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Abstract This study documents horizontal distribution
and demography of Antarctic krill (Euphausia superba)
from the Southern Ocean during January–March 2008. The
cruise predominantly occurred in CCAMLR Subarea 48.6,
where knowledge about the ecosystem is limited. E. sup-
erba were not found north of 52°S. The biomass, estimated
from trawl catches, was highest (63.09 g/m2) at a station
680 km southeast of Bouvetøya and at two stations 1,400
and 600 km southeast and southwest of Bouvetøya, 54.67
and 61.38 g/m2, respectively. Body length ranged from 19
to 61 mm (N = 8,538), with a mean of 42.0 § 6.4 mm (SD).
The overall sex ratio was 1:1, 46.2% males (13.2% adults
and 33.0% subadults), 46.1% females (33.6% adults and
12.5% subadults), while 7.5% were juveniles. Trawl sta-
tions dominated by adults were found west and north of
Bouvetøya. Stations with high proportions of subadults and
juveniles were mainly found southeast of the island. Four
cluster groups were diVerentiated: analyzing data on krill
sex proportions, maturity stages, hydrography, nutrients
and chlorophyll concentrations. Two groups represented
stations located in the northern part of the study area, where
E. superba were absent; water temperatures were higher
and the nutrient concentrations lower compared to the
groups where E. superba were present. This study shows
that bathymetric features like the North Weddell Ridge

including Bouvetøya are important for concentrating krill
probably due to water mass characteristics and advective
processes which inXuence regional krill demography. The
southern regions of CCAMLR sector 48.6 are essential for
understanding regional krill recruitment and production.
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Introduction

Antarctic krill (Euphausia superba) have a circumpolar dis-
tribution, predominantly inhabiting the seasonal sea-ice
zone and have been recorded to form the largest biomass
aggregations among marine life (Macaulay et al. 1984).
They are plankton feeders and an important direct food
source to apex predators in the Antarctic marine ecosystem
such as whales, seals, squid, Wsh, penguins, and other sea-
birds (Everson 2000). Krill are rich in omega-3 fatty acids,
antioxidants, and high-quality proteins, which also make
them an attractive resource for both human consumption
and for the animal-feed industry (Tou et al. 2007).

Krill have been harvested in the Southern Ocean since
the early 1970s. For management purposes of krill and
other marine life in the Southern Ocean, the Commission
for the Conservation of Antarctic Marine Living Resources
(CCAMLR) came into force in 1982. Knowledge about
distribution and population parameters is fundamental for
managers to set catch limits or to generally assess the well-
being of a particular animal group in a geographic area.
Population parameters are not static, but change over time,
and assessed in a comparative manner allow more in depth
assessments of how the population is likely to change in the
future.
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Monitoring of the global climate shows that the Southern
Ocean has experienced a rapid warming during the second
half of the twentieth century (e.g. Levitus et al. 2000; Gille
2002), and there are concerns that the mean krill recruit-
ment and even the overall biomass of E. superba have
declined (Siegel et al. 1997; Loeb et al. 1997; Atkinson
et al. 2004). E. superba is a stenothermal, cold-water spe-
cies and especially vulnerable to small changes in tempera-
ture during the early stages of development. The warming
trend is likely to favor other Macro- and Meso-zooplankton
species that occupy the more northerly parts of the Antarc-
tic Circumpolar Current (ACC) (Whitehouse et al. 2008).
Increased scientiWc interest has been devoted to the pelagic
tunicate Salpa thompsoni, which has the potential to
undergo explosive development and outcompete E. superba
(Loeb et al. 1997; Walsh et al. 2001; Wiebe et al. 2010).
Recent studies suggest that the salp distribution has
changed over the past century by shifting southward
(Pakhomov et al. 2002; Atkinson et al. 2004).

Over the past decades, much work has been carried out
to monitor E. superba, particularly along the Antarctic
Peninsula and in the western Scotia Sea (Ross et al. 1996;
Hofmann et al. 2004; Watkins et al. 2004) as well as in the
Indian Ocean area (Nicol 2000) and the western Ross Sea
(Faranda et al. 2000). Other areas like the Bellingshausen,
Amundsen and Weddell Seas, and also the East Atlantic
sector have received less attention (Mackintosh 1973),
mainly due to logistic inaccessibility.

The purpose of this particular study was to generate
basic distributional information of E. superba in the largely
unstudied CCAMLR area 48.6, which is in the Southeast
Atlantic sector of the Southern Ocean. Trawl catches along
with concurrent station data on hydrography, nutrients and
chlorophyll are here used to describe spatial patterns of
demography and occurrences of E. superba in relation to its
environment.

Materials and methods

The Norwegian research vessel G.O. Sars was used for the
AKES (Antarctic Krill and Ecosystem Studies) survey, as
part of the IPY (International Polar Year) 2008 program, in
the Southeast Atlantic Ocean conducted from 4 January to
28 March 2008. The Wrst part of the cruise started around
South Georgia and proceeded toward Bouvetøya, following
a predetermined route centered »55°S. Further, the second
part consisted of a parallel-transect starting north of the
Antarctic Polar Front (APF) and following the »15°E
meridian southwards to 67°07�S, then returning on a north-
erly route following the »5°E meridian passing east of
Bouvetøya (see Iversen et al. 2008 for a detailed survey
map).

Trawling for Macrozooplankton was made at predeter-
mined sampling stations when weather conditions permit-
ted use of Wshing gear and electronic equipment. Three
diVerent trawls were used: the preferred trawl was the
“Macroplankton trawl”; a Wne-meshed plankton trawl hav-
ing a 38 m2 mouth-opening and a mesh size of 3 mm from
the trawl-opening to the rear end. Towing speed was nor-
mally 2.5–3 knots. A MultiSampler unit (see Engås et al.
1997) with Wve separate cod-ends (mesh size 3 mm) was
attached to the rear end of the trawl enabling sampling of
up to Wve diVerent depth strata during the same tow. The
approximate sampling-depths for standardized hauls were
750–500, 500–300, 300–200, 200–10, and 10–0 m. Krill
biomass was calculated from depth stratiWed hauls (N = 21)
obtaining net velocity data by a Scanmar acoustic speed
sensor (type: HC4-TSS) attached to the headline of the
trawl. Opening and closing of the MultiSampler nets were
achieved using a manual acoustic release system at the pre-
determined depths (Engås et al. 1997). The depth of the
Macroplankton trawl was determined using a standard
Scanmar depth trawl sensor. A larger and more convention-
ally designed trawl, the “Micronekton trawl”, with a verti-
cal opening of 14 m and variable mesh sizes in the front
part of the trawl, but 6-mm stretched meshes in the rear sec-
tion, was also used, particularly to identify acoustic scatter-
ers. The maximum sampling-depths with the Micronekton
trawl ranged from surface waters to 765 m, but the average
maximum depth was »150 m. In the present work, the
Micronekton trawl was only used as a supplement to the
Macrozooplankton trawl with respect to the presence–
absence and demographic patterns of E. superba. Additionally,
the “Åkratrawl”, a medium-sized midwater trawl originally
equipped with a 22-mm-meshed cod-end was used to catch
pelagic Wsh (see Fernø and Olsen 1994; Wenneck et al.
2008).

When a trawl-catch was landed on deck, Macrozoo-
plankton and Micronekton were sorted, identiWed to species
(as for E. superba) or to the nearest possible taxonomic
group, and weights were determined. For this study, a sub-
sample of E. superba was taken, and the length of the indi-
vidual krill was measured (§1 mm) from the anterior
margin of the eye to tip of telson excluding the setae,
according to the “Discovery method” used in Marr (1962).
Additional subsamples were preserved on borax-buVered
formalin (4%), in 96% alcohol, or kept in a freezer at
¡80°C for later analyses. Body length was measured for a
total of 8,538 animals.

Sex and maturity stages of E. superba in the formalin-
preserved samples were determined for a total of 6,609 ani-
mals using the classiWcation methods outlined by Makarov
and Denys (1981).

Vertical casts with a Seabird 911 CTD were performed
along the cruise track, recording temperature, salinity, and
123



Polar Biol (2010) 33:957–968 959
sigma-t proWles from the surface to a standard depth of
1,500 m or to 5 m above bottom in shallower waters.

Water samples (20 ml, scintillation vials PE) for nutrient
analyzes (nitrite, nitrate, phosphate, and silicate) were col-
lected from standardized depths between 1,500 m and the
surface, or from between 5 m above bottom and the surface
in shallower waters, by means of rosette-mounted Niskin-
bottles on the CTD. The samples were Wxed with chloro-
form (1%) and kept at 4°C until subsequent analyses on
shore. The samples were analyzed, following the methods
of Bendschneider and Robinson (1952) and GrasshoV
(1965), on a SKALAR auto-analyzer equipped with matrix
detectors and manifolds developed at the Norwegian Insti-
tute of Marine Research. For chlorophyll a and phaeopig-
ment measurements, water was collected (263 ml) at
standardized depths between 200–5 m. The water was
Wltered using a 0.7-�m Wltration system (Munktell glass
Wber Wlters Grade: MGF, vacuum 400 mm Hg) and stored
at ¡20°C until analysis on shore. The assay was performed
by extraction with 90% acetone followed by centrifugation,
and the measurements were taken with a Xuorometer
(model 10 AU, Turner Designs Inc., Sunnyvale, Ca., USA),
according to Welshmeyer (1994) and JeVrey and Hum-
phrey (1975), giving concentrations in mg/m3.

Due to the vast area covered and duration of the survey,
sampling at the predetermined stations was made indepen-
dently of time of day. The survey covered regions exhibit-
ing diVerent physical and biological properties, also
including varying phases of the seasonal production cycle.
Since the Macroplankton and Micronekton trawls have
diVerent designs and were mainly deployed for diVerent
purposes and used during diVerent weather conditions; a
comparison of length measurements of E. superba from the
two types of gear was made in order to evaluate the possi-
bility of combining these data to obtain an increased geo-
graphic coverage for krill demography. We noticed that the
shapes of the distributions are similar, both having a tail of
smaller individuals on their left side and a near identical
slope on the right side of the distributions. The ranges of
lengths are nearly identical (19–60 vs. 21–61 mm), as are
also the means (42.6 vs. 41.7 mm), modes (both 40 mm),
medians (both 42 mm), and SD (6.2 vs. 6.5 mm) for the
Macroplankton and Micronekton trawls, respectively.

For the Micronekton trawl, we noticed a somewhat
larger proportion of the smallest individuals compared to
the Macroplankton trawl. For lengths <35 mm, the propor-
tions were 12.9 and 7.4%, while for lengths <30 mm, the
corresponding proportions were 3.4 and 0.7% for the
Micronekton and Macroplankton trawls, respectively.

The higher proportions of smaller individuals are partic-
ularly evident from Micronekton hauls undertaken in the
south-eastern regions of the study area. However, when
both trawl types were used in vicinity of each other, similar

demographic patterns were found. We believe that the
apparent geographical diVerences in demographic proper-
ties through the study area have a sound biological basis
and are not merely artefacts caused by diVerences in sam-
pling gear and methodology. Thus, we chose to use the data
from both sources in the analysis and presentations of krill
demography.

An objective multivariate approach including principal
component analysis (PCA) and cluster analysis was used to
identify potential horizontal patterns of krill demography
and environmental parameters. Input variables for the mul-
tivariate statistics included 32 trawl stations with a com-
plete set of physical parameters: average nitrite, nitrate,
phosphate, and silicate concentrations above 200 m (�mol/l);
average temperature above 200 m (°C); average salinity
above 200 m (Practical Salinity Unit: PSU); average
Sigma-t above 200 m (mg/m3); average chlorophyll a and
phaeopigment concentrations above 200 m (mg/m3); and
krill proportions for diVerent maturity stages. This com-
prises a total of 21 krill and environmental variables.

None of the variables were normally distributed
(assessed visually as well as by a modiWed Kolmogorov–
Smirnov test). Attempting to meet the assumption of nor-
mality, all variables were log10 + 1 transformed to avoid
zero-values (van Tongeren 1995; Zar 1996). This approach
did not result in normalization. However, PCA is not sensi-
tive to non-normality, and cluster analysis is not a statistical
interference technique and departure from normality may
aVect it only by diminishing the observed correlation (Hair
et al. 1998). Because clustering methods are highly sensi-
tive to discordant scales (Hair et al. 1998), all data were
standardized to a mean of 0 and a variance of 1 (Zar 1996).

To avoid the problem of multicollinearity, we Wrst intro-
duced the variables into a principal components analysis
(PCA) and used the resulting uncorrelated principal compo-
nents in the subsequent cluster analysis. The appropriate
number of factors to extract was selected using the latent
root criterion (Hair et al. 1998; Norman and Streiner 2008)
(Table 2). The uncorrelated components from the PCA
were entered into a complete-linkage hierarchical cluster
analysis. The cluster level with the highest percent change
in the agglomeration coeYcient was used to identify the
appropriate number of clusters (Hair et al. 1998).

The number of clusters and the initial seed points identi-
Wed by the procedure described previously were used to
perform a non-hierarchical k-means cluster analysis. The
results from the k-means cluster analysis provided informa-
tion about the trawl stations cluster-type membership,
which was then merged with the raw data for further analy-
sis. Cluster analysis groups objects into relatively few clas-
ses (Fowler et al. 1998), and during the Wrst run, the
procedure recognized two groups. One cluster group con-
tained stations with complete absence of E. superba in the
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catch (cluster group 1) while the other group had E. superba
in some of the catches (cluster group 2). To obtain a Wner
diVerentiation; cluster group 2 was used as new input and
the whole PCA and cluster procedure was run a second
time, once again revealing two groups: one group lacking
E. superba (cluster group 2A) and one group with E. superba
in some of the catches (cluster group 2B). The PCA and
cluster procedure was Wnally run a third time on the group
with E. superba in the catch, revealing the two groups 2B1
(E. superba in some of the catches) and 2B2 (E. superba in
all of the catches).

Results

The northern limit of E. superba was found to be 52°S
during this survey. From a total of 61 sampling stations,
41 stations contained specimens of E. superba (Fig. 1).
E. superba were absent from the catch in 9 of a total of
31 Macroplankton trawl stations; on two occasions, this

was due to net failure, 2 stations were dominated by
salps (Salpa thompsoni, Ihlea racovitzai or Isais zonaria)
and in 5 of the cases, where E. superba was absent, the
net catches were dominated by other krill species
(E. vallentini, E. triacantha, E. frigida, Thysanoessa
sp.), amphipods (e.g., Themisto sp., T. gaudichaudii) or
Wsh (mainly myctophids). When using the Micronekton
trawl, E. superba was absent from the catch in 6 out of
24 stations. Only one of six Åkratrawl hauls contained
E. superba in the catch. These hauls were mainly domi-
nated by Wsh species. For a more detailed description of
the catch of other species than E. superba; see Iversen
et al. (2008).

Biomass calculations based on the 21 Macroplankton
trawl stations displayed highest concentrations (63.09 g/m2)
at a station 680 km southeast of Bouvetøya and at two
stations 1,400 and 600 km southeast and southwest of
Bouvetøya, 54.67 and 61.38 g/m2, respectively (Fig. 2).
The average body length was 42.0 § 6.4 (SD) mm, and the
range was 19–61 mm.

Fig. 1 Positions for macrozooplankton stations with presence and
absence of E. superba in the trawl catch, during the AKES 2008. The
CCAMLR Statistical Reporting Subareas are presented with their

respective convention number. Positions for PBF (Antarctic Polar
Front), SACCF (South Antarctic Circumpolar Current Front), and SBF
(South Boundary Front) are based on data from Orsi et al. (1995)

N
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From the animals collected throughout the study area,
7.5% were juveniles, 45.5% were subadults, and 46.8%
were adults (Table 1; Fig. 3). The corresponding sex ratio
was 1:1 (46.2% males and 46.1% females) and this sex
ratio with moderate variation was represented throughout
the study area (Fig. 4). The samples were roughly domi-
nated by subadult males at stage MIIA2 (25%) and adult
females stage FIIIA (21%) (Table 1).

The PCA run the Wrst time on the 21 selected variables
suggested that four factors had suYcient explanatory power
(79.9%) to be retained, while during the second PCA run
Wve factors explaining 82.9% variance were retained, and
in the third and Wnal run Wve factors explaining 82.0% of
the cumulative variance were retained (Table 2). During the
hierarchical clustering procedure, the percentage change in
the agglomeration coeYcient from one classiWcation level
to the next indicated that four cluster groups were present
(Table 3). Cluster group 1 includes only 2 trawl stations,
E. superba was absent in the catch, the concentrations of
nitrite, nitrate, phosphate, and silicate were lower compared
to all other cluster groups. Moreover, the water temperature
was higher and the stations belonging to cluster group 1
where geographically further to the north compared to the

other cluster groups (Fig. 5). Cluster group 2A consisted of
6 stations, and also here, E. superba was absent in the catch.
In addition, this group diVered by higher concentrations of

Fig. 2 Biomass estimations of E. superba (wet weight/m2) based on
data from Macroplankton trawls (N = 21) with complete datasets, per-
formed during the AKES 2008. The CCAMLR Statistical Reporting
Subareas are presented with their respective convention number.

Positions for PBF (Antarctic Polar Front), SACCF (South Antarctic
Circumpolar Current Front) and SBF (South Boundary Front) are
based on data from Orsi et al. (1995)

2

Table 1 Number and proportions (%) of diVerent sexual maturity
stages of juvenile, male and female E. superba collected in the Atlantic
sector of the Southern Ocean during the austral summer of 2008

Krill maturity stages No. in 
sample

Proportion 
(%)

Total length
§ SD

Juvenile stage 1 511 7.5 31.5 § 4.9

Male subadult MIIA1 300 4.5 36.6 § 3.2

Male subadult MIIA2 1,653 25.0 42.6 § 3.7

Male subadult MIIA3 232 3.5 46.0 § 3.4

Male adult MIIIA 152 2.3 47.2 § 3.0

Male adult MIIIB 718 10.9 49.0 § 3.2

Female subadult FIIB 827 12.5 38.6 § 3.3

Female adult FIIIA 1,359 20.6 43.4 § 3.5

Female adult FIIIB 262 4.0 46.1 § 3.6

Female adult FIIIC 363 5.5 48.1 § 4.0

Female adult FIIID 130 2.0 50.4 § 3.6

Female adult FIIIE 102 1.5 47.0 § 3.5

Total 6,609
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silicate and higher water temperature and these stations
were also located further north compared with the other
members of cluster group 2. Ten of the investigated stations
belonged to cluster group 2B1. E. superba was present at
all stations belonging to this group. Group 2B1 was located
further to the north and diVered from cluster group 2B2 by
its lower concentration of silicate and »1°C warmer water
temperature. In addition, cluster group 2B1 diVered from
2B2 by lower proportions of juveniles, higher proportions
of males at stage MIIIB, lower proportions of females in
stage FIIA, and higher proportions of females in stage
FIIIA. Cluster group 2B2 consisted of a total of 14 stations
and E. superba was absent from 3 of these stations. The
trawl stations in cluster group 2B2 were generally located
further south compared to the trawl stations in the other
cluster groups.

Discussion

This paper focuses on horizontal demographic patterns of
E. superba from the Southeast Atlantic sector of the South-
ern Ocean. It is estimated that between 50 and 70% of the

global stock of krill is concentrated in the Atlantic sector,
mainly around the Antarctic Peninsula, the Scotia Sea, and
South-Georgia Island (Atkinson et al. 2008). Our survey
covered parts of the CCAMLR statistical area 48.6, the
largest ocean area in the Atlantic sector. In this area, only a
restricted number of studies from which there exists quanti-
tative information on the E. superba populations (Marr
1962; Fevolden 1979; Pakhomov 2004; Siegel 2006; Siegel
et al. 2007) have previously been conducted. Hence the
knowledge of the ecosystem of this region is at best frag-
mentary.

The northernmost distribution limit of E. superba during
our survey was 52°S (Fig. 1), which is in accordance with
the distribution found during the Discovery voyages as
early as in the 1920s (Marr 1962; Mackintosh 1973). A
north–south gradient emerged when plotting the geographic
positions for the four cluster groups (Fig. 5). The two clus-
ter groups lacking krill in the catch, cluster groups 1 and
2A, were found north of the two cluster groups where krill
were caught (cluster groups 2B1 and 2B2). E. superba is
stenothermic and will avoid the gradually warmer water
when approaching the Antarctic Polar Front (APF) from
south (Fig. 1). Cluster groups 1 and 2A were located north

Fig. 3 Distribution of the maturity stages throughout the study area
from Macrozooplankton stations during AKES 2008. Black lines from
the male and female icons represent leader lines to the stations posi-
tions. The CCAMLR Statistical Reporting Subareas are presented with

their respective convention number. Positions for PBF (Antarctic Polar
Front), SACCF (South Antarctic Circumpolar Current Front), and SBF
(South Boundary Front) are based on data from Orsi et al. (1995)
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Fig. 4 Distribution and proportion of E. superba males and females
from the Macrozooplankton stations performed during the AKES,
2008. Black lines from the histograms represent leader lines to the
stations positions. The CCAMLR Statistical Reporting Subareas are

presented with their respective convention number. Positions for PBF
(Antarctic Polar Front), SACCF (South Antarctic Circumpolar Current
Front), and SBF (South Boundary Front) are based on data from Orsi
et al. (1995)
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Table 2 Principal component factors identiWed using 21 variables with data from the Southeast Atlantic sector of the Southern Ocean during the
austral summer of 2008

These were average nitrite, nitrate, phosphate, and silicate concentrations from 0 to 200 m, the average temperature above 200 m, the average salin-
ity above 200 m, average Sigma-t from 0 to 200 m, average chlorophyll a and phaeopigment concentration from 0 to 200 m, proportion of krill
stage I, MIIA1, MIIA2, MIIA3, MIIIA, MIIIB, FIIA, FIIIA, FIIIB, FIIIC, FIIID, and FIIIE. Bold values indicate the appropriate number of factors
to extract and the percentage of total variance according to the Latent Root and Percentage of Variance Criterion (Only the Wrst 10 PCA factors
are included in the table)

PCA 
factor

1. Cluster procedure 2. Cluster procedure 3. Cluster procedure

Eigenvalue % of variance 
explained

Cumulative 
% of variance

Eigenvalue % of variance 
explained

Cumulative 
% of variance

Eigenvalue % of variance 
explained

Cumulative 
% of variance

1 9.96 47.4 47.4 9.46 45.1 45.1 6.36 30.3 30.3

2 2.68 12.8 60.2 2.81 13.4 58.4 5.19 24.7 55

3 2.23 10.6 70.8 2.09 10.0 68.4 2.61 12.5 67.5

4 1.92 9.1 79.9 1.97 9.4 77.8 1.71 8.1 75.6

5 1.01 4.8 84.7 1.01 5.2 82.9 1.33 6.3 82

6 0.9 4.3 89 0.99 4.7 87.6 0.93 4.4 86.4

7 0.62 3.0 92 0.67 3.2 90.8 0.84 4.0 90.4

8 0.48 2.1 94.1 0.48 2.3 93.1 0.52 2.5 92.9

9 0.31 1.5 95.6 0.39 1.2 95 0.39 1.9 94.7

10 0.2 1.4 97 0.34 0.6 96.7 0.33 1.6 96.3
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of, or in proximity to the APF, and the mean water temper-
atures in the upper 200 m were higher in these areas com-
pared to areas of cluster groups 2B1 and 2B2 which were
located south of the APF. The lower nutrient concentrations
found in the region where E. superba was absent, at least
for the area of cluster group 1, indicate conditions were a
considerable amount of nutrients had been consumed by
primary producers, although this is not reXected from the
chlorophyll a levels at the time the area was visited. How-
ever, high water temperature is a likely reason for the
absence of E. superba in these areas.

In the Southern Ocean, horizontal advection is the most
important physical mechanism that controls population
dynamics of its resident zooplankton (Huntley and Niiler
1995). Using ocean circulation models, simulation studies
suggest that possible pathways of krill advection into the
area 48.6 are mainly from the Antarctic Peninsula and the
South Sandwich Islands via the eastward Xow of the Ant-
arctic Circumpolar Current (ACC) and from the Weddell
Sea via the northern eastward Xow of the Weddell Gyre
(Thorpe et al. 2007). The ACC eastward Xow is driven by
strong westerly winds, extends from the sea surface to
depths of 2,000–4,000 m, and the typical current speed is
10 cm¡1 (Knauss 2005). It would theoretically take
»360 days to drift in a straight horizontal line from the tip
of the Antarctic Peninsula to the longitude of Bouvetøya
(>3,100 km) and »490 days to the eastern boarder of area

48.6 (>4,200 km). Transport patterns on a Wner scale are
more complex (Deacon 1984). Local environmental factors
within this large area will inXuence krill growth, feeding,
maturation, and mortality and are therefore important in
establishing the demographic characteristics, including size
of organisms and population abundance. Thus, separating
the eVects of advective processes from population speciWc
and environmentally driven processes is not straightfor-
ward. According to Huntley and Niiler (1995), the intensity
of advection might destroy the demographic integrity of
plankton populations in the Southern Ocean. This is partic-
ularly important with respect to the expected life span of
organisms. As the life duration of E. superba can be more
than 5 years with several year classes drifting at the same
time, this eVect is vital in understanding population devel-
opment and in particular maturation.

In this study, the stations close to South Georgia dis-
played high proportions of both subadults and adults, but
very few juveniles (Fig. 3). Normally, high concentrations
of adult E. superba are found around South Georgia, as a
result of immigration and not local recruitment (Tarling
et al. 2007). The E. superba population from South Georgia
that was sampled in our study is reasonably homogeneous
with respect to its state of maturation. This is interesting, as
it is not unusual to Wnd large variations in size and maturity
stages of E. superba between sampling stations (Mauchline
and Fisher 1969; Witek et al. 1981; Fevolden and George

Table 3 Cluster groups and 
characteristics of nutrients, 
oceanographic properties, and 
sex and sexual maturity stages of 
E. superba (mean § SD) col-
lected in the Southern Ocean, 
austral summer of 2008

Cluster group 1 2A 2B1 2B2

No of stations 2 6 10 14

Nitrite (�mol/l) 0.03 § 0.01 0.18 § 0.06 0.21 § 0.02 0.17 § 0.04

Nitrate (�mol/l) 5.90 § 5.25 22.30 § 3.96 27.32 § 0.96 29.38 § 0.79

Phosphate (�mol/l) 0.56 § 0.34 1.62 § 0.26 1.91 § 0.08 2.07 § 0.05

Silicate (�mol/l) 2.04 § 0.27 12.96 § 13.54 47.26 § 13.17 73.72 § 6.12

Temperature (°C) 14.23 § 3.85 4.58 § 2.84 1.06 § 0.54 0.20 § 0.49

Salinity (PSU) 35.05 § 0.45 33.93 § 0.12 33.96 § 0.05 34.19 § 0.09

Sigma-t (mg/m3) 26.12 § 0.48 26.83 § 0.26 27.20 § 0.07 27.44 § 0.08

Chlorophyll a (mg/m3) 0.16 § 0.07 0.15 § 0.08 0.17 § 0.11 0.12 § 0.06

Phaeopigments (mg/m3) 0.15 § 0.04 0.11 § 0.06 0.11 § 0.07 0.08 § 0.03

Proportion stage I 0 0 1.5 § 1.7 8.9 § 12.1

Proportion MIIA1 0 0 0.9 § 1.1 3.4 § 4.6

Proportion MIIA2 0 0 18.9 § 10.5 21.4 § 18.0

Proportion MIIA3 0 0 3.3 § 2.5 4.3 § 4.5

Proportion MIIIA 0 0 2.3 § 1.8 3.3 § 3.3

Proportion MIIIB 0 0 26.2 § 24.5 10.7 § 17.0

Proportion FIIA 0 0 2.6 § 2.1 9.0 § 10.1

Proportion FIIIA 0 0 29.9 § 18.9 13.6 § 12.2

Proportion FIIIB 0 0 3.7 § 5.2 3.1 § 3.2

Proportion FIIIC 0 0 8.7 § 4.3 4.6 § 5.0

Proportion FIIID 0 0 1.9 § 2.1 3.1 § 4.8

Proportion FIIIE 0 0 1.6 § 1.8 2.0 § 2.2
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1984; Siegel 1986). Our between-station similarity regard-
ing level of maturity might be ascribed to the animals being
collected within a limited time span (6 days, 18–23 January
2008) and within a limited region on the north side of the
island but could equally well represent the actual state of
the South-Georgia krill population at this time. In addition
to the general demography outlined elsewhere, we also
noticed that no spent females (FIIIE) and very few females
with swollen ovaries (FIIID) were recorded in the samples
from this region.

Moving eastwards from South Georgia, we observe a
change in the demographic characteristics of E. superba.
Figure 3 displays that trawl stations dominated by adults
were found close to, and in areas west and north of Bou-
vetøya. This is in accordance with Fevolden (1979), who
found a “total predominance” of mature specimens oV Bou-
vetøya. The situation at Bouvetøya seems quite diVerent
from what was observed at South Georgia in late January.
However, the sampling west of Bouvetøya and north of the
North Weddell Ridge was conducted somewhat later in the
season (February/March) and might therefore reXect a more
mature population, although it is not evident whether the
population is in a pre- or a post-spawning state. The

stations situated in this central region of the study area
comprised the highest proportions of adults (Fig. 3), and this
is also where the highest number of females in advanced
maturity stages FIIID and FIIIE was identiWed. Retrospec-
tively, it can be concluded that the South-Georgia population
at the time of sampling was in a pre-spawning state. It is fur-
ther noted that the stations belonging to cluster group 2B1
were mainly located in the area west of Bouvetøya and
slightly north of the North Weddell Ridge between the
location of the South Boundary Front (SBF) and the South
Antarctic Circumpolar Current Front (SACCF). The same
cluster group also holds the only station from South Georgia
that was included in the cluster analysis.

Stations belonging to cluster group 2B2, showing high
proportions of subadults and juveniles, were mainly found
in areas southeast of Bouvetøya, in general south of the
North Weddell Ridge and SBF.This pattern might reXect a
north–south gradient with prevalence of younger krill
stages further south. The maturation and length frequency
data of E. superba in the Bouvetøya waters collected during
the January–February season in 1977 (Fevolden 1979) are
in accordance with our current 2008 observations. It is also
interesting to note that Fevolden (1979, 1980) reported high

Fig. 5 Distribution of the cluster groups 1, 2A, 2B1, and 2B2 identi-
Wed from variables containing nutrients, oceanographic properties, and
sex and sexual maturity stages of E. superba collected in the Southern
Ocean during the austral summer of 2008. The CCAMLR Statistical

Reporting Subareas are presented with their respective convention
number. Positions for PBF (Antarctic Polar Front), SACCF (South
Antarctic Circumpolar Current Front), and SBF (South Boundary
Front) are based on data from Orsi et al. (1995)
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percentages of “immature” E. superba with a total length
<30 mm at the southernmost sampling stations although his
stations were in general situated further west and south,
from the South Orkney Islands to the eastern Weddell Sea
waters.

We speculate that the overall demographic patterns dis-
played in Fig. 3, for stations situated mainly south of the
North Weddell Ridge and roughly coinciding with the sta-
tions belonging to cluster group 2B2, could reXect a popu-
lation in a post-spawning state, given that these stations
were sampled early and mid March, and as such relatively
late in the season for krill spawning activity (Marr 1962;
Siegel 2005). The presence of adult females with both
swollen ovaries and with spent ovaries (Table 3) in cluster
group 2B2 might also support such an interpretation. Fur-
ther, Siegel (2006) found a dominance of pre-spawning
females (FIIIA), but also spermatophore bearing and even
spent females in the Lazarev Sea during December 2005 in
an area not very distant from our study region. The high
proportion of juveniles and subadults at stations belonging
to cluster group 2B2 is a conspicuous feature that leads us
to believe that the area south of the North Weddell Ridge
might be important regarding the recruitment of E. superba
for area 48.6. This is supported by Wndings in the Lazarev
Sea of a high proportion of juvenile krill along the southern
part of 6°E meridian (Pakhomov 2004), while Siegel
(2006) working somewhat further west, report a multi-
modal size distribution of E. superba showing a signiWcant
proportion of juveniles. Thus, local recruitment and pro-
duction seem to be an important component of the ecosys-
tem in the southern part of the CCAMLR 48.6 sector,
although its contribution to the total krill production and
recruitment cannot be quantiWed at this stage. Evidence
from previous studies (Siegel 2006; Siegel et al. 2007)
seems, however, to indicate that interannual variability in
recruitment is large, possibly aVecting whole year classes
and hence regional population abundance.

The most common overall sex ratio found in E. superba
populations is 1:1 (Marr 1962). However, large variation in
sex composition between swarms and sampling stations are
described in previous studies; Marr (1962) reported that
10% of the samples had a sex ratio more extreme than 1:3
and the same was the case in more than 25% of the samples
in Watkins et al. (1992). The results from this study, with
an overall sex ratio of 1:1 and approximately 7% of the sta-
tions displaying a sex ratio more than 1:3 (with the most
extreme composition of 78% males vs. 22% females and
29% males vs. 71% females) (Fig. 4), are in accordance
with previous studies investigating sex ratios from E. superba
populations.

Dense krill swarm aggregations are often found to be
associated with shelf areas and ice edges. This is where
growth rates are high and also where the predation

pressure from seabirds and marine mammals are substantial
(Atkinson et al. 2008). However, 87% of the E. superba
biomass is found in regions of less productive deep oce-
anic waters >2,000 m due to the comparatively much
larger size of such areas. This distribution reXects a bal-
ance between advection, migration, top-down, and bottom-
up processes (Atkinson et al. 2008). In the present study,
E. superba was regularly found over deep ocean waters,
along or south of the deep North Weddell Ridge stretching
between South Sandwich Islands and Bouvetøya, and in
the vicinity of Bouvetøya (Fig. 2). Except for the coastline
of the Antarctic continent, Bouvetøya is the only landmass
within area 48.6. Based on chlorophyll a measurements,
Atkinson et al. (2008) have shown that the region sur-
rounding Bouvetøya includes large areas with high-pre-
dicted growth potential for krill. There seems to be a
general perception that krill are present in reasonably large
numbers in this area (Marr 1962; Fevolden 1979, 1980;
Pakhomov 2004; Atkinson et al. 2008). Our results,
although sparse, suggest that high krill biomasses do occur
over deep waters (see Fig. 2). The numerical densities and
krill biomass recorded during our study range from 0 to
81.4 ind m¡2 and from 0 to 63.09 g m¡2, respectively. As
such our results with regard to abundance are well within
the range computed for the same region by Atkinson et al.
(2008). The upper limits given above also compare in
order of magnitude to values appearing from acoustic esti-
mates in the Antarctic Peninsula region and the Indian
Ocean but are also higher than many net derived estimates
from a variety of regions around the Antarctic (Hewitt
et al. 2004; Siegel 2005). Despite limited sampling on the
shelf surrounding Bouvetøya as well as lack of sampling
of shelf and ice edge areas close to the Antarctic continent
in our study, the possibility that the central part of
CCAMLR area 48.6 including Bouvetøya and the North
Weddell Ridge waters can support high krill concentra-
tions and high densities of swarms seems likely (c.f.
Atkinson et al. 2008). Acoustic integrated krill biomass
from the present survey is presented in Skaret et al. (2009)
and shows a patchy distribution of krill biomass (on aver-
age 4.42 g m¡2), with a tendency of the distributed bio-
mass to be aYliated with regional bathymetric and frontal
features. This is particularly evident from the acoustic
recordings along the North Weddell Ridge around Bou-
vetøya and closer to the Astrid Ridge in the southern part
of our study area. Likewise the considerably lower acous-
tic krill biomass recorded over an extended deep water
region between the Astrid Ridge and the North Weddell
Ridge is a particular feature from the current survey. Some
of our highest net estimates are obtained from regions that
coincide with the high acoustics estimates in Skaret et al.
(2009), for instance when crossing the North Weddell
Ridge southwest of Bouvetøya.
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In conclusion, this study documents that the distribution
of E. superba within CCAMLR ocean sector 48.6 was lim-
ited northwards to 52°S during our cruise. The populations
comprised an equal mixture of male and female krill, and
the observed demographic patterns suggest that the krill
populations sampled during the present study are in a viable
biological state. DeWned bathymetric features including the
Bouvetøya waters seem to be important for concentrating
krill, sometimes with abundances comparable to other high
abundance regions in the western Atlantic sector. The
demography of krill in the visited south-eastern regions
demonstrates a considerable proportion of juvenile krill that
might suggest production of young krill in the southern
areas within the CCAMLR ocean sector 48.6. Advective
production cannot be ruled out, but its pathway and relative
importance is diYcult to determine at this stage.
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