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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 &mperature 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. 

Resume 

La variabilite interannuelle de l'ecosysteme de l'ocean Austral est reconnue depuis 
longtemps. Des facteurs physiques semblent en dominer la dynamique. I1 n'existe 
toutefois que peu de series chronologiques disponibles qui permettent d'evaluer cette 
variabilite et ce n'est que recemment que des jeux de donnees d'ordre physique ont et4 
compil6s pour l'ocean Austral. Dans cette etude, des series chronologiques d'indices 
d'abondance du  krill (CPUE) ont ete derivees des operations de p@che sovietiques 
menees dans le nord-est de la mer du Scotia, autour de la Georgie du Sud, de 1974 
1992. Ces indices ont et6 examines en fonction de la variation de l'environnement 
physique. I1 existe des liens entre les composantes du systkme - glaces, ocean et 
atmosphere - ainsi que des corr6lations avec les donnees de CPUE. L'indice de CPUE 
corrobore generalement les autres donnees qui donnent des indications, directes ou 
indirectes, sur la disponibilite du krill, ce qui laisse entendre son utilite potentielle dans 
certaines regions. Alors que la correlation avec la position de la bordure glaciaire et 
avec les 6lements atmospheriques n'est nettement marquee que les annees ou les 
conditions sont extrGmes, la correlation avec la temperature de l'eau est, elle, remarquee 
plus frequemment, ce qui conforte l'opinion selon laquelle la variabilite d'abondance du 
krill autour de la Georgie du Sud est largement influencke par le systPme des eaux de la 
mer du Scotia. 
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Memrono~ax M ~ M ~ H Y M B O C T ~  B ~ K O C M C T ~ M ~  EOm~oro oKeaHa 6b1na s a ~ e v e ~ a  y x e  
AaBHO, M B ee AUHaMMKe, IIO-BMALIMOMY, A0MMHMPYH)T @R~HY~CKH€!  @;~KTOP~I.  O A H ~ K O  
UMeeTCR Man0 MCTOPMYCCKMX 3KOnOrUYeCKWX HaHHblX QnR OqeHKM 3 ~ 0 f i  

M3MeHqHBOCTI4, II T O n b K O  HeAaBHO 6b1nH IIOArOTOBJIeHbI CepHll AaHHbIX II0 
@ M ~ M Y ~ C K A M  @ ~ K T O ~ ~ M  K)>KHOTO OKeaHa. Anx ~ ~ H H O B  pa6o~b1 BpeMeHHbIe PRAbI 
UHAeKCOB YMCneHHOCTU KPMnR (CPUE) 6b1n~  IIOnyYeHbI no pe3ynbTaTaM IIpOMbICna 
CCCP B pafio~e IOm~ofi r e o p r ~ u  B ce~epo-BOCTOYHO~~ Y ~ C T M  MOPR CKOTMR B neption 
C 1974 no 1992 r .  3 T U  MHAeKCbI 661~11 IIPOaHanM3UPOBaHbI B 3aBMCMMOCTM OT 

M3MeHe~Ufi B @113MYe~~ofi 0~pyXCaH)~efi CpeAe. O6HapyXCeHa C B R 3 b  MeXAy 
KOMIlOHeHTaMM CMCTeMbI 'nefl', ' o K ~ ~ H '  U 'aTMO~@epa', a TaKXe KOppenR~MR C 

naHHb1MM CPUE. E H A ~ K C  CPUE B o 6 m ~ x  qepTaX LIMeeT KOppenRqMH) C IIPRMbIMU M 

KOCBeHHbIMM nOKa3aTenRMki HanHYMR KPAnR, Y T O  rOBOPMT 0 B O 3 M O X H O C T M  

IIpMMeHeHMR HaHHorO AHAeKCa K PSIAY pafioH0~. CBR~U MeXCny IIOnOXCeHMeM KPOMKM 
nbAa I4 ~ T O M O C @ ~ P H ~ I M L I  napaMeTpaMM 6b1nn CMnbHO BblpaXefIbI TonbKO B rOAbI 
npe06naga~ax ~ K C T ~ ~ M ~ J I ~ H ~ I X  y c n o ~ ~ f i .  Koppenxqax c ~ e ~ n e p a ~ y p o f i  B O A ~ I  6b1na 
6onee nocneno~a~enb~ofi ,  YTO noAaepmMBaeT TeopMlo o TOM, YTO ~a H S M ~ H Y U B O C T ~  

YMCneHHOCTM KpUnX B pafi0Me K ) X H O ~  reoprUM CMnbHOe BnARHUe OKa3bIBaeT 
o ~ e a ~ o r p a @ ~ ~ e c ~ ~ f i  pexaM ~ o p x  CKOTUX. 

Resumen 

La variabilidad interanual en el ecosistema del ocean0 Austral ha sido observada por 
largo tiempo y la dinamica esta dominada aparentemente por factores fisicos. Sin 
embargo, existen escasas series cronol6gicas de datos ecologicos disponibles para 
evaluar esta variabilidad, y recien acaban de elaborarse conjuntos de datos de 
parametros fisicos para el ocean0 Austral. Las series cronologicas de datos sobre la 
abundancia de kril (CPUE) utilizadas en este estudio fueron derivadas de las 
operaciones de pesca sovieticas 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 relacion a la variacion en el entorno fisico. Existen vinculos entre el 
hielo, ocean0 y 10s componentes climaticos del sistema, y tambien hay correlaciones con 
10s datos de CPUE. El indice de CPUE generalmente concuerda con otros datos que dan 
una indication directa o indirecta de la disponibilidad de kril, por 10 que se supone 
puede ser un indice de utilidad en algunas regiones. Las asociaciones con la posicion 
del borde de hielo y 10s componentes climaticos solo demostraron ser fuertes en 10s aiios 
en que se dieron condiciones extremas. La correlaci6n con la temperatura del agua es 
mas fuerte, apoyando Ias suposiciones de que la variabilidad en la abundancia de kril 
alrededor de Georgia del Sur est6 fuertemente influenciada por el regimen 
oceanogrifico 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  va r i a t i ons  a r e  f r equen t ly  
accompanied by  marked changes in the breeding 
population size and  reproductive performance of 

seabirds and seals which feed predominantly o n  

krill (Croxall e t  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 

the size of the scientific catches of krill taken as 
p a r t  of t h e  'Discovery '  exped i t i ons  a n d  t h e  
occurrence of 'warm' or 'cold' years. In very cold 
seasons (e.g. 1927/28, 1930/31) krill catches were 
significantly greater than in wa rm seasons (e.g. 
1936/37).  Mackintosh (1972) deve loped  this  
theme and highlighted a correspondence between 

water temperature, sea-ice conditions and  krill 
biological characteristics. Later a relationship 

be tween  t he  intensi ty  of t he  a tmospher ic  air 
t r anspo r t  a n d  va r i a t i ons  i n  dens i t y  of kr i l l  

aggregations was also suggested (Fedoulov et al., 
1984; Maklygin, 1987) a n d  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; Siege1 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 absenci 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. 

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"s 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 

Figure 1: 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 

RESULTS 

Catch per Unit Effort 

Fishing for krill in the South Georgia 
area usually took place from April-May to  
August-September (Figure Z), 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. 

water temperature was calculated over the upper 
CPUE indices were calculated as either the 

50 m of the water The greatest number mean CPUE over all months during a period or as 
of temperature observations were obtained the mean CPUE for those months in which fishing 
during the summer between January occurred, e.g. mean CPUE for all months from 
a n d A ~ r i l .  further average ApriltoJuneisgivenbytheindex(April-June)/3 
temperatures were calculated for three periods: while the mean C ~ U E  based on those months (n) . . 
January-February, March-April, and June-July. when fishing occurred is given by the index 

(April- June) /n. 

Data Processing The different CPUE indices indicated generally 
similar interannual variability. Indices based on 

Statistical calculations were carried out using mean CPUE values for a fixed number of months 
the computer programs MINlTAB and (which can include zero values) tended to 
STATGRAF. generate more variable series (Figure 3a). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

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)/G; 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 
dur ing the mid-1980s and the late 1980s 
were reflected in lower overall catches from 
Subarea 48.3 (CCAMLR, 1991). 

Air Transport 

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) i n  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 - .  

The Z-AT index showed a semi-annual same months with correlation coefficients within 
oscillation with low absolute values in December- the range of 0.80-0.93. The M-AT indices were 
January and May-June and high absolute values less well correlated between 50"s and 60"s with 
in February-April and September-November the correlation coefficients between 0.55-0.70. 
(Figure 4). The index was always negative, so it There was no consistent correlation between 
characterises both the absolute intensity of indices based on consecutive months. 
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Figure 4: Seasonal variability in Z-AT and M-AT. 

Year 

Figure 5: 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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Figure 6: Seasonal variability of ice-edge position at different longitudes. 
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Figure 7: 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). 

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 8: The relationship between ice-edge positions at different longitudes: (a), (b), (c) - in the same 
year; (d) - ice-edge position at 30°W averaged for December-January and at 30°W in the next 
June-August. 
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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; 36.5-35.5OW): 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 lob). The M38 index, 
which is based on gradients to the east of 
M37 (Figure l ) ,  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-July) 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 1Od). 

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 

consistent correlation between the various CPUE 
indices and ice-edge positions (Figure l la).  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 llb). 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 l lc) ,  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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Figure 10: The relationships between the ice-edge position, sea-water temperature and M-AT index. (a), 
(b), (d) in the same year; (c) temperature in the next year. 
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January-February corresponded to lower CPUE 
values in the same year (Figure l ld).  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 

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 (Siege1 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 Yakovlev, 1986; Fedoulov and Shnar, 1990). The 
ice-edge was further south in winter as reflected main factor in the creation of the cold Weddell Sea 
in the lack of krill indicated by research surveys water is the increased salinity resulting from ice 
and predator monitoring. formation (Foster and Middleton, 1980). The 

thickness of the sea-ice is proportional to the 
number of degree-days of frost (Zubov, 1938) 

The Physical System of the Scotia Sea and the suggesting that a very warm or cold year reflects 
Transport of Krill to the South Georgia Area the intensity of the Weddell gyre and 

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 

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 



Fedoulov et al. 

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. 
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2 - paiio~, nnz KoToporo aMemTcx .gamble no TeMnepaType BOA~I;  3 - MecTononomeHae K ~ O M K M  

nbna B MapTe (no r o n a ~ ) .  

PMCYHOK 2: C e 3 o ~ ~ a x  IISM~HYIIBOCT~ exeMeczYHoro cpeAHero aHneKca CPUE 3a nepllon c 1974 no 1992 r.  B 

nogpatio~e 48.3 ( '~ynesb~e' 3 ~ a ~ e ~ a s r  CPUE 3a 1978 ki 1984 rr.  He ~ ~ n m u e ~ b ~ ) .  n - KonavecTBo 
neT, KOrna npOMbICen KpllnR IIpOBOnIlJICR B n a ~ ~ b l f i  MeCRq (r0nb1 yKa3aHbI B c~on6qax); m - 
eXeMeC%qHOe CpenHee KOnllYeCTBO ~Hefi BeAeHklR npOMbICJIa; sd - CTaHAapTHOe OTKnOHeHMe. 

PACYHOK 3: I / ~ ~ M ~ H Y H B O C T ~  HHAeKCOB CPUE: 
(a) MeXrOAOBble A3MeHeHHB MHAeKCOB CPUE: CPUE 1 - (aIIpenb-~mHb)/3; CPUE 2 - (anpenb- 

~mHb)/Il; CPUE 3 - ( a n p e n b - ~ e ~ ~ x 6 p b ) / 6 ;  CPUE 4 - (anpenb-HE OH^)/^ (CM. TeKCT AJIR 

OnpeneneHaxa~ne~coe). 
(b) C p e n ~ e e  emeMeczvHoe CPUE coseTcKax KpaneebIx Tpaynepos Anx Kamnoro nepuona 

npoMbrcna (cnnomab~e ~ p y r a )  a exeMecsIyHbIe ,qaHHbre, Ha K O T O ~ ~ I X  ocHoBaHb1 cpeAHae 
BenPiqllHbI ( T ~ ~ Y ~ O ~ ~ H A K I I ) .  CTpenKa~ki nOKa3aHbI nepMO~b1, KOrna npOMbICen He 
OCyweCTBJIRnCllr B CBX3II C OTCYTCTBBeM KPLmR. 

PHCYHOK 4: C ~ ~ O H H ~ X  I13MeHYIIBOCTb Z-AT H M-AT. 

PMCYHOK 5: M e m r o ~ o ~ a z  U3MeHYHBOCTb Z-AT M M-AT. M37 - YCpenHeHHaR An% IIepIIOAa anpenb-Mmnb.; 
M38,217,Z21 - ycpenHeHHax nnsr nepuona o~~srGpb-~oxGpb. 

PHCYHOK 8: B ~ ~ U M O C B I I ~ ~  MeXnY 3HaYeHMRMM MeCTOnOnOXeHRR KPOMKM nbna Ha pa3JIMYHbIX n0nrOTaX: (a), 
(b), (C) - B OAMH II TOT me ron; (d) - MecTononomeHHe KPOMKH nbna Ha 30°3.n., ycpeAHeHHoe on3 
nepaona ne~aGpb-x~sapb a Ha 30'3.~. B kim~e-asryc~e nocnenymwero rona. 

PMCYHOK 10: B ~ ~ M M O C B I I ~ M  Memny MecTononoxewkieM K ~ O M K H  nbna, ~ e ~ n e p a ~ y p o f i  M O P C K O ~ ~  B O A ~ I  II 

MHneKcoM M-AT. (a), (b), (d) - B onaH M TOT me ron; (c) - TeMnepaTypa B cne~ymwafi ron. 

PMCYHOK 11: B ~ ~ ~ M O C B I I ~ H  MeXny MeCTOnOJIOXeHLleM KPOMKH nbna Ha 40°3.n., MHneKCaMM M-AT B M38, 
~ e ~ n e p a ~ y p o k  M O P C K O ~  B O A ~ I  a aHAeKcaMM CPUE. 

Lista de las figuras 

Figura 1: Lineas (flechas) para las cuales se calcularon 10s indices de transporte del aire zonal y meridional. 
1 - posicibn media de la zona frontal Weddell-Escocia durante 1967-1988 (Fedoulov y Shnar, 1990); 
2 - region para la cual se conto con datos de la temperatura del mar; 3 - position del borde de hie10 
en el mes de marzo de un aiio en particular. 

Figura 2: Variacion temporal en el indice mensual promedio de CPUE para el periodo de 1974 a 1992 en la 
Subarea 48.3 (se han excluido 10s valores 'cero' de CPUE de 1978 y 1984). n - n6mero de aiios 
cuando se realizo la pesca de kril en el mes (10s aiios se indican dentro de las barras); m - dias de 
pesca promedio en el mes; sd - desviacion esthndar. 

Figura 3: Variacion en 10s indices de CPUE: 
(a) fluctuaciones interanuales de 10s indices de CPUE: CPUE 1 - (abril-junio)/3; CPUE 2 - (abril- 

junio)/n; CPUE 3 - (abril-septiembre)/6; CPUE 4 - (abril-junio)/n (refierase al texto para las 
definiciones de 10s indices). 
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(b) promedio mensual de CPUE de la flota de pesca de kril sovietica para cada periodo de meses 
consecutivos cuando se efectu6 la pesca (circulos negros) y datos mensuales utilizados para 
calcular 10s promedios (tri6ngulos). Las flechas indican periodos cuando no hubo pesca debido a 
la ausencia de kril. 

Figura 4: Variabilidad estacional en Z-AT y M-AT. 

Figura 5: Variacion interanual en Z-AT y M-AT. M37 - promediada para el period0 abril-julio; M38,217,221 - 
promediadas para el periodo octubre-noviembre, 

Figura 6: Variabilidad estacional de la posici6n del borde de hie10 en distintas longitudes. 

Figura 7: Variation interanual en la posici6n del borde de hielo. 1 - en el meridian0 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. 

Figura 8: Relacion entre la posici6n del borde de hie10 en distintas longitudes: (a), (b), (c) - en el mismo aiio; 
(d) - posici6n 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 pr6ximo periodo de junio a agosto. 

Figura 9: Variacion interanual de la temperatura del agua de mar en el estrato de 0-50 m en la zona a1 este de 
la plataforma de Georgia del Sur (cuadricula: 53O75'-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. Insercion: variacion 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%). 

Figura 10: Relaciones entre la posici6n 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 pr6ximo. 

Figura 11: Relaciones entre la posici6n del borde de hielo en el meridiano 40°W, indices M-AT en M38, 
temperatura del agua de mar e indices de CPUE. 


