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Abstract Antarctic krill (Euphausia superba) aggregate

in various ways depending on a range of biological and

physical factors. In some areas, typically associated with

bathymetric features such as shelf edges and canyons, they

may aggregate densely to form hotspots. Despite the

importance of such hotspots, their development over time

in demographic composition and spatial distribution is not

well understood. A fishing vessel during regular operation

was used for collection of krill demographic and acoustic

data on the shelf northwest of South Orkney Islands.

Results show a decrease in the proportion of subadult

males, partly reflected in an increase in mature adult males.

Concurrently, there was a change in the proportion of

males in the sampled population from 0.8 to 0.3, indicating

immigration or emigration of krill through the hotspot. A

clear trend was observed in the diurnal vertical distribution

with deeper and more vertically compact swarms during

the day. However, some days displayed very small differ-

ences between the day and night distribution and consid-

erable variability in the daytime depth distribution. It was

noted that although fishing was carried out during the entire

period of the study, there was no obvious trend in the

acoustic backscatter, suggesting that the overall krill den-

sity was not changing during this period. Using a fishing

vessel as a research platform has advantages for under-

standing the dynamics of the fishery and in quantifying

biological and physical processes during actual exploita-

tion of these resources.

Keywords South Orkney Islands � Southern Ocean �
Zooplankton � Reproduction � Hydro acoustics �
Diel vertical migration

Introduction

The Antarctic krill (Euphausia superba, hereafter krill) is

stenothermic and specially adapted to cold water (Atkinson

et al. 2006; Tarling et al. 2006). They have a vast cir-

cumpolar distribution with the Antarctic Convergence

front, where the cold Antarctic water meets the warmer sub

Antarctic waters, generally defining their northern distri-

bution limit.

Despite a widespread distribution, it is well documented

that krill aggregate in hotspots in relation to shelf breaks

and other shelf associated bathymetric features (Huntley

and Niiler 1995; Constable and Nicol 2002). Such areas

likely provide both good food availability and shelter from

offshore currents heading toward less productive areas

(Hazen et al. 2013). The hotspots are likely of high

importance for the entire pelagic ecosystem and are typi-

cally adjacent to important breeding areas for land-based

krill predators (Constable and Nicol 2002). The distribu-

tion of fishing effort through the last 10 years shows that

also the krill fishing industry is highly concentrated around

certain specific shelf break locations with particularly high

krill concentrations. Despite the importance of such hot-

spots, their dynamics over time with respect to krill spatial

distribution, abundance and population characteristics is

not well described or understood. Particularly interesting

is the dynamics around the short summer months when

their fat stores are deposited (Quetin and Ross 2001)

coinciding with the energy demanding reproduction

(Siegel 2012).
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Krill become sexually mature by their third summer and

have a lifespan of 6–7 years (Ettershank 1983; Rosenberg

et al. 1986). The timing of spawning for krill is dependent

on several processes including photoperiod (Brown et al.

2010), food availability and also other interacting factors

such as ice extent and the presence of polynyas (Siegel

2012). Spawning may occur late in November and finish as

early as January or can start as late as February and last

until April (Siegel and Loeb 1995; Spiridinov 1995; Siegel

2012). Mature males produce sperm-filled spermatophores,

which are transferred and attached to the females thelycum

via the male petasmae, a complex organ developed espe-

cially for this purpose from the endopods of the first pair of

pleopods (Makarov and Denys 1981). Krill can produce

[12,000 eggs year-1 (Tarling et al. 2007) and are capable

of reproducing for up to five seasons (Ettershank 1983).

Although high abundance regions are well known for

krill (Constable and Nicol 2002), the spatial distribution of

krill is quite variable and difficult to predict. Under given

circumstances, they drift with the currents as true plank-

tonic organisms and at other times they are able to relocate

horizontally, swimming at higher speeds for extended

periods of time (Marr 1962; Kanda et al. 1982), seemingly

unaffected by local currents. They also have a diel vertical

migration which may be strong or absent (Hamner and

Hamner 2000) and may even use the bottom as a habitat

(Schmidt et al. 2011). At a small scale, krill are typically

distributed in aggregations or swarms believed to facilitate

reproduction and feeding; this may also reduce the chance

of predation (Hamner et al. 1983; Ritz 2000; Evans et al.

2007) and/or offer other locomotive energetic advantages

(Ritz 2000). The features of such swarms including struc-

ture and morphology are extremely variable, and it has

been shown that the spatial distribution of krill at the

swarm level can be linked to demographic composition and

the proportion of different maturity stages (Watkins et al.

1992). Hence, demographic composition and spawning

state may be important elements for understanding

distribution.

The water off the South Orkney Islands is a krill hotspot

area and subject to extensive fisheries (Nicol et al. 2012).

Within such a restricted geographic region, it is expected

that population characteristics could be preserved over an

extended period of time (Hazen et al. 2013). The purpose

of the present study was to follow the krill stock here to

provide detailed information on seasonal development of

sexual maturation, sex ratio and other population parame-

ters such as abundance and distribution. We also aimed to

explore the potential of carrying out ecological research

from a commercial krill fishing vessel within a krill hot-

spot. A particular advantage of such vessels may be that

they provide a unique opportunity to sample regularly at

quasi-stationary positions for extended periods and within a

reasonable restricted region. This can allow different per-

spectives, data to be acquired and processes to be moni-

tored compared to traditional scientific survey approaches,

that most often consist of regularly spaced transects,

forming a grid with fixed position of stations for determi-

nation of specific population parameters, distribution and

biomass.

Materials and methods

The platform used for the investigations was the FV Saga

Sea (Aker Biomarine ASA), a Norwegian 92-m and

6000-hp commercial ramp trawler. Fishing occurred along

the northern shelf edge off South Orkney Islands (Fig. 1).

The area is characterized by a steep slope from the shelf

break to abyssal depths of around 3–4000 m, parallel to the

east–west axis of the Coronation Island (South Orkneys

largest island). There are two north–south-oriented canyons

or troughs along this axis, the Monroe and Coronation

Troughs (Dickens et al. 2014). These areas are likely

important for retention of krill advected along the shelf and

slope region from areas further west and south-west, or via

deeper currents from the Weddell Sea region flowing east

and turning north in a counter clockwise fashion around the

South Orkney plateau (cf. Gordon et al. 2001).

Data collection was carried out during regular fishing

operations from 28 January to 2 March 2009, except

between 8 and 11 February when the vessel undertook

other logistical operations further north. The vessel oper-

ated two 16-mm meshed and 220-m-long trawls with

continuous pumping through a 20-cm diameter and 300-m-

long vacuum hose from the codends to the production deck,

which enabled sampling of krill specimens at a predictable

and regular basis. When there is no severe catch accumu-

lation in the codend, it takes 10–12 min for the krill to

travel from the trawl mouth to the production deck.

In total 55 samples of krill (n[ 100 ind.) were acquired

at regular intervals during both daytime (day: sun

angle[ 0�) and night time hours over the investigation

period. A batch of krill specimens was collected at random

directly from the end of the vacuum hose, where the catch

is transferred onto a sieve to separate out most of the

seawater before entering a buffer tank below deck.

Body length of krill was measured on fresh material

from 7521 individuals (±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). From these,

the sex and maturity stage were determined for a total of

4678 individuals using the classification methods outlined

by Makarov and Denys (1981). Males were divided into

three sub adult stages: MIIA1 (petasma vesicles are not

divided, but appears with a small bump or bubble at the
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root), MIIA2 (petasma has developed the bubble to a split

with one or two fingers) and MIIA3 (petasma root with two

short fingers and an incipient formation of wings on the

opposite hold) and two adult stages: MIIIA (petasma fully

developed with swollen fingers and with a wing overlap,

ductus ejaculatori are also visible ventrally, but these are

sealed and spermatophores cannot be squeezed out) and

MIIIB (petasma as for MIIIA, ductus ejaculatori has

spermatophores that can be pressed out, or with the duct

passage open where spermatophores are already depos-

ited). Females were divided into one sub adult stage: FIIB

(thelycum is small and colorless) and five adult stages:

FIIIA (thelycum is fully developed for spawning, red pig-

mented and strongly chitinized), FIIIB (thelycum as FIIIA

but fertilized with spermatophores), FIIIC (also with

spermatophores, mature eggs or large ovaries visible under

carapax, but carapax is not swollen), FIIID (with sper-

matophores, carapax is swollen and this swelling extends

into the first abdominal segment) and FIIIE (fully spawned,

the ovaries are small and the carapax is hollow). Unlike all

other stages, the juveniles had no visible sexual charac-

teristics (no visible petasma or thelycum).

In order to investigate temporal development and vari-

ability in population size frequency distribution, we have

analyzed individual station-based data using mixture dis-

tribution analyses (i.e. MacDonald and Pitcher 1979;

MacDonald and Green 1988) and the ‘‘mixdist’’ package in

the R-statistical environment (www.r-project.org). The aim

of this analysis was to inspect individual size frequency

distributions excluding small krill that were caught more or

less at random (krill with body length \33 mm). It is

realized that the dominant ‘‘size group’’ of krill C33 mm

most probably consists of several year classes. However, it

was not intended to reveal and separate generations, but to

look at the overall size distribution and estimate the overall

mean body length and sigma (standard deviation) to see

how these parameters and a composite distribution can aid

to understand overall population variability. To visually aid

the interpretation of the size distributions, we also pooled

the data into 5-day slots, in total 7 periods (P1–P7). Not all

periods contained data all days (see above). To optimize

the goodness-of-fit (Chi-squared ANOVA), a normal dis-

tribution model and best fitting constraints for SDs were

used, following the instructions of Du (2002).

For the collection of acoustic data, a Simrad ES60 echo

sounder system logged data continuously at two frequen-

cies, 38 and 120 kHz. The system was not calibrated so the

logged data represent relative levels of acoustic backscat-

ter. However, a post-calibration of the system was carried

out off Brindisi, Italy, later that year using standard sphere

calibration with a 38.1-mm tungsten carbide sphere (Foote

et al. 1987) and showed that the transducers worked

according to specifications, with no malfunctions. The echo

sounder was operating with a ping interval of 1 per second.

Vessel speed during towing was around two knots.

Acoustic data were acquired down to 500 m depth at both

frequencies.

Measurements of volume backscattering strength (Sv;

m2/m3) from the ES60 were post-processed using the

Large-Scale Survey System (LSSS) software (Korneliussen

et al. 2006) and exported as average values of Nautical

Area Scattering Coefficient (NASC; m2/nmi2) (MacLennan

et al. 2002) in bins of 5 m vertical and 50 ping horizontal

resolution. The acoustic targets assumed to be krill were

separated from other targets following the CCAMLR pro-

tocol for target discrimination. This method takes advan-

tage of the predictable frequency-dependent volume

backscattering strength for krill within a specified range of

body lengths. Given a range of body lengths, the corre-

sponding range of DSv-values (Sv,120–Sv,38) can be

predicted and used to discriminate krill from other targets.

We used the krill length distribution found during the

Fig. 1 Overview of vessel

cruise tracks and biological

sampling locations 1–55 (with

white circles at start of cruise

and gradually darkening toward

to end of cruise) during the

period 28 January–2 March

2009
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survey to calculate DSv (SC-CAMLR 2005; Reiss et al.

2008). The method was applied to each exported sample

bin, and if DSv fell within the range estimated for krill

targets, it was included as krill. The target strength (TS)

predictions of krill applied to calculate values of Sv at both

frequencies were derived from the simplified Stochastic

Distorted Wave Born Approximation (sSWDBA) (Conti

and Demer 2006), but parameterized according to Calise

and Skaret (2011). The DSv finally applied was based on a

krill length range calculated in 10-mm bins based on krill

TS predictions from a 95 % PDF of krill length distribution

based on the catches (SC-CAMLR 2009). The discrimi-

nation based on frequency response is strictly not valid

when derived from uncalibrated systems, but later cali-

brations have shown that the original gain settings were not

far off (\1 dB) suggesting a stable system over time. In

addition, the vessel was operating in areas where krill make

up a vast majority of the plankton abundance, and the other

main contributors to backscatter are air breathing predators

with a markedly different acoustic frequency response

signature compared to krill.

A SAIV CTD (mod SD204, Environmental Sensors and

Systems, Bergen, Norway) was mounted on the starboard

trawl beam, in order to record data on temperature, salinity

and depth. Samples were obtained at 1-min intervals. Later

examination of the salinity data showed that they were

corrupted due to a sensor failure and thus omitted from

further analysis.

Water samples (20 ml, scintillation vials PE) for nitrate

and phosphate analysis were collected from the surface

(0 m) on each krill sampling location (within 5 min after

sampling the krill). All water samples were fixed with

chloroform (1 %) and stored in a refrigerator until analyses

on shore. The samples were analyzed, following the

methods of Bendschneider and Robinson (1952) and

Grasshoff (1965), on a SKALAR auto-analyzer equipped

with matrix detectors and manifolds developed at the

Norwegian Institute of Marine Research.

Surface water samples were also obtained for chloro-

phyll a and phaeopigment analyses. The water (263 ml)

was filtered using glass fiber filters (Munktell 0.45 lm pore

size) that were 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 fluorometer (model 10 AU, Turner designs

Inc., Sunnyvale, Ca., USA), according to Welshmeyer

(1994) and Jeffrey and Humphrey (1975).

The fishing vessels along track positions were coupled

to the elevation data from the new bathymetric high-reso-

lution grid (300 m) of the continental shelf surrounding the

South Orkney Islands, northeast of the Antarctic Peninsula

(Dickens et al. 2014). The original data were downloaded

from the Marine Geoscience Data System (MGDS) as a

gridded file in GEOTIFF format. It was imported to Arc-

GIS, converted from raster to ascii and then imported to

Fledermaus where it was converted to decimal latitude,

longitude and elevation (bottom depth) using WGS84.

Thereafter, a simple algorithm was developed to find the

geographic position and associated bottom depth that most

closely corresponded to individual vessel positions

throughout the study period.

Relationships in demographic parameters and between

acoustic and environmental elements were explored using

analysis of variance (ANOVA, General Linear Models

(GLM) and NPAR1WAY), Spearman’s rank correlation

coefficient (CORR) and simple linear regressions

analysis were executed using the statistical softwares R

v.2.14.2 (R Development Core Team 2013,

http://www.rproject.org) and SAS (Institute Inc., Box 8000

Cary, NC, USA).

Results

The body size of krill ranged from 16 to 58 mm with an

average of 47.1 ± 4.5 (SD) mm. From the total catch, 2 %

were juveniles, 17 % sub adults and 81 % adults. The

overall sex ratio of males versus females was 1:2 and was

dominated by adult females at stage FIIIA (37 %) and

FIIIB (19 %) (Table 1; Fig. 2). We observed reasonable

large variability in mean body lengths over the study period

(Figs. 2, 3). This variability was higher during the first part

of the fishing period, days 29–40, compared to the latter

period, days 42–61 (Fig. 3). The mean body length was

positively correlated with yearday (t = 6.3771, df = 52,

p value = 4.864e-08, rcorr = 0.6625) being probably

related to growth as the animals significantly increased in

size with time. There was no overall statistical relationship

between mean body length and depth of sampling

(t = 1.3035, df = 52, rcorr = 0.1779, p = 0.1981). How-

ever, patterns derived visually from Fig. 3 indicate periods

when sampling depth becomes shallower and is seemingly

associated with a slight decrease in average body size. This

was particularly evident for yeardays *30–35, *44–52

and *55–58. Another interesting feature revealed through

these analyses is that there was a negative correlation

between mean body length and associated standard devia-

tion (t = -7.0572, df = 53, p = 3.649e-09,

rcorr = -0.6960), that is, the greater the mean body length,

the less the spread around the mean. Hence, the main krill

distribution (cf. Figs 5, 6) becomes more narrow and

homogenous when the krill becomes larger later in the

fishing period.

Clear changes in the maturity stage composition were

observed during the study period (Fig. 4). The occurrence

of all the sub adult male stages decreased, in particular the
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occurrence of the stages MIIA2 and MIIA3. Concurrently,

occurrence of both male adult stages increased (MIIIA and

MIIIB), but not at the same rate so the net sum was a

proportional decrease in males relative to females. The

occurrence of the FIIB or FIIIA could not be explained by a

linear model. The occurrence of the female stages FIIIB

and FIIIC increased, while the occurrence of FIIID-FIIIE

decreased, but these two stages never made up high pro-

portions in the samples (Table 1). It is noted that the pro-

portion of FIIIA over the course of the study did not change

gradually like most of the other stages, but peaked

noticeably between yeardays 45–50. From the total catch,

2 % were juveniles and no change in occurrence was found

for this stage (R2 = 0.51; p = 0.6). Differences in samples

taken during day versus night hours that could suggest diel

demographic separations were not found for the overall

body length (GLM, F = 1.3; p = 0.3) nor male/female

ratio (NPAR1WAY, F = 0.0; p = 1.0).

There was a marked diel variation in the depth distri-

bution of the krill during the investigation period with krill

distributed closer to the surface during nighttime than

daytime (Wilcoxon’s ranked sum test on averaged daily

values, p\ 0.0001; Fig. 5). During nighttime, the majority

of the krill was distributed in the upper 50 m. The range in

depth distribution was also higher during daytime than

nighttime (Wilcoxon’s ranked sum test on daily range of

occurrence, p\ 0.05). During daytime, krill were recorded

from the surface down to 250 m depth. The results show

that krill were found in more narrow vertical swarms

during daytime than nighttime, but overall spread more

over the water column during daytime (p\ 0.0001,

Fig. 5). Furthermore, the number of vertically integrated

single samples (50 pings average) with krill recordings, but

with empty neighbor samples, was significantly higher

during daytime (3419 of 5899) than nighttime (2258 of

6640) (Chi-squared test, v2 * 722, p\ 0.0001). This

strongly indicates a more patchy distribution of krill during

daytime.

There were no marked trends in the average daily bot-

tom depth where the fishery was conducted (Fig. 6).

However, the original bottom depth values linked to the

high-resolution acoustic data shows that the highest krill

abundances, NASC (m2/nmi2) where observed associated

with the shelf and slope region from approximately

250–1000 m, dropping off slowly toward deeper waters

and were nearly absent around 3000 m and beyond.

It is interesting to note the day-to-day variation in ver-

tical distribution, in particular during daytime. There

seemed to be no apparent trend in the depth distribution of

krill over the investigation period, but there were indica-

tions of a shallower krill distribution after yearday 40 with

few recordings below 150 m (Fig. 6). During the investi-

gation period, the depth distribution was centered as high

as 25 m (yearday 61) and as low as 170 m (yearday 38),

and the depth range went from a unimodal distribution

centered around 50 m (yearday 58) to a bimodal or almost

uniform distribution spanning up to 200 m (yearday 51).

During some days, the depth distribution was very similar

between night and day (yearday 42–47). During nighttime,

there was less variability with most recordings in the upper

75 m, with the exception of a few days with parts of the

distribution also deeper down. Also the total backscatter

showed a marked day-to-day variability, but no apparent

trend over time (Fig. 6).

An interesting observation is the significant correlation

between night abundance and subsequent day abundance of

krill underneath the vessel (t = 3.1226, df = 29,

rcorr = 0.5016, p value = 0.00404), while no correlation

was found between day and subsequent day abundance.

The nutrient analysis showed an average nitrate con-

centration of 24.3 ± 1.1 (SD) lmol/l, and the phosphate

concentration was 1.9 ± 0.1 (SD) lmol/l. Change over

Table 1 Number and

proportions (%) of sexual

maturity stages of juvenile,

male and female krill from the

South Orkney Islands area,

sampled during January–March

2009

Krill maturity stages No. of samples Proportion (%) Total length ± SD

Juvenile stage 1 83 1.8 26.6 ± 8.1

Male subadult MIIA1 19 0.4 41.3 ± 2.4

Male subadult MIIA2 449 9.6 46.5 ± 2.3

Male subadult MIIA3 233 5.0 48.8 ± 1.9

Male adult MIIIA 486 10.4 50.5 ± 2.4

Male adult MIIIB 304 6.5 49.7 ± 2.4

Female subadult FIIB 95 2.0 41.0 ± 2.8

Female adult FIIIA 1724 36.9 46.7 ± 3.5

Female adult FIIIB 885 18.9 48.1 ± 3.2

Female adult FIIIC 303 6.5 49.0 ± 3.3

Female adult FIIID 75 1.6 48.0 ± 3.2

Female adult FIIIE 22 0.5 48.0 ± 3.6

Total 4678
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time was found (p[ 0.2) in neither nitrate nor phosphate

concentrations. The chlorophyll a concentration at the

surface waters ranged from 0.09 to 1.31 mg/m3 and

decreased over time during the study period (Fig. 7). Also

the phaeopigment concentration, which ranged from 0.09

to 0.41 mg/m3, decreased during the study period. The

wind mixing layer was limited to approximately the upper

50 m of the water column. Temperature was reasonably

stable during the period both in surface waters (10–20 m;

0.8 ± 0.2(SD) �C) and below the thermocline (90–100 m;

0.1 ± 0.3(SD) �C) (Fig. 8).

Discussion

The study is based on data collected from a krill fishing

vessel during normal operation and demonstrates the pos-

sibilities of using such platforms for scientific purposes. It

is important to keep in mind, however, that the area sam-

pled in our study reflects the preferred fishing locations of

the vessel. The area of effort was limited to a ca. 75 km

strip of the shelf break on the north-west side of the South

Orkney Islands (Fig. 1). The fishing vessels usually aim to

maximize their profit, and even though there are several
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Fig. 2 Development of krill

length distribution in the South
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elements which potentially influence their revenue, the

most obvious is predictable high concentrations of krill.

High concentrations of krill in association with shelf

break areas have been documented in several studies

(e.g., Constable and Nicol 2002; Santora et al. 2011),

and the krill fishing pattern during the last decade shows

that a few areas in relation to shelf breaks are subject to

a particularly high fishing effort (Nicol et al. 2012). Our

results show that the depth with highest acoustic densi-

ties corresponds with the actual fishing depth, indicating

that the ‘‘Saga Sea’’ deliberately targets the highest krill

concentrations also vertically. If the intent is to estimate

krill abundance over a larger region the data from the

vessel are obviously biased, given that the vessel to a

large extent is able to localize and follow the highest

krill concentrations, limiting its immediate use for

abundance estimation over the hotspot region.

The so-called ‘‘ad hoc’’ sampling approach from the

krill fishing vessels using the continuous pumping tech-

nology has drawbacks. One of these is the limited possi-

bility of sampling the whole vertical range of krill within

the water column, since trawling basically is performed for

prolonged periods in the same depth, targeting acoustic

registrations of krill that are often confined to specific

depth layers. However, it is demonstrated in Figs. 5 and 6

that krill could be dispersed over a 200 m depth range

during certain times of day, meaning that it is still likely

that a representative sample of the population could be

obtained using this sampling approach at a given geo-

graphic locality. However, the highly dynamic environ-

mental conditions, in part governed by complex bottom

topography in the krill hotspot area, do suggest that

frequent changes in krill abundance and vertical distribu-

tion could be a rule rather than the exception, thus favoring

particular attention with respect to the interpretation of

results based on such a sampling strategy.

The most pronounced signal in distribution pattern

found in the present study was the diel difference, incor-

porating both depth distribution and vertical extension of

the krill swarms. Krill diel vertical migration is variable,

most certainly depending on a range of factors including

latitudinal light conditions and shelf areas of the Southern

Atlantic typically have marked day night differences,

normally linked to anti-predatory behavior (Hamner and

Hamner 2000; Klevjer et al. 2010). Deep waters provide

shelter from visual predators diving from the surface, hence

could explain deep daytime distributions. At nighttime,

with assumingly lower pressure from visual predators, the

distribution was shallower and the krill were also less

compact in the vertical extension. Seals and penguins

attacking from the surface have been estimated to represent

around 80 % of the krill consumption in the Scotia Sea

(Murphy et al. 2007). The predation pressure was not

quantified in our study, but at the time of our investigations

in late summer, the South Orkneys is known for a high

abundance of land dependant predators, in particular pen-

guins and Antarctic fur seals (Arctocephalus gazella)

(Poncet and Poncet 1985, Lewis Smith 1988).

Despite the generally clear signal of diel variation in

vertical distribution, there were some interesting excep-

tions where only marginal differences in depth distribution

between night and day occurred. The daytime vertical

distribution observed was also very variable despite the

relatively small area studied and short investigation period.

These patterns could be related to variable local environ-

mental conditions such as bottom topography, currents and

predator abundance within the region the vessel operated

(Ritz 2000; Klevjer et al. 2010). The effect of the two latter

factors could unfortunately not be assessed and averaged

bottom topography showed no apparent trend or relation-

ship to krill vertical distribution pattern. Despite this, the

original high-resolution bottom topography data underline

the importance of the shallow shelf and slope region, since

the highest values of total integrated sA (NASC) were

observed within the bottom depth range 250–1000 m

thereafter being slowly reduced.

The krill abundance measured as total integrated sA
(NASC) over the water column, also showed great varia-

tion over the study period, but varied in a more systematic

manner than the daytime vertical distribution, with a cou-

ple of extreme values during the course of the investiga-

tions. The daytime and nighttime abundance also co-

varied, indicating that krill availability to acoustic detec-

tion was similar during day and night, but there were no

such relationship between consecutive days. This simple

Fig. 3 Estimated mean length (green squares) for the dominant size

distribution of Euphausia superba C33 mm body length and depth of

sampling (blue filled circles) versus year day during the study period.

Sampling depth determined from the trawl sensor, considering a

10–12 min delay for the krill to travel from the cod-end to the trawl

deck
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pattern could be understood from the fact that an actively

fishing vessel will not move much from day to night, but

the probability of being further away the consecutive day,

hence experiencing a considerably change in krill distri-

bution, abundance and physical conditions, is higher. It

could also be other strategic fishing master decisions that

might aid to explain this pattern, although it is beyond the

scope of this investigation to open this debate. Another

relevant issue is the potential for the fishing vessel to

regularly be exposed to various types of currents since it

most of the time operates very close to the shelf break that

are most certainly a site of strong currents and changing

topography that easily could affect the abundance of krill.

Therefore, the level of biomass on one day is not a sig-

nificant predictor of that found the next day.

During the entire investigation period, we sampled adult

krill in maturity stages which indicated active mating.

However, the proportion of the different stages and the

time of the year indicate that the monitored krill population

was past peak spawning (Fig. 4), which is also supported

by findings presented in Sologub and Remeslo (2011) from

a similar area and with similar timing.

Fig. 4 Proportions of krill maturity stages as a function of yearday

for krill sampled off the South Orkney Islands, during January–March

2009. The lines are fitted using spline smoothing, and coefficients are

output from Pearson’s product-moment correlation tests investigating

the relationship between the given maturity stage and day of the year
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Krill are expected to molt once in approximately

20–30 days at a temperature of -1 to ?1 �C depending

probably on food supply, season, physiological condition

including degree of maturity and overall size of an animal

(Buchholz 1991; Nicol et al. 1992; Brown et al. 2010).

Keeping in mind that regression to previous maturity stages

Fig. 5 Depth distribution of krill recordings throughout the entire

study period illustrating the diel cycle based on acoustic recordings.

The diel cycle is categorized into 1-h periods, and each horizontal bar

reflects the weighted vertical distribution center of acoustic record-

ings along a 50 ping sample period. The length of the bar is

proportional to the value of the NASC (m2/nmi2). The red dots denote

the mean depth distribution weighted according to the value of the

NASC. The blue dots denote mean fishing depth, estimated from a

CTD sensor fixed to the trawl opening. The number on the top of the

panel denotes average NASC for the given 1-h period

Fig. 6 Depth distribution of krill recordings over the investigation

period during daytime (upper panel) and nighttime (middle panel)

and average daily bottom depth with standard deviation (lower panel).

The investigation period is categorized into 1-day periods, and for the

krill distribution plots, each horizontal bar represents the center of the

vertical distribution for a 50 ping sample period, and the length of the

bar is weighted according to the value of the NASC. The red dots

denote the mean depth distribution, also weighted according to the

value of the NASC. The blue dots denote mean fishing depth,

estimated from a CTD sensor fixed to the trawl opening. Note that the

data collection from the CTD started on yearday 32 and that data lack

for some periods without fishing. The number on the top of the panel

denotes average NASC for a given yearday. Note that the x-axis is not

linear since there were days of no sampling
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may occur (Thomas and Ikeda 1987), this suggests that

during the approximate 1-month study we conducted in the

South Orkney area in 2009, some changes in the size of the

animals (cf. information on growth given by Nicol et al.

1992) and the ‘‘population’’ maturity stage composition are

expected if it is the same population that is sampled over the

course of the study period. We found trends mainly corre-

sponding to gradual changes in maturity stage composition

of the krill over the sampling period. Even though there was

some station-to-station variability, the steady change

observed suggests that it was the same population that was

sampled over the course of the investigation period and that it

went through a gradual change in demographic composition.

Previous studies on demographic composition of krill have

typically found large variability even if collected within the

same seasons and/or area (Marr 1962; Witek et al. 1981;

Fevolden and George 1984; Siegel 1986; Watkins et al.

1992; Krafft et al. 2010, 2012). The clearest change we

observed was the decrease in subadult males and the

decrease in overall male to female ratio over the investiga-

tion period. These results are consistent with what was pre-

sented in Sologub and Remeslo (2011) from a similar period

and area. There could be several explanations for the changes

that are not mutually exclusive: The male subadult compo-

nent of the population may gradually disappear out of the

sampled waters and/or an influx of krill to the sampled area

may result in increases in particularly the female component

of the sampled krill.

It has been discussed that krill segregate seasonally

according to size (Nicol 2006), and the results in Watkins

et al. (1992) indicated that such segregation according to

Fig. 7 Boxplots showing the concentrations of chlorophyll a and

phaeopigments at the surface (0 m) during the 7 periods of the study

from January–March (P1–P7) 2009 in the waters off South Orkney

Islands. The boxes indicate median values and the first and third

quartiles. Whiskers extend to the most extreme data point which

extends \1.5 times the length of the box. Width of the boxes is

proportional to the square root of N

Fig. 8 Temperature at depth from all CTD recordings below 5 m

depth averaged for each of the time periods P1 to P7, respectively (see

text for details about the time periods). The CTD was fixed to the

trawl opening and logging data continuously at 1 min intervals
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demography may even occur at the swarm scale. Given that

krill may have a high degree of self-locomotion, with

adults maintaining swimming speeds between 10 and

15 cm/s over time scales of hours to days (Marr 1962;

Kanda et al. 1982), active migration may play an important

role in establishing spatial segregation in krill size classes

(Siegel 1988). It is not clear whether the demographic

change observed in our study was the result of segregation,

but there are environmental circumstances supporting such

segregation. Firstly, subadult males are not sexually active

and therefore not dependent on swarming pelagically for

reproductive purposes (Hamner et al. 1983), secondly, the

decrease in subadult males also coincided with the decrease

in chlorophyll a and phaeopigment concentrations, indi-

cating that food availability in the upper 50 m of the sur-

face decreased and thirdly, the predation pressure from air

breathing predators like Antarctic fur seals and penguins,

which are abundant in the area, is highest in the upper

200 m. An interesting possibility is that part of the krill

population segregate and go down to the bottom (Schmidt

et al. 2011), with the possibility of feeding on accumulated

phytoplankton (see, e.g., Pape et al. 2013) and largely

being sheltered from air breathing predators. However, the

acoustic recordings did not indicate regular occurrences of

krill in particular depth layers which could suggest a sys-

tematic segregation of one krill population component

relative to others. On the other hand, these groups (subadult

males) would not necessarily be detected by the echo-

sounders, especially if they were dispersed.

An additional factor that could play a role with respect

to the reduction in the proportion of subadult males is that

they could have been subject to a higher mortality rate than

other parts of the population. Since the krill population

apparently was past peak spawning and food availability

decreased over the period, a particular part of the popula-

tion that could be vulnerable is the males, and especially

subadults that probably have been in rapid growth have

built few fat reserves and which at this stage in the

spawning cycle will struggle to attain maturity. The ideas

and findings by Kawaguchi et al. (2007) that ‘‘male krill

grow fast and die young’’ might suggest that these males

during this part of the season could be particularly vul-

nerable and exposed to increased mortality.

Although there seems to be no apparent reason for

considering the observed krill stock in the region as con-

sisting of subpopulations, it is realized that oceanographic

processes as well as small-scale population characteristics

can contribute to the variability observed during this study.

An interesting observation is the consistent shallow sam-

pling and shallow distribution of krill both day and night

during yeardays 45–50 (Fig. 3), coinciding with a peak in

the occurrence of FIIIA (adult females with no sper-

matophores) (Fig. 4), followed by an increase in FIIIB

(adult females with spermatophores) from day 50 onwards.

It is also realized that the mean length of the main size

distribution becomes somewhat reduced during the same

period, and a similar feature is also observed during

yeardays 30–35 and 55–60, possibly associated with shal-

lower fishing.

It is speculated that what we observed during yeardays

45–50 could be temporarily an isolated part of the popu-

lation slightly unsynchronized with the broader pattern of

population or reproductive development, which suddenly

became accessible to sampling during this period. An

interesting observation is the extremely high abundance

values found on two separate occasions (yearday 37 and

47). Given that the changes in density were so sudden, they

are likely not caused by flux events, but probably the result

of natural variability in swarming behavior. The high

variability observed both with regard to krill abundance,

vertical structure and partly biological parameters, under-

lines the complexity of the study region.

The explanation that the change in demographic com-

position is due to influx, could not be investigated and

verified with our data. The initial temperature data being

recorded in the easternmost study region suggests that the

water column here to approximately 100 m depth was the

coldest, being slightly warmer as the vessel moved west-

wards. This could be a seasonal affect or due to change in

water mass characteristics. Colder deep water could be

introduced from the east along the northern slope of South

Orkney by a branch of theWeddel Front originating south of

the island (Heywood et al. 2004; Thompson et al. 2009). The

general flow pattern in the South Orkney area is strongly

influenced by the southern Antarctic Circumpolar Current

(ACC) front and the southern boundary of the ACC that

flows eastward very close to the edge of the continental shelf

west of the Antarctic Peninsula (Orsi et al. 1995). These

currents could transport krill from the Antarctic Peninsula

area to the South Orkneys (Hofmann et al. 1998), while

other currents could transport krill from the Weddell Sea as

Siegel et al. (1990) and Sologub and Remeslo (2011) sug-

gest as an additional advective pathway for the krill popu-

lation in the South Orkney region. The South Orkney Islands

are located in the Subpolar-zone north of the Weddell Gyre

(Crelier et al. 2010), an area significantly influenced by the

Weddell-Scotia Confluence (WSC), often located to the

north of South Orkney (Patterson and Sievers 1980; Deacon

1982), and being a zone where waters from the Scotia Sea

and Weddell Sea meet and interact. However, the extent of

krill transport and possibly origin of the South Orkney krill

population during our study period are not known. For future

management purposes, these issues along with the potential

for retention of the krill stock in this region remain impor-

tant and should be key elements in future studies of the

South Orkney krill population dynamics.
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Concluding remarks

This study shows the development in krill demography and

distribution in a krill hotspot area of likely high importance

for the pelagic ecosystem, land-based predators, fisheries

and fisheries management. A high day-to-day variability in

krill distribution and density even within the small area

sampled were recorded. There was also a change in krill

population demography, but more gradual, in particular a

decrease in subadult males and a decrease in the male to

female ratio suggesting segregation, influx or selective

mortality of males. This study demonstrates for the first

time that fishing vessels can be employed as research

platforms to produce scientifically valuable information

from a krill hotspot on the variability in krill abundance,

vertical structure, population-specific characteristics and

some simple environmental variables. In order to further

understand the dynamics in krill hotspots, it will be of high

importance in future studies to investigate the mechanisms

behind the observations presented here. That is how current

patterns, retention mechanisms and fisheries activities

affect; (1) absolute densities of krill, (2) intra-specific

relationships, (3) aggregation and dispersion and (4)

demography and other population characteristics. From a

management perspective, it will be critical to apply such

knowledge and assimilate data on population variability of

such small-scale hotspots to assess consequences for the

predators potentially competing with the fishery for krill

and optimize survey design and sampling approaches to

improve abundance estimation and quantitative informa-

tion on krill flux.
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