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Abstract

Interannual variability in the Southern Ocean ecosystem has long been noted and
physical factors appear to dominate the dynamics. There are, however, few ecological
time series available to assess this variability and it is only recently that physical
datasets have been generated for the Southern Ocean. In this study, time series of krill
abundance (CPUE) indices were derived from Soviet fishing operations in the
northeastern Scotia Sea around South Georgia for the period from 1974 to 1992. These
indices were examined in relation to the variation in the physical environment. There
are links between the ice, ocean and atmospheric components of the system, and there
are also correlations with CPUE data. The CPUE index generally agrees with other data
which give direct or indirect indications of krill availability, suggesting it can be a useful
index for some regions. Associations with ice-edge position and atmospheric
components were only expressed strongly in years of extreme conditions. The
correlation with water temperature was more consistent, supporting suggestions that
the variability in krill abundance around South Georgia is strongly influenced by the
oceanographic regime of the Scotia Sea.

- Résumé

La variabilité interannuelle de I'écosystéme de 1'océan Austral est reconnue depuis
longtemps. Des facteurs physiques semblent en dominer la dynamique. II n’existe
toutefois que peu de séries chronologiques disponibles qui permettent d’évaluer cette
variabilité et ce n'est que récemment que des jeux de données d’ordre physique ont été
compilés pour I'océan Austral. Dans cette étude, des séries chronologiques d’indices
d’abondance du krill (CPUE) ont été dérivées des opérations de péche soviétiques
menées dans le nord-est de la mer du Scotia, autour de la Géorgie du Sud, de 1974 a
1992. Ces indices ont été examinés en fonction de la variation de l'environnement
physique. 1l existe des liens entre les composantes du systéme - glaces, océan et
atmosphere - ainsi que des corrélations avec les données de CPUE. L’indice de CPUE
corrobore généralement les autres données qui donnent des indications, directes ou
indirectes, sur la disponibilité du krill, ce qui laisse entendre son utilité potentielle dans
certaines régions. Alors que la corrélation avec la position de la bordure glaciaire et
avec les éléments atmosphériques n’est nettement marquée que les années o1 les
conditions sont extrémes, la corrélation avec la température de l'eau est, elle, remarquée
plus fréquemment, ce qui conforte I’opinion selon laquelle la variabilité d’abondance du

krill autour de la Géorgie du Sud est largement influencée par le systéme des eaux de la
mer du Scotia.
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Pe3rome

Mexromosast ©3MEHUYHBOCTD B 3KocucTeMe HOXHOro okeana Gblia 3aMeueHa yxe
JABHO, H B €€ TMHAMUKE, HO-BUOUMOMY, JOMHHUDPYIOT pusuueckue akTopel. Onnako
HMEEeTCSs MaJji0o MCTOPUUECKHUX IKOJIOTHYECKHMX MAHHBIX [IJIsI OUEHKHU 3TOM
H3MEHYNBOCTH, U TOJIBKO HEOABHO ObIJIM MOATOTOBJICHBI CEPUH NAHHBIX MO
PpusnueckuM pakTopaM FOxHOro oxeana. [{y1g manHoii paGoThi BpEMEHHbIE PSibl
unaexcos ducaeHHOCTH Kpuiisg (CPUE) Gblyin NOJ1yueHbl 0O pe3yJIbTaTaM [MpPOMbBIC/IA
CCCP B patione FOxHoit ['eoprin B ceBepo-BOoCTOUHOH yacTu Mopsa CKOTHS B EPHOI
¢ 1974 no 1992 r. DTy UHAEKCH OBIJIH NPOAHAIU3HPOBAHBl B 3ABUCUMOCTH OT
u3MeHeHult B pu3nueckoil okpyxamwuei cpene. O6HapyXeHa CBSI3b MEXAY
KOMIIOHCHTaM# CHCTeMbl ‘Jief’, ‘okean’ u ‘atmocdepa’, a Takxke Koppessuus ¢
nmanaeiMu CPUE. Mupekc CPUE B 001X uepTax uMeeT KOPPEeJISUMIO C MIPSAMBIMU U
KOCBEHHBIMH NOKA3aTEJISIMH HAJIHYUS KPUJISLI, UTO TOBOPHUT O BO3MOXHOCTH
TIPUMEHEHHs JAaHHOTO WHAECKCA K Psiay paiioHoB. CBsI3H MEXAY MOJIOKEHHEM KPOMKH
Apga U atomocpepHpIME NapaMeTpaMu ObLJIM CUJBHO BHIPAKEHbL!I TOJIBKO B OObI
npeobJiafaHus 3KCTpeMasibHbIX ycnoruil. Koppensuusa ¢ temnepatypoil Boabl Obliia
6oJiee TOCIIEN0BATEIbHOM, YTO NOAACPKUBAET TEOPUIO O TOM, YTO HA U3MEHUHBOCTh
YHCJIEHHOCTH Kpus B paiione Oxuo#l I'eoprun cunbHoe BAWSHUE OKa3biBaeT
okeanorpacpuyeckuil pe;xxium Mopst CKoTHS.

Resumen

La variabilidad interanual en el ecosistema del océano Austral ha sido observada por
largo tiempo y la dindmica estd dominada aparentemente por factores fisicos. Sin
embargo, existen escasas series cronolégicas de datos ecoldgicos disponibles para
evaluar esta variabilidad, y recién acaban de elaborarse conjuntos de datos de
parametros fisicos para el océano Austral. Las series cronolégicas de datos sobre la
abundancia de kril (CPUE) utilizadas en este estudio fueron derivadas de las
operaciones de pesca soviéticas efectuadas en el noreste del mar de Escocia alrededor de
Georgia del Sur durante el periodo desde 1974 hasta 1992. Estos indices fueron
examinados en relacién a la variacién en el entorno fisico. Existen vinculos entre el
hielo, océano y los componentes climéticos del sistema, y también hay correlaciones con
los datos de CPUE. El indice de CPUE generalmente concuerda con otros datos que dan
una indicacién directa o indirecta de la disponibilidad de kril, por lo que se supone
puede ser un indice de utilidad en algunas regiones. Las asociaciones con la posicién
del borde de hielo y los componentes climdticos s6lo demostraron ser fuertes en los afios
en que se dieron condiciones extremas. La correlacién con la temperatura del agua es
mas fuerte, apoyando las suposiciones de que la variabilidad en la abundancia de kril
alrededor de Georgia del Sur esta fuertemente influenciada por el régimen
oceanogréfico del mar de Escocia.

Keywords: air transport, CPUE, CCAMLR, correlation, ice-edge position, interannual variability,
krill fishery, sea-water temperature, South Georgia

INTRODUCTION

Large-scale fluctuations in the distribution and
abundance of Antarctic krill (Euphausia superba)
appear to be a characteristic feature of the South
Atlantic sector of the Southern Ocean (Priddle et
al., 1988). These variations are frequently
accompanied by marked changes in the breeding
population size and reproductive performance of
seabirds and seals which feed predominantly on
krill (Croxall et al., 1988). The general opinion is
that these fluctuations are the result of large-scale
changes in the physical environment. Mackintosh
(1972) drew attention to the correlation between
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the size of the scientific catches of krill taken as
part of the ‘Discovery’ expeditions and the
occurrence of ‘warm’ or ‘cold’ years. In very cold
seasons (e.g. 1927/28, 1930/31) krill catches were
significantly greater than in warm seasons (e.g.
1936/37). Mackintosh (1972) developed this
theme and highlighted a correspondence between
water temperature, sea-ice conditions and krill
biological characteristics. Later a relationship
between the intensity of the atmospheric air
transport and variations in density of krill
aggregations was also suggested (Fedoulov et al,,
1984; Maklygin, 1987) and Priddle et al. (1988)
considered possible mechanisms.
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For the eastern area of the Scotia Sea around
South Georgia, it has been suggested that krill
abundance depends on the intrusion into this area
of cold water from the Weddell Sea (Bogdanov
and Solyankin, 1970; Maslennikov et al., 1983). In
reviewing the possible causes of these
phenomena, Priddle et al. (1988) concluded that a
large-scale breakdown of hydrographic structure
caused by prolonged periods of southward air
flow, and an associated southward displacement
of warm surface water and pack-ice in the
northern Weddell Sea, was a likely mechanism.
As well as this possible direct physical effect on
distribution, it has been suggested more recently
that there is a link between the interannual
variation in sea-ice conditions and krill
recruitment (Ross and Quetin, 1991; Siegel and
Loeb, 1995; Kawaguchi and Satake, 1994). It
remains unclear, however, to what extent these
are changes in abundance or distribution at one or
more scales.

In this paper a time series of the catch per unit
effort (CPUE) statistics from the USSR commercial
krill fishery operating around South Georgia was
derived and its usefulness as an index of
abundance considered. In considering the
hypothesis that fluctuations in the abundance of
krill in the Scotia Sea area are related to
environmental changes, correlations between
selected physical environmental variables and
CPUE indices were examined. It was concluded
that the fishery statistics may be more valuable
than was previously thought, and the analyses
provided further evidence of the importance of
large-scale physical processes in the interannual
variability of krill around South Georgia.

METHODS AND DATA
Catch per Unit Effort

Some measure of catch rate from a fishery is
often used as an index of abundance of the target
organism. CPUE is not, however, necessarily a
useful measure of abundance in all situations and
there can be particular problems associated with
pelagic shoaling species (Shepherd, 1988). Krill
are highly heterogeneously distributed and
simulation studies carried out through CCAMLR
to consider the efficacy of various CPUE measures
in krill fisheries suggested that simple application
of such indices would not be useful (Butterworth,
1988; Mangel, 1988). However, those simulations
were carried out using assumptions based on

knowledge of fine-scale krill distributions from
mainly open-water or ice-associated observations.
Such assumptions probably do not apply in areas
close to shelf regions where mesoscale physical
processes are likely to dominate. This will be the
case in the South Georgia area as indicated by the
restricted spatial extent of whale catches taken in
the early part of the century (Everson, 1984).
Whales feed predominantly on krill, and the areas
where they were taken are increasingly being
identified as regions of high krill concentration
(British Antarctic Survey, unpublished data). In
such areas krill fishing will involve less time spent
searching for krill. The use of simple CPUE
indices is likely to be more useful in a situation
where search time between large-scale krill
concentrations is not a major factor. Within the
regions where fishing occurs, the resource is
fished by tows covering a much greater area than
the size of a swarm, which suggests the regions
may be fished more as traditional fishing grounds
rather than fishing being directed at specific
swarms. The usefulness of CPUE within a season
may suffer more from the problems of spatial
heterogeneity in krill distribution than from using
the index between seasons where the changes we
are interested in are large. As revealed by the
simulation studies, CPUE may be reflecting
changes in aspects of krill distribution such as
swarm density or size changes rather than
absolute abundance changes. This aspect is
considered further below.

CPUE data (tonnes per day per vessel) from
commercial krill fishing vessels were used
to obtain an index of krill abundance (Anon.,
1977-1992). The fishing data were obtained by
processing information on catches while at sea;
catch and effort data were available for the period
1974 to 1992. For the period 1974 to 1976 there
was no information on the number of days spent
fishing (days on which fishing actually occurred)
or on the vessel owners. However, from.1977 to
1992 high resolution data were collected on the
number of fishing days by each vessel type.
There were no data available for 1982. Krill
fishing was not significant in 1978 or 1984 (except
during January) because of a reported absence of
krill. These years were not included in correlation
analyses. Only once during the entire period
(1977) did Soviet vessels fish for krill during
November or December, but catch data were not
available for November.

The data from all vessels were combined
according to their technical characteristics (vessel
type) and shipowner. The analyses presented
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here are based only on the CPUE values of the
large stern trawlers (3 800 GRT) which were the
main type of vessel operating in the fishery.
Average catch per day was calculated for each
shipowner and this was used to calculate monthly
mean values. Monthly CPUE indices were then
calculated as a weighted average based on the
number of days spent fishing by vessels of each
shipowner. It should also be borne in mind that
the intensity and duration of the krill fishery in
the South Georgia area is influenced not only by
the distribution and abundance of krill, but by
other factors relating to the general economics of
the fishery and the availability of other potential
target species (e.g. finfish).

A range of indices was calculated based on
various combinations of months in which fishing
took place.

Sea-surface Air Transport

Quantitative analyses of atmospheric
processes are usually based on various indices
derived from surface pressure gradients. The
vector of the air pressure gradient is decomposed
into the zonal (along lines of longitude) and
meridional (along lines of latitude) components.
The direction of the sea-surface air transport is
directly proportional to, and normal to, the
atmospheric pressure gradient (Sverdrup et al.,
1942). Thus, the zonal air transport (east-west)
corresponds to the meridional pressure gradient
and meridional air transport (north-south)
corresponds to the zonal pressure gradient.

70 60 50 40

Monthly mean atmospheric pressure gradients
were estimated for the area around South
Georgia. The values were derived from standard
meteorological charts of the South Atlantic for the
26-year period from 1965 to 1991. To produce
comparable meridional and zonal pressure
gradients, the pressure differences were divided
by the distance between the points where the
values of air pressure were estimated. The
pressure gradients were expressed as millibars
per equatorial degree. Daily gradients taken from
meteorological charts were averaged for each
month. These monthly mean values are referred
to as the air transport index (AT). Z-AT
represents zonal and M-AT represents meridional
air transport indices.

The AT index characterises the predominant
direction of air movement. Negative values of
Z-AT indicate air transport to the east and
negative values of M-AT reflect air transport to
the north. In this study the Z-AT indices were
calculated between 50°S and 60°5 at 30°W and
40°W, while the M-AT indices were calculated
between 30°-40°W and 40°-50°W at both 50°S and
60°S (Figure 1).

Ice-edge Position

Ice-edge position data were derived from
sea-surface TV-satellite images (Soviet satellite
‘Meteor’) recorded at the Soviet Antarctic Station
‘Molodezhnaya’. The ice-edge position (70%
sea-ice concentration) was determined for each
10-day period. Block averages were calculated to

30 20 10

40 T *
M 26 M27
“ L 50
i S.Georgia
217 )
21§
R o 60
60 |, 71984¢ "M37 | M3s
7 °1978¢ o 1
19830 = g
1977¢ i
o i i 70

70 60 50 40

Figure 1:

30 20 10

The lines (arrowed) over which the zonal and meridional air transport

indices were calculated. 1 - mean position of the Weddell-Scotia frontal
zone for 1967-1988 (Fedoulov and Shnar, 1990); 2 - area for which water
temperature data were available; 3 - position of ice-edge in March of a

particular year.
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produce monthly mean values for the period 1979
to 1991 along longitudes 20°, 30°, 40° and 50°W.
For the period 1973 to 1989, a further sea-ice
dataset was available courtesy of Dr T.H. Jacka
(Australian Antarctic Division). The two datasets
showed a high degree of correspondence during
the period of overlap (1979-1989). The Jacka data
for the 1973-1978 period were, therefore, used to
generate a series from 1973 to 1991.

Sea-water Temperature

The sea-water temperature data were obtained
from the AtlantNIRO hydrological database.
These station data were collected using Nansen
water bottles and Conductivity Temperature
Depth (CTD) systems. The data were extracted
for a region near South Georgia between
53.75°-54.25°S and 36.5°-35.5°W for the period
between 1965 and 1990 (Figure 1). The mean
water temperature was calculated over the upper
50 m of the water column. The greatest number
of temperature observations were obtained
during the austral summer between January
and April. For further analyses, average
temperatures were calculated for three periods:
January-February, March-April, and June-July.

Data Processing

Statistical calculations were carried out using

RESULTS
Catch per Unit Effort

Fishing for krill in the South Georgia
area usually took place from April-May to
August-September (Figure 2), although the start
and finish times varied greatly between years.
The very high values obtained for the mean
number of fishing days during February and
March were the result of the large number of days
spent fishing in those months during 1977. The
monthly mean CPUE data suggest a seasonal
pattern of low values between October and
December and higher values between April and
July. The data were least reliable during the first
few years of exploitation when the fishery was
developing. The relatively high CPUE values in
January were the result of very high values
obtained for 1974 and 1975 (64.8 and 51.5 tonnes
respectively), and only in 1977 did krill fishing
take place in November or December.

CPUE indices were calculated as either the
mean CPUE over all months during a period or as
the mean CPUE for those months in which fishing
occurred, e.g. mean CPUE for all months from
April to June is given by the index (April-June)/3
while the mean CPUE based on those months (n)
when fishing occurred is given by the index
(April-June)/n.

The different CPUE indices indicated generally
similar interannual variability. Indices based on
mean CPUE values for a fixed number of months

the computer programs MINITAB and (which can include zero values) tended to
STATGRAF. generate more variable series (Figure 3a).
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Figure 2:

Seasonal variation in monthly mean CPUE index for the period 1974 to 1992 in

Subarea 48.3 (‘zero’ CPUE values for 1978 and 1984 are excluded). n - number of
years when krill fishing took place in the month (years are indicated inside the
bars); m - monthly mean number of fishing days; sd - standard deviation.
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Figure 3: Variation in CPUE indices:

(a)

interannual fluctuations of the CPUE indices: CPUE 1 - (April-June)/3;

CPUE 2 - (April-June)/n; CPUE 3 - (April-September)/6; CPUE 4 -
(April-June)/n (see text for definitions of indices).

(b)

mean catch per unit effort by the Soviet krill fishing fleet for each

consecutive period of months (solid circles) and monthly data on which the
mean values were based (triangles). The arrows indicate periods when there
was no fishery due to the reported absence of krill.

The first five years of the CPUE series were
based on the mainly early season fishing between
January and June (Figure 3b). These years
showed a steady decline with an unfished stock in
1978. The CPUEs were then high again for three
years. There were no data for 1982, then a low
value was recorded again in 1983 followed by an
unfished stock in 1984. Higher catch rates were
again recorded in 1985, with another period of
declining rates through to 1991 and a slight
increase apparent in 1992. Over the late 1980s
there was a distinct seasonal change in the CPUE,
with high values recorded at the start of the
season in April-June declining to lower levels by
about September-October. The low catch rates
during the mid-1980s and the late 1980s
were reflected in lower overall catches from
Subarea 48.3 (CCAMLR, 1991).

Air Transport

The Z-AT index showed a semi-annual
oscillation with low absolute values in December-
January and May-June and high absolute values
in February-April and September-November
(Figure 4). The index was always negative, so it
characterises both the absolute intensity of
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atmospheric processes and the predominance of
air transport in an eastward direction (westerly
winds). M-AT values are nearly one order of
magnitude less than Z-AT values. The M-AT
index seasonal curves showed positive transport
(i.e. from north to south) in February and
August-November and negative transport (from
south to north) in December-January and
April-July with a maximum in May (Figure 4).

Interannual analyses of the air transport
indices showed that there was substantial
variability in both Z-ATs and M-ATs. There were
indications of long-term change in both the Z-AT
and the M-AT indices. For example, the Z-AT
index declined from 1974 to 1987 indicating a
period of increased westerly winds (Figure 5),
while the M-AT index decreased after the
mid-1970s indicating greater northerly air
transport (Figure 5). The Z-AT indices were
highly correlated between 30°W and 40°W in the
same months with correlation coefficients within
the range of 0.80-0.93. The M-AT indices were
less well correlated between 50°S and 60°S with
the correlation coefficients between 0.55-0.70.
There was no consistent correlation between
indices based on consecutive months.
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Interannual variation in Z-AT and M-AT. M37 - averaged for period April-July;

M38, Z17, Z21 - averaged for period October-November.

Ice-edge Position

Over the 1973-1991 period the ice-edge
attained its northern limit in the 20-50°W sector
between August and October and reached its
southern limit in February (Figure 6). The
maximum rates of ice-edge retreat and advance
occurred during January-February and April-June
respectively. There was considerable interannual
variability in ice-edge position (Figure 7). Thus,
the October ice-edge reached 54°S (South Georgia)
in 1980 and 1987 but did not exceed 58°S in
1977-1978, 1983 and 1989. Interannual variations

in the ice-edge positions in March at 30-40°W and
in October at 50°W (Figure 7) show a general
correspondence: extreme northern (southern)
position of the ice-edge in spring precedes an
extreme southern (northern) position in the
following autumn. The amplitude of seasonal
ice-edge movements (latitudinal differences
between northern and southern positions of the
ice-edge in the same year) varies to a great extent
from year to year. Figure 7 shows minimum
amplitude in 1973, 1977-1978, 1983, 1990 and
maximum amplitude in 1975-1976, 1981 and
1986-1987.
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Ice-edge position (latitude °S)
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Figure 7:

Year

Interannual variation in ice-edge position. 1 - at 30°W in October; 2 - at 50°W in

October; 3 - at 50°W in March; 4 - in March averaged for 30-40°W; 5 - in September

at 40°W.

Monthly ice-edge positions were highly
positively correlated between neighbouring
longitudes and between nearby months with the
correlation coefficients between 0.6 and 0.9
(Figure 8) and there were also consistent
relationships between the ice extent in winter and
in the previous autumn and the following
summer (Figure 8). The later the ice started to
retreat in the spring, the more to the north it
advanced in the following winter and the further
north it was in the following summer. These
analyses support suggestions of strong regional
and temporal coherence in the position of the
ice-edge in the Scotia Sea and Weddell Sea
(Pozdeeva et al., 1990; Murphy et al., 1995).
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Sea-surface Temperature

The water temperature in the 0-50 m layer
reached a minimum during September-October
and a maximum during February-March
(Figure 9). There was strong interannual
variability in the mean sea-surface temperature
during the summer-autumn period, however
gaps in the data series limit the interpretation of
longer-term changes (Figure 9). There were
generally consistent positive correlations with
water temperature at different times of the season.
For example, a positive correlation was noted
between the water temperature in early summer
and early winter (r = 0.69; Figure 10a).
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Figure 9:  Interannual variation in sea-water temperature in the 0-50 m layer at the eastern

South Georgia shelf (square: 53.75-52.25°S; 36.5-35.5°W): 1 - mean sea-water
temperature for January-February; 2 - mean sea-water temperature for period
March-April. Insert: seasonal variation in sea-water temperature in the 0-50 m
layer (dashed lines - 95% confidence interval).
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Inter-relationships between Physical Variables

Z-AT values did not show any correlation with
ice-edge positions through the year. There were
no consistent correlations between the M-ATs at
50°S (M26, M27, Figure 1) and the ice-edge
position. However, there were consistent high
positive correlations between the M37 index
during the early winter period and the ice extent
throughout the whole of the winter and the
following spring; this was the case for all latitudes
from 20°W to 50°W (Figure 10b). The M38 index,
which is based on gradients to the east of
M37 (Figure 1), did not show any general
correspondence with ice-edge position. This
suggests that a predominance of southerly M-ATs
in the area of the Weddell outflow region during
the autumn-winter months (May-fuly) preceded a
more northern ice-edge position throughout the
whole region in the following spring (September-
November). The M37 index appears to give a
good indication of the process of ice formation
and atmospheric interaction.

There was a general weak positive correlation
between the winter ice extents and the water
temperatures around South Georgia throughout
the year, which indicates that higher water
temperatures were associated with a more
southern ice-edge position. The most consistent
and strongest of these relationships were based on
winter ice extents and the water temperatures in
the following spring-summer, but these were
dominated by the extreme years of maximum ice
extent associated with much colder water
(Figure 10c). There was also a generally weak
positive correlation between the various
atmospheric indices and the indices of water
temperature around South Georgia. The M37-AT
index again appeared to be most consistently
correlated, i.e. low temperatures near South
Georgia in June-July corresponded to the
prevalence of southern air transport in M37-AT in
May-July (Figure 10d).

Relationships between Physical
Variables and CPUE

Given the consistent correlations between the
various physical variables shown above, we
would expect correlations between any one
physical variable and the CPUE data to be
reflected to some extent in correlations between
the CPUE and the other physical variables.
Correlations were calculated between the physical
data and the CPUE in the same year and the

CPUE in the following year. There was a
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consistent correlation between the various CPUE
indices and ice-edge positions (Figure 11a). The
further south the ice-edge occurred during
winter-spring, the lower the CPUE values were in
the following fishing season. This relationship
does not appear to be linear, in other words once
the ice got closer to South Georgia, as indicated by
the 70% ice concentration at about 56-57°S, there
were no further increases in CPUE associated
with greater ice extents. The most extreme
expression of this relationship was the lack of a
fishery in 1978 and 1984 where the ice did not
extend far north during the previous winter
(Figure 7). In 1978 and 1984, the ice-edge in
March had reached its northern limit at 50°W in
March, preceding high CPUE values in 1979 and
1985 (Figure 3). The southernmost March
position of the ice-edge was observed in 1981, but
unfortunately we have no CPUE or other krill
data for 1982.

These relationships of reduced CPUE in years
following a winter-spring when the ice-edge was
found further south were most consistently and
strongly expressed during September and
October along 40°W when the ice reached its
maximum extent. The indices which best
emphasised this relationship were based on mean
CPUE calculated over all months on which the
index was based, as opposed to just those months
in which fishing occurred. This emphasises that
there was no strong relationship between ice
extent and catch rate in the same or the following
season (Figure 11b). The inclusion of months in
which no fishing occurred tended to generate low
catch rates in years when the ice was furthest
south, as there were more months in which
fishing did not occur in the area. This may reflect
a genuine increase in the number of months in
which there were uneconomic catch rates in the
South Georgia area, but may also be due to the
fishery preferentially operating elsewhere in
months when the ice was further south. There
were also significant correlations between air
transport in late spring and the CPUE in the the
next year. For example, the prevalence of
southerly meridional air transport in M38
preceded high CPUE values (Figure 11c), but
again the indices which best emphasise this
relationship were not based on ‘realised” catch
rates, i.e. catch rates realised by the fleet rather
than catch rates calculated as a mean over a fixed
period of time.

There was a consistent relationship between
CPUE and water temperature based on all indices.
Warm water in the South Georgia shelf area in
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January-February corresponded to lower CPUE
values in the same year (Figure 11d). Lower catch
rates were also associated with higher water
temperatures around South Georgia in the
following spring-summer.

DISCUSSION

CPUE as an Index of Changes
in Krill Abundance

There are strong indications that the CPUE
index is reflecting changes in the local availability
of krill. The two pieces of evidence which
support this suggestion are, firstly, that there
appears to be consistency between years with
declining values over a number of years until very
low levels are reached and commercially unviable
stocks occur which are not exploited. These
values are followed by a return to high CPUE
levels. The second piece of evidence is that where
the fishery consistently operated from late
summer through to the end of winter (April-May
to September-October), there was a consistent
decline in the CPUE. This was shown particularly
clearly over the mid to late 1980s. At the start of
the following season the CPUE levels had
increased.

The seasonal pattern observed suggests that
the CPUE declines as the stock is fished over the
winter season and then the combination of
growth and recruitment leads to a recovery in
CPUE levels in the following season. This
interpretation suggests that years of good and
poor recruitment can be identified. Applying this
idea suggests that over the period from 1974 to
1978 there was little recruitment, reflected in the
continuous decline in CPUE. This was followed
by good recruitment between 1979 and 1981, poor
recruitment in 1983 and 1984, followed by
consistent but not high levels of recruitment over
the period from 1985 to 1989, peaking in about
1987. This was followed by poor recruitment in
1990 and 1991 and, possibly, some level of
recruitment in 1992.

Is there any evidence to support these
suggestions and the observed pattern of CPUE?
Time series of various indices of population
dynamics have been generated for colonies of
birds and seals breeding during the summer
months on Bird Island, South Georgia (Croxall et
al., 1988; Lunn et al., 1994; Croxall and Rothery,
1995). The available information cannot provide a
sensitive index of prey availability, however it is
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clear that some of the indices do reflect overall
changes in the availability of prey and this in turn
reflects years of high or low krill abundance
around South Georgia. In 1978 and in 1984 some
predator species suffered from very low prey
availability and a range of indices of breeding
performance indicated that there was very poor
performance. Some species also fared quite badly
in 1990/1991. Research vessel work in these years
(Bonner et al., 1978; Hempel et al., 1979), as well
as in 1984 (Anon., 1984; Heywood et al., 1985;
Everson, 1992), has confirmed that they were
years of low krill abundance in the South Georgia
area. In general terms, the CPUE series indicate
that the krill fishery is not carried out in the area
when catches are at very low levels or krill
availability is low. For areas around the Antarctic
Peninsula, there is evidence that there are years of
weak and strong recruitment (Siegel and Loeb,
1995). This may also be the case in the South
Georgia area, but as yet there is no relevant
information available. The CPUE data do not
show a substantial decline in catch rates over the
last 10 to 15 years.

It is possible that economic factors or
operational changes may have occurred in the
fishery. The fishery may have moved to exploit
krill in other areas of the Scotia Sea or the
Southern Ocean and economic factors may be
important. The above suggests, however, that
larger fluctuations in CPUE do reflect changes in
the local availability of krill.

The above analyses were based on only one
type of vessel, and the available evidence does not
suggest any systematic changes in the fishing
operations that would have generated the
observed changes. The question of whether or
not the CPUE relates directly to changes in
abundance for all concentrations of krill requires
further study, although the above series provides
some justification for using a measure of catch
rate as an index. Changes in swarm density,
swarm size or krill ‘quality’ may be occurring, but
the above suggests that these would have to be
systematic both within season and between years.
The absence of a fishery in years when ice was
well to the south may be associated with a shift in
the fishery, which could be examined by
considering catch rates in other areas; presumably
the catch rates would be higher in the more
southern areas. The fishery, which is known to
track the ice-edge retreat during the summer
(Everson and Goss, 1991), may be exploiting some
aspect of krill aggregation associated with the
ice-edge. This would still reflect a real change in
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local availability with lower catch rates when the
ice-edge was further south in winter as reflected
in the lack of krill indicated by research surveys
and predator monitoring.

The Physical System of the Scotia Sea and the
Transport of Krill to the South Georgia Area

Links between the ice, ocean and atmospheric
components of the Southern Ocean have been
revealed by a range of studies (Gloerson, 1995;
Murphy et al., 1995; Stammerjohn and Smith,
1995). From the above a prevalence of more
southerly meridional air transport during the
winter-spring months was associated with a more
northern ice extent across the Scotia sea
throughout the winter and with lower sea-water
temperatures. The opposite effect was also
observed, i.e. a predominance of northerly
meridional air transport was related to a more
southern ice-edge position in the winter-spring
season and a higher sea-water temperature at the
beginning of the year.

How does this system affect krill distribution?
Priddle et al. (1988) discussed in detail some of
the possible mechanisms. The catch rate changes
in relation to sea-water temperature support the
suggestion that water mass changes may be
occurring, enabling us to concentrate on the
circulation patterns. The general consensus is that
krill do not undertake large-scale directed
migrations and are transported over long
distances by the prevailing water currents. Both
the Antarctic Circumpolar Current (West Wind
Drift) and the flow of the Weddell-Scotia
Confluence (WSC) water can contribute to the
formation of the krill stock around South Georgia.
However, krill are usually more abundant in the
southern Scotia Sea along the WSC, so it is likely
that the WSC current plays a key role in krill
transport to South Georgia.

The WSC is a region where cold Weddell Sea
waters in the south mix with the relatively warm
water of the Scotia Sea to the north (Patterson and
Sievers, 1980; Fedoulov and Shnar, 1990;
Whitworth et al., 1994) and is an area of relatively
high current velocities (Orsi et al., 1993). The
WSC zone extends northwards into the eastern
Scotia Sea where colder water penetrates along
the southeastern shelf of South Georgia (Figure 1;
Bogdanov et al., 1980; Maslennikov et al., 1983).
The position of the WSC is thought to be
determined by the intensity of the Weddell gyre,
which in turn is driven by the formation of dense
and cold Weddell Sea water (Fedoulov and

Yakovlev, 1986; Fedoulov and Shnar, 1990). The
main factor in the creation of the cold Weddell Sea
water is the increased salinity resulting from ice
formation (Foster and Middleton, 1980). The
thickness of the sea-ice is proportional to the
number of degree-days of frost (Zubov, 1938)
suggesting that a very warm or cold year reflects
the intensity of the Weddell gyre and
consequently the general position of the WSC. As
yet there is very little information available to
investigate the connection between ice extent and
ocean frontal systems. There is some evidence
that the WSC was located in the extreme south in
the Scotia Sea during the summer of 1983/84
(Anon., 1984) when the ice was in a more
southerly area during winter, but this requires a
more focused study. The interaction of ice-edges
and fronts is an understudied aspect of Southern
Ocean dynamics and is likely to be crucial in the
operation of the ecosystem, one aspect of which is
the observed interannual variability of krill in the
South Georgia area.

It is unclear whether ice influences the
movement and distribution of krill aggregations
directly, but the current systems are likely to be a
major factor in generating the final distribution. If
the main transport of krill takes place in the WSC,
it is reasonable to suppose that ice starts to
influence krill distribution when it is close to or
covers this area. The ice-edge attains 60°S (i.e.
latitude of South Orkney islands) in ‘normal’
years in June and retreats to the same latitude in
November-December. It is likely that it is during
this period that favourable (northern ice-edge
position) or unfavourable (southern ice-edge
position) conditions for krill transport to South
Georgia will be important. Ice cover modifies the
mechanism of drift current formation by changing
the atmosphere-ocean energy transfer but it is
not yet fully understood how this can modify
large-scale circulation patterns in the Southern
Ocean.

There is some anecdotal information relating
to this subject. In years when there were virtually
no krill near South Georgia (1978 and 1984), large
concentrations of krill were found in the open
Scotia Sea (Anon., 1977-1992). In 1978 the USSR
fleet fished krill in the area to the north of the
South Orkney Islands during February and
March. In April krill began to be dispersed over
larger areas and the density of krill concentrations
diminished, resulting in the cessation of fishing.
Reasonably dense concentrations of krill were also
observed in the southeastern part of the Scotia
Sea during a krill trawl survey in March-April
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1984 (Anon., 1984). The database available at
present is inadequate to pursue these questions
further.

As shown above, the variation in catch rates
does not appear to be simply related to ice extent,
apart from in years of extreme ice conditions. The
water temperature relationship appears to be
more direct, suggesting that there are both spatial
and temporal links which will be important. The
extent to which the changes in local availability
reflect a shift in the krill distribution associated
with the sea-ice or water mass distributions or the
effects of population dynamics (Seigel and Loeb,
1995) may be resolved, in part, by further analyses
of fisheries data. A more mechanistic approach is
now required to understand the underlying
physical connections.

ACKNOWLEDGEMENTS

We thank Dr Jacka for providing the sea-ice
position dataset, C. Symon and C. Mitchell for
their assistance in the early stages of work,
E. Berezina for help in arranging the manuscript
and Dr J.P. Croxall, Prof. Antezana and Dr S. Nicol
for valuable comments on an earlier draft of the
manuscript.

REFERENCES

Anon. 1977-1992. Fisheries Atlases of South-West
Atlantic and Antarctic. Zaprybpromrazvedka.
Kaliningrad. (In Russian).

Anon. 1984. Report on 24th Cruise of RV Argus -
2.12.93-19.05.84. Cruise report. AtlantNIRO,
Kaliningrad: 203 pp. (In Russian).

Bogdanov, M.V. and E.V. Solyankin. 1970.
Variability in abundance of Euphausia Superba
Dana in the South Georgia area in relation
to patterns of hydrological condition.
Okeanologia, 10 (4): 695-701. (In Russian).

Bogdanov, M.A., E.V. Solyankin and
S.N. Rodionov. 1980. Extension of secondary
frontal zone’s mixed waters in Scotia Sea and
krill distribution. In: Biological Resources of
Antarctic krill. VNIRO Transactions: 28-41. (In
Russian).

Bonner, W.N., I. Everson and P.A. Prince. 1978.
A shortage of krill, Euphausia superba, around
South Georgia. ICES Biol. Oceanogr. C.M.,
24: 1-3.

26

Butterworth, D.5. 1988. A simulation study
of krill fishing by an individual Japanese
trawler. Selected Scientific Papers, 1988
(SC-CAMLR-SSP/5). CCAMLR, Hobart,
Australia: 1-108.

CCAMLR. 1991. Statistical Bulletin, Vol. 3
(1981-1990). CCAMLR, Hobart Australia:

119 pp.

Croxall, J.P., T.S. McCann, P.A. Prince and
P. Rothery. 1988. Reproductive performance
of seabirds and seals at South Georgia
and Signy Island, South Orkney Islands,
1976-1987: implications for Southern Ocean
monitoring studies. In: Sahrhage, D. (Ed.).
Antarctic Ocean and Resources Variability.
Springer-Verlag, Berlin Heidelberg: 261-285.

Croxall, J.P. and P. Rothery. 1995. Population
change in gentoo penguins Pygoscelis papua at
Bird Island South Georgia: potential roles
of adult survival, recruitment and deferred
breeding. In: Dann, P., I. Norman and
P. Reilly (Eds). Penguins: Advances in Research

and Management. Beatty and Sons, Surrey:
26-38.

Everson, I. 1984. Marine interactions. Chapter
14. In: Laws, RM. (Ed.). Antarctic Ecology, 2.
Academic Press, London: 783-819.

Everson, I. 1992. Managing Southern Ocean krill
and fish stocks in a changing environment.
Phil. Trans. R. Soc., London B., 338: 311-317.

Everson, I. and C. Goss. 1991. Krill fishing
activity in the southwest Atlantic. Antarctic
Science, 3: 351-358.

Fedoulov, P.P,, L.G. Maklygin and A.V. Remeslo.
1984. Variability of krill concentrations in the
South Georgia area. Rybn. Khoz., 9: 20-21. (In
Russian).

Fedoulov, P.P. and V.N. Yakovlev. 1986.
Hydrometeorological anomalies in the Atlantic
sector of the Antarctica. Rybn. Khoz., 2: 19-21.
(In Russian).

Fedoulov, P.P. and V.N. Shnar. 1990. Frontal
zone and water structure in the Weddell Gyre.
In: Solyankin, E.V. (Ed). Investigation of the
Weddell Gyre. - Oceanographic Conditions and
Peculiarities of Development of Planktonic
Communities. Sb. Nauchn. Tr. VNIRO.
Moscow: 31-48. (In Russian).



Environment-Krill Relations in South Georgia Marine Ecosystem

Foster, T.D. and J.H. Middleton. 1980. Physical
oceanography of the eastern Scotia Sea.
Antarctic J. US. Rev.: 171.

Gloerson, P. 1995. Modulation of hemispheric
sea-ice cover by ENSO events. Nature, 373:
503-506.

Hempel, G., D. Sahrhage, W. Schreiber and
R. Steinberg. 1979. Antarctic Expedition
1977/78 of the Federal Republic of Germany.
Arch. FischWiss., 30 (Beih.1): 1-119.

Heywood, R.B,, I. Everson and J. Priddle. 1985.
The absence of krill from the South Georgia
zone, winter 1983. Deep-Sea Res., 32 (3):
369-378.

Ichii, T. and M. Naganobu. 1996. Surface water
circulation in krill fishing areas near the South
Shetland Islands. CCAMLR Science, 3 (this
volume): 125-136.

Kawaguchi, S. and M. Satake. 1994. Relationship
between recruitment of the Antarctic krill and
the degree of ice cover near the South Shetland
Islands. Fisheries Science, 60 (1): 123-124.

Lunn, N., .LL. Boyd and ]J.P. Croxall. 1994.
Reproductive performance of female Antactic
fur seals: the influence of age, breeding
experience, environmental variation and
individual quality. J. Anim. Ecol., 63: 827-840.

Mackintosh, N.A. 1972. Life cycle of Antarctic
krill in relation to ice and water conditions.
Discovery Rep., 36: 1-94.

Maklygin, L.G. 1987. Distribution and fishery of
krill in Atlantic sector of Antarctic. Ph.D.
Thesis: 104 pp. (In Russian).

Mangel, M. 1988. Analysis and modelling of the
Soviet Southern Ocean krill fleet. Selected
Scientific Papers, 1988 (SC-CAMLR-SSP/5).
CCAMLR, Hobart, Australia: 127-135.

Maslennikov, V.V. 1976. The patterns of the
horizontal circulation and macrozooplancton
distribution in Antarctic waters of Atlantic.
Trudy VNIRO, 112: 50-56. (In Russian).

Maslennikov, V.V., E.V. Solyankin, V.A. Spiridonov
and M.V. Sysoeva. 1983. Investigation of the
origin of Euphausia superba Dana in the South
Georgia area. In: Antarctica. Patterns of

Distribution and Environment. Pischevay i
legkay promyshlennost, Moscow: 74-85. (In
Russian).

Murphy, EJ., A. Clarke, C. Symon and J. Priddle.
1995. Temporal variation in Antarctic sea-ice:
analysis of a long-term fast-ice record from the
South Orkney Islands. Deep-Sea Res., (in
press).

Naganobu, M., K. Kutsuwada and Y. Sasai. 1995.
Coincidence between climate fluctuations and
variability of Antarctic krill (Euphausia superba)
recruitment. Document WG-EMM-95/53.
CCAMLR, Hobart, Australia: 3 pp.

Orsi, A.H., W.D. Nowlin Jr and T. Whitworth III.
1993. On the circulation and stratification of
the Weddell Gyre. Deep-Sea Res., 40: 169-203.

Patterson, S.L. and H.A. Sievers. 1980. The
Weddell-Scotia Confluence. J. Phys. Oceanogr.,
10: 1584-1610.

Pozdeeva, E.A., P.P. Fedoulov and K.E. Shulgovsky.
1990. Year-to-year variability of the ice-edge
location in the Atlantic sector of Antarctica. In:
Antarctic Krill in the Ecosystems of Fishery Arens.
Trudy AtlantNIRO, Kaliningrad: 80-94. (In
Russian).

Priddle, J., J.P. Croxall, I. Everson, R.B. Heywood,
E.]. Murphy, P.A. Prince, C.B. Sear. 1988.
Large-scale fluctuations in distribution and
abundance of krill - a discussion of possible
causes. In: Sahrhage, D. (Ed.). Antarctic Ocean
and Resources Variability. Springer-Verlag,
Berlin Heidelberg: 169-182.

Ross, R.M. and L.B. Quetin. 1991. Ecological
physiology of larval euphausids Euphausia
superba (Euphausiacea) Mem. Queensl. Mus., 31:
321-333.

Shepherd, ].G. 1988. Fish stock assessments and
their data requirements. In: J.A. Gulland (Ed).
Fish Population Dynamics. Second edition.
Wiley and Sons, Chichester: p. 37.

Siegel, V. and V. Loeb. 1995. Recruitment of
Antarctic krill (Euphausia Superba) and possible
causes for its variability. Mar. Ecol. Prog. Ser.,
123: 45-56.

Stammerjohn, S. and R. Smith. 1995. Spatial and
temporal variability in west Antarctic sea ice
coverage. Document WG-EMM-95/62.
CCAMLR, Hobart, Australia.

27



Fedoulov et al.

Sverdrup, HU., M.W. Johnston and R.H. Sea shelf water in the Bransfield Strait and
Fleming. 1942. The oceans, their physics, Weddell-Scotia Confluence. Deep-Sea Res., 41:
chemistry and general biology. Prentice Holl. p. 629.

Inc., 4: 1087.
Zubov, N.N. 1938. Sea-water and ice.

Whitworth III, T.D., W.D. Nowlin, Jr., A.H. Orsi, Gidrometeoizdat, Moscow: 453 pp. (In
R.A. Locarnini. and S.G. Smith. 1994. Weddell Russian).

Liste des figures

Figure 1: Lignes (fléchées) sur lesquelles les indices de déplacement de I'air zonal et méridional ont été
calculés. 1- position moyenne de la zone frontale Weddell-Scotia, de 1967 a 1988 (Fedoulov et Shnar,
1990); 2 - secteur pour lequel on disposait de données de température de 'eau; 3- position de la
bordure de glace en mars, une année donnée.

Figure 2: Variation saisonniére de l'indice mensuel de CPUE moyenne de 1974 a4 1992 dans la sous-zone 48.3
(valeurs de CPUE “zéro’ de 1978 a 1984 exclues). n - nombre d’années ot1 le krill a été péché pendant
ce mois (les années sont indiquées dans les barres); m - nombre moyen de jours de péche par mois;
sd - écart-type.

Figure 3: Variation des indices de CPUE:
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juin)/n; CPUE 3 - (avril-septembre)/6; CPUE 4 - (avril-juin)/n (se référer au texte pour
V'explication des indices).

(b) CPUE moyennes mensuelles de la flottille soviétique de péche de krill, pour chaque période de
plusieurs mois consécutifs ayant fait 'objet d’opérations de péche (cercles pleins) et données
mensuelles sur lesquelles sont basées ces valeurs moyennes (triangles). Les fleches indiquent les
périodes pendant lesquelles il n'y a pas eu de péche en raison de "absence de krill signalée.

Figure 4: Variabilité saisonniére de Z-AT et M-AT.

Figure 5: Variation interannuelle de Z-AT et M-AT. M37 - moyenne pour la période d’avriljuillet; M38, Z17,
Z21 - moyenne pour la période d’octobre-novembre.

Figure 6: Variabilité saisonniére de la position de la bordure de glace a diverses longitudes.

Figure 7 Variation interannuelle de la position de la bordure de glace. 1 -2 30°W en octobre; 2 - a 50°W en

octobre; 3 -a 50°W en mars; 4 - moyenne en mars pour 30-40°W; 5 - en septembre a 40°W.

Figure 8: Relation entre la position de la bordure glaciaire a diverses longitudes : (a), (b), (c) - la méme année;
(d) - position moyenne de la bordure glaciaire a 30°W en décembre-janvier puis 2 30°W en juin-aofit.

Figure 9: Variation interannuelle de la température de ’eau dans la couche de 0-50 m sur le plateau oriental
de la Géorgie du Sud (carré : 53°75-52°25°S; 36°5"-35°5'W) : 1 - température moyenne de 'eau de mer
en janvier-février; 2 - température moyenne de 1’eau de mer en mars-avril. Encadré : variation
saisonniére de la température de I'eau de mer dans la couche de 0-50 m (lignes en pointillés -
intervalle de confiance a 95%).

Figure 10: Relations entre la position de la bordure de glace, la température de 'eau de mer et l'indice de
M-AT. (a), (b), (d) - la méme année; (c) - température de l'année suivante.

Figure 11: Relations entre la position de la bordure glaciaire a 40°W, les indices de M-AT a M38, la température
de I'eau de mer et les indices de CPUE.
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PucyHoK 2:

Pucynox 3:

PucyHok 4:

PucyHok 5:

Pucynox 6:

Pucysok 7:

Pucynok 8:

Pucynox 9:

Pucynok 10:

Pucynok 11:

Figura 1:

Figura 2:

Figura 3:

Environment-Krill Relations in South Georgia Marine Ecosystem

dponransHoil 30Hb ‘Yagmesn-Ckorua’ B nepuog 1967-1988 rr. (Fedoulov u Shnar, 1990);
2 - paiion, I KOTOPOro HMEKTCS AaHHbIE 0 TEMIIEPATYPE BOMABL; 3 - MECTONOJIOXKEHHE KPOMKH
JIba B MapTe (110 roaam).

Ce30HHas U3MEHUYHBOCTD exemecsunoro cpeanero Haaekca CPUE 3a nepuon ¢ 1974 no 1992 r. B
Honpatione 48.3 (‘uysieBrpie’ 3Havenusst CPUE 3a 1978 u 1984 rr. He BKJIFOYEHBI). N - KOJIMYECTBO
JieT, Korga mpoMbICesT KPUJIs IPOBOOWICS B JaHHbI Mecdl (oAbl yKa3aHbl B CTOJIONAxX); m -
eXEeMeCIUHOE CPeHee KOJMYECTBO qHel BEASHUS NPOMBICIIA; Sd - CTaHOAPTHOE OTKJIOHEHHE.

WUsmenunsocTh unekcoB CPUE:

(a) mexronosnie u3Menenust unnekcos CPUE: CPUE 1 - (anpesb-uronb)/3; CPUE 2 - (anpesib-
utonb)/n; CPUE 3 - (anpesnb-centsadps)/6; CPUE 4 - (anpesib-uioHb)/n (CM. TEKCT AJIS
OnpeIe/IeHNs] MHAEKCOB).

(b) Cpennee exemecsunoe CPUE coBeTcKux KPHJIEBBIX TpayJ/epos O/ KaX[Oro nepuona
npombicya (CIJIOMIHBIE KPYTH) U €XXEMeCSYHbIe NaHHbIE, HA KOTOPBHIX OCHOBAHBI CpelIHHE

BCJIHYHHDI (Tpe}IFOJ'IbHI/IKI/I). CTpeJ'lKaMI/I NOKa3aHbl NEPUOABI, KOI'1a MPOMBICEJT HE
OCYHIECTBAAJICA B CBA3H C OTCYTCTBUHCM KDHJIA.

Ce3onnag usMenunpocth Z-AT u M-AT.

MexronoBast usMeHunBocTh Z-AT u M-AT. M37 - ycpenHeHHast O/ NepHoOJa anpesib-UioJib.;
M38, 717, Z21 - ycpenueHHast A1 IEpHOIa OKTSOpb-HOSIOPb.

Ce30HHAS N3MEHYHUBOCTbh MECTOMNOJIOXK CHUS KPOMKH JIbJa Ha pa3JIMYHbIX OOJIroTax.

MexXrofoBas W3MEHUMBOCTh MECTOIOJIOKEHHI KPOoMKH Jbfa. | - Ha 30°3.4. B oxTspe; 2 - Ha
50°3.4. B okTs0pe; 3 - Ha 50°3.0. B mapTe; 4 - B Mapre, ycpeanennoe mis 30- 40°3.4.; 5 - Ha
40°3.1. B ceHTI0pe.

B3aumMocBsI3b MeX /1y 3HAUSHHSIMH MECTOMOJIOXKEHNST KPOMKH JIbJla Ha Pa3J/IMUHbIX AOAroTax: (a),
(b), (c) - B oy u TOT Xe rom; {d) - MecTonoNoXeHne KPOMKH Jibaa Ha 30°3.1., ycpeaHeHnoe 1ist
nepuo/ia aAexadpb-sHBaph U Ha 30°3.11. B MIOHE-ABryCTe MOCIEAYIOUIEro Iroja.

Mexroaosasi W3MEHYMBOCTb TEMIEPATYPbl MOPCKOH BOBI B IJ1yOMHHOM cJj1oe (-50 M Ha BOCTOKe
wesnda FOxwuoit I'eoprun (xBagpat: 53.57-52.25%0.11; 36.5-35.5°3.1.): 1 - cpedHsisi reMmeparypa
MODPCKO#i BOOBI B sitHBape-eBpasie; 2 - cpeliHsst TeMneparypa MOPCKO# BOAbI B Mapre-anpeJie.
Bceraska: ce30HHass H3MEHUYHBOCTD TEMIICPATYPhL MOPCKON BOJABI B rIyGUHHOM cjioe 0-350 m
(NYHKTHPHBIE JIUHUH - 95%-Hblil JOBEPUTEIIBHBIN HHTEPBAT).

B3auMoOCBSA3H MeX/AY MECTONOJOXKEHHEM KPOMKH Jibjia, TEMNEPATYPOi MOPCKOR BOAbI U
ungexcoM M-AT. (a), (b), (d) - B oguH ¥ TOT XKe rof; (C) - TeMIeparypa B CISAYIOWHiA rof.

BzaumocB431 MeXAy MECTONOJIOXKEHHEM KPOMKH JibAa Ha 40°3.4., uagekcamun M-AT B M38,
TeMmneparypoil Mopckoil Boab! 4 uuaexcamu CPUE.

Lista de las figuras

Lineas (flechas) para las cuales se calcularon los indices de transporte del aire zonal y meridional.
1 - posicién media de la zona frontal Weddell-Escocia durante 1967-1988 (Fedoulov y Shnar, 1990);

2 - regién para la cual se cont6 con datos de la temperatura del mar; 3 - posicién del borde de hielo
en el mes de marzo de un afo en particular.

Variacién temporal en el indice mensual promedio de CPUE para el periodo de 1974 a 1992 en la
Subarea 48.3 (se han excluido los valores ‘cero’ de CPUE de 1978 y 1984). n - nlimero de afios
cuando se realizé la pesca de kril en el mes (los afios se indican dentro de las barras); m - dias de
pesca promedio en el mes; sd - desviacién estandar.

Variacién en los indices de CPUE:
(a) fluctuaciones interanuales de los indices de CPUE: CPUE 1 - (abril-junio)/3; CPUE 2 - (abril-

junio)/n; CPUE 3 - (abril-septiembre)/6; CPUE 4 - (abril-junio)/n (refiérase al texto para las
definiciones de los indices).
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Figura 4:

Figura 5:

Figura 6:

Figura 7:

Figura 8:

Figura 9:

Figura 10:

Figura 11:
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(b) promedio mensual de CPUE de la flota de pesca de kril soviética para cada periodo de meses
consecutivos cuando se efectud la pesca (circulos negros) y datos mensuales utilizados para

calcular los promedios (tridngulos). Las flechas indican periodos cuando no hubo pesca debido a
la ausencia de kril.

Variabilidad estacional en Z-AT y M-AT.

Variacién interanual en Z-AT y M-AT. M37 - promediada para el periodo abril-julio; M38, Z17, Z21 -
promediadas para el perfodo octubre-noviembre.

Variabilidad estacional de la posicién del borde de hielo en distintas longitudes.

Variacion interanual en la posicién del borde de hielo. 1 - en el meridiano 30°W en octubre; 2 - en el
meridiano 50°W en octubre; 3 - en el meridiano 50°W en marzo; 4 - en marzo promediada para el
intervalo de 30-40°W; 5 - en septiembre en el meridiano 40°W.

Relacion entre la posicion del borde de hielo en distintas longitudes: (a), (b), (c) - en el mismo afo;
(d) - posicién del borde de hielo en el meridiano 30°W promediada para el periodo de diciembre a
enero y en el meridiano 30°W en el préximo periodo de junio a agosto.

Variacién interanual de la temperatura del agua de mar en el estrato de 0-50 m en la zona al este de
la plataforma de Georgia del Sur (cuadricula: 53°75’-52°25'S; 36°5'-35°5'W): 1 - temperatura
promedio del agua de mar en enero-febrero; 2 - temperatura promedio del agua de mar de marzo a
abril. Insercién: variacién de la temperatura promedio del agua de mar en el estrato de 0-50 m
durante la temporada (lineas punteadas - intervalo de confianza del 95%).

Relaciones entre la posicién del borde de hielo, la temperatura del agua de mar y el indice M-AT.
(a), (b), (d) en el mismo afio; (c) temperatura en el afio proximo.

Relaciones entre la posicién del borde de hielo en el meridiano 40°W, indices M-AT en M38,
temperatura del agua de mar e indices de CPUE.



