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ABSTRACT: Interannual variability within the pelagic marine environment around South Georgia is a 
well-recognised phenomenon. A key aspect of this variability is interannual fluctuation in the abun- 
dance of Antarctic krill Euphausia superba. Here we describe a new acoustic survey programme to 
monitor krill abundance in the South Georgia region. We present biomass estimates for 2 survey boxes, 
located over the shelf-break to the northeast and northwest of the island, derived from the first of these 
surveys conducted in January 1996. We contrast these with the most recent previous estimates for the 
region obtained in January 1994. Weighted mean krill density (and weighted variances) estimates for 
the 1996 surveys were 40.57 g m-' (13.37) and 26.48 g m (54.30) for the eastern and western boxes 
respectively. These are  high compared with those obtained in January 1994, when estimates for similar 
areas were 1.87 g m-? (0.14) and 7.43 g m-2 (1.33) respectively. The greater than 20-fold difference 
between surveys reveals a very large interannual variability in krill abundance at  South Georgia. In 
1994 the low abundance resulted in greatly reduced breeding success in most habitual knll predator 
species there. In the 1996 season, however, breeding success of these species was normal. Instanta- 
neous estimates of knll abundance uslng acoustic techniques are therefore consistent with measure- 
ments from predators, whose b reed~ng  performances provide a longer-term indication of prey abun- 
dance in the surrounding pelagic ecosystem in a particular season 
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INTRODUCTION 

Interannual variability within the pelagic marine 
ecosystem around the sub-Antarctic island of South 
Georgia has been apparent since the early decades of 
this century. In the period when commercial whaling 
operated from shore stations (see Bonner 1980), and 
before whaling levels began to affect stocks (Bedding- 
ton & May 1982, Gambell 1985), year-to-year fluc- 
tuations in the abundance of whales close to South 
Georgia were evident from catch statistics (Kemp & 
Bennet 1932). Harmer (1931) suggested that these 
fluctuations were linked to local availability of food, 
predominantly Antarctic krill Euphausia superba, and 
to prevailing oceanographic conditions. In recognition 
of the fact that 'the habits of whales are intimately 
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bound up with the whole economy of oceanic life' (Dis- 
covery Committee 1937) the 'Discovery' Investigations 
were instigated. These investigations included a series 
of detailed biological oceanographic studies around 
South Georgia (see Hardy 1967), and yielded a number 
of results supporting Harmer's observations (1931). 
Yearly fluctuations in zooplankton abundance were 
correlated with fluctuations in nlhale catches (Hardy & 
Gunther 1935), and interannual differences in the sizes 
of scientific catches of krill were correlated with years 
characterised by warm and cold sea surface tempera- 
tures (Mackintosh 1972), krill catches being substan- 
tially greater in colder years. Marr (1962) suggested 
that outflow from the Weddell Sea (cold water) was of 
great importance to the distribution of krill, and this 
provided a tenable explanation for the observed link at 
South Georgia between prevailing hydrographic con- 
ditions and fluctuating krill abundance (see Deacon 
1977). 
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More recent analyses of 'Discovery' and oth.er his- 
toric data sets, in conjunction with contemporary 
biological, biogeochemical and physical observations, 
have suggested that variability within the pelagic 
ecosystem at South Georgia may be a manifestation of 
periodic variations throughout the Scotia Sea, and 
indeed throughout the Southern Ocean as a whole 
(Priddle et al. 1988, Sahrhage 1988, Murphy et al. 
1995, Fedoulov et al. 1996, Whitehouse et al. 1996). 
These analyses have also provided the foundations 
for working hypotheses to further explain mecha- 
nisms underlying interannual variability in krill abun- 
dance at South Georgia. The extent of sea ice cover in 
the Southern Ocean, for example, has been shown to 
oscillate regionally with a 4 to 5 yr periodicity as the 
so-called Antarctic Circumpolar Wave rotates around 
the continent (Murphy et al. 1995, White & Peterson 
1995). Recruitment of juvenile krill in the Antarctic 
Peninsula region has been linked to the extent and 
duration of ice in the previous season (Quetin et al. 
1994, Siege1 & Loeb 1995), the environment beneath 
winter sea ice apparently providing a favourable 
habitat for larval krill development (Daly 1990). If krill 
at South Georgia have their origins in the Peninsula 
region (Marr 1962, Maslennikov et al. 1983, Everson 
1984), then seasons characterised by increased ice 
cover there could propagate high krill abundance to 
South Georgia and other downstream locations. Large 
numbers of small krill have in fact been observed in 
the vicinity of the South Shetland Islands following a 
season of extended ice cover (Kawaguchi & Satake 
1994). 

Krill play a pivotal role in the ecology of the Southern 
Ocean.. They are dominant primary consumers (e.g 
Miller & Hampton 1989) and constitute a crucial food 
source for many mammalian and avian predatory 
species (Everson 1984): in years when local krill abun- 
dance is low, near-complete failures in the breeding 
success of numerous of these predators have been 
observed (Croxall et al. 1988). Krill are additionally of 
interest to commercial fisheries (e .g .  Everson & Goss 
1991, Kawaguchi et al. 1996). Effective resource man- 
agement for the species is therefore vital, but is com- 
plicated by the interannual variability in its abundance 
(Everson 1992). Assessment of krill abundance is dif- 
ficult (Everson 1988) but, with the development of 
new target strength relationships (see Everson & Miller 
1994), acoustic techniques have been able to provide 
estimates which are credible because, on a gross scale, 
they are in agreement with quantities thought to be 
required to sustain known predator consumption 
levels (Trathan et al. 1995). At Elephant Island a time 
series of acoustic data clearly shows yearly fluctua- 
tions in krill density there (e.g. Demer & Hewitt 1994). 
At South Georgia no annually continuous long-term 

acoustic data set yet exists, but the data that are avail- 
able include widely varying estimates of abundance 
(e.g.  Heywood et al. 1985, Murphy et al. 1991, Brierley 
& Watklns 1996, Goss & Everson 1996). Trawl data 
from South Georgia suggest that krill densities can 
vary by as much as 30-fold from year to year (Heywood 
et al. 1985). 

A detailed understanding of the potential magnitude 
of the interannual variability in krill abundance is 
clearly essential for effective ecosystem management, 
and for further development of hypotheses attempting 
to explain mechanisms behind this variation. In a 
systematic effort to investigate the pelagic component 
of the now well-recognised phenomenon of interan- 
nual variability at South Georgia, the British Antarctic 
Survey conceived a new multi-disciplinary, 5 yr re- 
search programme for the region, which began in 
January 1996. Central to this 'Core Programme' are 
annual acoustic surveys within 2 clearly defined boxes 
to the northeast and northwest of South Georgia (Brier- 
ley et al. 1996). The eastern box IS centred on an area 
of shelf-break to the northeast of Cumberland Bay 
encompassing Charlotte Bank. Elevated krill abun- 
dances have been recorded previously in this area 
(Priddle et al. 1986, Latogursky et al. 1990) and histor- 
ically catches of mysticete whales there were high 
(reviewed by Everson 1984). In addition, numerous 
observations of krill swarms have been made there 
(Marr 1962) and the area is targeted by the krill fishing 
fleet (see Murphy et al. 1996). Oceanographic models 
(FRAM Group 1991) and observations of iceberg tracks 
(Trathan et al. in press) also suggest that currents may 
transport krill from the Antarctic Peninsula around the 
eastern end of South Georgia into this region. The 
western box is centred on an area of shelf-break to the 
north of Bird Island, a major breeding location for 
numerous avian and mammalian species predatory 
upon krill (see Croxall et al. 1984, 1985, Croxall & 

Prince 1980, 1987, Boyd 1993). Bird Island is the site 
of a long-running research programme in which diet 
composition and breeding performance of krill preda- 
tors are regularly monitored (Croxall et al. 1988, in 
press a ) ,  and the western box includes a large area that 
direct (Hunt et al. 1992, Veit & Prince in press) and 
satellite tracking observations (Prince et al. in press) 
have shown to be within the effective foraging range of 
most of these predator species. The western box is 
therefore within an important predator feeding ground; 
in years when krill abundance in this region is low (e.g. 
1983: see Heywood et al. 1985; and 1994: see Brierley 
& Watkins 1996), breeding success at Bird Island is 
much reduced (Croxall et al. 1988, in press a ) .  To- 
gether the boxes also provide good oceanographic 
coverage of the important and annually variable water 
mass boundary between Weddell Sea water and Polar 
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Murphy 1995). p-. I East Southwest 36.2968 54.0665 
Since this is the first instance in which the new Northwest 35.2827 53.6695 

Frontal water (Deacon 1977), and provide a basis for Table 1. Bounding longitudes and latitudes of the two 100 X 

determination of improved estimates of rates of krill 80 km survey boxes 

flux into the South Georgia region from both ends 

acoustic survey programme has been reported, the I Northeast 34.4232 54.4121 

protocols behind survey design, survey method, echo- Southeast 35.4472 54.8160 1 

of the island and also from off- to on-shelf areas (see Box Corner Longitude 'W Latitude "S 

ous surveys and surveys from other regions (CCAMLR 
1996). 

fined. The positions of the 10 transects to be surveyed, 
one from within each of the strata, were then selected 

MATERIALS AND METHODS at random following a 2-stage procedure. This proce- 
dure both ensured that each possible track had an 

The outer bounds of the 2 acoustic survey boxes are equal chance of selection, and that sampling intensity 
shown in relation to South Georgia and to its sur- was spread reasonably evenly throughout each box by 
rounding bathymetry in Fig. 1. The bounding latitudes constraining transects from neighbouring strata from 
and longitudes of the 2 survey boxes are given in approaching any closer than 5 km. First a common 
Table 1. offset for all transects was chosen at random from 0 to 

Survey design. A stratified random survey design 5 km in 0.5 km steps. Next an individual transect offset 
incorporating a series of parallel transects was adopted within each stratum was chosen again at random from 
in order to permit calculation of statistically valid vari- 0 to 5 km in 0.5 km steps. Fig. 2 shows a schematic rep- 
ance estimates for mean abundance values within resentation of this survey design. Cruise tracks for the 
each survey box according to established sampling 1996 surveys in both boxes are given in Fig. 3a. 
theory (Jolly & Hampton 1990). Geostatistical analysis Acoustic surveys. All acoustic surveys were con- 
of historic krill acoustic survey data from the South ducted during hours of daylight to avoid the possibility 
Georgia region has indicated that variability in distrib- of bias due to die1 vertical migration (Demer & Hewitt 
ution of krill increases to a plateau beyond a separation 1995) or change in target orientation (Everson 1982, 
of 10 km (Murray 1996), suggesting that an inter- 1983). At a nominal survey speed of 10 knots, 2 tran- 
transect distance of about this order is appropriate for sects, each 80 km long, plus an inter-transect track 
such surveys. Consequently each 100 km wide survey could be run each day within the daylight available at  
box was split into 10 equal strata, within each of which South Georgia during the austral summer. Transects 
20 possible parallel transects 0.5 km apart were de- were run alternately in on- and off-shelf directions, 

with the starting order also being alter- 
nated on a daily basis (Fig. 2).  Succes- 
sive transects were surveyed sequen- 
tially from west to east in the eastern 
box and from east to west in the western 
box, in the general along-shelf direc- 
tions believed to be against the pre- 
vailing current flow (see Deacon 1937, 
Trathan et al. in press) in an attempt to 
avoid aliasing flow-mediated horizontal 
krill transport (MacLennan & Simmonds 
1992). 

Acoustic data were collected using an  
EK500 echo sounder (software version 
4.01, Simrad 1993) linked to hull- 
mounted 38 and 120 kHz split beam 

39 W 38 W 37 W 36 W 35 W 3 4 W  transducers. The echo-sounder was 

Fig. 1. Locat~on of the 2 acoustic survey boxes in relation to South Georg~a  and in 'ping docu- 
its surroundlng bathymetry. Depth contours are at 1000,500.200 and 100 m mented software problems (Watkins 

signal analysis and biomass calculation are given in 
some detail. Such detail is important in facilitating 
valid quantitative comparisons with results from previ- 

Southwest 38.9915 54.0128 
Northwest 39.2081 53.3054 
Northeast 37.7370 53.1369 
Southeast 37.4969 53.8415 
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Fig. 2. Schematic representation of the acoustic survey de- 
sign. The bounding box represents the 100 X 80 km survey 
box perimeter. Heavy lines indicate the positions of the ran- 
domised survey transects within each of the 10 strata. Solid 
arrows Indicate direction of travel and show transect pairs on 
subsequent days s tar t~ng alternately on and off shelf The 
broken hne represents the continental shelf break, and the 
open arrowheads show the positions of the net sampl~ng sltes 

et al. 1995). A 'ping interval' of 2.5 S was employed, 
this being the fastest that could be achieved without 
provoking a 'ping interval warning'. Mean volume 
backscattering strength (mvbs) data were collected in 
124 X 2 m depth bins from 2 to 250 m (depths relative 
to transducers in the ship's hull; approximate depth 
6 m) and integrated over 100 s intervals, subsequently 
termed resets (40 pings per sample, =0.5 km at 
10 knots). Integrated data were recorded in binary 
format over an ethernet link to a Sun workstation using 
custom-written logging software. 

Calibration. Standard-target echo sounder calibra- 
tions (Foote et al. 1987) were conducted in Stromness 
Bay, South Georgia, immediately after each of the box 
surveys. Calibration results from both occasions re- 
vealed no significant change in echo sounder perfor- 
mance over the duration of the 2 surveys (38 kHz: 
number of calibrations = 7, standard error = 0.06 dB. 
120 kHz: n = 6, SE = 0.04 dB). 

Net sampling and length-frequency estimation. 
Station net sampling to provide krill samples for esti- 
mates of mean box-specific length-frequency distnbu- 
tions took place at  night following the completion of 
each pair of acoustic survey transects. Net sampling at 
night was a loglstical necessity given time limitations 

and the desire to conduct all acoustic surveys in hours 
of daylight, but did convey the advantage of reducing 
net avoidance (Everson & Bone 1986). The necessity 
of night time sampling prevented individual acoustic 
targets observed on transect from being sampled im- 
mediately, but is unlikely to have introduced signifi- 
cant error into our assessment of mean krill length 
frequency distribution within each box (see Watkins 
et al. 1990). Hauls were taken with a multiple 8 m2 
rectangular mid-water trawl (RMT8; Roe & Shale 
1979). Two hauls per night were taken at fixed on- 
and off-shelf locations, 20 km in from either end of the 
final transect of the day (see Fig. 2). These were 
fished obliquely from the surface to 250 m and back 
again. Up to 2 additional hauls per night were tar- 
geted at dominant acoust~c targets, and synchronous 
surface hauls with a 1 m2 frame net were taken from a 
boom dep loyed from the foredeck. A random sub- 
sample of 100 individuals was taken from each haul 
and for each krill the total length (AT), rounded to the 
mm below, was measured from the anterior edge of 
the eye to the tip of the telson (Morris et al. 1988). A 
mean krill length, weighted to take account of the 
number density of krill in each net haul, was derived 
for each survey box and these values are given in 
Table 2. 

Target strength. In order to relate the magnitude of 
the detected echo signals to krill biomass a target 
strength (TS) value was denved for each survey box. 
Box-specific mean TS values were calculated using the 
box-specific weighted mean krill length estimates in 
conjunction with the TS/mass relationship described 
by Brierley & Watkins (1995a, 1996). This generic 
TS/mass relationship has the advantage of being less 
sensitive to errors in estimation of krill length than are 
traditional TS/length relationships (Hewitt & Demer 
1993). TS values (dB kg-') used for each box are given 
in Table 2. 

Acoustic data processing. Binary data were con- 
verted to a format compatible with the data-visualisa- 
tion software AVS (Upson et al. 1989). In this environ- 
ment erroneous data points, due for example to bottom 
integration, false bottom echoes or surface noise, \Irere 
removed (Socha et al. 1996), and tlme varied gain 
(TVG) amplifi.ed background noise was subtracted. 
using an algorithm described by Watkins & Brierley 
(1996). Cleaned data were exported to the statistical 
package Genstat (Payne et al. 19931, where the appro- 
priate calibration correction was made (Simrad 1993). 
A biomass value for each time/depth integration cell 
was then calculated from the corrected 120 kHz echo 
intensity using the target strength values given in 
Table 2 and the distance run during each integration 
interval determined with reference to position data 
collected continuou.sly by GPS. 
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echoes (Fmvbs = mvbs 120 kH7 - mvbs 
38 kHz) in the range 2 to 12 dB is indi- 
cative of krill Our own observations dur- 
ing the 1996 survey, and those of othei 
authois made d u ~ i n g  acoustic studies of 
wild (Hampton 1990, Everson et a1 1993) 
and caged (Foote et a1 1990) krill, and 
calculations on the basis of theoretical 
models describing sound scattering from 
euphausilds (Greene et a1 1991) support 
t h ~ s  dual frequency relationship being a 
robust desc~iptor ot krill which remains 
linear over a wide numerical range of 
kill1 densities, and hence over a w ~ d e  
dynamic range of echo signal intensities. 

37 W 36 W 35 W 34 W 
Therefore, in accordance with Madu- 
reii-a et al. (1993a), the following criteria 
were used to partition all acoustic signals 
into 3 biological categories: 

Gmvbs between 2 and 12 dB 
Antarctic krill Euphausja superba 

Fmvbs > 12 dB 
Zooplankton smaller than krill 

Fmvbs < 2 dB 
Nektonic organisms larger than krill 

In ordei to remove mult~ple low in- 
tensity signals which skewed the fre- 
quency distribution of observed Fmvbs 
values h4adureira et a1 (1993a) imposed 

l - -- 
-- 
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39 W 38 W 37 W 36 W 35 W 34 W a 7 0  dB threshold on their 120 kHz 
Flg 3 ( a )  C r u ~ s e  tracks w ~ t h ~ n  the 2 survey boxes d u ~ l n g  January 1996 data before applying these sigilal recog- 

(b )  C r u ~ s e  tracks dunng sulveys conducted In January 1994 nition criteria Their data were collected 
using a Simrad EK400 and integra- 
ted over quite large intervals (20 m X 

Madureira et a1 (1993a) described 3 biological 1 852 km) W~thin  ~ntegration intervals where few 
acoustic target types corresponding to krill zooplank- targets were observed the mvbs value reported there- 
ton (smallei than krill) and nekton (fish/squid), which fore had the potential to be very l o ~ v  and to be ob- 
can be dist~nguished routinely on echo charts recorded scured by noise Datd In the current study ivere col- 
in the vicinity of South Georgia Maduieira et a1 (1993a) lected using an  EK500, reputed to have superior signal 
have also demonstrated that these and other targets to noise character~stics and were integrated over 
(Madureira et a1 199313) can be discilminated on the much smaller intervals (2 m X 0 5 km) In additlon we 
b a s s  of the11 different echo strengths at 120 and now have the ability to remove much background 
38 kHz Madureira et a1 (1993a) suggest that a dif- noise from our echo-signals (see Watkins & Brierley 
ference in signal strength between 120 and 38 kHz 1996) We consequently believe that i t  is not necessary 

to apply such a stiingent threshold In this study all 
echo pairs whele the 120 kHz signal exceeded -100 dB 

Table 2 We~gh tcd  mean k111l length and assoclatecl target \yere -l-hls approach results a much 
strength (TS) dB hg ' of kr~l l  for each survey box 

reduced number of data polnts b e ~ n g  iejected, al- 
though because of the logarithm~c nature of the dB 

Length (mm) TS (dB kg ' )  scale and the inherent aggregated nature of kill1 distrl- 

-39 13 bution, we have obseived that echoes with an  lntens~ty 

-39 03 of less than -70 dB contr~bute less than 10% to total 
krill biomass within a typical survey transect 

55 S 

'/ 
/' 
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Density estimation. Density estimates for each fau- 
nal class (krill, small zooplankton and nekton) were 
calculated by selecting all density values within each 
reset matching the required Gmvbs criteria for that 
class. The density values (g m-3) from each 2 m depth 
horizon within a reset were then doubled to account 
for bin depth,  summed to provide a within-reset mean 
density, and multiplied by their respective integration 
interval lengths (km) to give a total density for each 
reset. Reset totals were summed within transects and 
divided by total transect length (km) to yield a mean 
transect density in g m-' (Jolly & Hampton 1990). Tran- 
sect totals were weighted by transect length, and 
weighted mean and variance estimates derived for 
each survey box according to Jolly & Hampton (1990) 
Mean and variance estimates for each fa.unal class for 
each survey box are  given in Table 3. 

Data from surveys carried out in similar regions dur- 
ing 1994, previously reported by Brierley & Watkins 
(1995a, b, 1996) were re-analysed using the above 
signal recognition and thresholding criteria in order to 

Table 3. Lengths of each transect, and transect dens i t~es  for 
each fauna1 class within each 1996 survey box with their 

weighted mean and  variance estimates 

Box Transect Length Denslty estimate ( g  m2) 
(km) Krill Zooplankton Nekton 

East 1 
2 
3 
4 
5 
6 
7 
8 

Mean  
Variance 

Wcst 1 77.66 
2 81.00 
3 79.14 
4 80.74 
5 106.25 
6 98.52 
7 80 -36 
8 77.94 

Mean 
Varlance 

Table 4 Companson of knll dens~ty  estimates (t vanancet for the 
eastern and  westcrn boxes for Jdnuary 1994 and January  1996 

facilitate a direct between-year comparison of abun- 
dance. Density estimates and their variances from 
these re-analysed data are presented in Table 4 along- 
side equivalent 1996 estimates. Cruise tracks for the 
1994 surveys are given in Fig. 3b. 

RESULTS AND DISCUSSION 

Acoustic surveys 

Rough weather at the beginning of the eastern box 
survey reduced the time available and so the 2 outer- 
most transects were omitted, reducing the area cov- 
ered by the survey by 2 0 %  but retaining its centre of 
location. Prelimi.nary inspection of echo charts from the 
eastern box revealed that the abundance of krill in on- 
shelf regions was higher than that in deep water off- 
shelf. Given that adjacent transect pairs were begun 
alternately at  the on- and off-shelf ends of the box, this 
suggests that the distribution.al variation was of a geo- 
graphic rather than temporal nature. Evidence from 
elsewhere has suggested that the distribution of krill 
(Orlowski 1983) and other pelagic species (Rogers 
1994, Dower & Mackas 1996) are linked to bathymetric 
features. For this reason it is intended that each of the 
subsequent annual acoustic surveys will be conducted 
along the same transects as those run here. Collecting 
data from the same transects each year should prevent 
any genuine interannual abundance variation from 
being confounded with and possibly masked by the 
influence of otherwise varying bathymetry on krill 
distribution. 

The first 2 acoustic survey transect pairs of the west- 
ern box were run successfully as planned. By Day 3, 
however, developing swell ru.nning at 45" to the tran- 
sects caused excessive ship roll which compromised 
the quality of the acoustic data, resulting in numerous 
signal dropouts and increased surface noise. To over- 
come this problem transects were run in the prescribed 
on/off-shelf direction, but at a n  angle to the sea chosen 
to reduce the motion of the ship (see Fig. 3a). The poor 
weather continued on Day 4 ,  and a zig-zag survey 
track was again adopted. Zig-zag transects provide 
~ncreased sampling effort per unit area i.n the region at 
which they converge. In an  effort to minimise the bias 
that this may potentially have caused, an analysis o[ 
autocorrelation was conducted to determine over what 
distance biomass between adjacent resets was corre- 
lated. This analysis suggested that within the western 
box there was no distance-dependent correlation of 
biomass between resets No transect truncation was 
therefore deemed necessary, and vertices of zig-zags 
were merely cut to discard data from the turn points 
where entrainment of bubbles under the ship's hull 
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compromised signal integrity Daily zig-zags were 
then considered as single transects, and their contribu- 
tion to overall mean density was simply weighted by 
overall length (see Table 3). By Day 5 the weather 
had improved, and the straight survey tracks originally 
proposed for that day were run. 

Biomass estimates 

The mean weighted krill density within the eastern 
survey box was calculated as 40.57 g m-', with a 
weighted variance of 13.37. The mean krill density for 
the western box was lower, at 26 48 g m-2,  but the 
variance associated with this mean, 54.30, was sub- 
stantially higher. Weighted mean krill biomass estimates 
for each survey box, and estimates of their variance, are  
presented in Table 3, along with similar estimates for the 
small zooplankton and nekton fractions. Biomass esti- 
mates can be attached to the small zooplankton compo- 
nent at  each site as the generic target strength relation- 
ship used is likely to approximate a plausible TS value 
for a heterogeneous aggregation of small crustacean 
zooplankters. In the absence of any other appropriate 
general TS value for the nektonic fraction, which was 
likely to be composed of fish with and without swim 
bladders (Marshal1 1979) and of various squid species, 
the generic TS value was applied here also. Although an 
absolute biomass estimate cannot be attached to this 
proportion with any degree of confidence, the measure 
is useful to the extent that it provides a comparable 
indication of the relative abundance of this pelagic size 
fraction at each location. This approach essentially has 
the effect of scaling all backscattering density values by 
a common factor, and could be considered in broad 
terms as portraying densities in units of equivalent krill 
biomass. A number of nations currently conduct acoustic 
surveys in various regions of the Southern Ocean, but 
there is as yet no agreed standard for discriminating 
that fraction of the biomass attributable to krill; direct 
con~parisons of krill biomass estimates are therefore not 
always possible. Consequently it has been suggested 
(CCAMLR 1996) that reports on acoustic estimation of 
knll biomass should include a measure of total estimated 
biomass for the survey region. This would facilitate 
direct gross comparisons between surveys. Employment 
here of a genenc TS relationship allows our 3 partitioned 
biornass components to be summed to satisfy this 
suggestion. 

Krill distribution 

Given the large predator biomass and diversity of 
predatory species foraging from Bird Island and else- 

where within the western 'box region (Croxall et al. 
1984, Croxall & Prince 1987, Hunt et  al. 1992, Boyd et 
al. 1994), one might expect to observe lower densities 
of krill there than within the eastern box if the flux of 
krill into the 2 areas were equal. The eastern box is 
adjacent to smaller populations of breeding seabirds 
and seals (especially penguins and fur seals; see Boyd 
1993) and lies within the effective foraging range of a 
much reduced predator biomass. Therefore krill within 
the eastern box are  likely to be subject to a reduced 
predation pressure in comparison with those in the 
western box, where krill extraction rates may be 
higher (see Murphy 1995). Although the mean krill 
denslty estimate for the western box is lower than that 
for the eastern box, the high variance associated with 
the western box mean prevents the densities from the 
2 boxes from being statistically separable. The ob- 
served difference in mean krill slze between the 2 
survey regions (mean length eastern box = 29.5 mm, 
western box = 32.0 mm) is unlikely to have been 
caused by prey selection. Studies of krill within pen- 
guin, albatross and fur seal diets (Croxall & Pilcher 
1984. Hill et al. 1996, Reid et  al. 1996) suggest that 
predators preferentially target larger krill: our length- 
frequency estimates however suggest that krill within 
the western box were -2.5 mm larger than those in the 
eastern box. Differences in mean krill size between the 
2 boxes are also unlikely to be  attributable entirely to 
growth achieved in the period between the 2 surveys; 
the required growth rate of -2.5 mm over 1 wk, al- 
though similar to that reported in a krill patch around 
South Georgia (Clarke & Morris 1983), exceeds other 
published growth rates by a factor of -3 (reviewed by 
Quetin et al. 1994). The observed difference in size 
between krill from the 2 regions is possibly an  indica- 
tion that krill within both regions have different geo- 
g r a p h ~ c  origins, or have possibly been resident within 
water masses with differing levels of food availability 
(see Trathan et al. 1993). A number of genetic studies 
have been conducted in attempts to distinguish dis- 
crete popul.ations of ki-ill with different possible geo- 
graphic affinities (for example Ayala et al. 1975, Fe- 
volden & Schneppenheim 1989) but to date, at the 
resolution available with allozyme techniques (see 
Ferguson 1980), no such differentiation has been con- 
clusively detected. 

Interannual variability 

Although krill abundances are  known to fluctuate 
markedly at South Georgia (Heywood et  al. 1985, 
Priddle et al. 1988), a continuous time series of directly 
comparable krill density estimates does not yet exist 
for the region. I t  is therefore difficult to classify esti- 
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mates from a particular year within a quantitative 
framework as being for example 'high', 'low', or 
'normal' Previous acoustic estimates of krill abun- 
dance at  South Georgia range widely, for example 
from 11.7 g m-' for a survey conducted in Novem- 
ber/December 1981 (Murphy et al. 1991) to 95 g m-* 
for a January 1992 survey (Goss & Everson 1996). This 
range includes the value of 59.7 g m-2 re-calculated 
by Trathan et al. (1992, 1995) from data collected 
during the FIBEX survey of the BIOhIASS (Biological 
Investigations of Marine Antarctic Species and Stocks) 
programme in 1981 (Anonymous 1.986), using the cur- 
rent CCAMLR recommended target strength relation- 
ship (CCAMLR 1991, derived from Greene et al. 1991). 
Difficulties arise in attempting to draw direct compar- 
isons either between some of these previous studies, or 
with our current estimates, because of differences in 
survey coverage, design, and in data analysis. Murphy 
et al. (1991) included data from the entire perimeter of 
South Georgia in their analysis and, as with Trathan et 
al. (1992, 1995), assumed that all acoustic targets were 
krill. Goss & Everson (1996), on the other hand, par- 
titioned echo energy, isolating the krill component, but 
based their estimate only on data collected on-shelf. If 
the density estimates for each of the 3 fauna1 classes 
discriminated in the present study are summed (a pos- 
sibility since the same TS was used to calculate the 
biomass for each fraction), then the totals for the east- 
ern and western boxes in January 1996 are 72.7 and 
44.0 g m-' respectively, values which are not disslmllar 
to those recalculated from the 1981 FIBEX data. It is 
generally considered (e.g. Trathan et al. 1995) that 
the FIBEX survey occurred during a year of high krill 
abundance around South Georgia. With reference to 
the abundance estimate for that year it would appear 
that the present (2996) survey also coincided with a 
period of elevated krill abundance. High levels of 
abundance were prevalent at  Elephant Island, also 
within the Atlantic Sector of the Southern Ocean, at  
this time (Hewitt et al. 1996) and our own observations 
of the occurrence of krill swarms at the surface in the 
Polar Frontal region in 1996 also tend to suggest that 
the 1995/96 austral summer season was a season of 
'high' krill abundance. Given current hypotheses on 
factors affecting krill recruitment (Siege1 & Loeb 1995), 
the extended ice distribution during the preceding 
winter might anyway lead to the expectation that the 
3.995/6 austral summer season. would be characterised 
by an elevated krill biomass and by the predominance 
of juvenile krill. Such expectations are supported by 
our net haul data which revealed a predominance of 
small krill at this time. 

Although there are difficulties in making direct com- 
parisons between data from this study and that from 
most previous acoustic surveys at South Georgia, a 

meaningful, direct comparison can be made with a 
1993/4 survey there (Brierley & Watklns 1996). The 
1993/4 survey was conducted within similar regions 
(see Fig. 3b) using the same echo sounder, and re- 
analysis of data from that survey using the same target 
recognition criteria as those used here allows a direct 
comparison to be made The survey carried out in Jan- 
uary 1994 revealed remarkably low levels of krill 
(Brierley & Watkins 1995a, b, 1996), with abundance 
estimates of 1.87 and 7.43 g m-' for the eastern and 
western box equivalent areas respectively (see Table 4). 
Taken together this pair of estimates indicate a greater 
than 20-fold fluctuation in abundance. Such fluctua- 
tions are extreme and, as Heywood et al. (1985) have 
pointed out, are not compatible with a documented life 
span of over 5 yr for a locally maintained population. 
This observation emphasises the importance of trans- 
port processes to krill abundance at South Georgia, 
and in turn the importance of such processes to preda- 
tor performance and to the state of the pelagic marine 
ecosystem at South Georgia in general (Murphy et al. 
1991, Murphy 1995). 

Krill abundance and predator performance 

The 1993/4 krill density estimates are the lowest val- 
ues recorded for South Georgia, and correspond with a 
season of major breeding failure for numerous krill 
predators there (see Br~erley & Watkins 1996, Croxall 
et al. In press a) .  Acoustic surveys provide instanta- 
neous abundance estimates for the period during 
which the surveys were conducted, but it may be 
argued that they reveal little concerning potential vari- 
ations outside that time. Our acoustic estimates of krill 
abundance from both 1994 and 1996 are however sup- 
ported in relative terms by evidence from diet compo- 
sition and breeding performance from a number of 
avian and mammalian species normally dependant 
upon krill for food (see Brierley & Watkins 1996). 
Predator meal contents have been shown to reflect 
regional planktonic resource availability (Bost et al. 
1994), and performance indices from habitual krill 
predators reflect levels of krill availability throughout 
the duration of the breeding season (Croxall et al. 
1988): as such these indices can be considered as a 
meas.ure of krill abundance integrated over time. At 
Bird Island, during the 1993/4 austral summer, at a 
time when acoustic surveys revealed very low levels of 
krill abundance (Brierley & Watkins 1995a, 1996), 
Gentoo penguins achieved only 4 % breeding success, 
amongst the lowest values recorded for the species 
since records began in 1976 (Croxall et al. 1988, Crox- 
all & Rothery 1995). In. 1995/6 breeding success for 
Gentoo penguins was, at 80 "/U, well above the mean for 
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the species (44% over 19 seasons between 1976 and 
1995), indicating favourable levels of krill availability 
(Croxall et  al. in press a) .  Macaroni penguins, which 
target krill preferentially but have the ability to switch 
prey to exploit other zooplankton in years of krill 
absence (Croxall et al. in press b, unpubl.), ha.d a high 
krill content in their diet in 1995/6 (>99";) by mass 
compared to 13% in 1993/4) and produced offspring 
with a fledglng weight of 3.179 kg (n  = 100, SEM ? 

0.04), significantly higher (ANOVA Fl,1ct8 = 22.88, p c 
0.001) than the 2.913 kg (n = 100, SEM + 0.04) achieved 
in 1993/4 (Croxall et  al. unpubl.). The broad similarity 
between data from the different sources therefore sug- 
gests that acoustic estimates can be reliable indicators 
of krill availability around South Georgia on a year to 
year b a s s ,  at least within the summer season, and 
have a value as environmental ~ndicators beyond that 
of an  instantaneous measure. Congruence between 
data from such disparate sources as predator perfor- 
mance and acoustics also serves to highlight the bene- 
fit of integrated studies using multiple approaches to 
assess magnitudes of variation within ecologically and 
commercially important species. 

It seems likely thal the 1993/4 density estimates 
(1.87 and 7.43 g m-') fall towards the extreme low end 
of the potential krill abundance spectrum at South 
Georgia, and are not much greater than the acousti- 
cally detectable minimum (Everson & Miller 1994). As 
our tlme series lengthens it will become possible to 
judge krill abundance in a particular year relative to 
the expected maxima or minima for the region. It 
should then become clear whether our 1995/6 esti- 
mates ( 40.57 and 26.48 g m-2) represent 'high' values 
or are  perhaps 'normal' Predator performance data are 
good at  revealing seasons of poor abundance but, in 
seasons of high abundance, provide little information 
on the amount by which krill abundances may exceed 
dletary requirements (Cairns 1987, Monaghan 1996). 
Acoustic techniques have an inherent minimum detec- 
tion threshold (Everson & Miller 1994) but are able to 
quantify high abundances which are not apparent 
from predator performance data alone because of 
saturation effects. Predator-based and acoustic studies 
are therefore complementary to investigations of vari- 
ations within the pelagic marine ecosystem, and to- 
gether should enable a framework describing the 
magnitude of the expected maximum fluctuation in 
krill abundance at South Georgia to be developed. 
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