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Figure 2. Percent feeding incidence for L. larseni, T. lepidorhinus, and T. newnesi collected in
Gerlache Strait and adjacent areas during October and November 1989. A. Overall feeding
incidence. B. Feeding incidence by yolk stage (Y denotes yolk, NY denotes no yolk, numbers
in parentheses above bars are sample size). C. Feeding incidence by notochord length.
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Spatial and behavioral responses by foraging seabirds to
antarctic krill swarms

RICHARD R. VEIT, Department ofZoology, University of Washington, Seattle, Washington 98195
EMILY D. SILVERMAN, Center for Quantitative Science, University of Washington, Seattle, Washington 98195

ROGER P. HEwrrr and DAVID A. DEMER, Southwest Fisheries Science Center, La Jolla, California 92093

W
e sampled the ocean surrounding South Georgia
board the R/V Nathaniel B. Palmer from 26 May to 27

June 1993 with the primary intent of quantifying the numeri-
cal and behavioral responses by foraging seabirds to krill
swarms. Our sampling scheme consisted of strip transects,
during which we used binoculars to count birds and seals and
echo sounders to estimate krill abundance. In addition, while

the ship was stationary, we made more detailed examinations
of bird behavior within flocks feeding at krill swarms. Closely
linked with these surveys were studies of circulating hormone
levels in seabirds and evaluation of the importance of olfac-
tion to birds searching for food. The link between hormone
levels and behavior is that elevated levels of corticosterone in
birds, which can result during stressful conditions such as
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storms, can affect the dispersal behavior of birds while forag-
ing. In this paper, we emphasize analyses of spatial corre-
spondence of birds and krill and changing movement behav-
ior of birds in response to hill swarms. The results of the cor-
ticosterone and olfaction projects, plus those of two other
auxiliary projects, are reported elsewhere in this issue (Ho!-
berton and Wingfield; Nevitt; Helmuth, Holberton, and Veit;
Connell; all Antarctic Journal, in this issue).

Harrison et al. (1991) reported that seabirds form aggre-
gations in response to the presence of food. Therefore, high
levels of available prey (krill) should result in pronounced
patchiness of birds, and conversely, bird patches should be
correlated with bill swarms. To study these relationships, a
metric was devised to differentiate between spatial dispersion
patterns of seabird populations under conditions of high and
low krill abundance. Coherence functions (Rose and Leggett
1990) were used to quantify simultaneously the patchiness of
birds and bill and the co-occurrences of these predators and
their prey. A single 65-nautical-mile transect was sampled
three times (2 June, 11 June, and 19 June), and the patchiness
of cape petrels (Daption capensis) and their association with
krill were measured. On the first run, abundant and highly
aggregated krill were closely associated with cape petrels at
spatial scales of 0.3 to 0.5 nautical miles. On the other two
runs, bifi abundance was lower and more uniform, and their
association with cape petrels was much lower (figure 1).

To determine the behavioral mechanisms whereby birds
aggregate over bill swarms, the movement behavior of birds
was quantified along the same transect. The time between
successive changes in flight direction (step-length) was meas-
ured for cape petrels (figure 2). Then, the step-lengths over
krill swarms were compared to areas away from bill. Step-
length was inversely proportional to bill abundance. Turning
rates were 5-7 times greater in areas of high bill abundance
relative to low-density areas. These results could be used to
model the response of birds to bill as a function of bird turn-
ing rates and bill abundance.

To explore responses by birds to patches of krill at the
community level, we measured size and species composition
of feeding flocks associated with bill swarms and asked these
two questions:
• Does the size and species composition of flocks differ sig-

nificantly from "background" species composition and
density, as estimated from transect data?

• Do differences in species composition and size of flocks
predict meaningful differences in the quantity and distrib-
ution of prey beneath the flocks, as estimated acoustically?

We observed 10 feeding flocks of birds and seals, four off
Bird Island at the northwest end of South Georgia and six off
Cooper Island at the southeast end. These flocks were
observed separately from the transect counts mentioned
above. The four northwestern flocks were strikingly larger
(containing between 93 and 761 birds and seals) than the
southeastern ones (containing only 18 to 46 birds and seals,
see table). The difference in size of the flocks could not be
attributed to differing background densities of birds and
seals. Bird and seal abundance was higher in the northwest
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Figure 1. Scale and strength of association between cape petrels and
krill. The coherence function, which ranges in value from 0 to 1.0, is
plotted on the y-axis. The x-axis represents frequency, so 0.5 corre-
sponds to (1 / 0.5) = 2 sampling units = 0.2 nautical mile, the minimum
frequency resolvable. The peaks in coherence near 0.25 (0.4 nautical
mile) are positive (indicated by the phase spectrum, which is not
shown), indicating positive association.
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Figure 2. Tendency for cape petrels to change direction while flying in
relation to krill abundance. Data integrated over 5.0-nautical-mile
intervals. Step-length is the distance in seconds between successive
turns. (g/sq.m denotes grams per square meter.)
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an attempt to account for theNumbers offlying birds, seals, and penguins are means per flock survey. The first	observed differences betweenflock on 8 June 1993 was surveyed continuously, so the mean number of individuals	flocks. Krill abundance was van-cannot be calculated, but no seals or penguins were present. Birds in the second flock	able among flocks but did not dif-on 8 June were observed feeding on a jellyfish. Krill biomass was available in 5-rn	fer consistently between thedepth intervals starting at 20 rn. These depth profiles represent 0.1-nautical-mile	northwest and southeast flockshorizontal intervals. The number of depth profiles per flock ranged from 5 to 82.	(table). The vertical distributionsAverage depth of the krill is the average of the 5-rn intervals weighted by krill biomass	of bill did differ, however. In thein the interval.

Southeast
8 June-1	NA	 0	 20.2
8 June-2	25	 0.1	 20.4
8 June-3	46	 1.2	 20.0
8June-4	18	 0	 20.8
18 June-1	20	 0	 20.4
18 June-2	28	 0.2	 21.9
Northwest
23 June-1	104	 223	 58.7
23 June-2	33	 59	 124.4
24 June-1	83	 146	 97.6
24 June-2	150	 610	 90.2

than in the southeast but not nearly high enough to account
for the larger flock size there. Furthermore, species composi-
tion of flocks was significantly different from "background"
species composition at both places. For example, large num-
bers of diving petrels (Pelecanoides, sp.) were present in the
northwest, but diving petrels were scarce within the flocks
themselves. Similarly, blue-eyed shags (Phalacrocorax
albiventer) were abundant near the southeast flocks but rarely
occurred within those flocks. Five species (cape petrels, black-
browed albatrosses Diomedea melanophris, giant-petrels
Macronectes sp., fur seals Arctocephalus gazella, and gentoo
penguins Pygoscelis papua) constituted over 85 percent of the
total predators within the flocks, but these same five species
accounted for only 17-52 percent of the total predators
counted along the transects. Thus, these five species seem
particularly inclined to feed within mixed-species flocks.

Since species composition of feeding flocks was clearly
not a random assemblage of the species present in the gener-
al area, we examined the prey distribution under the flocks in
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