A mean 
maximum dive depth of 28 m (range 6 to 43 m) was 
obtained for the 190 g Cassin's auklet Ptychoramphus 
aleuticus for birds foraging off colonles in the eastern 
Queen Charlotte Islands of British Columbia, Canada 
(Burger & Powell 1990). Estimates of maximum dive 
depths have been developed for auklets based on a 
generalized model relating diving capability to body 
mass (Burger 1991). Least auklets weigh between 70 
and 80 g and can probably dlve to a depth of about 
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179" OO'W 

Fig. 1. Locator maps and chart of the bathymetry (in m) 
near the Delarof Islands showing the location of MOC- 

51 " 30'N 

NESS tows in July-August 1993. Tows 9 through 12 and I 

30 and 31 were taken on the standard transect line 179" OO'W 178' 55'W 178' 50'W 

15 m (Obst et al. 1995). Based on the mode1 of Burger 
(1991), crested auklets (about 290 g) are estimated to 
dive to 45 m, whereas the parakeet auklet (about 
320 gj is estimated to be capable of dives to 49 m. 

The summertime food preferences of least, crested 
and parakeet auklets are well known in the northern 
and eastern Bering Sea (e.g. Bedard 1969, Hunt et al. 
1981, Springer & Roseneau 1985, Harrison 1987, Piatt 
et al. 1992), although less is known about their diets in 
the western Aleutian Islands (Day & Byrd 1989, Hunt 
et al. 1993). In general, least auklets specialize on 
copepods, particularly Neocalanus plumchrus, when 
available, and crested auklets specialize on euphausi- 
ids, particularly Thysanoessa raschii. In contrast, para- 
keet auklets are more generalized in their diet and 
take a variety of larval fishes and zooplankton, includ- 
ing gelatinous zooplankton and their commensals 
(Harrison 1984, 1987 j .  

METHODS 

Description of physical processes. Currents in the 
study area were measured with a hull-mounted RD 
Instruments 307 kHz Acoustic Doppler Current Profiler 
(ADCP) on the RV 'Alpha Helix'. Horizontal velocity 
data were collected In 2 min ensembles averaged in 
4 m depth bins. The data were written to disk with GPS 
data from the ship's navigation system to provide time 
and position for each data record. All contour plots 

were computer generated using a minimum curvature 
gridding algorithm. To ascertain the hydrographic 
structure in the pass, we collected cond~ictivity- 
temperature-depth data with a Neil Brown CTD. 

In situ fluorescence was measured with a model Q 
fluorometer mounted on the CTD. The in situ fluorom- 
eter was calibrated using water samples collected at 
discrete depths with Niskin bottles. The samples were 
extracted in 90% acetone and fluorescence was mea- 
sured on a Turner Design bench fluorometer as out- 
lined in Parsons et al. (1984). The bench fluorometer 
was calibrated using a Hitachi spectrophotometer and 
chlorophyll extract as outlined in Parsons et al. (1984). 

Ornithological studies. Data on the distribution and 
abundance of foraging auklets were obtained by 
counting birds observed within a 300 m radius from 
directly ahead of the vessel to 90" off the side with the 
best visibility. An observer standing in the wheelhouse 
(eye height about 7.7 m above the sea's surface) identi- 
fied buds to species and assessed behaviors such as 
flying, sitting on the water and foraging. This infornla- 
tion was called to a second individual who recorded 
data, to the nearest tenth of a minute, on a portable 
computer. Most observations and counts were made 
with the unaided eye; binoculars were used primarily 
to check the edge of the transect strip and to confirm 
identifications. Birds that emerged from the water's 
surface as the vessel passed were assumed to have 
been foraging below. Birds on the surface were as- 
sumed to be about to forage, or to be resting from a 
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previous foraging bout. When numbers of auklets on 
the water were very high, we omitted observations of 
flying birds. 

Diets of auklets were determined by shooting birds 
that were sitting on the water or which had just 
emerged from beneath the surface. We concentrated 
our collecting in areas where large numbers of birds 
were foraging. Contents of each alimentary canal, 
from the mouth to the ventriculus, were removed 
within an hour of collection and placed in 85% ethyl 
alcohol for later identification. Identification of prey 
was accomplished using a binocular microscope and 
appropriate taxonomic keys and voucher specimens. 
Auklets were collected under U.S. Fish and Wildlife 
Service permit PRT-692454, State of Alaska permits 
92-83 and 93-80, and University of California, Irvine, 
Institutional Animal Research Committee Protocol 
ARC #91-1235. 

Estimation of volume scattering and zooplankton 
abundance. Acoustic data were collected at frequen- 
cies of 200 and 420 kHz along transects at integration 
intervals of 1 min (distance covered = 240 m) using a 
BioSonics model 120 echosounding system and ESP 
(Echo Signal Processing) integration board. The trans- 
ducers were deployed in a v-fin depressor at 5 m depth 
and were towed at 4 m S-' beside the vessel about 3 m 
from the hull. The 420 kHz system resolved sound- 
scattering intensity into 1 m depth intervals from 5 to 
55 m depth. The 200 kHz data were collected in 2 m 
depth intervals from 5 to 165 m depth. Position data 
were simu.ltaneously collected with a GPS receiver 
interfaced to the computer. Acoustic data are reported 
as volume scattering In dB, and were contoured using 
the minimum curvature gridding algorithm. 

Zooplankton were collected with a MOCNESS (mul- 
tiple opening/closing net and environmental sampling 
system). Twelve MOCNESS tows were done concur- 
rently with acoustic measurements in the Delarof Pass 
region (Fig. 1). Each tow consisted of up to 9 nets 
which were opened and closed at discrete depth inter- 
vals relative to specific scattering layers at each site. 
Acoustic data were interfaced with zooplankton data 
through acoustic data record numbers and net num- 
bers recorded for each tow and by time marks in the 
data files. Mesh size was 0.505 mm, effective mouth 
opening was 1 m2, and the system simultaneously 
recorded salinity, temperature, depth, fluorescence, 
volume fished and net angle. The samples were pre- 
served in 10% formalin for later processing. The sam- 
ples were split to a manageable size with a Folsom 
splitter, the specimens were sorted and identified to 
the lowest taxonomic level possible, copepodite stages 
were determined and wet weights were measured. 

Description of transects. In 1992, we completed 4 
transects along the 178O57'W meridian. In 1993, 

50 transects were conducted along the 178O56'W 
meridian within latitudinal ranges of either 51°30' to 
51" 39' N or 51" 33' to 51°41' N. We also completed 1 
transect along the 178O57.5'W meridian in 1993. Bird 
data from 1993 used in this paper were collected on 8 
July, 13-15 July, 17-21 July and 5-6 August. For 
the purpose of standardization, our analyses of bird 
abundance focus on data obtained between 51°33'N 
(51.55" N) and 51" 37' N (51.62" N) (i.e. along meridi- 
anal segments included within both transect types). 
Hereafter, we use the phrase 'standard transect' to 
denote north-south transect segments from 51.55" to 
51.62" N. 

On several occasions, transects were terminated 
prior to reaching the usual endpoint in order to con- 
duct MOCNESS tows. However, when a decision was 
made to terminate a transect before the usual endpoint 
but when large numbers of one or more auklet species 
were still being observed, we attempted to proceed 
along the 1.ine until patches of birds were no longer in 
evidence. In those instances when we could determine 
from field observations that the transect had encom- 
passed foraging populations of one or more auklet 
species, we used data from the shorter transects in our 
analyses. Thus, there were 43 transects with usable 
ADCP data, but not all of them covered the complete 
length of the 'standard transect'. In one instance, we 
obtained an incomplete count of least auklets (thus 
n = 43 - 1 = 42), and in 3 cases we obtained incomplete 
counts of crested auklets (n = 43 - 3 = 40). In all 4 of 
these cases, we excluded use of parakeet auklets 
because, given their low numbers and patchy distnbu- 
tion, truncation of the transect compromised our ability 
to quantify thelr distributions. 

Statistical analyses. Spatial distribution o f  acoustic 
return: Plots showing the average conditions over the 
ridge during ebb, flood and slack tides in July 1993 
were constructed by pooling the data for each phase of 
the tide cycle. Duplicate data points were averaged, 
and a minimum curvature grid was generated. The 
average flood tide condition was based on 9 tide 
cycles, that for ebb tide on 4 tide cycles and for slack 
water data were available from 6 periods. 

To relate the abundance and biomass of specific taxa 
of zooplankton to physical features of the water col- 
umn, we calculated Pearson correlation coefficients 
between the abundance or biomass of zooplankton 
and water depth and sigma-t. 

Spatial distributions o f  auklets: Spatial distributions 
of auklets were analyzed using modal locations of each 
species along each transect (i e .  latitudes of the bins 
with highest bird numbers) as replicate data, points. A 
transect was excluded from analyses if its modal bin 
contained c20 individuals for least auklets, < l 0  indi- 
viduals for crested auklets, or <5 individuals for para- 
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keet auklets. We chose these thresholds based upon 
the relative abundance of the 3 species, reasoning 
that transects not meeting these criteria would not be 
informative due to a low signal-to-noise ratio. The 
sample of data used to analyze spatial patterns there- 
fore consisted of all modal locations meeting the crite- 
ria described above. 

An uncorrectable problem with heteroscedasticity 
prohibited analysis of this data set using a parametric 
2-way analysis of variance (ANOVA). Instead, we com- 
pared modal locations of the different species using 
separate Kruskal-Wallis l-way ANOVAs for periods 
of northward and southward current flow. Significant 
ANOVAs were followed by multiple con~parisons 
among species using pairwise Mann-Whitney U-tests. 
Significance levels for multiple comparisons were cor- 
rected using the Bonferroni procedure for familywise 
Type I error rates of $0.05. (A family was considered to 
be the set of comparisons possible for each current 
direction.) 

We also compared spatial distributions within tran- 
sects by tabulating the relative ordering of the species 
with respect to current direction. Here, the null 
hypothesis was that for each pair of auklet species, the 
modal location of each species was equally likely to 
occur upstream or downstream of the other on any 
given transect. Deviations from null expectations were 
tested for significance using binomial tests. 

used the modai iocation (i.e. the locatlon of the 
peak density) of each pair within the 3 auklet species 
as an index of spatial segregation. We assumed that 
increased current speed would more sharply define 
the zones of divergence and convergence, and would 
shift the convergence zones farther downstream from 
the sill. Therefore, we tested the hypothesis that the 
degree of segregation between auklet species would 
increase with increasing current strength by regress- 
ing these overlap indices on peak current strength 
along each transect. Criteria for selecting transects for 
these analyses were as described above. Sample sizes 
reflected the number of pairwise comparisons possible. 

Relationships between foraging behavior and phys- 
ical processes: Responses of each auklet species to 
oceanographic variation were analyzed using 2 meth- 
ods. First, we used stepwise multiple regression (with 
forward elimination and p-values of 0.05 for entry and 
removal of variables) to examine the relationship be- 
tween the abundance of foraging auklets and variation 
in peak current strength among transects. In these 
analyses, the dependent variable was the total number 
of each species counted along the standard transect. 
Time of day was included as a second independent 
variable in these analyses to remove possible temporal 
trends that might confound relationships between 
oceanography and auklet abundance at sea. 

Species-specific responses to oceanographic varia- 
tion within each transect were examined using simple 
correlation analysis. For each transect, we computed 
the Pearson correlation coefficient between numbers 
of each species and the convergence rate in the 10 m 
depth stratum in each 2 inin bin for which ADCP 
data were available. Positive correlations indicate that 
numbers tended to be higher in areas of surface con- 
vergence, and negative correlations indicate that num- 
bers tend.ed to be higher in areas of surface diver- 
gence. We used a parametric l-way ANOVA to test 
for differences in this measure among the species, and 
then constructed 95 % confidence intervals to test the 
hypothesis that the mean correlation coefficient for 
each sample differed from zero. For these analyses, 
sample sizes refer to the numbers of transects for 
which correlations were computed. 

RESULTS 

Physical processes 

The tidal cycle at nearby Ogliuga Island during both 
sampling periods was primarily diurnal. Low water 
slack occurred at around noon and high water slack 
around midnight. Thus, ebb tides occurred in the 
morning and flood in the afternoon. The highest high 
tides were about +l20 cm and the lowest lows were 
about -30 cm. The tide ebbed from high to low in 
about 7 h but required 12 h to flood. High water slack 
lasted about 4 h and low water slack about 2 h. Tidal 
currents through the pass exceeded 2 m S-' during the 
height of flood and ebb and produced 1 to 2 m stand- 
ing waves above the crest of the sill. Upstream of the 
sill, when the tide was flowing strongly, there was an  
area of smooth water that appeared slick. Downstream 
of the sill, the water was choppy, with frequent boils 
surfacing at irregular intervals. This region terminated 
in a strong convergence line at which flotsam accumu- 
lated. 

The upper 20 m of the water column in the Delarof 
region was stratified, with tidally generated frontal 
regions to the south or north of the ridge, depending on 
the phase of the tidal cycle. During high water slack 
and the early stages of ebb tide, a time series of CTD 
measurements at a fixed station showed the tidal con- 
vergence front drifting south (Fig. 2). At that time, the 
front was to the north of the ridge between 51.60' and 
51.62"N, and the stratified side of the front extended 
southward over the sill. The water column north of the 
front had weak stratification. Shortly after the time 
series was con~pleted, a CTD transect along the stan- 
dard line showed that the front had d~-ifted south and 
was over the top of the sill (Fig. 3). The isolines were 
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Stations 80-1 05, 19 July 1993, Time Series 

Salinitv 

Elapsed time, minutes 

Chlorophyll @g I-') 

Elapsed time, minutes 

Stations 106-1 14, 19 July 1993 
Temperature ("C) Chlorophyll @g I-l) 

Latitude ("N) Latitude ("N) 

Fig. 2. Results of a time 
series of CTD casts 
taken at 51.61°N be- 
tween 21:20 and 00:34 h 
on 18-19 July 1993, 
during high water slack 
tide and the beginning of 
the ebb tide. The x-axis 
is in minutes since the 

start of the time series 

Fig. 3. A CTD cross- 
section along the stan- 
dard transect taken be- 
tween 01:15 and 04.40 h 
on 19 July 1993, at 
the begmnhg of the ebb 
tide. The frontal area 
that was north of the sill 
in Fig. 2 has now shifted 
southward over the sill 
and is changing form 
in the south-flowing cur- 

rent 
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surface mixed layer 
with internal waves 
along pycnocline 

% sea floor 

Fig. 4. Photos of images on the wheelhouse depth sounder (38 kHz) when the gain was turned up to reveal backscatter in the 
upper water column. Left: Wave-like undulations along the bottom of the mixed layer a! a depth $f abeu: 25 n; as the watel pdsses 
Lu ihe rigni during a strong flood tide. The profile of the sill is at the bottom of the picture. Right: Further north, in the area of 
the principal tidal convergence, this image shows backscattering extending from the upper water column to below 150 m. We 

interpret this backscatter as an indication of the entrainment of bubbles and biomass in the frontal downwelling 

bent upward on the north side of the sill and stratified 
water occurred at  the northern extreme of the line. 
Thus, the position of the front relative to the sill and the 
distribution of stratified water was a function of the 
stage in the die1 tidal cycle. The frontal region was 
pushed northward or southward over the sill with flood 
and ebb tide, respectively. The stratification and the 
position of the front was evident on the ship's depth 
sounder when the gain was maximized (Fig. 4 ) .  

ADCP data from transects conducted during periods 
of strong flow revealed the presence of a zone of 
intense surface divergence just upstream of the ridge 
and a zone of intense surface convergence just down- 
stream of the ridge. An example is shown in Fig. 5 from 
a transect conducted during strong (peak = 2 m S-') 

northward flow on 20 July 1993. The divergence zone 
south of the ridge resulted from the acceleration of cur- 
rent velocities between the south end of the transect 
and the sill (Fig. 5, upper left), and caused apparent 
upwelling of sound-scattering material over the south- 
ern slope of the ridge (Fig. 5, lower left). Current veloc- 
ities decelerated on the north side of the ridge, and a 
strong convergence zone was evident at about 51.62" N. 

The region of surface convergence was accompanied 
by an irregular band of intense sound scattering from 
the surface down to 20-40 m depth (Fig. 5, lower left). 
Elevated zooplankton densities in nets 3, 4 ,  5 and 6 
indicate the potential concentrating effect of the sur- 
face convergences on zooplankton north of the ridge 
(Fig. 5, lower right). 

Embedded within the broad region of convergence 
downstream of the sill were periodic small-scale con- 
vergence and divergence zones (Fig. 6). The spatial 
scale of these features was often too small to be 
detected by the ADCP, which integrated data over 
2 min and thus averaged flow over a larger area than 
that occupied by individual flow features. Neverthe- 
less, the presence of these features was revealed by 
small-scale intense fluctuations in salinity and temper- 
ature (e.g. Fig. 5, top and middle right), as well as by 
surface properties of the water as evident to shipboard 
observers. In many instances, we observed aggrega- 
tions of flotsam and foam in narrow lines above the 
small-scale convergences. Acoustic observations (e.g. 
Fig. 4)  and CTD data (e.g. Fig. 3) suggested that small- 
scale internal waves were present in the upper 15 m of 
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-3 1 North-South velocity (cm S-') I 

Net number 
1 2 3 4 5 6 7 8 9  - .  

Latitude ("N) C m - O C ) r . N w  m m - r  r r , - o '  
A & & A L 4 & L ~  

Tow depth (m) 

Neocalanus spp. V 
Neocalanus spp. IV 
Neocalanus cnstatus V 
Neocalanus cr~status IV 
Eucalanus bung~i I I I 
Eucalanus bungli IV 
Eucalanus bungri V 
Eucalanus bungii AM 
Metridia pacifica V 
Neocalanus I l l  
Eucalanus bung;; AF 
L~macina hel~cina 
Parathemisto pacrf~ca 
Neocalanus cristatus Ill 
Others 

Fig. 5. An example of the suite of data obtained dunng hfOCNESS tows through the convergence zone on a flood tide. Upper left: 
Results from the ADCP showing strong northward flowing currents over the sill, and a strong convergence zone between 51.61" and 
51.62" N. Lower left: Echogram from the 420 kHz echosounder on 20 July 1993, showing strong echo returns from the upper water 
column and the presence of strong convergences downstream of the pass. The jagged horizontal line is the path of the MOCNESS 
deployed simultaneously with the echosounder Right: Records of temperature, salinity and zooplankton abundance by taxa obtained. 
from the MOCNESS. Note the rapid, 1.arge variations in temperature and salinlty as the net passed between convergence and. 

divergence zones. Neocalanus spp. 1V and V include ,V. plumchrus/flen~engeri and were the principal prey of the least auklets 

the water column in the lee of the sill, and were likely 
responsible for the smdll-scale convergence and diver- 
gence features. 

The coupled system of convergences and diver- 
gences mixed water from above and below the pycno- 
cline. In Fig. 5, comparisons of sal.inity and tempera- 
ture val'ues from the start of the transect, from the 
deepest part of the MOCNESS track at  about 51.58" N, 
and  from the north end of the transect confirm that 
mixing occurred. 

Zooplankton distributions and abundances 

Maximum sound scattering during all 3 tidal condi- 
t ~ o n s  occurred In the surface, with the amount of scat- 

tering decreasing as a function of depth d.own to 55 m 
(Fig. 7) Volume scattering in excess of -68 dB cannot 
be attributed to zooplankton. When volume scattering 
in excess of -68 dB occurred at  the surface during flood 
and ebb  tides, it was caused primarily by entrained 
bubbles, particularly on the downstream si.de of the 
ridge. When it occurred near the bottom or in mid- 
water, strong acoustic return was probably primarily 
the result of scattering from fish. Intense scattering 
very close to the bottom on the slope of the ridge may 
also include some reflection off the bottom of the sound 
cone side lobe. The very ~rregular depth distribution in 
scattering intensity in the upper 50 m is indicative of 
instability in the depth of the pycnocline. 

Upwellcd water, as identified by CTD measurements 
from i n d ~ v ~ d u a l  MOCNESS tows, produced lower 
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Table 1. Relative abundance of the dominant taxa from MOCNESS samples taken in the Delarof Pass reglon. I f  average depth of 
the tow was c20  m, it was assigned to the upper 20 m ,  if >20 m,  ~t was assigned to the 20-40 m category Neocalanus spp refers 

to a inlxture of N. plumchrus and N. flernenger~ 

Taxon 5 to 19 July 
Upper 20 m (n = 45) 20-40 m (n = 19) 

no. ".,of ' l -  no. %of ",,bio- 
m-' no. nldss m ' nn mass 

-- - 

Neocalanusspp. IV & V 59.13 20.42 24 88 22.69 10 75 12.70 
Neocalanusspp.lI1 15.04 5.19 0.85 8.11 3 84 0.71 
N. cristatus V 0.22 0.08 0.72 0.14 0.07 0.72 
N. cristatus IV 0.41 0.14 0.25 1.43 0.68 1.57 
Eucalanus bungii ad.  51.76 17.87 30.73 30.53 14.47 26.58 
E. bungji IV & V 103.96 35.89 32.82 89.41 42.36 38.69 
Mefridja pacifica ad.  0.48 0.17 0 10 2.05 0 97 0.69 
Calanuspacificus V 1.67 0.58 0.17 0.56 0 26 0.11 
Euphausiid furcilia 3.75 1.29 0.69 7.42 3.51 3.32 
Parathemisto pacifica 5 65 1.95 1.30 5.59 2.65 3.33 
Oikopleura sp. 3.54 1.22 0.49 2.20 1.04 0.44 
Sagitta elegans 5.50 1.90 2.74 4.60 2-18 6.32 
Lirnacina helicina 4.46 1.54 0.42 1.41 0.67 0.22 
Others 34.06 11.76 3.84 34.96 16.56 4.61 

5 to 6 August 
Upper 20 m (n = 26) 20-40 m (n = 6) 
no. "h, of % bio- no. ",. of X b~o -  

no  mass m ' no, mass 

16.27 20.99 28.15 13.20 15.19 17.75 
2.58 3.33 0.48 1 88 2.16 0 30 
0.34 0.43 3.77 0.53 0.61 4.86 
0.46 0.59 1.15 0.80 0.92 1.46 
9.39 12.11 20.04 10.53 12.12 18.10 

19.42 25.05 25.09 17.67 20.33 12.92 
0.79 1.02 0.49 1.13 1.30 0.51 
0 32 0.41 0.09 0.44 0.50 0.10 
0.78 1.01 0.31 0.99 1.14 0.50 
2.48 3 20 2.45 3 12 3.59 3.93 
0.34 0.44 0.13 0.29 0.33 0.09 
2.19 2.83 5.57 2.78 3.20 5.80 
6.69 8.63 1.09 13.61 15.67 1.22 

15.47 19.96 11.19 19.94 22.95 32.46 

Table 2. Correlation coefficients between the density of major taxa and sigma-t and depth in Delarof Pass during 1993 For July, 
N = 50, the correlation coefficient between sigma-t and depth was 0.69, and coefficients >0.246 or <-0.246 are  significantly 
different from 0. For August, N = 33, the correlation coefficient between sigma-t and depth was 0.38, and coefficients >0.344 or 

<-0.344 are significantly different from 0. Neocalanus spp. refers to a mixture of N. plurnchrus and A'. flemengeri 

Taxon July August 
Sigma-t Depth Sigma-t Depth 

Blomass Abundance Biomass Abundance Biomass Abundance Biomass Abundance 

,"~eccii!aiiiij spp. i'v' & .v' -0.44 -U.49 -0.40 -0.40 -0.20 -0.38 -0.14 0.03 
Neocalanus spp. 111 -0.26 -0.37 -0.13 -0.10 -0.09 -0.24 0.12 0.02 
N. cristatus V -0.11 -0.14 -0.17 -0.17 0.52 0.43 0.12 0.07 
N. cristatus IV 0.36 0.42 0.41 0.38 0.21 0.19 0.12 0.03 
Eucalanus bungii ad.  -0.40 -0.27 -0.38 -0.28 -0.06 0.10 0.07 0 11 
E bungji V & IV -0.23 -0.06 -0.22 -0.08 0 02 0.02 0.04 0.07 
Adetriclia pacifica ad 0.38 0 35 0.36 0 31 0 . 1 1  -0.04 0.03 0 14 
Calanus pacificus V -0.34 -0.41 -0.21 -0.24 -0.21 -0.21 0.07 0 08 
Euphausild furcilla 0.51 0.33 0.45 0.26 0.18 -0.02 0.58 0.46 
Parathemisto pacifica 0.21 -0.08 0.31 -0.01 0.35 -0.02 0.50 0.38 
Oikopleura sp. -0.12 -0.06 0.02 0.15 -0.61 -0.68 -0.03 0.00 
Sagitfa elegans 0.20 -0.17 0.24 0.00 0.16 0.02 0.10 0.45 
Ljmacina helicina -0.53 -0 69 -0.35 -0.55 -0.45 -0.58 0.21 0.22 
All tdxa -0.35 -0.26 -0.32 -0.16 -0.01 -0.33 0.13 0.18 

NESS tows, were more strongly correlated with water 
mass than with depth when using sigma-t as a proxy 
for water mass (Table 2) .  In July, Neocalanus plum- 
chruslflemengeri copepodites IV and V were increas- 
ingly abundant toward the surface, whereas N. crista- 
tus copepodite stages IV and V and euphausiid furcllia 
increased in abundance with depth. In August, corre- 
lations of total biomass and abundance with depth and 
sigma-t were not significant, and the distributions of 
the major taxa of copepods showed little relationship to 
depth (Tables 1 & 2) ,  possibly because there was 
greater mixing in August than in July, as indicated by 
the weaker correlation between depth and sigma-t in 
August (0.38) than in July (0.69). 

Four MOCNESS deployments, 2 in July and 2 in Au- 
gust, were performed through the pass during flood or 
ebb tides, and sampled near-surface waters with 31 
nets, of which 17 were in convergence zones as deter- 
mined by the high acoustic return (>-68 dB) that 
originated from entrained bubbles (Table 3). Mean 
densities of Neocalanus plumchrus/flemengeri cope- 
podites IV and V were higher in nets towed in conver- 
gences than in those towed outside areas of conver- 
gence (Mann Whitney U-test, U = 58, p = 0.025). 
Additionally, high densities (250 individuals m-3) of 
N. plumchruslflemengeri copepoclites IV and V were 
more frequently encountered in convergences than in 
adjacent surface waters (x2 = 5.0, df = 1, p = 0.025). A 
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Table 3. Densities (indivtduals m-3) of Neocalanus plumchrus/flemengeri caught in MOCNESS tows in surface waters in areas of 
convergence and in areas lacking strong convergence, as determined by acoustic evidence of bubble entrainment. X,, = mean 

denslty when no convergence present, X, = mean density when convergence present 

Tow Strong convergence lacking Strong convergence present No. of nets from convergences 
No. of nets Nets with 250 X,, No. of nets Nets with 250 m-3 with X, > X,,, 

11  3 2 64.4 5 3 68.3 
12 3 0 25 3 5 5 93.6 
30 4 0 17.4 4 1 51.0 
3 1 4 0 5.5 3 0 11.2 

Total 14 2 17 9 

third MOCNESS deployment in July was taken during 
maximum flood and sampled in the convergence re- 
gion, as indicated by elevated sound scattering. How- 
ever, zooplankton densities in the 3 nets towed within 
areas of convergence were minimal and did not differ 
from tows made outside the convergences. Examina- 
tion of the MOCNESS CTD record for that tow indi- 
cated that the water mass for the entire tow, including 
that in the convergence region, was from below the pyc- 
nocline. The above results indicate that convergences 
tended to concentrate prey if water in the convergence 
zones was from above the pycnocline. In contrast, zoo- 
plankton densities were minimal when water masses in 
the convergences were from below the pycnocline. 

Distribution of auklets 

The 3 auklet species showed distinct patterns of 
spatial separation along the standard transect (Figs. 8 
& 9). Examination of spatial distributions within indi- 
vidual transects showed the crested auklets occurred 
upstream from parakeet and least auklets signifi- 
cantly more frequently than expected, and least auk- 
lets occurred downstream from the other species sig- 
nificantly more frequently than expected (Table 4 ) .  
When the direction of the tidal current reversed, the 
ordering of the 3 species also reversed. Most dramati- 
cally, when tidal currents were strong, thousands of 
crested auklets would repeatedly dive on the up- 

crested auklets 

30 

20 

10 
parakeet auklets 

0 

least auklets 

Distance along transect (km) Distance along transect (km) 

Fig. 8. Aethia pus~l la ,  A. cristatella, A .  psittacula. (A)  D~stnbution of crested, parakeet and least auklets during a transect con- 
ducted on 19 July 1993 during strong northward flow. The bottom panel is a profile of the bathymetry. (B) Distribution of crested, 

parakeet and least auklets during a strong ebb tide (18 July 1993) 
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northward currenl 
t3 transllional current 

current 

Distance along transect (km) 

Fig. 9. Patterns of spatial segregation of 3 species of auklets 
in relation to current direction. Each point denotes the modal 
location of 1 species during 1 transect. Vertical dotted line 
shows the location where the water column is shallowest 
(depth = 55 m). Arrows mark the median of each spec~es'  dis- 

tribution. The bottom panel shows the profile of the sill 

stream side of the sill starting about 2 km from the 
region with standing waves over the sill crest. As the 
crested auklets reached the area of slick water in 
front of the standing waves, they would emerge from 
the water in groups of tens to hundreds and fly back 

Peak current velocity (cm S-') 

up stream to dive aqain. In contrast, hundreds to Fig. 10. Relationships between numbers of auklets present on 
thousands of least auklets congregated on the water 'ransects and peak current speed along each transect. A loga- 

rithmic transform was used to normalize the distribution of 
downstream of the between and auklet counts. To accommodate the logarithmic abundance 
sometimes around the edges Parakeet auk- scale, 1 has been added to all auklet counts. All regressions 
lets were most often found in the region of standing significant at p 5 0.001 (see Table 5) 
waves over the top of the sill. 

Statistical analyses of data from all tran- 
sects combined confirmed that the 3 auk- Table 4.  Aethja pusilla, A. cr~statella. A. psittacula. Patterns in the order- 
let species occurred predictably in differ- ing of modal locations of the 3 auklet species within individual transects. 

ent areas along the standard transect. P-values are from binomial tests (ties were not included in analyses) 

During periods of northward flow, vari- 
ances in modal location were heteroge- 
neous among the 3 species (Bartlett's test, 
X 2  = 25.6, df = 2,  p < 0.0001) (Fig. 9). Modal 
locations differed significantly among the 
3 species (Kruskal-Wallis ANOVA, H = 
43.2, p < 10-9), and multiple comparisons 
indicated significant differences between 
each pair of species (all p < 0.001). During 
periods of southward flow, variances in 
modal location were homogeneous among 

Distributional pattern within transects n P 

Least auklets upstream of crested auklets 1 
Least auklets downstream of crested auklets 29 
Tles 1 

Least auklets upstream of parakeet auklets 9 
Least auklets downstream of parakeet auklets 26 0.0030 
Ties 1 

Crested auklets upstream of parakeet auklets 2 1 
Crested auklets downstream of parakeet auklets 5 0.0012 
Ties 3 
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Table 5. Relationships between the abundance of auklets 
along the stdndard transect and both peak current speed (as 
measured by ADCP) and time of day. Values shown are stan- 
dard coefficients from stepwise multiple linear regression 
models, with log-transformed [ln(x+l)] total counts of each 
species as the dependent variables. (-1 Variables that were 
forced out of the models. Sample sizes indicate numbers of 
transects for which ADCP data were available. "'p < 0.001 

Independent variable Least Crested Parakeet 
a u k l e t Y u k l e t b  aukletc 
(n = 42) (n = 40) (n = 39) 

Peak current speed 0.55 "' 0 52"' 0.54 "' 
Time of day -0.55 "' - 

I " R - .  - 0 43, p < 0.0001; br2 = 0.27; Cr2 = 0.30 

the 3 species (Bartlett's test, x2 = 3.85, df = 2, p = 0.15). 
Modal locations differed significantly among the 3 spe- 
cies (l-way ANOVA, F2,33 = 8.43, p = 0.001 1). Multiple 
comparisons using the Tukey HSD procedure indi- 
cated that, during southward flow, the modal location 
of least auklets differed significantly from those of both 
crested auklets (p  < 0.011) and parakeet auklets (p  < 
0.002), but that the modal distributions of crested and 
parakeet auklets did not differ significantly from each 
other (p  = 0.88). 

Peak current speed was a strong predictor of the 
abundance of each of the 3 auklet species along the 
transects (Fig. 10, Table 5). Time of day was a signifi- 
cant predictor of the abundance of least auklets, which 
decreased in abundance late in the day; crested and 
parakeet numbers were not significantly affected by 
time of day within the daylight hours in which we con- 
ducted our surveys (Table 5).  In our analyses we have 
ignored time of day as a factor because the spatial pat- 
terns of habitat use were not sensitive to this variable. 

Analyses of correlations between the numbers of 
each auklet species and the convergence rate in each 
2 min bin within a transect, as measured with the 
ADCP, revealed species-specific responses to conver- 
gence and divergence processes within transects 
(Fig. 11). The mean correlations between numbers of 
least, crested, and parakeet auklets and convergence 
rate were 0.22 ( + O  05 SE, n = 43 transects), -0.20 
(k 0.05 SE, n = 39 transects), and 0.08 (k  0.06 SE, n = 43 
transects), respectively. Variances in the correlations 
were homogeneous among the 3 species, and the 
mean correlation differed significantly among species 
(l-way ANOVA, F,,,, = 14.68, p G 0.0001). The 95% 
confidence interval (CI) constructed around the mean 
correlation for least auklets (0.11, 0.32) did not contain 
zero, indicating that, on average, least auklets tended 
to forage in areas of surface convergence. Similarly, 
the 95% C1 constructed around the mean correlation 

least 
auklet 

C 0.7- 
c 
(U 0.6- .- 
0 0.5- 5 0 4 -  

8 0.3- 

0.2- 

.P 0.1 - 
C 

m - 
O l -  

I 

0 - 0 2 -  

-03-  
C 
0 -04-  

0 5 -  m 
(U -0.6- 

L -07-  

-0 8- 

crested 
auklet 

O F . . . . .  

parakeet 
auklet 

northward current 
8 transitional current 
0 southward current 1 

Fig. 11. Within-transect correlations between auklet numbers 
and the convergence rate in each bin for which ADCP data 
were available. Brackets indicate the 95% confidence inter- 

vals around the means 

for crested auklets (-0.30, -0.10) did not contain zero, 
indicating that crested auklets tended to forage in 
areas of surface divergence. However, the 95% C1 
constructed around the mean correlation for parakeet 
auklets (-0.04, 0.20) contained zero, indicating that 
parakeet auklets did not show any tendency to occur 
consistently in either areas of convergence or diver- 
gence. 

Within transects, both flow speed and direction in- 
fluenced the separation of peaks of least and crested 
auklets. The distance between peak densities of least 
and crested auklets averaged 4.1 km (+ 0.6 SE, n = 20 
transects) when the current was flowing north, and 
averaged 1.8 km (k  0.3 SE, n = 10 transects) when the 
current was flowing south. The separation distance 
was significantly more variable during periods of 
northward flow (Bartlett's test. x2 = 9.7, df = 1, p = 
0.002), but increased as a function of current speed in 
both flow regimes (northward flow: r2 = 0.26, n = 14 
transects with ADCP, p = 0.063; southward flow: r2 = 
0.61, n = 8 transects with ADCP, p = 0.023). 

The distance between peak densities of least and 
parakeet auklets averaged 2.8 km (k  0.4 SE, n = 35 
transects) and did not vary with current direction (t = 
1.21, p = 0.23). However, the influence of current speed 
on separation distance did depend on current direction 
(ANCOVA: F1,23 = 4.42, p = 0.047), with a significant 
effect evident during periods of northward flow (r2 = 
0.43, n = 17 transects with ADCP, p = 0.004). No rela- 
tionship was evident when flow was southward (r2 = 

0.04, n = 10 transects with ADCP, p = 0.59). 
The distance between peak densities of crested and 

parakeet auklets averaged 1.5 km (k  0.2 SE, n = 27 
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transects), and did not depend on either current direc- 
tion (ANCOVA: = 0.29, p = 0.60) or peak current 
speed (ANCOVA: Fl,ls = 0.61, p = 0.44). 

Despite the small geographic area in which we sam- 
pled foraging auklets, the 3 species consumed strik- 
ingly different types of prey (Table 6). Each of the 
species tended to specialize on a prey assemblage: 
euphausiids and amphipods were the numerically 
dominant prey taken by 16 of 20 crested auklets; mol- 

Table 6. Foods used by 3 species of auklets over the Delarof 
slll in 1993. Values shown for each prey type are mean per- 
centage contributions to the total number of identifiable prey 
items in food samples. One least and one parakeet auklet 
were excluded from the table because prey were too decom- 

posed for specific identification 

lusks and gelatinous items were dominant in 8 of 11 
parakeet auklets; and copepods were dominant in 27 
of 28 least auklets. The differences among species in 
the relative frequency of dominance of these prey 
classes was highly significant (x2 = 71.0, df = 4, p 
0.001). Over 90% of the prey items in the diets of least 
auklets consisted of the copepods N. plurnchrus/fle- 
mengeri. In contrast, over 55 % of the items in the diets 
of crested auklets were euphausiids, with copepods 
(19%) and amphipods (12%) being of lesser signifi- 
cance. Parakeet auklets took the most diverse diet, 
with no group of prey exceeding 30% of the items in 
the diet. Gelatinous zooplankton predominated (29 %),  
followed by mollusks (27%), euphausiids (11 %) and 
copepods (10%). Parakeet auklets also took more 
larval fish (10%) than did the other species of auklets. 

Prey taxon Least Crested Parakeet 
auklet aukleta auklet 

Total no. of prey items sampled (n = 27) (n = 20) (n = 10) 

Unident. gelatinous spp 
Heteropods 

Clione spp. 
Limacina spp 

Cephalopods 
Unident. squid 
Unident. Macrura 

Copepods 
Eucalanus bungii 0.38 
iVeocaianus cnstatus 0.73 
N. plurnchruslflemengeri 91.41 
Unident. Calanoidae - 

Crabs 
Atelecyclidae megalopa 0.03 
Unident. crab megalopa - 
Unident. Paguridae - 

Amphipods 
Hyperoche medusarum 
Para thernisto japonica 
P. pacifica 
Primno spp. 
Unident. Hyperiidae 

Euphausiids 
Thysanoessa inerniis (adults) 0.02 
1 inspinata (adults) <0.01 
T. spinifera (adults) - 
Thysanoessa spp. (adults) - 
Thysanoessa spp. (juveniles) 2.98 

Shrimp 
Unident. shrimp 
Pandalidae zoea <0.01 

Fish 
Hexagrammus spp. 
Sabastes spp. 
Theragra chalcograrnrna 
Zaprora silenis 
Unident. Myctophidae 
Unident. fish 

'Crested auklet no. 119 not included in 
(single food item) 

- 
1.02 
7.67 
0.04 
3.57 

35.11 
- 

5.86 
7.14 
5.70 

2.16 
- 

- 
- 

0.22 
0.21 
- 
- 

analyses 

DISCUSSION 

The coupling of physical and biological processes is 
an important aspect of the ecology of the ocean (Mann 
& Lazier 1996). This coupling influences primary pro- 
duction (e.g. Pingree et al. 1975, Richardson 1985, Sam- 
brotto et al. 1986, Whitledge et al. 1986) and the aggre- 
gation of zooplankton (e.g.  Ha.ury et al. 1978, Franks 
1992, see 'Introduction'). Physical-biological coupling is 
also important for facilitating trophic transfer to fish 
(Uda 1973, Kiorboe et  al. 1988) and other apex preda- 
tors (e.g. Hoffman et al. 1981, Haney 1987, Vermeer et 
al. 1987, Brown & Gaskin 1988, Wishner et al. 1988, 
Harrison et  al. 1990, Schneider et al. 1990, Coyle et  al. 
1992). The role of tidal processes in trophic transfer is 
enhanced by spatial and temporal predictability, which 
permits predators to anticipate when and where prey 
will be available (Vermeer et  al. 1987, Brown & Gaskin 
1988, Cairns & Schneider 1990, Coyle et al. 1992, 
Becker et al. 1993, Irons 1998), a phenomenon well 
known to most coastal fishermen. 

In this study, least, crested and parakeet auklets 
timed their foraging in a pass to correspond with the 
presence of strong tidal currents and exhibited a 
remarkable small-scale spatial segregation among the 
species. Similarly, the diets of th.ese 3 auklet species 
differed in composition despite the proximity of the 
areas in which they foraged. Other studies have 
recorded differences in foraging distributions or in 
diets of auklets (reviewed by Hunt et al. 1993), but 
none have provided such dramatic evidence of consis- 
tent spatial and dietary segregation as is available in 
the present study. We conclude that least, crested and 
parakeet auklets exhibited strong preferences for 
particular prey types, and that these prey preferences 
resulted in small-scale differentiation of preferred for- 
aging sites. The strong tidal currents provided the 
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energy for the close juxtaposition of different mecha- 
nisms for enhancing prey availability. 

Our results add to the growing body of evidence that 
in partltloning prey resources, seabirds utilize differ- 
ent marine habitats for foraging [(e .g .  Ashmole & Ash- 
mole 1967, Pearson 1968, Cody 1973 (but see Bedard 
1976), Croxall & Prince 1980, Harrison et al. 1983, 
Croxall et al. 1984, Weimerskirch et al. 1985, 1986, 
1988, Diamond & Prys-Jones 1986)j. However, our 
conclusion that prey preferences determined choice of 
foraging habitat in this case contrasts with the view 
that seabirds are opportunistic, non-specialized for- 
agers (Ainley 1980, Ainley et al. 1991, 1993b), and that 
choice of foraging habitat determines prey use (Dia- 
mond 1984, Adams & Brown 1989, Ridoux & Offredo 
1989, Ainley et al. 1992, 1993a). For surface foragers, 
particularly in the tropics, prey may be sufficiently 
scarce in the near-surface layer that seabirds cannot 
afford to pass up opportunities to capture available 
prey. For subsurface foragers in some temperate and 
polar regions, and for some tropical open ocean 
foragers, the diversity of prey may be sufficiently 
restricted that all avian species must use similar prey 
within a given habltat. It is unclear whether the auklets 
present a special case, or whether individual seabirds 
or local populations will choose, when possi.ble, to 
specialize on particular prey species as occurs in some 
gull populations (G. L. Hunt unpubl. data). 

Our initial prediction that least, crested and parakeet 
auklets would be spatially segregated while foraging 
in the pass was correct, but our hypothesis for the pro- 
posed mechanism was falsified. Instead of the near- 
surface-foraging least auklet using the upstream side 
of the sill, it was the deeper-diving crested auklet that 
consistently foraged upstream of the sill. Although we 
were not able to tow the MOCNESS sufficiently close 
to the bottom on the upstream side of the sill to sample 
zooplankton there during strong tidal flow, we hypoth- 
esize that epibenthic aggregations of euphausiids 
were advected upward as the tidal current impinged 
on the sill. Crested auklets assembled above the 
upstream slope to forage in large numbers only 
when tidal currents were strong. In contrast, near- 
surface-foraging least auklets were associated with 
surface convergences that formed on the downstream 
side of the sill. A striking result was the reversal of the 
order in which auklet species were arrayed relative 
to the sill when the tide changed. Similarly, Gaston & 
Scofield (1995) noted that foraging seabirds changed 
the foraging area used with change in tidal currents in 
excess of 10 km h-' near South Brother Island in Cook 
Strait, New Zealand, but they did not investigate the 
mechanisms involved. 

Previous studies have shown that upwelling currents 
can result in the concentration of euphausiids at depth 

or in their transport to surface waters (Braune & Gaskin 
1982, Simard et al. 1986. Vermeer et al. 1987, Green et 
al. 1989, Coyle et al. 1992). In our study, epibenthic 
tidal currents were apparently sufficiently strong to 
advect the euphausiids upward into the foraging range 
of the crested auklets. The lack of euphausiids in the 
MOCNESS nets towed in near-surface waters and the 
lack of an acoustic signal attributable to euphausiid 
swarms suggests that the epibenthic aggregations 
were dispersed by the currents as the aggregations 
were advected upward, and that few euphausiids were 
carried to the surface. Thus, to forage on this prey, 
auklets had to be able to dive to the depth at which 
the epibenthic euphausiid aggregations were still 
coherent. 

Surface- and near-surface-foraging seabirds are 
known to feed in the vicinity of surface convergences 
(e.g. reviews by Hunt & Schneider 1987, Hunt 1990), 
and least auklets in the northern Bering Sea make use 
of convergence fronts associated with the Alaska 
Coastal and Anadyr Currents (reviewed in Hunt et al. 
1993, Hunt 1997). The convergence processes that we 
describe here are important for least auklets in the 
Aleutian Islands, particularly once the majority of the 
Neocalanus copepods have completed their ontoge- 
netic migrations to depths of 500 to 1000 m (Miller & 

Clemons 1988). where they become unavailable to for- 
aging seabirds. The small patches of N. plumchrus/fle- 
mengen remaining in the upper 5 m of the water col- 
umn in July and August were apparently too scattered 
to be exploited profitably by least auklets. Thus, most 
auklets fed in the convergence areas where these 
plankters were concentrated. 

The distance separating the peaks of foraging activ- 
ity by the 3 species of auklets varied in response to 
changes in current speed and direction. The position of 
peak numbers of foraging parakeet auklets was appar- 
ently fixed near the top of the sill. The location of the 
peak number of crested auklets on a transect changed 
from one side of the sill to the other with tidal direction, 
but the distance between the peak of crested auklets 
and the peak of parakeet auklets on a transect was not 
sensitive to current speed or direction. We interpret 
this result as indicating that crested auklets were lim- 
ited in their ability to reach euphausiids at depth, and 
that there was a limited range of current speeds suffi- 
ciently strong to upwell euphausiids into the foraging 
range of these auklets. Thus, crested auklets consis- 
tently dived for prey at about the same distance from 
the top of the sill regardless of the direction of the 
current. The foraging of least auklets was less topo- 
graphically fixed than that of the crested auklets. Least 
auklets concentrated their forag~ng in the zones of con- 
vergence. These convergence zones not only changed 
sides of the sill with changes in the direction of the cur- 
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rent, they also occurred at different distances from the 
sill as the areas of convergence moved through the 
tidal cycle. Thus, the separation of least auklets from 
foraging crested and parakeet auklets (on the flood 
tide) was sensitive to the speed of the current. 

Measuring the density of near-surface zooplankton in 
the convergence zones proved difficult. Entrainment of 
bubbles from surface turbulence meant that acoustic 
backscatter in these zones was a function of down- 
welling velocity (Farmer et al. 1995). Additionally, the in- 
tense physical turbulence in the convergence zones was 
also a potential source of acoustic backscatter (Stanton et 
al. 1994). Thus, the acoustic data from the convergence 
regions is probably best considered as indicative of 
downwelling rather than zooplankton biomass. 

Data from the MOCNESS tows and acoustic sam- 
pllng provided evidence that Neocalanus plumchrusl 
flemengeri patches occurred predon~inately in the 
upper 5 to 7 m. These near-surface-dwelling zooplank- 
ton were concentrated in the surface convergences 
when surface water was present, but there was no evi- 
dence for concentration of organisms in surface con- 
vergences when upwelled deeper water was at the 
surface. This result indicates that the surface conver- 
gences did not concentrate organisms that were not 
maintaining a near-surface position in the water 
column. Our measures of both the strength of the con- 
vergences and their ability to concentrate near- 
surface-dweiilng zooplankton were likely to be under- 
estimates. It was difficult to obtain quantitative 
samples in the upper 5 m of the water column which 
was disturbed by the ship's wake, and the net hauls 
covered an area considerably larger than the conver- 
gence zones, thus diluting the zooplankton signal. We 
are persuaded by the net samples with high concentra- 
tions of N. plumchrus/flemengeri, and by the high 
numbers of foraging least auklets with copepods in 
their stomachs, that the convergence zones were in- 
deed areas in which these copepods were aggregated. 

Two mechanisms were responsible for the conver- 
gences: surfacing internal waves and quasi-permanent 
convergent tidal fronts. Evidence for the existence of 
the internal waves included the surface boils, alternat- 
ing areas of convergence and divergence which corre- 
sponded to alternating zones of warmer and cooler sur- 
face water, and the undulating bottom of the upper 
mixed layer as seen on the ship's fathometer. These rel- 
atively small features were usually also evident in the 
ADCP records, which were sometimes too coarse to re- 
solve the smallest events. There was no doubt about the 
location of the primary tidal convergence front that sep- 
arated the convergence zone from the relatively quiet 
water downstream of the sill. This front was marked by 
strong flow gradients in the ADCP, marked changes in 
surface temperature, and the accumulation of flotsam. 

In the Delarof region, the features of the conver- 
gence zone between the sill and the tidal front were 
similar to those described by Farmer et al. (1995) for 
Haro Strait. In their study, boils consisted of 175 111 

wide patches of smooth, upwelled water surrounded 
by 15 m wide rings of rough water indicating regions of 
intense downwelling. In the Delarof region, the inter- 
nal waves appeared as temperature and salinity spikes 
in the TS traces from the MOCNESS tows, and as dark 
streaks in the echograms. The distance between tem- 
perature peaks varied between 50 and 150 m, with the 
zones of the most intense downwelling, as judged from 
traces on the echograms, being on the order of 15 m,  
similar to the width of the downwelling areas de-  
scribed by Farmer et al. (1995). 

The simple vertical displacement of surface concen- 
trations of zooplankton to greater depths was unlikely 
to have enhanced the foraging opportunities of the 
auklets. Most likely, the enhancement mechanism(s) 
involved small-scale processes within the shear zone 
that divided the upwelling and downwelling water 
masses within the convergence (Franks 1992). If this 
supposition is correct, then the auklets may have been 
responding to individual patches of zooplankton on the 
order of 10 to 20 m in width. 

Our observations demonstrate that physical-biologi- 
cal coupling is important In controlling trophic transfer 
to apex predator populations and that transfer may be 
concentrated in a small proportion of their foraging 
ranges where there are unusually favorable forag- 
ing conditions. When concentrated, high-trophic-level 
organisms are extremely vulnerable to over-exploita- 
tion (in the case of those that are exploited) or to 
contamination by pollutants such as oil that may also 
become concentrated in the preferred foraging areas. 
Thus, understanding the mechanisms that result in the 
concentration of apex predators and predicting where 
predators may concentrate will have important impli- 
cations for the conservation of these species. 
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