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ABSTRACT: To assess krill aggregations and humpback whale Megaptera novaeangliae foraging
behavior, spatial and temporal relationships between Antarctic krill Euphausia superba and zooplankton taxonomic groups were studied during an interdisciplinary cruise conducted in May and
June 2009 within Wilhelmina Bay on the western side of the Antarctic Peninsula. A vesselmounted acoustic Doppler current profiler (ADCP) and a calibrated EK-60 echo sounder were used
to assess circulation patterns and krill distributions in the bay, and a multiple opening and closing
net (with 333 µm mesh) and environmental sensing system (MOCNESS) was used to collect live
samples of mesozooplankton and krill for taxonomic composition analysis. The results from this
field study complement a previous one that examined an anticyclonic bay-scale circulation of
Antarctic krill. This super-aggregation of krill covered ~100 km2, had a concentration of 1000s of individuals m–2 and was associated with more than 306 humpback whales present in Wilhelmina Bay.
Our results from the mesozooplankton study revealed that krill continuously conducted diel
vertical migrations and formed aggregations in the inner bay, while the chlorophyll concentration
at the surface decreased from 2.2 to 0.6 g C m−2 due to the decrease of daylight, and zooplankton
concentrations increased from 0.5 to 1.5 g C m−2 probably from advective influx. Most zooplankton
were distributed below 200 m while krill fed in the upper 150 m. The spatial and temporal correlations between krill and small- to medium-sized mesozooplankton imply that krill may become omnivorous when there is a lack of phytoplankton in the late austral fall. Though both phytoplankton
and zooplankton biomasses contributed only small fractions of the daily ration needed for krill metabolism in Wilhelmina Bay, it is not clear what caused krill to aggregate on such a large scale, as
this led to high mortality as a result of starvation and predation by whales and other top predators.
KEY WORDS: Antarctic Peninsula · Chlorophyll · Zooplankton · Krill · Food web · Austral fall
Resale or republication not permitted without written consent of the publisher

INTRODUCTION
Antarctic krill Euphausia superba plays a pivotal
role in the Antarctic ecosystem linking primary producers to higher trophic level predators, such as pen-

guins, seals and whales, and has been studied for
more than 80 yr (Marr 1962, Laws 1985). Previous
studies have significantly improved our understandings of their growth, seasonal behavior and life history
(Quetin & Ross 1991, Huntley et al. 1994, El-Sayed
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1996, Loeb et al. 1997, Everson 2000, Atkinson et al.
2002, Daly 2004, Siegel 2005, Tarling et al. 2006,
Meyer et al. 2010). Adult krill are known to feed in regions on and off continental shelf breaks west of the
Antarctic Peninsula during the summer, and then migrate inshore across the wide continental shelf during
the fall and winter (Hofmann et al. 1988, Zhou et al.
1994, Lascara et al.1999, Ross & Quetin 2000, Siegel
2005). The krill overwintering strategies, which have
been studied and demonstrated, include feeding on
ice algae (Daly & Macaulay 1988, Marschall 1988),
becoming omnivorous during this period (Price et al.
1988, Hopkins et al. 1993, Atkinson & Snÿder 1997,
Zhou et al. 2004), reducing their metabolic rates
(Quetin et al. 1994, Torres et al. 1994) and combusting
their lipids, which sometimes results in shrinkage
(Ikeda & Dixon 1982, Hagen et al. 1996). Feeding experiments and examinations of gut contents showed
that Euphausia superba can feed on mesozooplankton
and especially copepods (Price et al. 1988, Atkinson &
Snÿder 1997). The relationships between Antarctic
krill and prey may vary owing to the spatial and temporal variability of in situ plankton assemblages. The
sea ice in coastal bays and shelf regions of the Antarctic Peninsula during the late fall and winter makes it
difficult to sample krill and their prey fields (Hofmann
et al. 2002). But prey−predator relationships are important for understanding krill overwintering strategies and the effects of climate change on the food web
structure in the Southern Ocean.
The hydrography and circulation in the western
Antarctic Peninsula (WAP) regions have been well
documented (Hofmann et al. 1996, Smith et al. 1999,
Zhou et al. 2002, 2006, Beardsley et al. 2004, Klinck
et al. 2004). The main circulation patterns that affect
this area are a northeastward current that transports
the modified upper circumpolar deep water (UCDW)
along the shelf break and intrudes onto shelf regions
toward the tip of the Antarctic Peninsula, a southward baroclinic coastal current that is driven by
freshwater runoff and the local gyres that are found
over shelf basins and in coastal embayments. These
physical processes are closely linked with biological
processes in this region. Onshelf intrusions of the
warm UCDW (>1°C) promote high primary productivity from November to March and are favorable for
zooplankton growth (Rodriguez et al. 2002, Garibotti
et al. 2003). Highest zooplankton abundances are
typically found close to the coast (Hopkins 1985,
Ashjian et al. 2004). Copepods widely dominate
mesozooplankton biomass, and are one of major zooplankton taxa in the WAP regions (Ashjian et al.
2004, Ducklow et al. 2007). Adult Euphausia superba

are found mainly around the inner shelf regions in
the austral fall and winter. Both juvenile and adult
krill are micronektonic and have strong swimming
capabilities (Nicol 2003). They form dense aggregations as swarms or schools of various sizes (Zhou et
al. 1994, Lawson et al. 2004, Zhou & Dorland 2004).
Their swarming or schooling behavior has been
thought to enhance their capability to forage or avoid
predators (Hamner 1984, Zhou & Huntley 1996, Zhou
& Dorland 2004).
Humpback whales Megaptera novaeangliae and
minke whales Balaenoptera acutorostrata are commonly found in the WAP region where they feed preferentially on krill and fish (Thiele et al. 2004, Friedlaender et al. 2006, Nowacek et al. 2011). Late fall is a
transition period for all the trophic levels in the WAP
ecosystem when phytoplankton blooms end. Antarctic krill then migrate to the continental shelves and
form aggregations in embayments where whales intensively feed on the krill before their seasonal migration or before overwintering. Large krill aggregations with a horizontal scale of more than 100s of
meters and a concentration of more than 10s of individuals m–2 have been frequently found in the WAP
region (Zhou et al. 1994, Lawson et al. 2004, Zhou &
Dorland 2004, Nowacek et al. 2011). The term superswarm of krill has been used to describe those aggregations that are up to several kilometers in size in the
horizontal scale with a concentration of more than
100s of individuals m–2 (Siegel & Kalinowski 1994). In
this article, we use the term of aggregation instead of
swarm or school because of difficulties separating in
situ swarms and schools.
An interdisciplinary cruise was conducted in late
austral fall 2009 within the WAP embayments to study
krill aggregation and humpback whale fine-scale
foraging behavior, and predator−prey ecology. During
the cruise, super-aggregations of Antarctic krill and
humpback whales were found in Wilhelmina Bay
(Nowacek et al. 2011). During the month-long cruise,
the concentration of chlorophyll a (chl a) decreased
from 1.5 µg chl a l−1 to nearly zero, which indicated
the end of the productive season. Under such a physical and biological setting, this article examines the
results from the analysis of mesozooplankton and krill
live samples for spatial and temporal distributions and
their relationships. Krill food demands, grazing effects
on zooplankton community structures and evolution
of the zooplankton and krill abundances and size
spectra were inferred from these relationships and
from values obtained from the literature for assessing
the overwinter strategy used by krill of forming a
super-aggregation to feed on zooplankton.
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Data collection and sampling

Cruises were conducted onboard the Antarctic Service and Research Vessel (ASRV) ‘LM Gould’ from
April 21 to June 11, 2009, on 3 separate occasions, or
Our study focused on the Gerlache Strait and its
legs: May 1 to 9, May 16 to 22 and May 26 to June 3.
embayments in the Antarctic Peninsula (Fig. 1).
During each leg, hydrography, currents, krill and
The southern end of the strait is ~100 m deep and
zooplankton were measured: currents and acoustic
opens to the Bismarck Strait, which is over 200 m
volume backscattering were measured with a vesseldeep and linked to deep canyons on the shelf.
mounted, narrow band, 153 kHz acoustic Doppler
The northern end is ~600 m deep and opens to
current profiler (ADCP; RD Instruments); hydrograthe western Bransfield Strait. Wilhelmina Bay is
phy was measured with a CTD (Sea-Bird 911 plus,
an embayment within the Gerlache Strait and
Sea-Bird Electronics); fluorescence, as an index of
has an area of ~600 km2. The mean depth of the
chl a concentration, was measured with an ECOdeep channel in the Wilhelmina Bay is ~300 m
AFL/FL fluorometer (WET Lab); zooplankton were
while the deepest depth is over 600 m. These
collected and measured for size and taxonomic comdeep channels on the shelf of the WAP allow the
position by means of a 1 m2 multiple opening and
UCDW to intrude onto the shelf regions and
coastal embayments, which is critically important
closing net (333 µm mesh) and environmental sensto ecosystem processes in the WAP (Hofmann et
ing system (MOCNESS; Wiebe et al. 1976, 1985) . In
al. 1996).
Wilhelmina Bay, 35, 15 and 24 CTD stations were
conducted during Legs 1, 2
and 3, respectively, and all 3
paired MOCNESS tows were
conducted within and outside
of krill aggregations at night.
Before the cruise all CTD
sensors were calibrated within
standard initial accuracies of
0.001°C for temperature and
0.003 mmho cm−1 for conductivity. The differences between
the pair of CTD sensors were
the same as the initial accuracies during the cruise. All CTD
data were first processed by
applying filters and corrections
as suggested by Sea-Bird Electronics, and then were binned
to 1 m depth intervals. The
95% CIs for the mean temperature and salinity in a 1 m bin
are less than 0.003°C and
0.003, respectively. The ECOAFL/FL fluorometer was integrated with the CTD.
The ADCP was configured
for both current and volume
backscattering measurements.
Both the pulse and bin lengths
were set at 8 m, and blank (i.e.
set to not receiving signals) afFig. 1. Bathymetry of Wilhelmina Bay and its vicinity. The gray color scale represents
ter transmission was set to 4 m.
the bathymetry, black dots were CTD stations, black lines represent ADCP surveys
and the white line represents the transect shown in Fig. 3
A 5 min ensemble average was
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made for the current measurements with a 95% CI of
1.1 cm s−1 (RDI 1989). The tidal currents were estimated with the model developed by Padman et al.
(2002) and removed from the ADCP current measurements. To further eliminate inertial oscillation, the detided ADCP currents were fitted with a streamfunction
during objective analysis (Bretherton et al. 1976, Dorland & Zhou 2008).
The ADCP provided echo intensity measurements
with an accuracy of 1 dB for a single ping but was not
calibrated. An echo sounder (Simrad EK-60, 120 kHz,
Kongsberg-Simrad) was used on a zodiac inflatable
boat for mapping the fine scale of krill aggregations
around a feeding whale and was calibrated by using
a standard 3 cm tungsten−carbide sphere following
standard procedures (Foote et al. 1990). To correct
ADCP biomass concentration estimates that used the
calibrated EK-60, a calibration experiment was done
at Stn B during which the zodiac with the EK-60
sailed ~50 m ahead of the ARSV ‘LM Gould’ at 2
knots for ~35 min between 18:49 h and 19:24 h local
time on May 8, 2009. To compare ADCP and EK-60
backscattering data, both data sets were averaged
over 30 min during data processing for removing
potential errors due to fine-scale krill aggregations
and differences in the beam patterns between the
EK-60 and ADCP. The krill target strengths were
estimated based on the mean and SD of krill length
analyzed from MOCNESS samples, literature values
on the orientations, material properties and the deformed cylinder model (Chu et al. 1993, Chu & Wiebe
2005, Lawson et al. 2006). Both EK-60 and ADCP volume backscattering data (in dB) were converted to
biomass wet weight (WW) concentrations of krill (in g
m−3) by using a prolate spheroid model and the density of an individual krill of ~1 g WW cm−3. To correct
the ADCP estimates, the constants for the power into
water (K2) and automatic gain control (Kc) in the
ADCP sonar equation are corrected for the acoustic
energy loss and ship noise by least squares fitting,
which minimized the difference between EK-60 and

ADCP biomass estimates (Flagg & Smith 1989, RDI
1989, Zhou et al. 1994). After such an empirical calibration, the ADCP volume backscattering data were
used to estimate krill biomass.
The ADCP acquired volume backscattering data
continuously during the entire cruise. The daytime
activities for spatial surveys of whales and following
tagged whales with a satellite transmitter provided
some ADCP coverage in Wilhelmina Bay while nighttime activities such as ADCP mapping and hydrographic surveys provided the coverage of acoustic
backscattering data in the entire Wilhelmina Bay.
The EK-60 was only operated during the day under
fair weather conditions. Most of time, the zodiac was
working around the vicinity of a tagged whale while
the ASRV ‘LM Gould’ was elsewhere conducting spatial surveys of whales. They only ran in parallel when
conducting the calibration.
Zooplankton samples were collected by the MOCNESS at 2 stations in all 3 legs (Fig. 1). One sampling
station was located within the krill aggregations, and
another was located outside of the aggregations for
comparative purposes. Before or after each net tow, a
CTD−fluorometer (CTDF) cast was conducted at the
net tow station. To be consistent, all MOCNESS tows
for sampling krill and zooplankton were conducted
at night when krill were distributed in the upper
water column (Table 1). Whale observations, tagging
and tracking typically took place during the day. The
depth interval for each net was chosen by using the
information on krill vertical distributions that was
provided in real time by the biomass estimates from
processed ADCP backscattering data. Some depth
intervals were merged to make data comparable between ADCP and net tows resulting in 6 and 7 depth
layers defined at Stns A and B, respectively.
All live samples were immediately preserved in 5
to 10% buffered formalin in seawater after collection.
When the entire sample in a net was too large to be
preserved, the sample was split and a subsample was
preserved for future analysis. During the post labora-

Table 1. Geographic locations, bottom depths, dates and times of MOCNESS tows
Station

Latitude
(S)

Longitude
(W)

Bottom depth
(m)

Tow depth
(m)

Leg

Date
(d/mo/yr)

Time
(h)

Stn A
(low krill concentration)

64° 36’

62° 15’

380

350

1
2
3

06/05/2009
18/05/2009
30/05/2009

03:20
22:30
04:50

Stn B
(high krill concentration)

64° 40’

62° 15.5’

600

500

1
2
3

02/05/2009
18/05/2009
30/05/2009

02:10
20:10
02:30
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tory analysis, a 6 mm mesh filter was used to separate
mesozooplankton and adult krill. The samples were
thoroughly rinsed to ensure all the mesozooplankton
passed through the filter. Some samples were further
divided with a Motoda splitter resulting in a subsample with no fewer than 1000 individuals.

Data analysis
An aliquot of each sample with organisms less than
6 mm was processed by using ZOOSCAN (www.
zooscan.com). Each scanned image had a resolution
of 2400 dots per inch (dpi) and were analyzed with the
software Zooprocess (Grosjean et al. 2004), which is
embedded in the image analysis software ImageJ
(Rasband 2005). A total of 46 variables, including geometrical and optical characteristics, were measured
by Zooprocess for each individual and then used by
the software Plankton Identifier for automated classification based on the supervised learning algorithms
implemented in free statistical pack TANAGRA
(Rakotomalala 2005, Gasparini 2007). Six predefined
categories (e.g. copepods, chaetognaths, a group consisting of ostracods, polychaetes and pteropods, krill
larvae, krill appendages and detritus) were chosen
based on their dominances and identifiable features.
The automatic classification is based on the random
forest algorithm that used the 46 variables analyzed
by Zooprocess (Breiman 2001). Finally, a manual
verification was done by comparing random selected
images and taxonomic identifications to ensure the
quality of automated zooplankton analysis.

67

We performed a microscopic analysis to establish
the copepod categories. Four groups of copepods
based on total length were defined: small copepods
<1.4 mm, small to medium copepods 1.4–2.8 mm,
medium to large copepods 2.8–4.1 mm and large
copepods > 4.1 mm. These size ranges comprise the
following: small copepods are dominated by Oithona
spp., Oncaea spp. and Microcalanus pygmaeus;
small to medium copepods are dominated by copepodite stages III, IV and V of Metridia gerlachei; medium to large copepods are dominated by adult Metridia gerlachei; and large copepods primarily consist
of 4 calanoid species — Calanus acutus, C. propinquus, Euchaeta antarctica and Rhincalanus gigas.
The formula used for converting the area measured
by the software Zooprocess to biovolume (BioV) is
BioV =

4
Area
Area
×
×
3
Ratio
π

(1)

where Ratio is the ratio between the major and minor
axes of the prolate spheroid corresponding to the
body of an individual measured manually for copepods. We assumed the ratios of 8 and 20 for krill and
chaetognaths, respectively, to convert an image area
to the biovolume. To convert biovolume to biomass in
WW, the density of 1 mg WW mm−3 is used for zooplankton and krill (Wiebe et al. 1975).

RESULTS

Depth (m)

The seasonal cooling process in Wilhelmina Bay
was observed but weak (Fig. 2). The temperature at
the surface varied between −0.6 and
Chl a 0
0.5
1
1.5 0
0.5
1
1.5 0
0.5
1
1.5
−0.9°C during Leg 1, −0.5 and −0.6°C
0
in Leg 2 and −0.2 to −0.7°C in Leg 3
(Fig. 2). Chlorophyll concentrations
100
reached 0.9 and 1.5 mg m−3 during
Leg 1 at Stns A and B, respectively. It
200
decreased to < 0.25 mg m−3 during
Leg 1
Leg 2
Leg 3
Legs 2 and 3 at both Stns A and B.
Stn A
Stn A
Stn A
300
Details of the hydrographic condi0
tions are shown on the transect along
the north−south major axis of Wil100
helmina Bay in Leg 3 (Fig. 3). The
lowest temperature occurred at the
surface of the inner bay while the
200
Leg 1
Leg 2
Leg 3
highest temperature occurred at the
Stn B
Stn B
Stn B
depth near the Gerlache Strait. The
300
T –1
–0.5
0
0.5 –1
–0.5
0
0.5 –1
–0.5
0
0.5
salinity at the surface in the inner
Sal 33.7
34
34.3
34.6 33.7 34
34.3 34.6 33.7 34
34.3 34.6
bay was the lowest while the halocline was uplifted toward the inner
Fig. 2. Vertical profiles of temperature (T, °C) (thick solid lines), salinity (Sal,
bay. The streamfunction-fitted curthin solid lines) and chl a (mg m−3) (dashed lines) at Stns A and B during 3 legs
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–0.5
–0.75

300
0
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100

34.3
200

34.2
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0

5
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25

34

Distance (km)
(km)
Distance
Fig. 3. (a) Temperature (T ) and (b) salinity (S) transects from the Gerlache Strait to the inner Wilhelmina Bay during Leg 3
(transect location indicated in Fig. 4). The vertical black lines correspond to CTD stations

rent field at 22 m showed an anticyclonic eddy along
the isobaths of the deep basin occupying most of
Wilhelmina Bay (Fig. 4).
The results from krill length–frequency distributions of MOCNESS samples are shown in Fig. 5,
resulting in a mean (± SD) length of 42 ± 6 mm and a
length to height ratio of 8. Applying the measured
mean (± SD) length as well as the krill mean (± SD)
orientation of 4 ± 14° and krill material properties,
both obtained from literature, and the acoustic deformed cylinder model (Chu et al. 1993, Chu & Wiebe
2005, Lawson et al. 2006), we calculated that the
mean krill target strengths were −72 and −75 dB
for 120 and 153 kHz, respectively. Both EK-60 and
ADCP volume backscattering measurements were
converted to biomass concentration of krill (g WW
m−3). The results from the linear regression between
EK-60 and ADCP estimated biomass are shown in
Fig. 6 (y = 0.9603x + 0.506 and r2 = 0.91). This regression relationship is applied to correct all ADCP
biomass estimates in Wilhelmina Bay where the calibration between EK-60 and ADCP was done.
A super-aggregation of krill with a horizontal area
of ~10 × 10 km2 and vertical layer thickness of ~250 m
was found by using the ADCP acoustic mapping at

night in Wilhelmina Bay between May 1 and 3, 2009
(Fig. 7). This aggregation remained in the bay during
our study period and was foraged by the high density
of humpback whales (Nowacek et al. 2011). The
super-aggregation had a mean density of 130 g WW
m−3 and a maximum density of 1500 g WW m−3, corresponding to 170 and 2000 individuals (ind.) m−3,
respectively. Our estimate of total krill biomass in
this super-aggregation based on the ADCP data corrected by using the calibrated EK-60 over the entire
survey area in Wilhelmina Bay was 2.3 million t in
Leg 1. By using the 120 kHz EK-60 data collected in
daytime, we found the overall mean density was 62 g
WW m−3 during the daytime, which was less than the
estimate of 130 g WW m−3 made by ADCP mostly
during the nighttime. Such a difference in 153 kHz
ADCP and 120 kHz EK-60 biomass estimates could
be explained by diel vertical migration of krill that
was observed during the entire cruise (Fig. 8).
The mean (± SD) length−height aspect ratios of
copepods from manually analyzed prosome length
and width are 2.85 ± 0.25 (n = 29), 3.08 ± 0.30 (n = 28),
2.92 ± 0.18 (n = 25) and 3.69 ± 0.52 (n = 19) for small,
small to medium, medium to large and large copepods, respectively. Using these aspect ratios for cope-
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Fig. 4. Current field at 22 m
inferred from the objective
streamfunction fitting to the
acoustic Doppler current
profiler current measurements. The black arrows
represent the current at
22 m, the thick red dashed
line represents the transect
shown in Fig. 3, the false colors represent the isobaths
and the red dots represent
CTD stations

Krill biomass (g WW m –2)

mate carbon biomass for phytoplankton, we assumed a ratio of 50:1 of C
Leg 1
to chl a in weight (Mitchell & HolmLeg 2
Hansen 1991). Because the fluoromeLeg 3
1000
ter used was not calibrated, a carbon
biomass estimate for phytoplankton
can be used only as an index. Whereas
500
the phytoplankton biomass values at
both stations were similar and declined monotonically from Leg 1 to
0
Leg 3, copepods biomass was ~2 to 3
20
30
40
50
60
70
times higher at Stn B than at Stn A
Major axis of ellipsoid (mm)
during all 3 legs. The small copepod
Fig. 5. Euphausia superba. Size−biomass histogram of krill (g wet weight [WW]
size class dominated the abundance at
m−2). The length interval is 2 mm
Stn A and the small to medium and
medium to large size groups dominated the abundance at Stn B during all 3 legs
pods, 8 for krill and 20 for chaetognaths, and
(Table 3). For the biomass, the small to medium and
assuming a ratio of 0.12 mg C per mg WW for both
medium to large groups were dominant at Stn A while
copepods and euphausiids and 0.03 mg C per mg WW
the medium to large group was dominant at Stn B.
for chaetognaths (Harris et al. 2000), the depth-inteKrill biomass estimates were ~30 times higher at
grated WW and carbon biomasses for phytoplankton,
Stn B than at Stn A during Legs 1 and 2 and
copepods, krill and chaetognaths at the 2 sampling
decreased by ~10 times during Leg 3 (Table 2). The
stations for all 3 cruises are shown in Table 2. To esti1500
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Fig. 6. Euphausia superba. Scatter plots between the corrected acoustic Doppler current profiler (ADCP) and calibrated echo sounder EK-60 krill biomass concentrations estimated from the calibration experiment conducted at Stn B.
The data were 30 min averaged for removing small-scale
spatial variability in zooplankton and krill distributions. In
the experiment, the zodiac with the EK-60 was 50 m ahead
of the ARSV ‘LM Gould’, and both moved at 2 knots on the
same straight line for ~30 min in the evening on May 8, 2009.
WW: wet weight

krill biomass decreased by a factor of 4 from Leg 1 to
Leg 3 at Stn B while the low krill biomass remained at
Stn A during the study period. Inversely, from Leg 1
to Leg 3, the copepod biomass increased by 3 times at
Stn B while it increased only slightly at Stn A. The

Log10 (krill biomass, in g WW m –2)
64°32’
S
5

Station A

64°36’

4

64°40’

Station B

3

64°44’
2

62°20’

62°10’

62°00’W

Fig. 7. Euphausia superba. Krill biomass distribution (g wet weight [WW] m−2)
estimated from corrected backscattering measurements performed with an
acoustic Doppler current profiler between May 1 and 3, 2009, during Leg 1. (j):
locations of Stns A and B

chaetognath biomass remained at
similar level between Stns A and B
while larger fluctuations occurred
at Stn B than at Stn A.
The vertical distribution patterns in
krill biomass were similar at Stns A
and B for all 3 legs though the biomass at Stn A was significantly lower
than at Stn B (Fig. 9). Krill aggregations ranged from 0 to 350 m during
Leg 1, and from 0 to 150 m during
Legs 2 and 3. Chaetognaths and large
copepods dominated the biomass distribution at Stn A below 150 m while
small to medium and medium to large
copepods (primarily Metridia gerlachei) dominated the upper 150 m
(Fig. 10). At Stn B, the medium to
large group dominated the biomass
below 350 m. The biomass values in
the upper 150 m were 74, 76 and
64%, which were significantly less
than those at Stn A in Legs 1, 2 and 3,
respectively. During Leg 3 at Stn A,
the maximum biomass concentrations
of small to medium and medium to
large copepods were found between
50 and 100 m while their minimum
concentration occurred below 150 m,
and the maximum concentrations of
chaetognaths and large copepods
were below 150 m. At Stn B, the
minimum biomass concentrations of
small to medium and medium to large
copepods were found in the upper
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ADCP volume backscattering in dB

71

groups increased in abundance with
depth, and were most abundant below 350 m. The ADCP measurements
100
–70
of krill biomass and depth ranges at
–80
Stn B corresponded negatively to
200
copepod abundances and biomasses
–90
(Fig. 11).
300
A principal component analysis
–100
(PCA) on zooplankton taxonomic
400
–110
groups and krill abundances was con21:00
21:30
22:00
22:30
b
ducted for all the samples collected at
–60
Stn B in order to identify the interac100
–70
tions between the krill and zooplankton taxonomic groups at different
–80
200
depth layers. Unidentifiable taxa be–90
longing to the group ‘others’ were not
300
included in this analysis. The first 2
–100
components accounted for 85.9% of
400
the entire variability (Table 4). The
–110
08:30
09:00
09:30
10:30
first mode showed a strong negative
Time of day (h)
correlation between krill abundance
and all zooplankton groups, particuFig. 8. Acoustic Doppler current profiler (ADCP) backscattering measurements (dB) (a) during the night on May 1, 2009 and (b) during the day on
larly the small and small to medium
May 3, 2009 at Stn B
copepods. No significant pattern was
associated with the second mode of
variability. The correlation circle formed by PC1
150 m and increased monotonically in the depth
and PC2 shows the strongest negative correlations
below 150 m.
among small and small to medium copepods and krill
The small copepods were most abundant and were
with difference in angles of nearly 180°, which sugfollowed by small to medium copepods at Stn A
gests either a predator−prey interaction is present or
where krill aggregations were absent (Fig. 11). Conthat they are not distributed in same regions (Fig. 12).
versely, the small and small to medium copepods
The angles between medium to large copepods (priwere least abundant in the upper 100 to 150 m at
marily Metridia gerlachei), chaetognaths and krill
Stn B. The small to medium and medium to large

a

–60

Table 2. Biomasses in wet weight (g WW m−2) and carbon content (g C m−2) of plankton taxonomic groups in specified
sampling depth ranges based on live samples collected using the MOCNESS during 3 legs at Stns A and B. Sample depth
was 350 m at Stn A and 500 m at Stn B
Taxonomic group

Leg 1

Leg 2

Leg 3

WW

Carbon

WW

Carbon

WW

Carbon

Stn A
Phytoplankton (chl a)a
Copepodsb
Krillb
Chaetognathsb

0.046
1.83
198
1.92

2.3
0.21
23.7
0.05

0.022
3.04
88
1.78

1.1
0.36
10.5
0.05

0.013
3.44
167
1.24

0.69
0.41
20.0
0.03

Stn B
Phytoplankton (chl a)
Copepods
Krill
Chaetognaths

0.043
4.57
6657
0.56

2.15
0.54
798
0.01

0.017
5.77
2987
2.58

0.88
0.69
358
0.07

0.012
12.5
1730
1.64

0.62
1.50
207
0.04

a

A carbon to chl a ratio of 50 was used (Mitchell & Holm-Hansen 1991)
Carbon to WW ratios of 0.12, 0.12 and 0.03 were used for copepods, euphausiids and chaetognaths, respectively (Harris
et al. 2000)

b
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Table 3. Abundance and biomass proportions (means ± SD) of zooplankton
per size categories (small <1.4, small to medium 1.4–2.8 mm, medium to large
2.8–4.1 mm, large > 4.1 mm) at Stns A and B based on all live samples collected
using the MOCNESS during all 3 legs
Zooplankton group

Abundance (%)
Stn A
Stn B

Small copepods
56.7 ± 7.8
Small to medium copepods 28.4 ± 6.6
Medium to large copepods 5.6 ± 2.5
Large copepods
1.0 ± 0.3
Chaetognaths
5.6 ± 3.8
Others
2.4 ± 1.2

24.3 ± 1.1
34.4 ± 7.0
31.5 ± 6.6
2.2 ± 0.7
4.7 ± 3.1
2.5 ± 1.2

Biomass (%)
Stn A
Stn B
5.7 ± 1.7
15.8 ± 8.0
16.3 ± 7.7
15.7 ± 1.0
32.4 ± 8.2
13.9 ± 5.8

1.6 ± 0.1
11.4 ± 2.8
45.3 ± 11.2
16.7 ± 5.6
16.0 ± 9.6
8.8 ± 2.9

Biomass (g WW m –3)
0

1

2

3

0

50

100

25
50
100
150
250
350

Leg 1

Leg 1

Stn A

Stn B

(03:20 h)

(02:10 h)

Leg 2

Leg 2

500

Depth (m)

25
50
100
150
250
350

Stn A

Stn B

(22:30 h)

(20:10 h)

Leg 3

Leg 3

500
25
50
100
150
250
350

Stn A

Stn B

(04:50 h)

(02:30 h)

500
Fig. 9. Euphausia superba. Vertical profiles of krill biomass (g wet weight [WW] m−3)
at Stns A and B during 3 legs

are smaller, which means there is
a less dependent distribution pattern among these 3 taxonomic
groups.

DISCUSSION
Hydrography and circulation
The water characteristics of the
deep water found in Wilhelmina
Bay were the same as the modified
UCDW found in the Gerlache
Strait (Niiler et al. 1991, Hofmann
et al. 1996). The temperature
reached 0.3°C in both the inner
and outer parts of the bay (Figs. 2
& 3). The horizontal temperature
gradient showed a greater concentration of heat at the Gerlache
Strait. The upward tilted thermocline and halocline towards the
inner bay implied there was an
upwelling in the inner bay. The
northward dominant katabatic
wind occurred frequently during
the survey period and drove a
clockwise gyre around the deep
basin in Wilhelmina Bay, which
consisted of a surface northward
outflow at the western side of the
bay, an upwelling at the inner bay
and a southward re-circulation
at the eastern side of the bay
(Fig. 4). To compensate for the
surface outflow and upwelling at
the inner bay, a deep southward
compensation current was identified from the warm temperature
in the deep water that originated
from the modified UCDW in the
Gerlache Strait. The upwelling
driven by katabatic winds convected the warm deep water to
the upper layer and kept the bay
from freezing, a condition that was
critical in allowing air-breathing
predators such as whales, seals
and penguins to access to krill.
The circulation in Wilhelmina
Bay can also be affected by the
potential vorticity conservation
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channel that allows deep water
intrusions in a bay or fjord at high
latitudes is a critical physical
process that provides heat flux
and biota in deep waters for krill
and fall−winter habitat for top
predators.

Krill size and biomass
distributions

The krill mean length ± SD obtained from the size distribution
25
Leg 2
of krill analyzed from MOCNESS
50
Stn B
samples was 42 ± 6 mm. There
100
(20:10 h)
were very few krill < 20 mm or
150
> 60 mm during all 3 legs (Fig. 5).
The abundance of krill decreased
250
from Leg 1 to Leg 3. The peak
Leg 2
sizes and the shapes of length
350
Stn A
frequency distributions were not
(22:30 h)
significantly changed across these
3 legs, which implies that mortal500
ity or emigration from the area of
25
study was uniform across all krill
Leg
3
50
Stn
B
size classes. If starvation and pre100
(02:30
h)
dation by whales or other krill
150
predators contributed to krill
mortality, then the overall effect
250
on krill size distributions were not
size-specific.
350
Leg 3
The estimate of total krill bioStn A
mass
in Wilhelmina Bay was ~2.3
(04:50 h)
million t (WW) determined from
500
calibrated ADCP backscattering
measurements during Leg 1. It is
Small copepods
Large copepods
well known that ADCP absolute
Small to medium copepods
Chaetognaths
backscattering measurements are
problematic (Flagg & Smith 1989,
Medium to large copepods
Others
Zhou et al. 1994). Brierley et al.
Fig. 10. Vertical profiles of zooplankton biomass (g wet weight [WW] m−3) in size
(1998), using an ADCP at 153 kHz,
classes (see Table 3) at Stns A and B
showed that the krill biomass estimates in a depth shallower than
~150 m were comparable in magnitude to those de(Pedlosky 1987). The clockwise surface circulation
termined with an EK-60 at 120 kHz, while the ADCP
along isobaths implies that the barotropic nature of
estimates in a depth deeper than 150 m were 1 to 2 orthe circulation in the bay penetrated into the whole
ders of magnitude less than those determined with an
water column, and was controlled by the topography
EK-60. The difference increased as a function of
(Fig. 4). Because the current followed the isobaths,
depth. The difference was here empirically corrected
the deep channel between Wilhelmina Bay and the
by using a depth-varying gain, kc, which significantly
Gerlache Strait allowed the water to exchange,
which allowed warmer Gerlache Strait waters to
improved the linear regression between ADCP and
replace cooler Wilhelmina Bay waters. Thus, a deep
EK-60 krill biomass estimates (Fig. 6). Because the kc
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Fig. 11. Vertical profiles of zooplankton abundance (ind. m−3) within size classes (see Table 3) at Stns A and B and acoustic
volume backscattering (VBS, in dB) at Stn B collected during net tows using an acoustic Doppler current profiler (ADCP).
The black lines represent the approximate upcasting trajectories of the MOCNESS tows
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Table 4. Correlation coefficients and percentages of the
total variance (in parentheses) associated with the first
2 principal components of zooplankton size groups (see
Table 3) based on live samples collected using the
MOCNESS
Zooplankton group

Small copepods
Small to medium copepods
Medium to large copepods
Large copepods
Chaetognaths
Krill

PC1
(70.4%)

PC2
(15.5%)

−0.89
−0.91
−0.70
−0.77
−0.72
0.99

0.27
0.11
−0.62
−0.37
0.55
0.02

CH
SC
MC

KR

LC
MG

Fig. 12. Principal component analysis correlation (PCA) circle on axes 1 and 2. KR: krill; CH: chaetognaths; SC: small
copepods; MC: small to medium copepods; MG: medium to
large copepods; LC: large copepods

on an ADCP is designed to amplify echo intensity to a
fixed level when the signal to noise ratio decreases in
depth and the spectrum becomes more flat, kc may
become depth dependent. We only applied the calibration relationship in Wilhelmina Bay where the
ADCP and EK-60 calibrations occurred because this
calibration approach is purely empirical and cannot
generally be applied to other studies.
By using the total biomass estimates (in WW) from
MOCNESS samples (Table 2) and ADCP backscattering (Fig. 7) and assuming the mean length of
42 mm, the maximum abundance estimates of krill
were 1.6 × 104 and 4.5 × 104 ind. m−2 at Stn B for each
method, respectively. The krill biomass estimate
based on MOCNESS samples is 3 times lower than
that estimated from ADCP backscattering. Such differences have been found in a number of acoustic
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studies to be caused by the variability of length−
target strength conversion, size distributions, varied
acoustic properties, and net avoidance by organisms
(Chu et al. 1993, Zhou et al. 1994, Demer & Hewitt
1995, Demer & Martin 1995, Lawson et al. 2004). The
use of strobe lights can significantly improve the krill
catch efficiency of a net tow by reducing net avoidance, which improves cross-correlations between net
and acoustic krill abundance and biomass estimates
(Wiebe et al. 2004). It is also possible that low sampling effort of net tows missed the highest abundances of krill near Stn B.
The high abundance of krill in the inner part of
Wilhelmina Bay may be associated with the anticyclonic circulation over the deep basin and intrusion
of warm waters at the depth from the Gerlache Strait
(Figs. 4 & 7). If krill stayed at 150 to 300 m depth during the day, they would be transported into the inner
bay by the deep current; when krill are distributed
near the surface during the night, they would be
retained by the anticyclonic circulation or transported out the bay by surface wind driven currents.
However, krill were actively aggregating in the inner
bay against currents.

Changes in biomass and abundance of different
trophic levels
The phytoplankton concentration decreased from
~2.3 g C m−2 during Leg 1 to 1.1 g C m−2 during Leg
2, and to 0.7 g C m−2 during Leg 3 at Stn A (Table 2).
Though these values were not calibrated and can
only be treated as relative values, they showed the
monotonic temporal decrease in phytoplankton biomass during the fall to winter transition period. The
ratio of phytoplankton to krill biomass based on
MOCNESS samples varied by ~3 to 10% at Stn A
and 0.3% at Stn B. If using the krill biomass estimates
based on the ADCP, which were 3 times higher than
that of MOCNESS samples, these ratios would be 1
to 3% at Stn A and 0.1% at Stn B.
The copepod biomass for Legs 1, 2 and 3 was 0.21,
0.36 and 0.41 g C m−2 at Stn A, respectively, and was
0.54, 0.69 and 1.5 g C m−2 at Stn B, respectively. This
successive increase in biomass from Leg 1 to Leg 3 at
both stations was primarily caused by a rapid
increase of abundance in medium to large copepods
dominated by Metridia gerlachei in deep waters. At
this relatively low phytoplankton biomass period, the
copepod biomass increase is unlikely to have been
the result of population growth. Alternatively, the
increase in M. gerlachei in deep waters could be

Author copy

76

Mar Ecol Prog Ser 452: 63–80, 2012

advected along the observed deep inward current
from the Gerlache Strait.
The krill aggregations sampled during May 2009 in
Wilhelmina Bay covered a surface area of ~10 ×
10 km², leading to a super-aggregation of krill and
whales (Nowacek et al. 2011). At both Stn A outside
of the aggregation and Stn B within the aggregation,
adult krill dominated biomass estimates in the water
column. During the cruise, the krill biomass at Stn B
decreased 4 times over the 28 d while the krill biomass at Stn A remained very low but steady. Based
on the MOCNESS tow samples, the decrease in biomass at Stn B from ~800 g C m–2 on Day 0 to 340
and 210 g C m−2 on Days 16 and 28, respectively,
(Tables 1 & 2) was equivalent to a specific population
change rate of −0.048 d−1, as determined by using the
standard mortality rate definition (Harris et al. 2000,
Zhou et al. 2004). Though there were only 3 samples,
the trend was significant. This rate includes mortality
and gain or loss in abundance due to dispersion
fluxes at the boundaries. In situ mortality of krill has
been rarely estimated because of a lack of methods in
general for zooplankton (Aksnes et al. 1997). In a
field study on euphausiids in a subarctic fjord, the
mortality was found to be ~0.23 d−1, which was
the result of heavy feeding by dense populations of
cod and herring (Edvardsen et al. 2002). In Wilhelmina Bay, the mortality for krill was much lower
than that determined by Edvardsen et al. (2002). The
estimated daily consumption of ~306 whales in Wilhelmina Bay during our 34 d study was between 0.16
and 0.36% of krill biomass, equivalent to a predation
mortality rate of less than 0.01 d–1, which was considered negligible to the available krill abundance
(Nowacek et al. 2011). Thus, the starvation mortality
rate was probably higher than the predation mortality rate.

Changes in zooplankton vertical distributions
The small copepod group primarily consisted of the
cyclopoid copepods Oithona spp. and Oncaea spp.,
and the calanoid species Microcalanus pygmaeus.
The biomass of small copepods changed from 5.7%
of total zooplankton biomass at Stn A to 1.6% at Stn B
(Table 3). The medium to large copepods, primarily
dominated by Metridia gerlachei, had the greatest
biomass within the zooplankton community. In Wilhelmina Bay, M. gerlachei were vertically distributed
between 89 and 151 m at Stn A, and between 271 and
334 m at Stn B. The vertical distributions of small,
small to medium and medium to large copepods had

maximum densities at the surface for Stn A with the
exception of Leg 1. Within krill aggregations at Stn B,
the vertical distributions of small, small to medium
and medium to large copepods had density minima
at the surface, which was occupied by krill aggregations. During the night, a sharp increase in copepod
abundance occurred at the vertical edge of krill
aggregations. The adult or older copepodite stages of
4 calanoid species constituted the group of large
copepods and included Calanus acutus, C. propinquus, Euchaeta antarctica and Rhincalanus gigas.
Except for E. antarctica, these species are herbivorous and undergo a vertical seasonal migration into
deep waters after mid fall (Marin & Schnack-Schiel
1993, Zmijewska & Yen 1993, Schnack-Schiel &
Hagen 1994, Atkinson 1998). We found this copepod
size group most abundant in deeper waters, as
expected, although some tows caught large copepods in the surface layers. E. antarctica is a carnivorous copepod and were found throughout the entire
water column, which was similar to previous observations (Hopkins 1985).
Chaetognaths, primarily Eukrohnia hamata, contributed 32 and 16% of the total zooplankton biomass
at Stns A and B, respectively. The total chaetognath
biomass found in Wilhelmina Bay was consistent
with that of other studies done in the Gerlache
Strait (Øresland 1995). Chaetognaths prey on copepods and other zooplankton. They primarily stayed in
waters deeper than 150 m at both Stns A and B independent of krill aggregations and coincident with
high concentrations of zooplankton biomass.

Interaction between krill and copepods
Our observations showed that the small and the
medium to large copepods were abundant in the
upper 150 m during Legs 2 and 3 in the absence of
krill aggregations at Stn A, but they were absent in
dense krill aggregations at Stn B (Table 2, Fig. 10).
The surface currents in Wilhelmina Bay formed an
anticyclonic gyre with speeds of ~10 to 20 cm s−1,
which would transport and disperse zooplankton
uniformly throughout the bay. Thus, the low abundance of copepods at Stn B could reasonably be
explained by predation mortality, competitive exclusion or both. Among copepod predators, chaetognaths remained below 150 m and could probably
not contribute to the disappearance of copepods
in the upper 150 m. Euphausia superba were the
most abundant micronekton in the upper layer at
night, and feed and co-occur with the decreased
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abundance of small and medium to large copepods
(Fig. 11).
The medium to large copepods, mainly Metridia
gerlachei, were primarily in the upper 150 m and few
were in the deep water at Stn A. Conversely, few
were in the upper 150 m within the krill layer while
M. gerlachei were abundant deeper than 200 m at
Stn B (Fig. 11). M. gerlachei is primarily herbivorous
(Zmijewska & Yen 1993, Schnack-Schiel & Hagen
1994, Lopez & Huntley 1995). They were at the surface to feed on the low concentration of available
phytoplankton at Stn A. Because the water properties and phytoplankton levels at both stations were
quite similar, decreased abundance of M. gerlachei
at Stn B was most probably due to either being
preyed upon or excluded by the dense Euphausia superba aggregations. Since M. gerlachei are strong
swimmers and capable of migrating vertically (Lopez
& Huntley 1995), they may have stayed in deep waters and avoided krill aggregations during the night.

Krill grazing and energetics
Our study period in the mid fall coincided with the
transition period of krill prey fields, which is due to
the decrease in the amount of daylight (Price et al.
1988, Hopkins et al. 1993, Atkinson & Snÿder 1997,
Zhou et al. 2004). This decrease causes a rapid
decrease in phytoplankton from 1.5 to 0.25 mg m−3 at
the surface, and krill may have to switch to an omnivorous diet, which delays development, reduces
metabolism or uses stored lipids. Estimates of krillspecific carbon daily ration from both laboratory and
in situ measurements are ~0.1 to 0.5% of their body
biomass in winter under reduced metabolism (Atkinson et al. 2002) and 1 to 10% in other seasons (Ikeda
1981, Huntley et al. 1994, Atkinson & Snÿder 1997,
Perissinotto et al. 1997, Meyer et al. 2010). During our
cruise, krill vertically migrated between day and
night probably due to feeding activities and predator
avoidance (Fig. 8). However, the total standing stock
of phytoplankton based on fluorescence measurements was ~0.3% of krill biomass at Stn B. Based on
acoustic estimates, which were 3 times greater than
that of net tows, the phytoplankton biomass was only
0.1% of the krill biomass. Though the fluorometer
was not calibrated in situ, the measured phytoplankton concentrations were very low and probably contributed little to the krill diet. If krill had fed nonselectively, they should have stayed in deep waters
where the zooplankton biomass was more than the
phytoplankton biomass at the surface. However, krill
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aggregations exhibited diel vertical migrations
throughout our study period even though phytoplankton monotonically decreased in the upper layer,
which provided a small percentage of the food
needed by krill; zooplankton in deeper waters may
be another food source for krill (Table 5, Figs. 8 & 11).
Thus, their persistent surface feeding suggests that
phytoplankton, even at very low concentrations,
were still the preferred food for krill.
The krill aggregation found in Wilhelmina Bay was
larger than any reported in the past 20 yr (Atkinson
et al. 2008, Nowacek et al. 2011). The conservative
estimate of mean biomass concentration from MOCNESS tows reached 200 to 800 g C m−2. Based on
these values and assuming 1 to 10% of biomass as
the daily metabolic rate of an active krill during summer, the mean krill concentration would require a
daily consumption rate of 2 to 80 g C m−2 d−1. The
upper end of this daily consumption within such a
super-aggregation is not realistic compared with the
upper end of the summer primary production estimated to range from 1.4 to 12.5 g C m−2 d−1 near
Palmer Station (Moline & Prézelin 1996, Garibotti et
al. 2005, Ducklow et al. 2007). The formation, maintenance and fate of this super-aggregation of krill at
such a scale remain unanswered.
Previous studies indicate that Euphausia superba is
able to feed on a wide size range of prey including
large copepods (Price et al. 1988, Atkinson & Snÿder
1997). From our statistical analyses, it is most likely
that krill were feeding on the small and small to
medium copepods. Atkinson & Snÿder (1997) found
E. superba feed preferentially on small calanoids
(< 3 mm) that provide high concentrations of food, although no research has examined this in the natural
environment. At Stn B, the biomasses of small and
small to medium size copepods below 150 m in Leg 3
were 2 to 3 times more than that of Leg 1. In late fall,
when primary production is limited by light and deep
mixing, the abundances and biomass of zooplankton

Table 5. Biomass ratios of copepods (see Table 3 for size categories) and phytoplankton to krill at Stn B based on live
samples collected during 3 legs using the MOCNESS
Group

Copepods
Small and small to
medium copepods
Phytoplankton

Percentage (%) of krill
carbon biomass
Leg 1
Leg 2
Leg 3
0.06
0.01

0.19
0.03

0.72
0.15

0.32

0.29

0.35
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decrease (Atkinson 1998, Ashjian et al. 2004, Zhou et
al. 2004). Thus, the increases in small and small to
medium copepods in the inner Wilhelmina Bay had
to be supplied from sources outside of the bay by the
advection in deep waters between Leg 1 and Leg 3
(Table 5). The available biomass estimates of small
and small to medium copepods were only about 0.01,
0.03 and 0.15% of krill carbon biomass for Legs 1, 2
and 3, respectively. Though small to medium mesozooplankton contributed to the diet of the krill aggregation, it is unlikely that available concentrations
could meet the food demand of these krill.
The biomass percentages of total phytoplankton
and copepods to krill biomass at Stn B were 0.38, 0.48
and 1.07% in Legs 1, 2 and 3, respectively (Table 5).
The increase in the percentage reflects both the
decrease in krill biomass and monotonic increase
in mesozooplankton biomass. The whale predation
mortality rate was less than 0.01 d−1 and interpreted
as negligible (Nowacek et al. 2011). The decrease in
krill biomass could be caused by current advection
out of the bay, active swimming out of the bay, starvation mortality or predation by other top predators.
When the mesozooplankton biomass was continuously maintained by advection of the deep intruding
current, as evidenced by the increase in mesozooplankton biomass in response to the decrease in krill
biomass due to mortality or migration, the ratio of
total phytoplankton and zooplankton biomass to krill
changed from 0.38% in Leg 1 to 1.07% in Leg 3,
reaching the lower limit of krill daily ration (Ikeda
1981, Huntley et al. 1994, Atkinson & Snÿder 1997,
Perissinotto et al. 1997, Meyer et al. 2010). Krill can
feed on zooplankton and use this as an overwintering
strategy if zooplankton can be sufficiently supplied
by deep current advection and upwelling throughout
the winter.
Our observations suggest that krill had to feed
omnivorously (i.e. on phytoplankton as well as small
and small to medium zooplankton) during the austral
fall, which is consistent with overwintering strategies
determined from previous observations from laboratory experiments (Price et al. 1988, Atkinson &
Snÿder 1997). Our data provide in situ evidence on
distributions of krill and mesozooplankton that elucidates possible prey−predator interactions at a scale
of the super-aggregation. At this spatial scale, both
primary production and transport of mesozooplankton would not supply enough food for this krill aggregation, and the size of this aggregation would be
reduced to an unknown level through the winter. We
speculate that large amounts of biota associated with
spring and fall blooms are trapped in the Gerlache

Strait and embayments and include high densities of
zooplankton and detritus, which may attract krill to
aggregate in these embayments. However, such a
scale of aggregation may cause severe mortality in
krill due to starvation, and attraction and concentration of top predators such as whales, seals and birds
may intensify their interactions with the krill. Understanding the mechanisms and the timing of these
aggregations and evolution of food web structures is
critical to improve our knowledge and management
of the Antarctic ecosystem.
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