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Abstract Baleen whales and Adelie penguins in the near-
shore waters around the Antarctic Peninsula forage princi-
pally on Antarctic krill. Given the spatial overlap in the
distribution of these krill predators (particularly humpback
whales) and their dependence on krill, the goals of this
paper are to determine if the inter-annual community struc-
ture and relative abundance of baleen whales around
Anvers Island is related to krill demography and abun-
dance, and if the potential exists for inter-speciWc interac-
tions between Adelie penguins and baleen. We use whale
sightings and prey data from both net tows and Adelie
penguin stomach samples to correlate the abundance of hump-
back whales with krill demography and abundance from
1993 to 2001. We Wnd signiWcant relationships between
whale abundance and the size–frequency distribution of
krill targeted by Adelie penguins, as well as the foraging
success of Adelie penguins. These Wndings suggest both
krill predators share common prey preferences in the upper
portions of the water column around Anvers Island. These
Wndings highlight the need for better knowledge of baleen
whale foraging ecology and inter-speciWc interactions with
penguins, as sea ice and krill populations around the Antarctic
Peninsula are aVected by rapid changes in climate.

Keywords Humpback whales · Krill · Adelie penguins · 
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Introduction

Baleen whales in the inner shelf waters oV the Western
Antarctic Peninsula (WAP) are distributed spatially in relation
to their prey and secondarily to physical features which may
inXuence prey aggregation (Thiele et al. 2004; Friedlaender
et al. 2006). Humpback whales are the most abundant ceta-
ceans in this area, foraging to a large degree on Antarctic krill
(Euphausia superba) (Mackintosh 1965; Kawamura 1994).
Recent evidence suggests baleen whales may partition
resources both vertically within the water column and through
species-speciWc prey patch preference: humpback whales
associate with prey aggregations in the upper 100 m of the
water column, while minke whales associate with deeper prey
(Friedlaender 2006; Friedlaender et al. 2008). While several
studies have described the distribution patterns of Antarctic
cetaceans over broad spatial scales (Kasamatsu et al. 2000a, b;
Nicol et al. 2000; Reid et al. 2000; Murase et al. 2002),
cetacean occurrence in coastal areas is poorly known in the
Antarctic. Furthermore, there is scant data on how the distri-
bution and relative abundance of cetaceans changes over time
(other than from whaling data, e.g. Tynan 1998) or in relation
to inter-annual changes in prey availability.

Climate and sea ice conditions are rapidly changing
around the Antarctic Peninsula (Smith et al. 1996; King and
Turner 1997; Atkinson et al. 2004). Krill cohort strength
and demography are tightly coupled to sea ice dynamics,
and it has been suggested that krill abundance has
decreased by an order of magnitude over the past 20 years
in this area (Siegel and Loeb 1995; Loeb et al. 1997; Siegel
et al. 1998). In other areas around the Antarctic Peninsula
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(e.g. South Georgia), diminished prey availability has nega-
tive impacts on land-breeding krill-dependent predator pop-
ulations (Boyd et al. 1994; Croxall et al. 1999; Reid and
Croxall 2001). Fraser and Hofmann (2003) postulate that
recent trends in sea ice and recruitment events have led to a
krill population dominated by a single age-class, aVecting
the foraging success of Adelie penguins around Anvers
Island oV the Western Antarctic Peninsula.

While environmental, bottom-up forcing plays a major
role in the ecology of Adelie penguins, the opportunity also
exists for inter-speciWc interactions with other krill predators
such as baleen whales. Adelie penguins forage in the upper
100 m of the water column concentrating their eVorts
between 10 and 40 m, typically within 10–15 km (maximally
to 96 km) of their nesting sites (Chappell et al. 1993; Fraser
and Hofmann 2003). While baleen whales can range over
greater spatial scales in search of food, they may be able to
diminish the abundance of prey at small spatial scales.
Ainley et al. (2006) oVer evidence of a trophic cascade where
minke whales in the Ross Sea may have helped deplete local
prey levels in a small area, leading to prey switching and
changes in foraging eVort in sympatric Adelie penguins.

Given the spatial overlap in the distribution of Adelie
penguins and baleen whales (particularly humpback
whales) in the inner shelf waters of the WAP and their
dependence on krill, the goals of this paper are to determine
if the inter-annual community structure and relative abun-
dance of baleen whales around Anvers Island is related to
krill demography and abundance, and if the potential exists
for inter-speciWc interactions between Adelie penguins and
baleen whales in this area. We use data collected as part of
a long-term ecological research eVort (Palmer LTER) to
explore and characterize the inter-annual relationships
between the relative abundance of baleen whales, krill
abundance and demography, and Adelie penguin foraging
behavior. We test the null hypotheses that: (1) no relation-
ship exists between the relative abundance and size-class
distribution of krill and the relative abundance of baleen
whales around Anvers Island over time; and (2) no relation-
ship exists between the relative abundance of baleen whales
and the foraging behavior of Adelie penguins.

Materials and methods

Cetacean sightings data

Cetacean sightings were made during January–February
from 1993 to 2001 concurrent with bird census work con-
ducted on Palmer LTER cruises. Data were collected from
the MV Polar Duke from 1993 to 1997, and from the ARSV
Laurence M. Gould from 1998 to 2001. Observations were
made from the starboard corner of the bridge within a 90°

arc from the bow of the ship to the beam. Surveys were
only done when the ship was traveling faster than four
knots. A standardized high density grid (10 £ 20 km area)
was established in the vicinity of Palmer Station, extending
to the south and west of Anvers Island (Fig. 1), and sam-
pled generally at the same time during each summer cruise.
This area is broken into 10 km east/west running legs, and
2.5 km north/south running legs. Each 10 km leg is broken
into 2.5 km transects. Sightings made in the vicinity of
Anvers Island were used in our analyses.

Krill sample data

Krill samples collected as part of a long-term Adelie pen-
guin foraging and monitoring study near Anvers Island
were used as a measure of penguin diets (see Fraser et al.
1992; Fraser and Hofmann 2003). Several studies have
shown seabird diets to be an appropriate proxy or indicator
of the spatio-temporal variance associated with the struc-
ture of their prey populations (e.g. Ainley et al. 1993; Crox-
all et al. 1999; Fraser and Hofmann 2003). Adelie penguins
dive to and forage between 3 and 98 m (Chappell et al.
1993), and diet samples from these birds are considered a

Fig. 1 Western Antarctic Peninsula and LTER study area around
Anvers Island. The approximate penguin sampling area and high
density grid area are shaded
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proxy for prey availability in the upper 100 m of the water
column. Penguin diet samples (4–5 samples for each of
approximately 10 weeks) were obtained during January and
February from 1993 to 2001 during the chick-feeding phase
of the reproductive cycle using a water oV-loading method
(forced regurgitation through stomach lavage, Wilson
1984) as described in Fraser and Hofmann (2003). Typi-
cally, 50–100 krill were measured for standard lengths from
the eye to the tip of the telson, and binned into 5 mm clas-
ses to resolve changes in population size-class structure
between years (Fraser and Hofmann 2003). We then pooled
all samples for each season to generate a length–frequency
distribution which was further binned into 4 size-classes
(<30, 31–40, 41–50, >50 mm).

In order to estimate both the overall krill density as well
as the length–frequency (age) distribution of the krill popu-
lation around Anvers Island and the LTER study area, we
use data from Quetin and Ross (2003). These estimates
come from predetermined stations where standardized net
tows were conducted. Data from Quetin and Ross (2003)
are also used to express the persistence of krill cohorts as
percentages of the total krill sampled from the two large
recruitment events (1990–1991, 1995–1996) which
occurred during the period of the study. Lastly, annual
anomalies of estimated krill density across the study area
were determined by comparing individual years to the aver-
age density calculated from 1993 to 2001 (R. M. Ross and
L. B. Quetin, personal communication).

Data analysis

In order to test our hypotheses and quantify the relation-
ships between the annual relative abundance of baleen
whales, Adelie penguin foraging behavior, and krill abun-
dance and demography around Anvers Island, we con-
ducted linear regression analyses.

Using the relative abundance from best estimates of
humpback whale sightings around Anvers Island for each
year (1993–2001), we ran a stepwise Poisson AIC general-
ized linear model (GLM) to determine relationships
between whale numbers and Adelie penguin foraging
behavior based on the length–frequency of size/age classes
of krill consumed. Regression models are a commonly used
technique to elucidate the relationship between cetacean
distributions and one or more habitat predictor variables
(Redfern et al. 2006). GLMs assume a parametric (linear or
quadratic) relationship between response and predictor
variables, but have Xexibility to handle non-constant vari-
ances. An extension of GLM is the Poisson regression
which can be used when the response variable is a count,
with large outcomes being rare events (Redfern et al. 2006).
We then used Akaike’s Information Criterion (AIC) to
evaluate which combination of predictor variables provided

the best-Wt to the observed data. AIC attempts to select the
model providing the best-Wt to the data as measured by a
decrease in variance, while minimizing the number of vari-
ables included in the model, essentially optimizing the
trade-oV between bias in the model from the number of pre-
dictor variables and variance (Hilborn and Mangel 1997;
Redfern et al. 2006).

We also tested for relationships between the relative
abundance of baleen whales and several other metrics of
foraging behavior and eYciency in Adelie penguins. Fraser
and Hofmann (2003) Wnd that Adelie penguin foraging may
be limited by their ability to Wnd krill, rather than by their
ability to eYciently exploit krill once located. Thus, we can
also refer to the number of krill in each stomach sample as
another indicator for the overall prey availability in their
foraging habitat. We further tested for a relationship
between the relative abundance of whales and the seasonal,
average number of krill per penguin sampled. A Wnal analy-
sis of the relationship between whale abundance and pen-
guin foraging used the average annual foraging trip
duration of Adelie penguins (from Fraser and Hofmann
2003). As a central-place forager, foraging trip duration in
Adelie penguins can serve as an indicator of the time it
takes to Wnd food; presumably longer foraging trip dura-
tions indicate fewer prey in an immediate area, and subse-
quently either taking more time to Wnd suYcient prey or
having to range farther to Wnd adequate prey resources.

We then tested for relationships between baleen whale
relative abundance and several krill population metrics
sampled independent of penguin foraging. Using net tow
data, we ran regression models against the annual density
of krill and also within each year-class present in the popu-
lation. We then ran a similar analysis of whale abundance
against the overall krill density anomaly (density of each
year compared to the mean from 1993 to 2001). Finally,
we tested for a relationship between whale abundance and
the persistence of the two major krill cohorts from recruit-
ment episodes (1990–1991, 1995–1996) during the period
of the study by regressing the percentage of the overall
krill catches associated with each recruitment cohort over
time.

Results

Cetacean sightings

Between 1993 and 2001 humpback whales were seen in all
years except one (Fig. 2, Table 1). Humpback numbers
ranged from 0 to 58 individuals annually. The highest num-
ber of whales was seen in 1997, while no whales were seen
the previous year. The mean annual abundance of hump-
back whales was 14.3 (standard deviation = 17.6).
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Krill samples

Krill samples collected from both net tows and Adelie pen-
guins around Anvers Island are summarized in Table 1. The
number of penguins sampled annually ranged between 37
and 50. The total number of krill measured from stomach
samples ranged between 1,580 in 2001 and 3,619 in 1997.
Typically, the greatest number of krill was between 30 and
50 mm (in 2000 the greatest number was >50 mm).
Krill < 30 mm averaged 5.4% of the total length–frequency
of krill ranging between 0.4% in 1993 and 16% in 1996.
Krill between 30 and 40 mm ranged between 72 (1997) and
10% (1999) of the total annual sample of krill, averaging

35.6%. Krill between 40 and 50 mm were on average the
most represented length class, averaging 46.5% of the total
sample (between 15% in 1996 and 75.8% in 1994). The
largest size-class of krill > 50 mm averaged 12.4% of the
total sample, was variable, ranging between 0.4 and 43.2%.
The number of krill per penguin stomach ranged from 42.7
in 2001 to 72.4 in 1997.

The greatest density of krill occurred in net samples
around the episodic recruitment events of 1990–1991 and
1995–1996 as those cohorts grow and enter the adult krill
population (Table 1). The highest densities of krill were
found in the ac2 age class in 1993 and the ac4 age class in
1998. Krill from the 1991 to 1992 recruitment dominate the
overall population, accounting for 100 and 92% of the
overall catch in 1993 and 1994. This cohort then dimin-
ished and was replaced by the 1995–1996 cohort which
dominated the catches from 1996 to 2001 (70–90%).

The krill density anomalies correspond to these years as
well, with the largest positive anomaly occurring in 1993.
Over the period of the study the mean krill density appeared
to be very high, and then dropped well below the mean for
2 years, becoming stable around the mean and increasing
slightly before dropping once again in 1999–2001.

Whales and penguin analysis

The generalized linear models to test the associations
between humpback whales with the size–frequency distri-
bution of krill consumed by Adelie penguins around
Anvers Island yield signiWcant results (Table 2). A total of

Fig. 2 Relative abundance of humpback whales sighted around
Anvers Island from LTER research cruises, 1993–2001

Table 1 Annual length frequencies of Antarctic krill collected
from stomach samples of Adelie penguins around Anvers Island,
krill densities from LTER net tows for individual age-classes (ac), krill
density anomalies, percentage of krill catches associated with krill

recruitment episodes in 1990–1991 and 1995–1996, the average num-
ber of krill per penguin stomach samples, and relative abundance of
humpback whales

* Taken from Fraser and Hofmann (2003)

** Taken from Quetin and Ross (2003)

*** R. M. Ross and L. B. Quetin, personal communication

Krill length frequency distribution 
from penguin stomach samples*

Krill densities (per 1,000 m3) 
for year-classes**

Krill 
Anomaly***

Percentage of krill 
in each year-class**

Humpback 
whales

Year <30 
(mm)

30–40 
(mm)

40–50 
(mm)

>50 
(mm)

ac1_24.2 ac2_34.4 ac3_42.3 ac4_46.7 ac5_54.2 1990–1991 1995–1996 Krill per 
penguin

1993 8 653 1457 89 20.73 274.66 1.05 0 0 213 100 0 55.2 6

1994 19 305 1479 149 1.34 24.59 0 2.45 0 ¡100 92 0 48.8 4

1995 192 590 976 482 3.24 3.39 1.44 0 3.25 ¡178 58 0 56.0 13

1996 514 2188 495 21 7.77 0 0.45 10.39 44.09 ¡8 12 70 71.5 0

1997 190 2601 820 8 0 0.87 8.74 73.04 63.32 15 0 90 72.4 58

1998 23 1214 1553 24 0.95 2.43 47.56 111.93 12.73 36 0 85 62.5 20

1999 36 240 1757 411 0.92 7.69 16.63 3.08 0.81 ¡33 0 82 61.1 16

2000 154 363 809 1008 0.1 11.13 1.51 0 1.02 ¡179 0 80 51.9 9

2001 131 645 534 270 6.59 0.1 0 1.19 0.47 ¡181 0 78 42.7 3
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129 humpback whales was sighted from 1993 to 2001
around Anvers Island. The best-Wt GLM model included all
four of the krill length classes used as predictor variables. A
signiWcant and negative association was found with
krill < 30 mm (P < 0.001). Stronger positive correlations
were found with krill 30–40 mm and >50 mm (P < 0.0001),
and a signiWcant relationship was also found with krill 40–
50 mm (P < 0.01). The AIC value for this model was 63.91
with a residual deviance of 20.162.

A signiWcant positive relationship also exists between
the relative abundance of humpback whales and the number
of krill per penguin stomach sampled (P = 0.003). While a
linear relationship was signiWcant (R2 = 0.72), we found a
better Wt and more signiWcant relationship expressed as an
exponential function (P < 0.001, R2 = 0.94) (Fig. 3). There
was no signiWcant relationship between humpback whale
relative abundance and Adelie penguin foraging trip dura-
tion (P = 0.18). The results of these regression analyses are
shown in Table 3.

Whale and krill analysis

Regression analysis testing the relationship between hump-
back whale abundance and the density of krill and age/
length classes from net tows was not signiWcant for the
overall model (P = 0.26) or for any individual age/size
class (Table 3). Similarly, there was no signiWcant relation-
ship between whale abundance and annual krill density
expressed as an anomaly around the mean (P = 0.63). We
Wnd no signiWcant relationship between humpback whale
relative abundance and the percentage of the 1990–1991
(P = 0.37) or 1995–1996 (P = 0.30) krill cohort in the over-
all population.

Discussion

Over a 9-year period from 1993 to 2001, we Wnd no signiW-
cant relationships between the availability and population
structure of krill (as measured from net tow data) and the
relative abundance of humpback whales around Anvers
Island. Based on these results, our data do not reject the Wrst
null hypothesis that no relationships exist between krill and
whales in this area. However, we do Wnd evidence that
diVerences in the size–frequency distribution of krill pres-
ent in the upper portion of the water column around Anvers
Island targeted by Adelie penguins relate to the annual rela-
tive abundance of humpback whales. We also Wnd evidence
of a strong relationship between the foraging success of
Adelie penguins and the annual relative abundance of

Table 2 Stepwise AIC generalized linear model relating the relative
abundance of humpback whales to the size–frequency distribution of
Antarctic krill from Adelie penguin stomach samples around Anvers
Island

Humpback whales

Co eV. Estimate SE z value Pr (>|z|) SigniWcance

(Intercept) 2.19 0.133 16.358 <2e¡16 0.0001

Krill < 30 mm ¡0.005 0.002 ¡2.879 0.004 0.001

Krill 30–40 mm 0.002 0.0002 8.205 2.31E¡16 0.0001

Krill 40–50 mm 0.001 0.0006 2.213 0.03 0.01

Krill > 50 mm 0.003 0.0006 4.81 1.51E¡06 0.0001

AIC 63.91

Residual deviance 20.162

Fig. 3 The relative abundance of humpback whales around Anvers
Island as a function of the annual, average, number of krill per
Adelie penguin stomach sample. An exponential line function and
associated R2 value are shown

Table 3 Linear least square regression model results for relationships
between humpback whale relative abundance and krill availability
metrics around Anvers Island from Adelie penguin stomach samples
and LTER net tows

SigniWcant relationships are expressed in bold font

Parameter F ratio Prob. > F

Number of krill per 
penguin stomach sample

21.11 0.003

Penguin foraging trip 
duration

2.18 0.18

Net tow krill density 2.28 0.26

Year-class1 krill t ratio & Prob > t ¡1.69 0.19

Year-class2 krill t ratio & Prob > t 1.48 0.23

Year-class3 krill t ratio & Prob > t ¡0.37 0.74

Year-class4 krill t ratio & Prob > t 0.54 0.62

Year-class5 krill t ratio & Prob > t 1.04 0.37

Krill density anomaly 0.25 0.63

Percentage of 1990–1991 
krill cohort in population

0.92 0.37

Percentage of 1995–1996 
krill cohort in population

1.25 0.30
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humpback whales. We do not Wnd evidence of a direct rela-
tionship between Adelie penguin foraging eVort, based on
foraging trip duration, and the relative abundance of hump-
back whales. This information suggests rejecting our sec-
ond null hypothesis. Thus, humpback whales and Adelie
penguins appear to target and share similar spatio-temporal
prey resources in the upper portions of the near-shore
waters around Anvers Island.

While the data presented here oVer insights into the dis-
tribution and ecology of baleen whales in the Antarctic, we
are limited in our conWdence and ability to quantify rela-
tionships due to sampling circumstances. Whale sightings
were collected somewhat opportunistically concurrent to
bird surveys. EVective eVort was limited to a single forward
quadrant of the visible sighting environment, and search
eVort was primarily restricted to 1 km from the ship. Thus,
we consider our sample size limited from a search area per-
spective, and present it as only a relative index of hump-
back whale abundance. We are also limited by the spatial
and temporal scales at which data were collected. Whale
sightings and penguin diet data come from concurrent spa-
tial ranges across a similar temporal scale. However, the
krill density data from net tows represent a somewhat larger
spatial range than sightings. They were, however, collected
within the same time period as the sightings.

The krill data used for the GLM of length–frequency clas-
ses were obtained from diet samples of Adelie penguins.
While noted earlier that these samples have been shown to be
an appropriate proxy for the structure of their prey popula-
tions, it is possible that penguins and whales target prey in
diVerent ways. We assume that the krill being eaten by pen-
guins is reXective of the overall krill community structure in
the portion of the water column where they are foraging
(as suggested by Fraser and Hofmann 2003), and that the
thresholds below which is it not proWtable for penguins to for-
age on certain sizes of prey may be similar to that of whales.

A large gap exists in our basic understanding of the for-
aging behavior of baleen whales in the Antarctic. Friedla-
ender et al. (2008) suggest vertical partitioning of krill in
the water column between humpback and minke whales,
and where the two species do associate with prey in a simi-
lar part of the water column they may associate with krill in
diVerent sized patches and with diVering densities. We Wnd
more evidence of species-speciWc prey preferences in how
the relative abundance of humpback whales around Anvers
Island is inXuenced by diVerent size-classes of krill present
in the upper portion of the water column. Our analysis
oVers novel insights by comparisons with speciWc age/
length classes of krill. The GLMs suggests a signiWcant, but
not statistically robust (due to sample size), connection.
Humpback whale relative abundance is positively associ-
ated with all krill size-classes >30 mm, and negatively with
krill < 30 mm. One potential explanation may be that the

vast majority of krill in the sample are >30 mm, and hump-
back whales have energetic demands which require a
greater energetic threshold via density or abundance of prey
in order to make foraging proWtable (see Piatt and Methven
1992). However, this relationship only exists with krill con-
sumed by penguins, and not with the frequency distribution
of krill from the area at large.

The relationship between humpback whale abundance
and krill size-classes from penguin stomachs may indicate
that these two krill predators have similar prey preferences.
Both humpbacks and Adelie penguin appear to target larger
krill when they are available, avoiding smaller krill. Addi-
tionally, the relationship between whale abundance and the
number of krill per penguin stomach sample adds further
evidence to this concept. The shape of the best-Wt function
for this relationship is exponential with respect to whale
abundance, and toward an asymptote for the number of krill
per penguin stomach. This function may indicate the upper
limits of how many krill an Adelie penguin can consume on
a single foraging trip. To our knowledge, there is no data
published on stomach sizes of these penguins. There is no
indication from this relationship that humpback whales
have a negative eVect on the foraging success of Adelie
penguins around Anvers Island.

Krill can grow to reach 25 mm after 1+ year (Quetin and
Ross 2003). With limited recruitment events due to climate
forcing, a single dominant krill cohort will spend several
years at a size great than 30 mm. If humpback whales and
penguins have preference for krill of this size-class, and
without the introduction of a new and smaller age class into
the krill population, the possibility exists that they could
help deplete local prey abundance and compete for this
resource. We Wnd no signiWcant relationship; however,
between annual whale abundance and the persistence of a
single dominant krill cohort in the area. Thus, it appears
that the episodic recruitment of krill has, at least in the past,
maintained enough of the size-preferred prey for penguins
and whales to both forage eYciently.

Sea ice around the WAP is decreasing in a number of
ways. Aside from a decrease in the overall extent of sea ice
during the last decade, sea ice is also forming later and
retreating earlier (Smith et al. 2003). Fraser and Hofmann
(2003) suggest that while progress has been made toward
understanding krill–sea ice interactions, the mechanisms by
which variability in sea ice cover eVects krill demography,
and cascades to apex predators remains poorly understood.
Climate variability is important to the biological compo-
nents of marine ecosystems because many species have
evolved complex life-history strategies to cope with or
exploit environmental variability (Johnston et al. 2005).
However, unidirectional climate warming may induce
changes in ecosystem structure and function by disrupting
these evolved life-history strategies of key species (Rhodes
123
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and Odum 1996). The long life-span (>6 years) of Antarctic
krill has evolved to minimize mismatches in the highly var-
iable Antarctic marine environment, but it has been sug-
gested that this strategy is also a potential “weak link” in
the processes maintaining ecosystem function (Fraser and
Hofmann 2003). Siegel et al. (1998) oVer that multiple age
classes buVer the krill population from short term and rapid
changes in abundance to maintain ecosystem structure and
function, however recent trends indicate that the number of
strong cohorts in the population may be decreasing, thus
making the ecosystem more vulnerable to climate-induced
perturbations if multiple poor recruiting classes or senes-
cent events occur in succession (Fraser and Hofmann
2003). Therefore, quantifying the links between krill preda-
tors, prey, and the physical environment is a fundamental
step toward predicting and understanding the eVects of cli-
mate change and variability on predators such as penguins
and baleen whales in Antarctica.

Humpback whales may play a role in limiting local
availability of prey for Adelie penguins around Anvers
Island; however, no empirical data exist on the consump-
tion rates and threshold prey required for humpback
whales. Focused research on the foraging behavior and con-
sumption rates of humpback whales in this area would
greatly increase our knowledge of how these krill predators
and climate changes both may aVect penguin populations
around the Antarctic Peninsula.
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