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Abstract We conducted two ship-based surveys of the
nearshore ecosystem north of Livingston Island, Antarctica
during 2–10 February 2005. Between the two surveys, a
low-pressure system (963 mbar) passed through the area
providing the opportunity to measure ecosystem parameters
before and after a near gale. A ship-based multiplefrequency acoustic-backscatter survey was used to assess
the distribution and relative abundance of Antarctic krill
(Euphausia superba). Net tows, hydrographic proWles, and
meteorological data were collected to measure biological
and physical processes that might aVect the krill population.
During the survey, the distribution and behavior of several
krill predators [chinstrap penguins (Pygoscelis antarctica),
cape petrels (Daption capense), and Antarctic fur seals
(Arctocephalus gazella)] were measured from the vessel by
visual observations. The survey encompassed an area of
roughly 2,500 km2, containing two submarine canyons with
one to the west and one to the east of Cape ShirreV, which
had diVerent abundances of krill and predators. Several
aspects of the nearshore ecosystem changed after the near
gale including: hydrography of the upper 100 m of the
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water column, phytoplankton biomass, the abundance and
distribution of krill, and the distribution of some krill predators. DiVerences in these parameters were also measured
between the two canyons. These changes in the physical
and biological environment during the survey period are
quantiWed and show that the ecosystem exhibited signiWcant changes over relatively short spatial (tens of kilometers) and time (tens of hours) scales.

Introduction
The Scotia Sea is a highly productive area of the Southern
Ocean where Antarctic krill (Euphausia superba) serves as
a key prey species for many animals (Marr 1962; Siegel
2000; Croxall et al. 2002). Measuring the abundance and
distribution of the krill population is important for ecological studies and the management of the commercial krill
Wshery (Agnew 1997; Jones and Ramm 2004). In conjunction with krill surveys, visual surveys can be used to study
predator–prey relationships by measuring the abundance
and distribution of important krill predators including penguins, petrels, other sea birds, fur seals, and other marine
mammals (Santora et al. 2008; Veit 1999). If abundance
measurements of krill and its predators are made over similar temporal and spatial scales then these observations can
be used to examine the linkages between these diVerent trophic levels.
Many of the avian and mammalian predators in these
waters subsist almost entirely on krill, although fur seals
may also forage for small Wsh (myctophids), squid, or other
small nekton (Lynnes et al. 2002; Veit et al. 1993; Costa
et al. 2000). Changes in the abundance or spatial distribution of krill, their preferred prey, may have signiWcant
impacts on their foraging and reproductive success. For
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example, following a major reduction in krill availability
around South Georgia, reproductive success of predator
populations was poor in contrast to other years (Croxall
et al. 2002). The recovery of the South Shetland Islands fur
seal population has been limited mostly to the colonies
located on Livingston and Elephant Islands (Boveng et al.
1998) making the breeding success of these animals important to the overall population.
The distribution and abundance of krill varies over many
diVerent spatial and temporal scales (Everson and Murphy
1987; Watkins and Murray 1998; Hamner and Hamner 2000)
and can be aVected by both biological (top-down and bottom-up) and physical factors (Croll et al. 1998; Ainley et al.
1991). To better understand the dynamics of the krill ecosystem, it is important to know how ecologic, oceanographic, or
meteorologic processes will aVect the various components of
the ecosystem. In particular, it is useful to understand how
those parts of the ecosystem that have a direct impact on krill
abundance and distribution, speciWcally the abundance and
distribution of its prey and predators, are aVected by a common meteorological disturbance such as a storm.
Both physical and biological factors (e.g., nutrient and
phytoplankton availability, current velocity and direction)
will determine the distribution of krill and its predators, but
the relative importance of each factor may vary depending
on the temporal or spatial scale at which the distributions are
measured (Haury et al. 1978; Daly and Smith Jr 1993). Some
physical factors, such as the extent of annual sea ice or sea
surface temperature, can inXuence krill populations over very
large (1,500 km) distances (Brierley et al. 1999). Krill predators have been shown to react to changes in the temporal
or spatial distribution of krill (Boyd 1996; Reid et al. 1999)
or the physical environment (Hunt Jr et al. 1992; Ainley
et al. 1994). However, few studies have examined the eVect
of processes occurring over smaller spatial (tens of kilometers)
and temporal (days) scales on krill and its predators.
To better understand the interactions between predator
and prey species in this ecosystem, descriptive ecosystem
parameters need to be measured over the temporal and spatial
scales that are relevant to the most important ecosystem processes. Several studies have annually examined the interactions between zooplankton prey and predators (Croxall et al.
1999; Barlow et al. 2002; Croll et al. 2005), but few have
examined this relationship on the time-scale of days. Croll
et al. (1998) measured several ecosystem components:
bathymetry, hydrography, zooplankton (euphausiids), and a
key zooplankton predator (baleen whales) near the California
coast over a 10-day period and found that whale foraging
eVort occurred in areas of high euphausiid abundance. Goebel et al. (2000) studied Antarctic fur seal foraging trips near
Livingston Island over the course of several days to weeks
and found dive behavior related to bathymetry as well as time
of day. These studies examined predator–prey relationships
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at small spatial and temporal scales, but they did not quantify
how dynamic those relationships might be when the ecosystem
is perturbed by physical forces.
Our study measures multiple ecosystem parameters
over submesoscale time- (10 days) and space- (thousands
of squared kilometers) scales which may aVect predator
foraging eVort or success. We examine the various components of the Cape ShirreV nearshore (from land to the
1,000 m isobath) ecosystem before and after the occurrence
of a short-term meteorological event (a near gale), and evaluate the changes that occurred. In particular, the responses
of predators to the changes in the abundance and distribution of their prey is examined.

Materials and methods
Livingston Island (62.5°S, 61°W), one of the South
Shetland Islands, is home to several Antarctic fur seal
(Arctocephalus gazella) colonies and chinstrap penguin
(Pygoscelis antarctica) rookeries. Many of these animals
reside on the north side of the island, near Cape ShirreV
(Fig. 1). As central-place foragers, these animals can maximize their energy uptake and that of their oVspring by foraging in the waters surrounding Livingston Island. One of
the more numerous petrels found in this region is the cape
petrel (Daption capense). Little is known about the breeding locations of cape petrels, and it is impossible to determine their breeding status and origin using shipboard
surveys. Given the timing of our survey, it is likely that the
cape petrels we observed are resident to the South Shetland
Island region. Nevertheless, our study provides a unique
basis for comparing the response of three specialized predators in relation to krill availability.
A survey of krill and its predator populations north of
Livingston Island was conducted from 2 to 10 February
2005 from the RV Yuzhmorgeologiya. Data from a multiple
frequency echosounder were used to measure the distribution and abundance of krill, while simultaneous visual estimates of predator abundance and behavior were collected.
Additionally, continuous meteorological observations and
net tow and hydrographic stations were conducted throughout the survey. Spatial changes were examined within and
between two submarine canyons which are similar in size,
depth, area and separated by approximately 30 km. Temporal changes in the ecosystem are studied before and after
the near gale (wind speed between 14 and 17 m s¡1) which
occurred on 6 February 2005. Aspects of the ecosystem
included in this analysis are the physical properties of the
water column, phytoplankton biomass, and the distribution
and abundance of krill and its avian and pinniped predators.
The survey consisted of ten transects, approximately
45 km long, 5 km apart, spanning the two submarine canyons
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Fig. 1 Cruisetrack and station locations for the nearshore survey area
north of Livingston Island, Antarctica. We deWne the nearshore as the
area between land and the shelf break (roughly the 1,000 m isobath).
Circles represent station locations where hydrographic proWles and
net tow data were collected. Lines represent the cruise track of RV
Yuzhmorgeologiya (dark gray: western canyon, light gray: eastern

canyon). Bathymetric contours are shown as thin lines. The white star
marks the location of Cape ShirreV. The black triangle marks the
location of Desolation Island. The amount of cruisetrack covered
during each section of the survey was: west canyon, before near gale
(258 km); west canyon, after near gale (221 km); east canyon, before
near gale (380 km); and east canyon, after near gale (344 km)

which Xank Cape ShirreV (Fig. 1). The survey was approximately bounded by the 1,000 m isobath oVshore and the
50 m isobath inshore covering a total area of approximately
2,500 km2. The ship covered the entire survey grid starting
at the westernmost transect and working eastward three
times (2–4 February, 5–7 February, 8–10 February); however, the second pass through the grid was interrupted by
the near gale. Two of the transect legs had Wve stations,
which were only sampled at night, and included a CTD
hydrographic proWle and net tow sample (Fig. 1). In total,
the ten station sites yielded 29 CTD casts and net tows as
some operations were canceled due to sea-state and weather
conditions. Meteorological conditions [photosynthetically
active radiation (PAR), air temperature, wind speed and
direction (corrected for ship velocity and heading), and
barometric pressure] and geographic position were
recorded and averaged over 1-min intervals from a meteorological station (WeatherPak 2000, Coastal Environmental
Systems Inc., Seattle, WA, USA) and GPS receiver.

water samples were collected at several depths (surface, 5,
10, 15, 20, 30, 40, 50, 75, 100, 200 m, and at the maximum
depth of the cast) and used to measure phytoplankton biomass. Chlorophyll and phaeopigment concentrations were
measured from Wltered water samples that were extracted
with absolute methanol and analyzed using standard Xuorometric methods (Holm-Hansen et al. 1965; Holm-Hansen and
Riemann 1978). Integrated chlorophyll and phaeopigment
concentrations were calculated from samples from 100 m
depth (or the bottom of the cast if shallower) to the surface.
After each CTD cast, a 2 m2 Isaacs-Kidd Midwater Trawl
(IKMT) was obliquely towed to 170 m (or 20 m above the
bottom in waters shallower than 170 m). The IKMT had a net
mesh size of 505 m and a Xow meter (General Oceanics) to
calculate sampled volume. Zooplankton samples were identiWed to the species level and enumerated on-board the ship.
Sub-samples were analyzed from large catches. Adult krill
were measured for length and sexed. All animals (except
adult krill and small Wsh which were used for other studies)
were then preserved in a 10% buVered formalin solution.

Hydrographic and net tow sampling
Acoustic survey of krill
At each station, a SeaBird 911 CTD rosette was lowered to
the shallower of 750 m depth or 10 m above the bottom. In
addition to conductivity, temperature, and density proWles,

Krill distribution in the ocean is patchy (Miller and Hampton
1989; Hamner and Hamner 2000; Siegel et al. 2004). To
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sample a krill population that is spatially and temporally variable, conventional net sampling methods are often combined
with acoustic surveys (Hewitt and Demer 1993; Hewitt and
Demer 2000). While acoustic survey techniques provide
many advantages over net sampling (e.g., improved vertical
and horizontal resolution, ability to rapidly survey large
areas), they provide an indirect measure of the krill population and must be validated, typically by the use of net or
video techniques (Wiebe et al. 2004; Lawson et al. 2004;
Demer and Conti 2005).
The nearshore Livingston Island ecosystem is wellsuited for acoustic sampling methods. First, there are relatively few cohabitant species at this high latitude. That is,
there are only a few species that contribute appreciably to
the total acoustic scattering measured in the water column.
This fact permits the acoustically-signiWcant species found
in the water column to be discriminated from each other
by the use of multiple acoustic frequencies (Watkins and
Brierley 2002). Consequently, acoustic sampling methods
have been used routinely in nearby waters for many years
to assess and manage krill stocks (Hewitt and Demer 2000).
The acoustic system used in this study was a multiple
frequency (38, 70, 120, and 200 kHz) echosounder (SIMRAD EK 60) with hull-mounted transducers (Simrad
ES38B, ES70-7C, ES120-7 and ES200-7C, respectively).
The echosounder was calibrated in early January in Admirality Bay, King George Island using a standard target
(38.1 mm diameter sphere made from tungsten carbide with
6% cobalt binder material). Volume backscattering strength
data at each frequency were averaged over 1 m vertical
depth bins. Pulses (all 1 kW power and 1 ms duration) were
synchronously transmitted every 2 s. Typical vessel speed
during the survey was 5 m s¡1 although sea-state and
weather sometimes resulted in slower speeds. Only acoustic
survey data collected during the day were analyzed in this
study to minimize errors resulting from diel vertical migration of krill (Marr 1962; Everson and Murphy 1987; Demer
and Hewitt 1995).
The acoustic data were processed using a multiple frequency target identiWcation technique (Watkins and Brierley 2002). DiVerences (as stated in Hewitt et al. 2003) in
volume backscattering strength measured at diVerent frequencies were used to identify the backscattering from krill.
Volume backscattering from krill was integrated (Nautical
Area Scattering CoeYcients, sA, with units of m2 m¡2) in
10 m vertical depth bins from the shallower of 110 m or
5 m above the bottom to 10 m below the surface over 1 km
cruisetrack segments. The 10-m binned data were used for
statistical analyses and were summed vertically to provide a
total sA value for each cruisetrack segment to be used for
spatial (horizontal) analysis. It is unlikely that these surveys
missed swarms of krill in deeper waters as 90% of krill biomass in the Scotia Sea is found in the upper 100 m of the
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water column (Demer 2004). However, like all ship-based
acoustic surveys of krill that use hull-mounted transducers,
these data may underestimate the abundance of krill if some
reside in the unsampled water very near the surface (i.e.,
the upper 10 m).
The sA were converted to estimates of krill biomass
using the length-distribution of krill caught in nets and a
theoretical acoustic scattering model (Demer and Conti
2005). The SDWBA model (Demer and Conti 2005) was
used to predict the amount of acoustic backscatter from a
single krill of a particular length (L = 15–60 mm in 1 mm
increments). These scattering contributions were then
weighted by the probability density function of the lengths
of the krill caught in the net tows during the survey to produce a value that represents the amount of backscatter an
“average” krill would produce (similar to the method used
by Lawson et al. 2006). The sA were then converted to krill
biomass using this weighted-scattering contribution and
the relationship between L and biomass (Hewitt et al.
2003).
Predator distribution, behavior and abundance
Two observers used binoculars continuously during daylight hours to collect data on seabird and pinniped abundances and distributions. Counts of predators were made
within an arc of 300 m directly ahead and to one side of the
ship while underway (Tasker et al. 1984; Veit et al. 1993).
Sea-state was measured on the Beaufort scale. Before and
after the near gale, the sea-state was nearly Beaufort 0
which allowed eVective observations of fur seals and penguins. Each record was indexed in time (to the nearest tenth
of a second) and space (geographic position). Individual
animals, or Xock of birds, were assigned a behavioral
classiWcation: Xying, sitting on water, feeding, porpoising
(penguins and fur seals), or ship following (Veit 1999).
Ship-following birds were recorded when Wrst encountered
and ignored thereafter. Predator observations were binned
into 1 km sections and aligned with acoustic estimates of
krill biomass.
We focus on describing the foraging distributions of two
conspicuous Antarctic seabirds and one pinniped species
which breeds locally in the South Shetland Islands. All
three animals feed extensively on krill. Cape petrels (Daption capense) are medium sized petrels, highly gregarious,
and feed primarily within the upper few meters of the sea
surface. They generally forage in Xocks and their behavior
is thus easily monitored (Veit 1999). For cape petrels, we
make the distinction between birds that were observed
Xying or searching, from those that are feeding. These two
types of observations were analyzed separately as well.
Chinstrap penguins (Pygoscelis antarctica) are capable of
diving to more than 50 m in search of prey (Bengtson et al.
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1993). Only sitting chinstrap penguins were analyzed for
this study because they were more likely to be foraging as
opposed to traveling. Antarctic fur seals (Arctocephalus
gazella) are able to dive to several hundred meters but
spend most of their foraging eVort at shallower depths
(<100 m) (Croxall et al. 1985). When fur seals were
observed to be stationary (i.e., resting at the surface), they
were considered to be non-transiting. Only observations of
non-transiting fur seals were analyzed in this study. While
all three predators rely on krill for energy, their feeding
strategies and abilities diVer which may result in diVerent
responses to changes in the abundance and distribution of
their main food resource.
Analytical methods
To study the spatial and temporal dynamics of the nearshore Antarctic ecosystem, the study area was divided spatially into western and eastern canyons, and temporally
before (2–5 February 2005) and after (7–10 February 2005)
the near gale. The western canyon contains the Wve western-most survey transects, and the eastern canyon is composed of the Wve eastern-most survey transects (Fig. 1). All
four categories (western area before gale, eastern area
before gale, western area after gale, and eastern area after
gale) contain roughly similar amounts of trackline (258,
380, 221, and 344 km, respectively) and survey eVort.
There was more eVort in the eastern canyon due to more
accommodating bathymetry and the fact that some western
tracklines were shortened due to inclement weather.
Our primary objective was to determine whether the distribution and abundance of krill and foraging predators
diVered with respect to canyon location (east or west) and
before and after the near gale. We did so by examining
changes in various parameters describing the hydrographic
conditions and the phytoplankton, zooplankton, and krill
predator populations. Parameters examined included: depth
of the surface mixed layer as evidence of the strength of
surface mixing processes; temperature, dissolved oxygen,
and  (seawater density calculated with in situ salinity,
potential temperature, and pressure = 0, ¡1,000 kg m¡3) at
100 m depth to indicate changes in sub-surface hydrography; depth of the 27.5  isopycnal as a measure of vertical
movement of water masses; and phytoplankton biomass
[vertically integrated chlorophyll-a (chl-a) and phaeopigment concentrations] to determine if the food available to
the krill diVered either spatially or temporally.
We constructed distribution maps of predators and
acoustically-determined krill abundance before and after
the near gale. We used a factorial ANOVA to determine
whether the predator encounter rate (# km¡1) and acoustically-determined krill biomass (g m¡2) diVered between the
east and west canyons before and after the near gale.
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Canyon locations and the near gale event were treated as
Wxed factors, and multiple comparison tests were done
using Bonferroni post-hoc tests (Zar 1999). Temporal
correlations between krill and predator abundance were
calculated both before and after the near gale.

Results
Environmental conditions and phytoplankton biomass
A strong low-pressure system (minimum barometric
pressure = 963 mbar) entered the survey area on 6 February
2005, which caused most ship-based sampling to halt until
the sea-state improved. Wind speeds (averaged over 1 min)
during the near gale (World Meteorological Organization
classiWcation) were consistently greater than 14 m s¡1 for
approximately 8 h. Wind speeds varied between 2 and
14 m s¡1 both before and after the near gale, but were not
as consistently strong as during the near gale. Throughout
the survey (including the near gale) the wind was blowing
from the southwest. The water column in both canyons
experienced dramatic changes after the near gale (Tables 1,
2), with both canyons showing a similar hydrographic
response. Solar insolation was similar before and after the
near gale with each period containing two cloudy and two
sunny days. Peak PAR values were similar (within 10%)
before and after the near gale for both sunny and cloudy
days.
The deepening of the surface mixed layer in both canyons after the near gale was not statistically signiWcant
(P = 0.15; Tables 1, 2). However, other hydrographic
parameters were found to be signiWcantly diVerent either
spatially or temporally during the study. The depth of the
 = 27.5 kg m¡3 isopycnal deepened by roughly 50% after
the near gale had passed. Several hydrographic variables
(temperature, dissolved oxygen and ) measured at 100 m
depth changed after the near gale becoming warmer, more
oxygen rich, and lighter, respectively (Tables 1, 2). These
changes are consistent with a change in the depth of the surface mixed layer. Both chl-a and phaeopigment values
increased between 30 and 50% in both canyons after the
near gale (Tables 1, 2).
Spatial and temporal distribution patterns of Antarctic krill
Net samples conducted in both canyons before and after the
near gale suggest that the composition of the zooplankton
community did not vary spatially or temporally during the
study period. The dominant taxa for all sampling periods in
terms of biomass was krill (E. superba), although smaller
euphausiids (Thysanoessa macrura and Euphausia frigida)
were also present. Other zooplankton caught in abundance
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Table 1 Comparison of hydrographic and phytoplankton biomass parameters of the western and eastern canyons near Cape ShirreV both before
and after the near gale
Period relative to near gale

West canyon
Before (n = 9)

East canyon
After (n = 5)

Before (n = 10)

After (n = 5)

Mixed layer depth (m)

30.3 § 9.8

42.0 § 39.9

22.0 § 11.6

46.7 § 22.1

Temperature at 100 m (°C)

0.84 § 0.28

1.20 § 0.14

0.40 § 0.34

1.11 § 0.18

¡1

Dissolved O2 at 100 m (ml l )

6.65 § 0.17

6.85 § 0.08

6.45 § 0.31

6.84 § 0.12

 at 100 m (kg m¡3)

27.36 § 0.05

27.30 § 0.04

27.41 § 0.07

27.28 § 0.09

Integrated chl-a (mg m¡2)

129.0 § 42.0

166.0 § 28.7

98.8 § 31.7

149.0 § 28.3

Integrated phaeo (mg m¡2)

18.9 § 5.39

30.2 § 4.61

15.6 § 3.27

22.8 § 2.9

Mean and standard deviations (§) are provided for the data as well as the number of samples (n). Several of these parameters exhibit a high degree
of variability which may be due to the diVerences in bathymetry (roughly 750 m oVshore to 100 m inshore) between the stations along each transect

Table 2 Factorial ANOVA
for physical characteristics
and phytoplankton biomass

Variable

EVecta
Canyon
F

SigniWcant values (P < 0.05) are
shown in bold
a
Degrees of freedom = 3, 25

P

F

Canyon £ Near gale
P

F

P
0.15

Mixed layer depth (m)

2.21

0.15

0.03

0.87

2.21

Temp at 100 m (°C)

6.05

0.02

1.34

0.26

9.31

0.005

Dissolved O2 at 100 m (ml l¡1)

1.71

0.20

0.03

0.87

3.57

0.07

 at 100 m (kg m¡3)

2.66

0.12

0.31

0.58

3.90

0.06

Integrated chl-a (mg m¡2)

5.24

0.03

10.71

0.003

0.27

0.61

Integrated phaeo (mg m¡2)

14.22

0.001

30.10

1.6E-5

1.55

0.23

by net tows included copepods (Metridia gerlachei,
Calanus acutus, Calanus propinquus, Rhincalanus gigas
and Pareucheata spp.) and salps (Salpa thompsoni). The
zooplankton sampled with the net were similar to those in a
larger-scale study of the Scotia Sea (Ward et al. 2004). The
mean and standard deviation of adult E. superba lengths
were 47 and 4 mm, respectively. Unlike previous studies,
which showed large heterogeneity in krill lengths within a
swarm or between nearby swarms (Watkins et al. 1986,
1990), the length-distributions of krill caught in the nets
were similar for all samples.
The distribution of acoustically-measured krill biomass
shows that the western canyon had between 20 and 30%
more biomass than the eastern canyon both before and
after the near gale (Fig. 2; Table 3; P = 0.003). The total
krill biomass in each canyon decreased by roughly half
after the near gale. In addition to this change in abundance, the distribution of krill also changed both horizontally and vertically. Before the near gale, large amounts of
krill were found throughout both canyons; after the near
gale, krill were less abundant and only found along the
canyon edges (Fig. 2; Table 3). The vertical distribution
of krill also changed after the near gale in both canyons
(Fig. 3; Table 3), with fewer krill being found at deeper
depths.
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Near gale

Predator distribution and behavior
The distributions of predators changed markedly after the
near gale. Before and after the near gale, persistent aggregations of Xying cape petrels were encountered along the
outer 1,000 m isobath at the mouths of each canyon
(Fig. 4). There was a signiWcant diVerence in the abundances of Xying cape petrels between the canyons before
and after the near gale (P = 0.02; Tables 4, 5; Fig. 4).
Before the near gale, the eastern canyon had more observations of Xying cape petrels, but after the near gale the abundance of Xying cape petrels was greater in the western
canyon. The distribution of feeding cape petrels prior to the
near gale was predominantly located throughout the eastern
canyon (Fig. 4); and afterward feeding aggregations were
entirely restricted to the western canyon (P < 0.0001;
Tables 4, 5).
Chinstrap penguin aggregations were located close to
major penguin colonies (e.g., Cape SherriV and Desolation
Island), both before and after the near gale (Fig. 5). However, chinstrap penguins were signiWcantly more abundant
in the eastern canyon after the near gale (Tables 4, 5). We
found dense aggregations of penguins in proximity to Desolation Island (location marked with a triangle in Fig. 1),
which may have been foraging in locations not sampled
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Fig. 2 Euphausia superba. Krill biomass before (left) and after (right)
the near gale. Integrated volume backscattering coeYcients were
apportioned to krill using a multiple frequency target identiWcation
method, and then converted to biomass using the length-distribution of
animals caught in net tows and a theoretical target strength model. The

thin black line marks the 200 m isobath where aggregations of krill
were persistent. Krill biomass was 50% less abundant after the near
gale. During both periods, the western canyon had more biomass than
the eastern canyon

Table 3 Factorial ANOVA for assessing the eVects of environmental
parameters on krill biomass
Krill distribution
EVect

F

P

Deptha

81.82

<0.00001

Canyonb
Near galeb
Depth £ Canyona
Depth £ Near gale

a

8.95

0.003

53.61

<0.00001

5.90

<0.00001

9.31

<0.00001

Canyon £ Near galeb

0.08

0.77

Depth £ Canyon £ Near galea

0.53

0.84

Parameters considered were depth (10 m vertical bins; vertical spatial
dimension), canyon (horizontal spatial dimension), and near gale (temporal dimension). SigniWcant values (P < 0.05) are shown in bold
a
Degrees of freedom = 8, 10758
b
Degrees of freedom = 1, 10758

during the survey and merely passing through the survey
area to or from colonies on Desolation Island. During sampling after the near gale, we detected an aggregation of foraging penguins in the west canyon along the 200 m isobath
where cape petrels were also observed intensively feeding
(Fig. 4). Distribution patterns of foraging fur seals were
more concentrated in the western canyon and large aggregations (12–15 animals) were detected along the 1,000 m
isobath (Tables 4, 5; Fig. 6). There was no detectable diVerence in fur seal foraging distribution, except that they were
signiWcantly less abundant in the eastern canyon after the
near gale.
The time-series correlation between krill and its predators showed that the diVerent animals had diVerent connections to the changes in krill abundance (Fig. 7). Flying cape
petrels were not correlated with krill biomass before
(r = ¡0.02; P = 0.62) or after (r = ¡0.09; P = 0.03) the
near gale. Feeding cape petrels were not linearly associated
with krill biomass before the near gale (r = 0.03; P = 0.40);

Fig. 3 Euphausia superba. Vertical distribution of mean krill biomass
in each canyon for 10 m layers before (circles, gray) and after
(squares, black) the near gale with bars indicating standard error. The
majority of the krill were located between 30 and 60 m deep. Surface
krill aggregations (to a depth of 10 m) were not sampled as the echosounder transducers were located on the hull of the vessel at a depth of
approximately 5 m. After the near gale, the largest decreases in krill
biomass occurred between 40 and 60 m

but after, when krill biomass decreased by nearly half, they
were correlated with krill (r = 0.24; P < 0.001). Chinstrap
penguins were linearly associated with krill biomass both
before (r = 0.12; P = 0.001) and after (r = 0.12; P = 0.02)
the near gale. Fur seals were not correlated with krill biomass before (r = ¡0.008; P = 0.82), or after (r = 0.07;
P = 0.09) the near gale.

Discussion
Many physical and biological characteristics of the nearshore environment varied temporally and spatially during
this study. Changes to the water column structure were

123

486

Mar Biol (2009) 156:479–491

Fig. 4 Daption capense.
Distribution of Xying (left) and
feeding (right) cape petrels
before (top) and after (bottom)
the near gale. The majority of
persistent aggregations of Xying
petrels occurred in oVshore areas
between the 200 and 1000 m
isobaths in both canyons. Aggregations of feeding petrels prior
to the near gale were predominant throughout the eastern canyon from oVshore to nearshore.
After the near gale, feeding
aggregations were signiWcantly
reduced and concentrated along
the edge of the western canyon

Table 4 Mean and standard
error for krill biomass and
predator abundance during the
survey for both regions

Predator-prey estimates
Period relative to near gale

West canyon

Krill biomass (g m¡2)
Cape petrel ‘Flying’ (# km¡1)
¡1

Before

After

Before

After

407.16 § 30.7

246.68 § 24.4

339.76 § 27.7

185.72 § 17.6

0.17 § 0.05

0.38 § 0.09

1.37 § 0.53

0.17 § 0.06

Cape petrel ‘Feeding’ (# km )

0.93 § 0.12

1.55 § 0.22

3.05 § 0.44

0.10 § 0.03

Chinstrap penguin (# km¡1)

0.23 § 0.06

0.17 § 0.09

0.15 § 0.07

0.71 § 0.16

Antarctic fur seal (# km¡1)

0.31 § 0.03

0.36 § 0.07

0.24 § 0.05

0.06 § 0.02

evident to at least a depth of 100 m and included the waters
below the surface mixed layer. These hydrographic changes
may be the result of advection of surface water oVshore by
wind-driven currents and replacement of these waters by
deeper water or by mixing surface and sub-surface water
masses. Several hydrographic factors (mixed layer depth,
dissolved oxygen and potential density anomaly at 100 m)
did not show signiWcant diVerences due to spatial (canyon)
or temporal (near gale) factors. One reason for this may be
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East canyon

the normal variability in these parameters as measurement
locations within each canyon were separated by tens of
kilometers and had diVerences in bottom depth of several
hundred meters.
Chl-a and phaeopigment concentrations increased after
the near gale in both canyons, while measurements of PAR
for the two canyons were similar during both survey periods. This suggests that light levels were not a primary factor inXuencing the change in phytoplankton biomass. There
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Table 5 Factorial ANOVA for
assessing the eVects of environmental parameters on predator
distribution
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EVecta

Variable

Canyon
F

Parameters considered were
changes in space (canyon) and
time (before or after the near
gale). SigniWcant values
(P < 0.05) are shown in bold
a

Degrees of freedom = 1, 1199

Near gale
P

F

Canyon £ Near gale
P

F

P

Cape petrel ‘Flying’ (# km¡1)

2.38

0.12

2.49

0.11

4.91

0.02

Cape petrel ‘Feeding’ (# km¡1)

1.41

0.23

16.93

<0.0001

40.31

<0.0001

Chinstrap penguin (# km¡1)

4.98

0.02

5.47

0.02

8.61

0.003

10.70

0.001

0.92

0.34

8.08

0.004

¡1

Antarctic fur seal (# km )

Fig. 5 Pygoscelis antarctica. Distribution of sitting chinstrap penguins before (top) and after (bottom) the near gale. The majority of
chinstrap penguin aggregations were located close to shore, near colonies on Cape ShirreV and Desolation Island (62°28⬘S, 60°20⬘W, not
shown in Wgure)

Fig. 6 Arctocephalus gazella. Distribution of Antarctic fur seals before (top) and after (bottom) the near gale. The largest aggregations
were found oVshore along the 1,000 m isobath. Both before and after
the near gale, fur seals preferred the western canyon

are several possible processes that could lead to the
observed increase in phytoplankton biomass. If nutrient,
and not light, availability is a limiting factor in primary
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Fig. 7 Euphausia superba, Daption capense, Pygoscelis antarctica,
and Arctocephalus gazella. Time sequence of daily mean abundance
and standard error of krill biomass (upper panel); feeding (white) and
Xying (black) cape petrels (middle panel); and chinstrap penguins
(white) and Antarctic fur seals (black, lower panel). The gale occurred
on day 5 and interrupted sampling. The horizontal axis corresponds to
days of the survey from 2–10 February

productivity (Holm-Hansen et al. 2004), then the passage
of the near gale may have provided additional nutrients
(either from land runoV or mixing of deep water) to the
upper water column or decreased stratiWcation which could
lead to increased phytoplankton biomass. The rapid change
could also be explained by phytoplankton biomass being
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advected into the nearshore region. However, without measurements from the surrounding areas before and after the
near gale, the likelihood of this explanation is unknown.
While phytoplankton biomass increased after the storm,
krill biomass decreased by roughly half over the same time
period in both canyons. The variability of the krill ecosystem is high within the spatial and temporal scales measured
in this study (102–103 km2, 10–102 h), but some patterns
were constant such as higher abundances of krill in the
western canyon before and after the near gale. Changes in
the physical environment may occur immediately during
and after the passage of a near gale, but it is not known how
long it may take the other parts of the ecosystem to respond
to the altered environment. If currents driven by the near
gale advect animals into or away from a region, changes in
abundance and distribution would occur immediately.
However, longer times would be required for the lower trophic levels (primarily phytoplankton and mesozooplankton) of the ecosystem to respond to changes in their
environment such as increased nutrient concentration or
prey availability. Primary production could respond within
hours to days (Hitchcock et al. 1987; Tenore et al. 1995),
and copepods have been found to integrate changes in food
availability resulting in increases in egg production on time
scales greater than 12 h (Bochdansky and Bollens 2004).
While individual animals can respond fairly rapidly to
changes in their environment, mesozooplankton communities have been observed to respond to physical changes in
their environment over time scales closer to a week (Cowles et al. 1987; Tenore et al. 1995). In this study, changes in
the distribution of krill (and its predators) occurred quickly
after the passage of the near gale suggesting that krill were
not responding to changes in food availability, but rather
migrated or were advected out of the survey area. An acoustic survey in a nearby area (King George Island) has shown
that oVshore krill swarms can be advected by surface currents on temporal and spatial scales similar to this study
(tens of kilometers, 1–10 days; Everson and Murphy 1987).
A simple estimate of how far a zooplankton passively
drifting with the surface currents would travel during the
near gale was made to determine if advection of krill out of
the nearshore region was possible. Assuming that wind
speeds were 15 m s¡1 for a duration of 8 h and that surface
currents are approximately 5% of wind velocity, a passive
drifter would be advected roughly 20 km downwind. This
simpliWed analysis suggests that advection of krill out of
the survey area is a plausible explanation as the wind was
primarily blowing from the southwest to the northeast during the near gale. However this estimate is only valid for
surface currents which would diminish with depth, thus
krill not at the surface would be advected a smaller distance. If surface waters were advected away from Livingston Island, this might cause upwelling in the nearshore
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which could explain some of the hydrographic changes that
we observed.
The changes in krill distribution that were observed in this
study may aVect the foraging success of cape petrels. Feeding aggregations of cape petrels decreased or disappeared
from areas where krill abundance decreased, but distributions
of fur seals and foraging chinstrap penguins did not. Cape
petrel abundance correlated most strongly with krill biomass
distribution among observed predators (Figs. 2, 4, 7). Persistent cape petrel feeding aggregations were repeatedly
detected in the eastern canyon prior to the near gale, but after
the near gale all feeding aggregations were located in the
western canyon where krill biomass was greater. This shift in
feeding intensity mirrored the overall shift in krill biomass
from the eastern to western canyon after the near gale. The
cape petrels that remained to forage in the survey area were
able to continue to locate krill patches even after the marked
decrease in krill availability. Thus when prey abundance was
reduced the spatial distribution of feeding cape petrels and
krill biomass were signiWcantly correlated.
The response of cape petrels to changes in krill distribution may be a functional response to krill availability (Piatt
and Metheven 1992), that is, there is likely a threshold level
of krill biomass that inXuences the proWtability and consumption rate of foraging petrels. If krill were advected
from the survey region, then it is likely that cape petrels
also moved out of the area in search of surface krill patches
(Veit 1999) through either visual (surface swarms were
sighted occasionally during the survey) or olfactory (Nevitt
et al. 2004) cues. The foraging distribution of cape petrels
has been linked to changes in krill abundance and patchiness on annual scales (Santora et al. 2008) and at Wner
scales ranging from 1 min to 1 h (Veit et al. 2008), so it
seems likely that cape petrels are indicators of changes in
krill distribution in surface waters.
Cape petrel foraging eVort and Wtness may have been
particularly aVected (more than other krill predators) by the
gale itself as they remain above the surface of the water
exposed to the wind while foraging and have limited
energy-storage capacity due to their small body size. These
factors cause cape petrels to forage and feed more frequently than other predators and may explain why only
cape petrel distribution was correlated with krill abundance.
The correlation between feeding cape petrels and acoustic
estimates of krill abundance is especially interesting since
the petrels feed on surface swarms of krill which may be
under-sampled or missed entirely by acoustic observations
using hull-mounted echosounders (typically located at a
depth of several meters). This suggests the possibility that
acoustic estimates of sub-surface krill swarms are indicative of surface swarms or those feeding cape petrels may be
a useful biological indicator of surface krill swarms which
hull-mounted echosounders do not sample.
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The foraging eVort and ability of all three predators varies with predator size in several ways including longer foraging trips both in distance and duration, deeper diving
ability, and greater energy-storage capacity. Any of these
factors may explain the variations in the responses of the
three predator species to the changes in the krill distribution. Chinstrap penguins and fur seals displayed little variation in their foraging distribution patterns with respect to
the near gale (Fig. 7). However, throughout the survey,
chinstrap penguin abundance was correlated with krill biomass while fur seal abundance was not. Relative to cape
petrels, penguins and fur seals may not be as dependent on
Wnding prey over small time-scales due to their longer foraging-trip length and energy-storage capacity and may not
need to alter their foraging eVort or locations in response to
short-term changes in krill distribution. Gale-produced
winds would have a larger eVect on the transiting ability of
cape petrels than wind-driven currents would have on the
transiting ability of chinstrap penguins and fur seals. Penguins and fur seals are also capable of acquiring prey
deeper in the water column than the cape petrels, so their
prey may be less susceptible to being advected out of the
ecosystem by residing at depths where wind-driven currents may be less. There may also be resource partitioning
occurring vertically as well as horizontally in this ecosystem, evidenced by the diVerent foraging capabilities of the
predators.
Throughout the survey, chinstrap penguins and fur seals
showed persistent preferences for particular foraging areas.
Fur seals were observed at the 1,000 m isobath near the
mouth of the western canyon whereas chinstrap penguins
were routinely found closer to shore and at the heads of the
canyons. The areas of high fur seal abundance agree with
data from satellite-tagged female fur seals rearing pups at
Cape ShirreV, Livingston Island (Goebel et al. 2000) and
may be a preferred foraging area.
The contrasting “responses” of these predators to the
change in krill biomass after the near gale may be due to
their diVering abilities of prey detection or exploitation,
mobility, or immediate energy demands. Petrels have the
ability to search a much larger horizontal area than penguins or seals in a given period. The time-scale of our postgale observations seems to have been long enough to
observe petrels relocating to areas of higher prey density.
Since penguin and seal distributions largely did not change
during the survey, we suggest they are less responsive to
changes in krill biomass occurring in space and time at the
submesoscale.
While some of our observations of the ecosystem (e.g., the
western canyon containing more krill biomass than the eastern canyon) were static during our study period; other measurements show the dynamic response of the ecosystem
when a submesoscale meteorological event (a near gale)
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passed through the area. Even in the austral summer, these
low-pressure systems and associated winds are regular occurrences (Turner et al. 1998). Therefore, surveys that visit a site
or station only once or multiple times separated by weeks or
more may be biased as a result of recent or presently occurring meteorological events. This issue may not be as important for larger spatial or temporal surveys where multiple
events may occur during the survey and the changes in the
ecosystem may be averaged over the course of the study.
Future ecosystem studies may need to sample over multiple
temporal and spatial scales that are speciWcally relevant to
key ecosystem components to adequately capture the functional response of the ecosystem to perturbations.
Acknowledgments The Captain and crew of the RV Yuzhmorgeologiya provided excellent assistance in conducting this study. We
greatly appreciate the assistance of D. J. Futuyma in collection of
predator observations. Echosounder data were collected and processed
by A. Cossio and C. Reiss. Zooplankton net tow data were collected
and processed by K. Dietrich, R. Driscoll, D. Lombard, P. Kappes,
T. Reddy, and S. Wilson who were led by V. Loeb. D. Needham and
M. van den Berg collected the hydrographic data. C. D. Hewes provided the phytoplankton biomass measurements. C. Reiss, R. Veit, and
several anonymous reviewers provided useful feedback on this manuscript. Support for this project was jointly provided by the OYce of
Polar Programs at the National Science Foundation (grants # OPP0338196 and OPP-0633939 to J. D. W. and D. A .D.) and NOAA’s
Antarctic Marine Living Resources program led by R. Holt. J.A.S. was
supported by National Science Foundation grant OPP-9983751 awarded to R. R. Veit. This is contribution #1379 of the Marine Sciences
Research Center at Stony Brook University.

References
Agnew DJ (1997) The CCAMLR ecosystem monitoring programme.
Antarct Sci 9:235–242. doi:10.1017/S095410209700031X
Ainley DG, Fraser WR, Smith WO Jr, Hopkins TL, Torres JJ (1991)
The structure of upper level pelagic food webs in the Antarctic:
eVect of phytoplankton distribution. J Mar Syst 2:111–122.
doi:10.1016/0924-7963(91)90017-O
Ainley DG, Ribic CA, Fraser WR (1994) Ecological structure among
migrant and resident seabirds of the Scotia-Weddell ConXuence
region. J Anim Ecol 63:347–364. doi:10.2307/5553
Barlow KE, Boyd IL, Croxall JP, Reid K, Staniland IJ, Brierley AS
(2002) Are penguins and seals in competition for Antarctic krill at
South Georgia? Mar Biol (Berl). doi:10.1007/s00227-001-0691-7
Bengtson JL, Croll DA, Goebel ME (1993) Diving behaviour of chinstrap penguins at Seal Island. Antarct Sci 5:9–15. doi:10.1017/
S0954102093000033
Bochdansky AB, Bollens SM (2004) Relevant scales in zooplankton
ecology: distribution, feeding, and reproduction of the copepod
Acartia hudsonica in response to thin layers of the diatom Skeletonema costatum. Limnol Oceanogr 49:625–636
Boveng PL, Hiruki LM, Schwartz MK, Bengtson JL (1998) Population
growth of Antarctic fur seals: limitation by a top predator, the
leopard seal? Ecology 79:2863–2877
Boyd IL (1996) Temporal scales of foraging in a marine predator.
Ecology 77:426–434. doi:10.2307/2265619
Brierley AS, Demer DA, Watkins JL, Hewitt RP (1999) Concordance
of interannual Xuctuations in acoustically estimated densities of
Antarctic krill around South Georgia and Elephant Island: biolog-

123

Mar Biol (2009) 156:479–491
ical evidence of same-year teleconnections across the Scotia Sea.
Mar Biol (Berl) 134:675–681. doi:10.1007/s002270050583
Costa DP, Goebel ME, Sterling JE (2000) Foraging energetics and diving behavior of the Antarctic fur seal Arctocephalus gazella at
Cape ShirreV, Livingston Island. In: Davisons W, HowardWilliams C, Broady P (eds) Antarctic Ecosystems: Models for
Wider Ecological Understanding. New Zealand Natural Sciences
Press, Christchurch, pp 77–84
Cowles TJ, Roman MR, Gauzens AL, Copley NJ (1987) Short-term
changes in the biology of a warm-core ring: zooplankton biomass
and grazing. Limnol Oceanogr 32:653–664
Croll DA, Tershy BR, Hewitt RP, Demer DA, Fiedler PC, Smith SE,
Armstrong W, Popp JM, Kiekhefer T, Lopez VR, Urban J, Gendron D (1998) An integrated approach to the foraging ecology of
marine birds and mammals. Deep Sea Res Part II Top Stud Oceanogr 45:1353–1371. doi:10.1016/S0967-0645(98)00031-9
Croll DA, Marinovic B, Benson S, Chavez FP, Black N, Ternullo R,
Tershy BR (2005) From wind to whales: trophic links in a coastal
upwelling system. Mar Ecol Prog Ser 289:117–130. doi:10.3354/
meps289117
Croxall JP, Everson I, Kooyman GL, Ricketts C, Davis RW (1985) Fur
seal diving behaviour in relation to vertical distribution of krill.
J Anim Ecol 54:1–8. doi:10.2307/4616
Croxall JP, Reid K, Prince PA (1999) Diet, provisioning and productivity responses of marine predators to diVerences in availability
of Antarctic krill. Mar Ecol Prog Ser 177:115–131. doi:10.3354/
meps177115
Croxall JP, Trathan PN, Murphy EJ (2002) Environmental change
and Antarctic seabird populations. Science 297:1510–1514.
doi:10.1126/science.1071987
Daly KL, Smith WO Jr (1993) Physical–biological interactions inXuencing marine plankton production. Annu Rev Ecol Syst 24:555–
585. doi:10.1146/annurev.es.24.110193.003011
Demer DA (2004) An estimate of error for the CCAMLR 2000 survey
estimate of krill biomass. Deep Sea Res Part II Top Stud Oceanogr 51:1237–1251
Demer DA, Conti SG (2005) New target-strength model indicates
more krill in the Southern Ocean. ICES J Mar Sci 62:25–32.
doi:10.1016/j.icesjms.2004.07.027
Demer DA, Hewitt RP (1995) Bias in acoustic biomass estimates of
Euphausia superba due to diel vertical migration. Deep Sea Res
Part I Oceanogr Res Pap 42(4):455–475. doi:10.1016/0967-0637
(94)E0005-C
Everson I, Murphy E (1987) Mesoscale variability in the distribution
of krill Euphausia superba. Mar Ecol Prog Ser 40:53–60.
doi:10.3354/meps040053
Goebel ME, Costa DP, Crocker DE, Sterling JE, Demer DA (2000)
Foraging ranges and dive patterns in relation to bathymetry and
time-of-day of Antarctic fur seals, Cape ShirreV, Livingston Island
Antarctica. In: Davisons W, Howard-Williams C, Broady P (eds)
Antarctic ecosystems: models for wider ecological understanding.
New Zealand Natural Sciences Press, Christchurch, pp 47–50
Hamner WH, Hamner PP (2000) Behavior of Antarctic krill (Euphausia superba): schooling, foraging, and antipredatory behavior.
Can J Fish Aquat Sci 57:192–202. doi:10.1139/cjfas-57-S3-192
Haury LR, McGowan JA, Wiebe PH (1978) Patterns and processes in
the time-space scales of plankton distributions. In: Steele JH (ed)
Spatial Pattern in Plankton Communities. Plenum Press, New
York, pp 277–327
Hewitt RP, Demer DA (1993) Dispersion and abundance of Antarctic
krill in the vicinity of Elephant Island in the 1992 austral summer.
Mar Ecol Prog Ser 99:29–39. doi:10.3354/meps099029
Hewitt RP, Demer DA (2000) The use of acoustic sampling to estimate
the dispersion and abundance of euphausiids, with an emphasis
on Antarctic krill, Euphausia superba. Fish Res 47:215–229.
doi:10.1016/S0165-7836(00)00171-5

Mar Biol (2009) 156:479–491
Hewitt RP, Demer DA, Emery JH (2003) An 8-year cycle in krill
biomass density inferred from acoustic surveys conducted in the
vicinity of the South Shetland Islands during the austral summers
of 1991–1992 through 2001–2002. Aquat Living Resour 16:205–
213. doi:10.1016/S0990-7440(03)00019-6
Hitchcock GL, Langdon C, Smayda TJ (1987) Short-term changes in
the biology of a Gulf Stream warm-core ring: phytoplankton biomass and productivity. Limnol Oceanogr 32:919–928
Holm-Hansen O, Riemann B (1978) Chlorophyll a determination:
improvements in methodology. Oikos 30:438–447. doi:10.2307/
3543338
Holm-Hansen O, Lorenzen CJ, Holmes RW, Strickland JDH (1965)
Fluorometric determination of chlorophyll. J Cons Int Explor Mer
30:3–15
Holm-Hansen O, Naganobu M, Kawaguchi S, Kameda T, Krasovski I,
Tchernyshkov P, Priddle J, Korb R, Brandon M, Demer D, Hewitt
RP, Kahru M, Hewes CD (2004) Factors inXuencing the distribution, biomass, and productivity of phytoplankton in the Scotia Sea
and adjoining waters. Deep Sea Res Part II Top Stud Oceanogr
51:1333–1350
Hunt GL Jr, Priddle J, Whitehouse MJ, Veit RR, Heywood RB (1992)
Changes in seabird species abundance near South Georgia during
a period of rapid change in sea surface temperature. Antarct Sci
4:15–22. doi:10.1017/S0954102092000051
Jones CD, Ramm DC (2004) The commercial harvest of krill in the
southwest Atlantic before and during the CCAMLR 2000 survey.
Deep Sea Res Part II Top Stud Oceanogr 51:1421–1434
Lawson GL, Wiebe PH, Ashjian CJ, Gallager SM, Davis CS, Warren
JD (2004) Acoustically-inferred zooplankton distribution in relation to hydrography west of the Antarctic peninsula. Deep Sea
Res Part II Top Stud Oceanogr 51:2041–2072. doi:10.1016/j.dsr2.
2004.07.022
Lawson GL, Wiebe PH, Ashjian CJ, Chu D, Stanton TK (2006)
Improved parametrization of Antarctic krill target strength models.
J Acoust Soc Am 119:232–242. doi:10.1121/1.2141229
Lynnes AS, Reid K, Croxall JP, Trathan PN (2002) ConXict or co-existence? Foraging distribution and competition for prey between
Adélie and chinstrap penguins. Mar Biol (Berl) 141:1165–1174.
doi:10.1007/s00227-002-0899-1
Marr JWS (1962) The natural history and geography of the Antarctic
krill (Euphausia superba Dana). Discov Rep 32:33–464
Miller DGM, Hampton I (1989) Krill aggregation characteristics: spatial distribution patterns from hydroacoustic observations. Polar
Biol 10:125–134. doi:10.1007/BF00239157
Nevitt G, Reid K, Trathan P (2004) Testing olfactory foraging strategies in an Antarctic seabird assemblage. J Exp Biol 207:3537–
3544. doi:10.1242/jeb.01198
Piatt JF, Methven DA (1992) Threshold foraging behavior of
baleen whales. Mar Ecol Prog Ser 84:205–210. doi:10.3354/
meps084205
Reid K, Barlow KE, Croxall JP, Taylor RI (1999) Predicting changes
in the Antarctic krill, Euphausia superba, population at South
Georgia. Mar Biol (Berl) 135:647–652. doi:10.1007/s0022700
50665

491
Santora JA, Reiss CS, Cossio AC, Veit RR (2008) Interannual spatial
variability of krill inXuences seabird foraging behavior near Elephant Island, Antarctica. Fish Oceanogr (in press)
Siegel V (2000) Krill (Euphausiacea) demography and variability in
abundance and distribution. Can J Fish Aquat Sci 57:151–167.
doi:10.1139/cjfas-57-S3-151
Siegel V, Kawaguchi S, Ward P, Litvinov F, Sushin V, Loeb V,
Watkins J (2004) Krill demography and large-scale distribution in
the southwest Atlantic during January/February 2000. Deep Sea
Res Part II Top Stud Oceanogr 51:1253–1273
Tasker ML, Jones PH, Dixon T, Blake BF (1984) Counting seabirds at
sea from ships: a review of methods employed and a suggestion
for a standardized approach. Auk 101:567–577
Tenore KR, Alonso-Noval M, Alvarez-Ossorio M, Atkinson LP,
Cabanas JM, Cal RM, Campos HJ, Castillcjo F, Chesney EJ,
Gonzalez N, Hanson RB, McClain CR, Miranda A, Roman MR,
Sanchez J, Santiago G, Valdes L, Varela M, Yoder J (1995)
Fisheries and oceanography oV Galicia, NW Spain: mesoscale
spatial and temporal changes in physical processes and resultant
patterns of biological productivity. J Geophys Res C 100:10943–
10966. doi:10.1029/95JC00529
Turner J, Marshall GJ, Lachlan-Cope TA (1998) Analysis of synopticscale low pressure systems within the Antarctic peninsula sector of
the circumpolar trough. Int J Climatol 8:253–280. doi:10.1002/(SICI)1097-0088(19980315)18:3<253::AID-JOC248>3.0.CO;2-3
Veit RR (1999) Behavioural responses by foraging petrels to swarms
of Antarctic krill Euphausia superba. Ardea 87:41–50
Veit RR, Santora JA, Owen H (2008) Using a video camcorder to
quantify spatial association between seabirds and their prey. Mar
Ornithol (in press)
Veit RR, Silverman ED, Everson I (1993) Aggregation patterns of
pelagic predators and their principal prey, Antarctic krill, near
South Georgia. J Anim Ecol 62:551–564. doi:10.2307/5204
Ward P, Grant S, Brandon M, Siegel V, Sushin V, Loeb V, GriYths H
(2004) Mesozooplankton community structure in the Scotia Sea
during the CCAMLR 2000 survey: January–February 2000. Deep
Sea Res Part II Top Stud Oceanogr 51:1351–1367
Watkins JL, Brierley AS (2002) VeriWcation of acoustic techniques
used to identify and size Antarctic krill. ICES J Mar Sci 59:1326–
1336. doi:10.1006/jmsc.2002.1309
Watkins JL, Murray AWA (1998) Layers of Antarctic krill, Euphausia
superba: are they just long krill swarms? Mar Biol (Berl)
131:237–247. doi:10.1007/s002270050316
Watkins JL, Morris DJ, Ricketts C, Priddle J (1986) DiVerences between
swarms of Antarctic krill and some implications for sampling krill
populations. Mar Biol (Berl). doi:10.1007/BF00428662
Watkins JL, Morris DJ, Ricketts C, Murray AWA (1990) Sampling
biological characteristics of krill: EVect of heterogeneous nature
of swarms. Mar Biol (Berl). doi:10.1007/BF01313422
Wiebe PH, Ashjian CJ, Gallager SM, Davis CS, Lawson GL, Copley NJ
(2004) Using a high-powered strobe light to increase the catch of
Antarctic krill. Mar Biol (Berl). doi:10.1007/s00227-003-1228-z
Zar JH (1999) Biostatistical analysis, 4th edn. Prentice Hall, Upper
Saddle River

123

