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SHORT NOTE

SURFACE WATER CIRCULATION IN KRILL FISHING AREAS
NEAR THE SOUTH SHETLAND ISLANDS

T. Ichii and M. Naganobu
National Research Institute of Far Seas Fisheries
5-7-1, Orido, Shimizu, 424 Japan

Abstract

This paper describes tracks followed by six surface drifting buoys that were deployed in
shelf and oceanic waters to the north of the South Shetland Islands. Each buoy was
deployed with a drogue attached at a depth of 30 m to assess flow patterns at the depth
range where krill tended to be most abundant. The buoys were tracked using the
ARGOS satellite positioning system. Based on buoy tracks, the surface circulation to the
north of the South Shetlands shelf was described as a slow sluggish southwest current
with a series of small-scale circular and semi-circular flows in the shelf region, whereas
the circulation in the oceanic region was described as the strong northeast current.
Between these counter-flowing currents a shear current was found in the slope region.
The direct current measurements demonstrated that the oceanographic regime in these
waters is not well described by geostrophic calculations. The picture obtained of the
surface circulation was considered in conjunction with the distribution of krill catches
taken in the area by Japanese vessels during the period from 1981 to 1994. It is
suggested that the sluggish and shear currents observed to the north of the islands may
have properties which contribute to the formation of stable krill concentrations in the
area. The observed long-distance movements of three buoys also suggested that oceanic
currents may transport krill from the South Shetland Islands to the South Georgia and
South Orkney Islands on a time scale of 110 to 120 and 85 days respectively.

Résumé

Cette communication décrit les trajets suivis par six bouées dérivantes, déployées dans
les eaux du plateau et les eaux océaniques au nord des iles Shetland du Sud. Chaque
bouée tirait une ancre de cape située a 30 m de profondeur, pour évaluer les
mouvements du courant dans I'intervalle de profondeur ot le krill est susceptible d’étre
le plus abondant. Les bouées étaient suivies au moyen du systéme ARGOS de
positionnement par satellite. D’apres le trajet des bouées, la circulation des eaux de
surface au nord du plateau des iles Shetland du Sud est qualifiée de courant du
sud-ouest particulierement lent avec une série de flux circulaires et semi-circulaires a
petite échelle dans la région du plateau, alors que dans la région océanique, la
circulation est qualifiée de courant fort du nord-est. Entre ces courants contraires on a
trouvé un courant de cisaillement dans la région de la pente. Les mesures directes du
courant démontrent que le régime océanographique dans ces eaux n’est pas bien décrit
par les calculs géostrophiques. Le schéma des flux de surface a été examiné
parallélement a la répartition des captures de krill effectuées dans ce secteur par les
navires japonais de 1981 a 1994. L’auteur suggere que les courants particuliérement
lents et de cisaillement observés au nord de ces iles ont des propriétés qui contribuent &
la formation de concentrations stables de krill dans le secteur. Par ailleurs, le fait que
trois des bouées se soient déplacées sur de longues distances laisse entendre que les
courants océaniques peuvent transporter le krill des iles Shetland du Sud jusqu’en

Géorgie du 5ud et aux iles Orcades du Sud, a une échelle temporelle respective de 110 a
120 et de 85 jours.
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Pesrome

B nannoll paboTe ONUCHIBAIOTCS MApIUIPYTHI WECTH APeH(DYIOMUX 0 HOBEPXHOCTH
BoApl OyeB, yCTAHOBJICHHBIX B IUEJIb(OBBIX U OKEAHHYECKHUX BOJAX K CEBEpPY OT
FOxnpix [letmanackux octpoBoB. K xax oMy Gyro 6b11 npukpensied apeiid-skopb
Ha Tayoune 30 M ¢ 1es1bI0 OLEHKH 3aKOHOMEPHOCTEH TeUEHHs Ha TOPU3OHTAX, riae
KpHuJib Haunbosiee MHOrouucjeHeH. MecToHaxoxAeHue OyeB Ompenesisajiocsh mpu
noMomy cnyTHUKoBO# cucteMbl API'OC. Ha ocHOBE 3THX MapUIPYTOB LMPKYJISLHS
NOBEPXHOCTHBIX BOA K ceBepy oT MOxHumix Hlernanackux octposos Oblna onmcaHa
KakKk MeJJieHHoe, cjaboe U MJI0X0 BhIPAaXKEHHOE I0ro-3amajHoe TeYEeHHE C
MEeJ/IKOMACIITA0HBIMH HHPKYJISIPHBIMA U MOJTYUHPKYJIIPHBIMH IOTOKaMH B pafione
wesba, TOraa Kak UMPKYJIsiiusi B OKEAHUUECKOM peruoHe Oblja OmMMCaHa Kak
CUJIBHOE CEBEPO-BOCTOYHOE TeueHne. MeX Oy dTHMH TEeUCHUSIMHU, UAYLIHMH B
NPOTHBOMNOJIOXKHBIX HAaNpaBJICHUSAX, B palloHe CK/i0HA OblJI0 OOHApPYXEHO
Ccpe3biBaolice TeyeHne. HemocpeACTBEHHbIE W3MEPEHUS TeUeHHs NOKa3asld, 4To
reocTpopHUECKie pacueTs! MJI0X0 ONMCBIBAOT OKeaHOrpachuueckil pexXuM B ITUX
Boaax. [laHHas KapTHHA MOBEPXHOCTHOH WMPKY/IAUuM ObLIa PACCMOTDPEHA B CBS3H C
pacnpeneieHueM YI0BOB KPUJIS, TIOJTyYSHHBIX B AAHHOM paifoHe STIOHCKMMHM CYdaMy B
nepuon ¢ 1981 no 1994 r. Ilpennosiaraercs, uto ciiaboe U Cpe3bIBAlOIIEe TEUeHHUS,
HabJIrofaBIInecs: K CEBEPY OT ITHX OCTPOBOB, BO3MOXHO, XapPaKTEPU3YIOTCS
KayecTBaMH, KOTOPBIE BIIUSIIOT Ha (DOPMUPORAHKE YCTOHUUBBIX KOHUCHTPALHI KPUis
B HaHHOM palione. HaGmonaBieecs nepemelnieHue Tpex 0yes Ha GOJIbIINE paCCTOSHUS
TakXKe YKa3asio Ha TO, 4TO OKEaHHYECKHE TEUSHHS MOTUYT mepeMeliaTbh KPH/b C
HOxupix llletnanackux octpoBoB a0 FOXHO#M eopruu u FOxusix Opkuedickux
ocTporoB 3a 110-120 u 85 CyTOK COOTBETCTBEHHO.

Resumen

Este trabajo describe las trayectorias de seis boyas superficiales a la deriva que fueron
lanzadas al norte de las islas Shetland del Sur en aguas oceanicas y de la plataforma.
Cada boya fue lanzada con un ancla flotante fija a una profundidad de 30 m para
evaluar la configuracién del flujo en el estrato de profundidad donde la abundancia de
kril fue mayor. Las boyas fueron rastreadas con el sistema de posicionamiento
automatico ARGOS. De los resultados de las trayectorias de las boyas, se describid a la
corriente superficial al norte de la plataforma de las Shetland del Sur como lenta, en
direccién suroeste y con varios flujos circulares y semicirculares a pequefia escala en la
region de la plataforma, mientras que la corriente en la region océanica fue descrita
como la corriente fuerte en direccién noreste. Entre estas contracorrientes se encontrd
una corriente transversal en la region de la pendiente. Las mediciones directas de las
corrientes demostraron que los calculos geostréficos no describen en forma adecuada el
régimen oceanografico de estas aguas. La descripcién obtenida de la corriente
superficial fue analizada conjuntamente con la distribucién de las capturas de kril
realizadas por barcos japoneses en el area durante el periodo de 1981 a 1994. Se ha
planteado que la corriente lenta y la corriente transversal observadas al norte de las islas
puede tener propiedades que contribuyen a la formacién de concentraciones estables de
kril en la zona. Los desplazamientos a grandes distancias observados para las tres
boyas sugieren ademas que las corrientes oceanicas pueden transportar kril desde las
islas Shetland del Sur a las islas Georgia del Sur y Orcadas del Sur en una escala
temporal de 110 a 120 dias y 85 dias, respectivamente.
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INTRODUCTION

Water circulation is considered to be a main
environmental factor affecting the overall
distribution and movement of Antarctic krill,
Euphausia superba (Miller and Hampton, 1989;
Everson and Murphy, 1987; Huntley and Niiler,
1995). Everson and Murphy (1987) showed that

126

in the Atlantic ocean sector of Antarctic waters
patches of krill were carried along the main
current in Bransfield Strait, suggesting strong
current-related passive transport of krill.
According to analyses of commercial catches,
most krill concentrations in the Atlantic sector are
found around main island groups (Everson and

Goss, 1991; Ichii et al., 1996). How water
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circulation may influence the formation and
occurrence of krill concentrations around these
islands, however, remains unclear because
the oceanographic regime in these areas is not
well described by geostrophic calculations
(SC-CAMLR, 1994a and 1994b). The CCAMLR
Working Group on Krill (WG-Krill) recommended
that direct current measurements in particular
were needed in key areas, such as shelf and
shelf-break regions. It was also emphasised that
analyses of data to determine regions of rapid
water transport with little eddy activity and areas
of high eddy activity and drifter retention would
be extremely useful (SC-CAMLR, 1994b).

MATERIALS AND METHODS

In order to obtain direct measurements
of surface currents, four drifting buoys (model
C-2243, TOYOCOM, Japan) were released in the
area north of the South Shetlands during the
1990/91 austral summer and another two {model
C-2340, TOYOCOM) during the 1994/95 austral
summer. Each buoy was deployed with a drogue
(curtain type - 4 m Jong x 1 m wide in 1990/91;
cylindrical type - length 8.6 m, diameter 0.94 m in
1994/95) at a depth of 30 m to assess flow pattern
at the depth range where krill tended to be most
abundant (Anon., 1993). The buoys were tracked
using the ARGOS satellite system. Typically,
twelve locations per day were obtained for each
buoy with location accuracy to within several
hundred metres. Daily locations of each buoy
were plotted to show the buoys’ drifting tracks
(Figures 1 and 2).

To obtain a picture of spatial and temporal
distribution of krill concentrations in the South
Shetlands, the Japanese krill catches from
1980/81 to 1993/94 were re-calculated for each
5" Jatitude x 10" longitude block (5 x 5 n miles) for
each month of the fishing season (Figure 3).
Large-scale krill distributions over the Scotia Sea
were obtained from trawling positions of
Japanese fishing vessels in the past 13 years, and
also from krill abundance in KYMT net samples
during the 1987/88 cruise of the RV Kaiyo Maru
(Figure 4).

RESULTS

Waters north of the South Shetlands may be
subdivided into the following three regions:
oceanic (deeper than 3 000 m); continental slope

(200 - 3 000 m); and shelf (shallower than 200 m).
Tracks of the buoys exhibited different patterns
for these three regions (Figure 1).

Buoys 1 and 5 deployed in the oceanic region
moved north-east with a meandering current
(Figures 1(a) and 1(c)) that travelled generally
along the 3 000 m depth contour of the continental
slope and a submarine ridge (the Shackleton
Fracture Zone) respectively. These two buoys
followed different routes across the Scotia Sea but
both reached the South Georgia area 110 to
120 days after they had left the South Shetlands
(Figures 2(a) and 2(b)). At South Georgia, Buoy 1
was trapped for 23 days in the shelf region and
then moved north-east (Figure 2(a)).

Buoys 2, 3 and 6 released in the slope region
initially showed circular and irregular
movements. Buoys 2 and 3 subsequently became
entrained in the shelf regions of Livingston/King
George Islands and Elephant Island respectively
(Figures 1(a) and 1(b)). These buoys further
travelled anticlockwise around the islands,
revealing a sluggish current with eddy activities
on the northern side and a faster and steadier
current on the southern side of the islands. The
residence time of Buoy 2 was as long as 90 days
on the northern side and as short as 15 days on
the southern side. The deployment location of
Buoy 6 corresponds to the centre of the
intensively fished area on the northern slope of
Livingston/King George Islands (Figures 1(c) and
3(b)). After entrainment there for 25 days (as
indicated by semicircular movements), it moved
northeast along the slope and reached the South
Orkneys 85 days later (Figure 2(b)). The buoy
was then trapped on the slope of the South
Orkneys for 20 days before drifting to South
Georgia.

Buoy 4, deployed in the shelf region, moved
east then reversed its direction to west and
became trapped in Barclay Bay on the northern
side of Livingston Island (Figure 1(b)). This buoy
also confirmed the occurrence of eddy activities
along the northern shelf break.

Buoys 1, 5 and 6 which travelled across the
Scotia Sea to South Georgia and the South
Orkneys followed different tracks but each track
was closely associated with the bottom
topography (Figures 2(a) and 2(b)).

Tracks of all buoys were considered in relation

to the distribution of krill catches (Figures 3 and 4).
Fishing usually begins in January (Figure 3).
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Catches of krill in January/February are located
over the insular slope to the north of
Livingston/King George Islands and northwest of
Elephant Island (Figures 3(b) and 3(c)). When the
krill spawning season is almost over (in
March/April), fishing shifts onto the shelf of
Livingston and Elephant Islands (Figures 3(d) and
3(e)). Fishermen indicate that numerous rocks off
the northern coasts of King George Island,
discourage intensive trawling in the shelf areas
where krill may be abundant (Ichii et al., 1992).
The areas of krill concentrations, i.e. the insular
slope and shelf, were characterised by the
currents which had properties of retention.

In addition to positions of catches for the past
13 years, tracks of Buoys 1, 5 and 6 which
travelled across the Scotia Sea to South Georgia
and the South Orkneys were considered in
relation to information on krill abundance derived
from net samples from the 1987/88 survey by
RV Kaiyo Maru (Figures 4(a) and 4(b)). The areas
of high krill abundance in the oceanic region
between these island groups were found to be in
association with the currents revealed by the
buoys.

DISCUSSION

The analyses of buoy tracks obtained during
this study confirmed the existing understanding
of the overall circulation in the Atlantic sector of
the Southern Ocean (e.g. Clowes, 1934; Gordon,
1967; Grelowski et al., 1986; Stein, 1988; Stein and
Heywood, 1994).

Direct current measurements were used to
describe the surface currents over the insular
slope and shelf regions (Figure 1). In the waters
north of the South Shetland Islands, the strong
northeast current was observed in the oceanic
region, whereas a sluggish southwest current
with eddy activities was observed in the shelf
region. Between these counter-flowing currents a
shear current was found in the slope region. A
general picture of the surface water circulation
around the South Shetlands is shown in Figure
1(e). Mean current speeds are 14.6 cm/s for the
strong eastward flow in the oceanic region, and
4.3 cm/s for the sluggish westward flow over the
shelf. In comparison to direct measurements,
geostrophic calculations for the same region and
season (i.e. 1990/91 austral summer) describe a
westward surface flow both in the oceanic and
shelf regions with a speed of 10.9 ¢cm/s and
0.8 cm /s respectively (Naganobu et al., 1993).
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This highlights once again the limitations of the
geostrophic method for describing circulations
over shelf regions. One of these limitations is that
wind-induced surface currents are not taken into
account in the geostrophic analyses (Stein, 1989;
Stein and Heywood, 1994; SC-CAMLR, 1994b).

The surface water circulation for krill fishing
areas depicted by buoys showed a sluggish
current with eddy activities in the shelf region
and a strong shear current on the slope. This
implies that mechanical retention may contribute
to the formation of krill concentrations.
Considering that most buoys were eventually
trapped in the shelf region, this retention may be
stronger on the shelf than on the slope. The slope
and shelf areas are also food-rich areas
(Kopczynska, 1985; Ichii et al,, 1991; Helbling et
al., 1995), so that krill may be highly adapted to
exploiting food resources by utilising flow
patterns which cause retention in these areas.

Buoys 1, 5 and 6 revealed the existence of
oceanic currents strongly associated with the
Scotia Sea topography. High krill abundances in
offshore waters appear to be associated with these
currents. Sprong and Schalk (1992) reported that
krill merged into large swarms at 58-59°S along
49°W, which happens to be on the route of the
oceanic currents leading from the South Shetlands
to South Georgia (Figures 2(a) and 2(b)). The
occurrence of higher concentrations of krill larvae
were also reported along this current (Hempel,
1983; Brinton and Townsend, 1984; Rakusa-
Suszczewski, 1984). Furthermore it is suggested
that South Georgia is an area where there is no
successful krill spawning and that the stocks there
rely on recruitment from the south (Everson,
1977). This study supports the notion of
large-scale horizontal transport of krill by
currents and suggests that the time scales for
advection of krill from the South Shetlands to
South Georgia and to the South Orkneys are
110 to 120 days and 85 days respectively.

There was discussion about the possible drift
of krill from the Antarctic Peninsula to the South
Orkneys and South Georgia and back to the
Antarctic Peninsula (SC-CAMLR, 1991). With
regard to this hypothesis, the present study shows
no evidence for a loop drift, i.e. a drift which
would lead to the Scotia Sea containing a single
stock consisting of interlinked populations.

In general terms, the formation of krill
concentrations is probably the result of several
interacting factors, both environmental (e.g. water
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circulation) and behavioural (e.g. active
maintenance by krill of its position in slow
currents, active vertical migrations). However, it
should be noted that a detailed consideration of
krill accumulation mechanisms was not the
specific objective of this study.
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(a) and (b) - buoy tracks in the Scotia Sea. (See legend to Figure 1.) Dotted lines show 3 000 m depth
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Figure 4: (a) - trawling positions of krill fishing vessels from 1980/81 to 1993/94 in the Scotia Sea. (b) - krill
abundance in areas of buoy tracks. Krill abundance estimates are derived from net samples collected
during the 1987/88 cruise of RV Kaiyo Maru (Anon., 1989).
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Liste des figures

(a) a (c) - trajets des bouées dans le secteur des iles Shetland du Sud. Les sites de mise a ’eau des
bouées sont indiqués par des cercles vides doubles avec des numéros d'identification des bouées.
Les cercles vides indiquent la position des bouées tous les 10 jours. Les dates montrent les périodes
de suivi des bouées. (d) - trajets combinés de toutes les bouées. (e) - schéma des flux dérivé du trajet
des bouées. La longueur des fleches représente la distance approximative de la dérive des bouées en
10 jours.

(a) et (b) - trajets des bouées en mer du Scotia. (Voir la légende de la Figure 1.) Les lignes en
pointillé représentent les isobathes de 3 000 m.

(a) a (e) - répartition des captures cumulées de krill dans le secteur des iles Shetland du Sud par mois
de 1980/81 4 1993/94. La taille des cercles pleins est proportionnelle a la taille de la capture, par ex.,
les cercles pleins ayant un diametre maximal (c.-a-d. de 1,3 mm) correspondent a des captures de
plus de 3 000 tonnes. Les aires hachurées indiquent le plateau (profondeur de 200 m ou moins). Les
lignes en pointilié représentent les isobathes de 3 000 m.

(a) - positions des chalutages effectués par des navires de péche au krill de 1980/81 a 1993/94 en mer
du Scotia. (b) - abondance du krill dans les zones traversées par les bouées. Les estimations
d’abondance du krill sont dérivées des échantillons prélevés au filet pendant la campagne réalisée en
1987 /88 par le navire de recherche Kaiyo Maru (Anon., 1989).

CnucoK prCyHKOB

(a) - (¢) - MmapuipyThi nepeMeienus 0yer B paiioHe FOxupix Ilersianackux ocTpoBoe. MecTo
3anycka OyeB MoKa3aHO ABOMHBIMH OTKPBITBIMH KPYXKaMH C HHASHTH(DUKAIIMOHHBIMH HOMEPaMHU
OyeB. OTKpPBITHIMA KPYyXKaM#i NOKa3aHbBl MECTONOJIOXeHuss Oyes kaxnasie 10 gueii.
Harn! - nepuonpl cjiexenus 3a npemeuleHdeM OyeB. (d) - cKOMOMHHPOBaHHBIE MapUIPYThI BCEX
OyeB. (e) - cxeMa HUPKYJISIUUOHHBIX 3aKOHOMEPHOCTEH, ONnpeaesieHHbIX Ha OCHOBE MaplipyTOB
nepeMerieHust 0yep. JJymHa crpesiok oTpaxaer MpuOJIM3HTE/IBHOE PACCTOSIHUE, HAa KOTOpoe OyH
nepeMemamce Kaxaoe 10 gaeii.

(a) u (b) - mapuipyThl nepeMeimenust 6ye B Mope CkoTusi. (CM. YCJIOBHbIE 0GO3HAUCHUA K
Pucysky 1). [TyHK THPHBIMY JIMHUSIMH TTOKa3aHa rayouna B 3000 m.

(a) - (e) - pacnpeaesicHde KyMYyJISTHBHbIX YJIOBOB Kpuist ¢ 1980/81 o 1993/94 r. 3a xax bl
mecsay B pailoHe FOxubix IllersiaHACKHX OCTPOBOB. PazMep 3aMKHYTBHIX KPYXKOB
NPONOPLUHOHAJIEH pa3Mepy YJI0Ba, HANPUMEDP 3aMKHYTHIE KPYXKH ¢ MaKCHMAaJ/IbHbIM THAMCETPOM
(1,3 mm) cooTBeTcTBYIOT yJ10oBaM >3000 TOHH. 3amITpuXOBaHHBIMU YUYACTKAMH MOKa3aH weabd
(ry6una 200 M wnm Merbiie). TTyHK THPHBIMY JIMHHSIMM MOKa3aHa auuHa B 3000 M.

(a) - MECTONOIOKEHHS TPAJICHUH KPUJIEBBIX TpayJiepoB ¢ 1980/81 no 1993/94 r. B mope CKoTusi.
(b) - uncaeHHOCTbL KPWJIS B paiioHax npoxoxaeHus: 0yes. OuUeHKH 9HC/ICHHOCTH KPUJISI HOJTYYEHBI
IO CETEBBIM BLICOPKAM, CHAETIaHHBIM B Xoje peiica RV Kaiyo Maru B 1987/88 r. (AnoH., 1989).

Lista de las figuras

(a) a (c) - trayectorias de las boyas en la zona de las Shetland del Sur. Los sitios desde donde se
lanzaron las boyas estdn marcados por circulos concéntricos con el niimero de identificacién de la
boya. Los circulos representan la posicién de las boyas cada 10 dias. Las fechas indican los periodos
cuando se efectud el rastreo de las boyas. (d) - trayectorias combinadas de todas las boyas.
(e) - configuraciones de las corrientes derivadas de las trayectorias de las boyas. La longitud de las
flechas representa el desplazamiento aproximado de la boya cada 10 dias.

(a) y (b) - trayectorias de las boyas en el mar de Escocia. (Ver leyenda de la figura 1). Las lineas
entrecortadas muestran contornos de 3 000 metros de profundidad.

(a) a (e) - distribucién de las capturas acumuladas de kril desde 1980/81 a 1993/94, por mes, en la
zona de las Shetland del Sur. El tamafio de los circulos es proporcional al tamafio de la captura, es
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decir, los circulos con un didmetro maximo (1.3 mm) corresponden a las capturas de mds de
3000 toneladas. Las zonas sombreadas indican la regién de la plataforma (200 metros o menos de
profundidad). Las lineas entrecortadas muestran contornos de 3 000 metros de profundidad.

(a) - caladeros de la pesca de arrastre de los barcos de pesca de kril desde 1980/81 a 1993/94 en el
mar de Escocia. (b) - abundancia de kril en las zonas de trayectoria de las boyas. Las estimaciones

de abundancia de kril se deducen de las muestras recogidas con redes durante la campafia 1987/88
del BI Kaiyo Maru (Anon., 1989).



