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ABSTRACT: Dual frequency (38 and 120 kHz) acoustic surveys of shelf-break regions in the vicinity of 
the Willis Islands, South Georgia, and Coronation Island, South Orkneys, both in the Atlantic sector of 
the Southern Ocean, were carried out from RRS 'James Clark Ross' dunng January 1994. The differ- 
ence in echo signal strength between the 2 frequencies [FMVBS (mean volume backscattering 
strength) = MVBS 120 kHz - MVBS 38 kHzj was used to partition acoustic targets into 3 biological cat- 
egories: Antarctic krill Euphausia superba, nekton (larger than krill) and zooplankton (smaller than 
krill). Krill density estimates were derived for both survey areas, and the relative contribution of each 
class of target to overall regional pelagic biomass determined. Krill distribution in both regions was 
extremely patchy, resulting in a highly skewed frequency distribution of density; for example one echo- 
integration interval contained 104 times the mean krill density. An approximate 6-fold difference in 
mean krill abundance was detected between the 2 areas but, in comparison with previously published 
density estimates, krill densities in both regions were extremely low (1.7 and 10.7 gm-' for Willis and 
Coronation Islands respectively). Gross regional differences in pelagic fauna1 composition were appar- 
ent from inspection of echo charts, and were quantified by detailed analysis of acoustic signals. The 
water column in the vicinity of the Willis lslands was characterised by a series of diffuse but continuous 
scattering layers visible only at 120 kHz, and 73% by mass of acoustic targets in this region were clas- 
sified as zooplankton. In marked contrast, the Coronation Island region was dominated by dense, dis- 
crete acoustic target patches which were classified as larger, nektonic, sound scatterers (fish or squid), 
and only 1 2 %  of targets there were classified as zooplankton Elsewhere, data from predator diet 
analyses carried out at Bird Island, South Georgia, dunng the same season that our acoustic measure- 
ments were made, confirm the profoundly low levels of knll availab~lity there and support the acoustic 
observation that the Willis Islands region contained large numbers of small zooplankton such as the 
amphipod Themisto gaudichaudii. Similarly, available data on analyses of stomach contents of Chin- 
strap penguins nesting in a neighbouring region within an oceanographic setting similar to that of 
Coronation Island reveal the presence of more fish in the diet than usual. Conclusions drawn from 
acoustic observations as to the relative regional composition of pelagic biomass are therefore clearly 
supported by independent evidence gathered from predators, and the value of integrating predator/ 
prey and acoustic studies to characterise the content of localised marine ecosystems is demonstrated. 
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INTRODUCTION 

Abundance of the Antarctic krill, Euphausia superba 
Dana, is known to fluctuate markedly in both space and 
time at a number of scales (Priddle et al. 1988, Siegel 
1988, McClatchie et al. 1994). Notwithstanding these 
scales of variability, the 1993/94 austral summer has 

been reported a s  a season characterised by profound 
knll scarcity around South Georgia, the South Orkney 
Islands and the Antarctic Peninsula (Brierley & Wat- 
kins 1995a, b, CCAMLR 1995, Siegel & Loeb 1995). At 
South Georgia foraging performance and breeding suc- 
cess of a suite of seabird and seal predators usually de- 
pendent on krill was, overall, the worst this decade and,  
for some species, the worst since records began in 1976 
(Croxall et al. 1988, J.  P. Croxall, P. A. Prince & K .  Reid in 
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Fig. 1. (A) Locations of South Georgia, the South Orkneys and 
the South Shetland Islands in the Atlantic sector of the South- 
ern Ocean, with local~sed details of survey grid layouts near 
(B) the Willis Islands on the western tip of South Georgia and 
(C) Coronation Island. Locations of the predator diet sampling 

sites, Bird Island (B) and Signy Island (C), are also shown 

press, unpubl. data). Similar data from Signy Island, 
South Orkneys, indicated that penguin breeding success 
was poor but better than at South Georgia (CCAMLR 
1995, J. P. Croxall & S. Brockington unpubl. data). 

Acoustic techniques have for some time been used to 
estimate krill biomass in the Southern Ocean (FIBEX 
1980, Everson 1983, Everson & Miller 1994, Trathan et 
al. 1995). Inspection of characteristic markings on echo 
charts has facilitated the visual separation of echo 
traces caused by krill targets from those caused by fish 
or zooplankton (for example, Madureira et al. 1993a). 
Furthermore, analysis of data collected concurrently at 
120 and 38 kHz has enabled acoustic signals to be 
attributed to specific target size and species classes on 
the basis of the decibel (dB) difference between signals 
(Madureira et al. 1993b). and has hence provided a 
means for total observed biomass to be partitioned into 
various faunal categories. 

Here dual-frequency acoustic data gathered during 
surveys around the Willis Islands, South Georgia, and 
Coronation Island, South Orkneys, both in the Atlantic 

- Signy Island i I 

sector of the Southern Ocean (see Fig. l ) ,  are analyzed 
in an attempt to characterise the composition of pelagic 
faunal communities, and to quantify the contributions 
of 3 broad faunal size spectra (Antarctic knll, nektonic 
species larger than krill, and zooplankton smaller than 
krill) to overall pelagic biomass at the 2 locations in this 
atypical season. The results of this analysis are further 
discussed in light of observations of breeding success 
and stomach content of a number of habitual krill 
predator species (CCAMLR 1995, J.  P. Croxall et al. 
unpubl. data) which come ashore to reproduce in these 
regions. Various parameters describing breeding suc- 
cess and dietary components of several Antarctic 
mammalian and avian species are regularly monitored 
(Croxall et al. 1988, Croxall 1993) and provide indices 
describing the state of the local marine ecosystem 
(Croxall et al. 1988), including indications of relative 
prey stock abundance (Croxall 1989, Reid & Arnould 
1996), for input into the Ecosystem Monitoring Pro- 
gram of the Commission for the Conservation of 
Antarctic Marine Living Resources (CCAMLR). 
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MATERIALS AND METHODS carried out using a number of purpose-written Gen- 
stat (Payne et  al. 1993) procedures. 

Acoustic surveys. Acoustic surveys were carried out Echo identification. Clearly, even at  times of high 
around the Willis and Coronation Islands from the krill abundance, not all acoustically detected targets in 
RRS 'James Clark Ross' during January 1994 using a the water column will be krill. Madureira et al. (1993a) 
Simrad EK500 scientific echo-sounder and hull- described the use of the difference in mean volun~e 
mounted 38 and 120 kHz transducers. Survey tran- backscattering strength between 120 and 38 kHz 
sects at  both locations encompassed shelf break areas signals (GMVBS = MVBS 120 kHz - MVBS 38 kHz) to 
and a t  each location were surveyed over a continuous distinguish echoes caused by different size classes of 
period incorporating both day and night. Fig. l shows biological scatterers in the Southern Ocean. In a 
the layout of survey transects at the 2 locations and refinement of this technique, incorporating additional 
Table 1 provides information on survey start and end information describing the differences in GMVBS for 3 
times, distance run and overall area covered by each Antarctic macroplankton species (Madureira et  al. 
survey. The Willis Islands survey incorporated both 1993b), the following criteria were used here to parti- 
small- and large-scale grids. The 2 small-scale grids tion acoustic data into 3 biological categories: GMVBS 
were positioned over a sea mount where elevated between 2.5 and 6 dB, Antarctic krill; GMVBS between 
numbers of krill-like targets had been observed dur- 6 and 20 dB, zooplankton smaller than krill; GMVBS 
ing the preceding large-scale survey, and were sur- between -20 and 2.5 dB, nektonic organisms larger 
veyed on consecutive days (24 h between respective than krill. 
start times), providing an  opportunity to investigate Krill length estimation. A number of net hauls were 
the temporal stability of biomass estimation. The sur- taken around the Willis Islands in an  attempt to deter- 
vey around Coronation Island was performed oppor- mine a mean krill length for the region. Nets used were 
tunistically and was implemented with the intention a rectangular midwater trawl (RMT, mouth opening 
of maximising area1 coverage in a short period of 25 m2), a fore-deck frame net (FNET, mouth opening 
time. 1 m2) and a horizontal Antarctic multiple plankton 

Standard-sphere echo-sounder calibrations (Foote et  sampler (HAMPS, mouth opening 2 m'). Constraints 
al. 1987) were carried out before and after the transect on time prevented net sampling at Coronation Island. 
surveys, on 7 January and 17 February respectively, at In order to derive a length estimate for krill around 
Leith Harbour, South Georgia. Coronation Island, all acoustic data from that region 

Mean volume backscattering strength (MVBS) data classified as originating from krill (i.e. where FMVBS 
were collected for both frequencies in 2 m depth hori- was between 2.5 and 6 dB) were analyzed using a n  
zons between 10 and 250 m (depths relative to the trans- algorithm which relates krill length to the difference in 
ducers) at an  echo integration threshold of -100 dB, over signal strength at 120 and 38 kHz (Mitson et al. 1996). 
time periods (integration intervals) typically of 3 min An estimate for the Willis Islands was similarly calcu- 
duration (approximately 1 km) at  the Willis Islands and lated for comparative purposes. 
of 1 min duration (approximately 0.3 km) at  Coronation Target strength (TS). Target strength (dB) is a mea- 
Island. Integrated data were recorded simultaneously sure of the magnitude of the echo returning from a tar- 
over the serial and ethernet ports to PC and UNIX get relative to the strength of the transmitted acoustic 
computing systems respectively. Data were collected signal, and is the factor used to convert observed echo 
with the EK5OO noise margin switched off (Simrad 1992) strength into biomass (MacLennan & Simmonds 1992). 
because of the unquantifiable effect this function has on Target strength varies between species, and within 
the signal passed for processing Background noise species is affected by a number of factors including tar- 
amplified by a time-varied gain (TVG) function, used get size. A common practical measure of size used by 
to con~pensate for increased signal spreading and fisheries biologists is target length, and target strength 
attenuation with increased water 
depth, was removed using the tech- 
nique described by Watkins & Bnerley Table 1. Euphausia superba. Survey start and end times distance run on transect 
(1996) which was implemented via a (length, km), and overall area covered by each survey (km2) in 1994 

series of customised Application Visu- 

ware (Watkins et al. 1995), and was 

alization System modules (Socha et al. 
1996). Further signal post-processing 
was also required to counter the effects 

software encOun- 
tered in version 3.01 of the EK500 soft- 

Survey Start End Length Area 

Willis Islands, large 9 Jan, 11133 10 Jan ,  05:42 254.48 4200 
Willis Islands, small 1 10 Jan,  08:27 10 Jan ,  1357 89.02 170 
Willis Islands, small 2 l l Jan,  09:40 l 1  Jan.  13:37 62.96 130 
Coronation Island 22 Jan,  20.54 23 Jan,  16:17 319.71 7200 
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relationships are often expressed in terms of target 
length (Foote 1987). The currently recommended 
(CCAMLR 1991) TS to length relationship for Antarctic 
krill is that of Greene et al. (1991): 

TS (dB) = -127.45 + 34.85 X loglo length (mm) (1) 

Although, as Fig. 2 illustrates, the TS of an individual 
krill increases rapidly with increasing length, the mean 
volume backscattering strength of a biomass of numer- 
ous krill is much less influenced by variations In 
lengths of the individuals contributing to that biomass. 
As Hewitt & Demer (1993) pointed out, this is because 
the number of krill of a given length required to yield a 
given biomass decreases at approximately the same 
rate at  which the backscattering cross-section of an  
individual krill increases with length. The backscatter- 
ing cross-section ob, is the important physical dimen- 
sion determining the magnitude of an echo returning 
from a target (Clay & Medwin 1977). 

The implication of these relationships is that the tar- 
get strength of a given biomass of krill, say 1 kg, is a 
robust concept little affected by knll length, and this 
measure was consequently used here to determine 
krill biomass values for the 2 study locations. We 
derived a generic krill TS to biomass relationship in 
accordance with Hewitt & Demer (1993) as follows. 
The relationship 

wet mass (g) = 3.85 X 10-6 X length3.2 (mm) (2) 

(Morris et al. 1988) was used to estimate the number of 
individual krill of a given size required to yield 1 kg of 
krill. The MVBS at 120 kHz which would be observed 
if that number of krill per cubic metre were insonified 
was then calculated by rearranging 

density = antilogio [(MVBS 120 kHz - TS)/lO] ( 3 )  

(see MacLennan & Simmonds 1992), using a target 
strength value for each size fraction derived from the 
(CCAMLR 1991) recommended relationship (Greene 
et al. 1991; Eq. 1). Fig. 2 illustrates the product of this 
derivation. Finally a mean value for krill within the size 
range of 25 to 55 mm, a realistic range chosen on the 
basis of numerous years of field experience within 
British Antarctic Survey, was calculated, yielding a tar- 
get strength for 1 kg of krill of -38.77 dB. 

Data analysis. A krill target strength of -38.77 dB 
kg-' was applied to all noise-corrected, -100 dB thresh- 
olded 120 kHz values using a Genstat (Payne et al. 
1993) procedure, converting MVBS into biomass 
(kg m-3) per 2 m depth horizon per reset. These biomass 
values, along with their associated 120 and 38 kHz 
MVBS values, were loaded into an Oracle database. 
This facilitated the subsequent selection of data points 
on the basis of GMVBS, and thus allowed targets to 
be easily partitioned into fauna1 classes using the 
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Fig. 2. Euphausia superba. Relationships between length of 
an individual krill and target strength (TS), and mean volume 
backscattering strength (MVBS] per kg of krill of a given 

length aga~ns t  krill length 

criteria outlined above. All density values (kg m-3) from 
2 m depth horizons within a reset meeting the selection 
criteria were multiplied by 2 to account for horizon 
depth, summed, and the within-reset total multiplied 
by reset length (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 kg m-' (Jolly & Hampton 1990). 

Geostatistical analysis, arguably the most appropri- 
ate statistical technique for determination of biomass 
from acoustic data collected from non-random surveys 
(Simmonds et al. 1992, Petitgas 1993), was attempted 
on the Willis Islands data using the software packages 
EVA (Petitgas & Prampart 1993) and Genstat (Payne et 
al. 1993). The extreme spatial patchiness of target dis- 
tribution however prevented construction of meaning- 
ful variograms, a problem which has previously been 
encountered with Antarctic krill data sets (Murray 
1996). Given such apparently random target distribu- 
tion, it is reasonable to consider that the transects 
steamed were essentially random with reference to the 
underlying spatial distribution of targets (Murray et al. 
1995), and consequently a valid calculation of variance 
can be made even though the transects were essen- 
tially not positioned randomly. The 5 mean transect 
densities from the Willis Islands large-scale grid sur- 
vey were accordingly analyzed following the method 
of Jolly & Hampton (1990), and weighted mean and 
variance estimates were derived. The 7 transects 
comprising the star-shaped survey around Coronation 
Island were also considered as if randomly located. 
Star-shaped designs however suffer from effective 
over-sampling in the vicinity of convergent transect 
lines. To overcome this problem the entire Coronation 
Island krill data set was first subject to analysls of auto- 
correlation using a Genstat (Payne et al. 1993) proce- 
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dure. This analysis revealed that there was no signi- 
ficant autocorrelation of target density distribution be- 
yond 5 lag intervals, i.e. beyond approximately 1.5 km. 
Consequently convergent survey transects were trun- 
cated to prevent transects encroaching beyond a mini- 
mum separation distance of approximately 2.5 km. 
Truncated Coronation Island transects were then simi- 
larly analyzed according to Jolly & Hampton (1990). 

In order to investigate spatial interactions between 
krill and its predators, the Willis Islands small-scale 
surveys were specifically positioned in a region where 
elevated krill densities had been observed previously 
(Hunt et  al. 1992, Veit e t  al. 1993, R. R. Veit pers. 
comm. 1994). Such adaptive surveys are  not random, 
and cannot be considered representative of the region 
as  a whole (MacLennan & Simmonds 1992). However, 
as the 2 small-scale surveys essentially covered the 
same area, they provided an opportunity to investigate 
the effect of temporal variation on biomass estimation. 
Weighted survey means were calculated as for the 2 
large-scale surveys, and a straightforward variance of 
the mean for the 2 small-scale repeat surveys was 
subsequently derived. 

RESULTS 

Examination of the echo charts from the Willis 
Islands grids revealed the presence of occasional 
dense, localised acoustic targets dispersed amongst 
persistent but diffuse scattering layers which were 
detected only at  120 kHz. Such diffuse scattering lay- 
ers were absent over the majority of the Coronation 
Island grid, targets there appearing almost exclusively 
as discrete, dense aggregations visible at both fre- 
quencies. This gross difference in regional acoustic 
character is highlighted by the shift in modal GMVBS 
in the GMVBS frequency distribution within sites 
(Fig. 3).  This shows a larger proportion of data points 
from the Willis Islands surveys falling into the FMVBS 
> 6 dB (zooplankton) range, whereas around Corona- 
tion Island data from relatively more depthheset  cells 
lie within the GMVBS < 2.5 dB (nekton) category. Less 
than 3 %  of all observed echo signal pairs fell outside 
the defined dB ranges used to separate the 3 fauna1 
categories. Target fishing carried out at  several loca- 
tions during the course of the cruise confirmed that the 
GMVBS range 2.5 to 6 dB was appropriate for the seg- 
regation of krill targets. 

Mean lengths of krill retained by each of the 3 nets 
around the Willis Islands are  given in Table 2. Lengths 
calculated using the algorithm of Mitson et  al. (1996) 
for krill in both regions are  given in Table 3. 

Using the derived target strength of -38.77 dB kg-' 
krill, mean krill densities of 1.73 and 10.65 g m-2 were 
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Fig. 3 FMVBS (MVBS 120 kHz - MVBS 38 kHz) frequency 
distributions for acoustic targets at the 2 survey locations. 
Vertical lines mark GMVBS boundaries between the 3 puta- 

tive biological classes of scatterers 

calculated for the Willis and Coronation Islands re- 
spectively. Densities for each class of scatterer a t  each 
location are presented in Table 4. The relative propor- 
tions of the 3 putative biological classes of scatterers at  
each site are presented schematically in Fig. 4.  Bio- 
mass estimates can be attached to the small zooplank- 
ton component a t  each site as the generic target 
strength relationship is likely to approximate a plausi- 
ble TS value for a heterogeneous aggregation of small 

Table 2. Euphausia superba. Mean size of krill retained by 
rectangular midwater trawl (RMT), fore-deck frame net 
(FNET) and horizontal Antarct~c multiple plankton sampler 
(HAMPS) during hauls around the Willis Islands. Numbers in 

parentheses are SE 

Net Mean krill size, (mm) 

R M T  48.07 
(0.42) 

FNET 37.49 
(0.56) 

HAMPS 45.94 
(2.33) 

All pooled 45.48 

Table 3. Euphausia superba. Mean krill length a t  each lo- 
cation calculated using the frequency difference algorithm 

(Mitson et al. 1996) 

Location Calculated krill length (mm) 

Signy Island 35.21 
Willis Islands 35.86 
All pooled 35.53 
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Table 4. Mean transect densities, and weighted survey mean and variance 
estimates for each fauna1 size class at each location 

Survey Transect Length (km) Mean density (g m-2) 
Krill Zooplankton Nekton 

Willis, small 1 

Willis, small 2 

Coronation 

P- - 

Willis, large 1 30.19 
2 56.01 
3 56.73 
4 55.21 
5 56.34 

Weighted mean 
Variance 

1 13.91 
13.08 
15.67 
15.87 

3 14.43 
6 16.05 

Weighted mean 

1 8.98 
7 9.77 

10.63 
4 10.21 
5 9.79 
6 10.46 
7 3.12 

Weighted mean 

1 80.23 
2 30.05 
3 50.44 
4 4 1.47 
5 29.88 
6 33.53 
7 54.12 

Weighted mean 
Variance 

WilIis Islands 

Zooplankron (8.18) 

Coronation Island 

Nekton (23.10) v Zooplankton (4.60) 

Fig. 4. Relative proportions and mean densities (g m-2) of the 
3 putative biological classes of scatterers, krill, zooplankton 

and nekton, at the 2 survey locations 

crustacean zooplankters. In the ab- 
sence of any other appropriate gen- 
eral TS value for the nektonic fraction, 
which was likely to be composed of 
fish with and without swim bladders 
and of various squid species, the 
generic TS value was applied here 
also. Although a 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 ap- 
proach essentially has the effect of 
scaling all backscattering density val- 
ues by a common factor, and could be 
considered in broad terms as portray- 
ing densities in units of equivalent 
krill biomass. 

Separate weighted variance esti- 
mates for the 2 small Willis Islands 
grid surveys are not given since, as 
Jolly & Hampton (1990) point out, a 
valid estimate of sampling variance 
cannot be made if transects are  not 
randomly selected. These 2 grids can 
however be considered as repeat sam- 
ples of a single location and,  on this 
basis, a variance of the mean krill den- 
sity between samples was calculated 
as 6.37 

DISCUSSION 

Initial examination of echo charts from the 2 survey 
regions revealed obvious differences in acoustic char- 
acteristics, the predominance of diffuse 120 kHz scat- 
tering layers at Willis Islands providing the first indi- 
cation of a relatively high proportion of small 
scatterers there (see Figs. 3 & 4). Further detailed 
analysis has confirmed that a marked difference in 
pelagic fauna1 composition and overall total biomass 
existed between the water columns around Willis and  
Coronation Islands at  the time these surveys were 
carried out. Krill densities around Coronation Island 
were of the order of 6 times those observed during the 
large-scale Willls Islands grid, although they appear 
to be more similar to densities observed during the 
small Willis Islands survey grids. These small-scale 
grids were centred over a sea mount, features which 
are  generally associated with higher pelagic biomass 
than that found in the surrounding open ocean 
(Rogers 1994), in a n  area where elevated krill concen- 
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trations have been observed during previous cruises 
(D. R. R. Veit pers, comm.). Krill distributions were 
extremely patchy in both regions, one reset for exam- 
ple containing 100 times the mean krill density for all 
resets. Furthermore one reset on a n  inter-transect link 
of the Willis Islands large-scale grid contained 
104 times the mean density per reset for the transects 
included in the statistical analysis. These data, and all 
other data from inter-transect links, were discarded 
for the purposes of quantitative analysis, as required 
by the method of Jolly & Hampton (1990), but serve to 
emphasise the extremely patchy nature of krill distrib- 
ution and the problems associated with sampling 
mobile resources such as  krill (e.g. Kanda et  al. 1982). 
Such patchiness may perhaps be  particularly marked 
during times of krill scarcity if krill attempt to main- 
tain individual swarm densities, with a consequent 
reduction in the total number of swarms in a given 
area.  Caution should therefore be exercised in inter- 
pretation of perceived regional differences in krill 
densities reported here. 

The problem of geographic variability is com- 
pounded in a mobile resource such as krill by temporal 
variation (see for example McClatchie et al. 1994, Mur- 
ray et  al. 1995). The considerable difference in mean 
krill density estimates between the 2 small Willis 
Islands grids (2.29 and 7.34 g m-'; see Table 4) illus- 
trates this point, although small sample size and the 
associated high between-survey variance estimate 
make it difficult to draw inferences from statistical 
comparisons between times. The phenon~enon of tem- 
poral variation has implications for the development of 
representative and effective survey design and krill 
sampling strategy (see MacLennan & Simmonds 1992). 
A further aspect of temporal variation is die1 vertical 
migration, a behavioral trait which is well documented 
for a large number of zooplankton species (see for 
example Gliwicz 1986) including krill (Godlewska & 
Klusek 1987). Surveys reported here incorporated 
periods of both day and night, and it is therefore 
unlikely that the overall low density estimates 
obtained are solely as a result of bias arising from the 
migration of krill into the acoustically blind upper 
regions of the water column during hours of darkness 
(see Everson 1983, Demer & Hewitt 1995). 

Both the net haul and dB-difference approaches to 
mean krill length estimation taken here are subject to 
potential sources of error. Net selectivity can result in 
catch bias (reviewed by Clutter & Anraku 1968, see 
also Wiebe et  al. 1982, Hovekamp 1989), as is clearly 
demonstrated here for example by the difference in 
mean krill size retained by the FNET and RMT (see 
Table 2). The acoustic approach using the dB-differ- 
ence algorithm (Mitson et  al. 1996) suffers from the 
a priori requirement for preselecting acoustic data 

likely to be  representative of krill. Although it has been 
demonstrated that the algorithm yields size estimates 
for Euphausia superba very similar to those obtained 
from net hauls where accurate target fishing of dis- 
crete swarms has allowed direct comparisons to be  
made (Mitson et al. 1996), in the absence of direct sup- 
port from net hauls, changing the criteria (FMVBS) on 
which echoes are ascribed to krill will inevitably 
change the resultant mean length estimate. The fact 
that at the Willis Islands net and calculated length esti- 
mates differ by approximately 10 mm illustrates the 
problem of obtaining precise length estimates, and 
casts doubt on the accuracy of both methods. A differ- 
ence in individual krill length of 9.6 mm, a s  seen here 
between the mean krill length estimate derived from 
net hauls around the Willis Islands (45.48 mm) and the 
acoustically determined estimate for the same region 
(35.86 mm), would, from Eq. (1) (Greene et  al. 1991), 
result in a TS change of more than 3.6 dB. A TS change 
of this magnitude is equivalent to a change in per- 
ceived target density by a factor of 2.3, and such a dif- 
ference is therefore substantial. The derived generic 
TS relationship however greatly reduces the depen- 
dence of TS on estimates of individual krill length, and 
therefore reduces this potential source of error (Hewitt 
& Demer 1993) to biomass estimation. For example the 
length difference of 9.6 mm outlined above results in a 
change in generic TS of only 0.3 dB, which in turn 
equates to a maximum potential biomass discrepancy 
of only 7 %. The generic target strength allows directly 
comparable biomass estimates to be calculated when 
uncertainties surround target length-frequency distri- 
butions, and also serves to compensate to some extent 
for variations which could result from size heterogene- 
ity between individuals within single krill aggrega- 
tions (Watkins 1986, Watkins et al. 1986, 1990). On this 
occasion the dB-difference algorithm (Mitson et al. 
1996) produced a mean krill length estimate for both 
Willis and Coronation Islands of the order of 35 mm, 
and this provides further justification for using the 
same mean generic krill TS value for both regions. The 
TS per kg value of -38.77 dB is approximately 1 dB 
lower than that previously used by Hewitt & Demer 
(1993). This discrepancy is due  solely to the choice of 
krill wet mass to length relationship. Increasing the TS 
used here by 1 dB to the value advocated by Hewitt & 
Demer (1993) would serve to further decrease per- 
ceived krill biomass (by approximately 25%),  further 
emphasising the paucity of krill in the 1993/94 austral 
summer season. Such an increase would not however 
alter the way in which observed acoustic targets were 
partitioned into their relative fauna1 classes. 

Analysis of acoustic data from the present study 
was made unusually arduous because of a number of 
EK500 software flaws (see Watkins et  al. 1995, Watkins 
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& Brierley 1996). Target identification may have been 
compromised at depths below 100 m (see Watkins & 
Brierley 1996), with some targets yielding SMVBS val- 
ues close to those separating the different classes of 
scatterers perhaps being partitioned erroneously. This 
effect is likely to have been manifested to the same 
degree at each location, and our conclusions on the dif- 
fering relative abundance of target classes between 
sites therefore remain valid. Since the majority of tar- 
gets were observed above 100 m, however, the effect 
of this on assessment of absolute biomass is likely to 
have bccn negligeable. 

Despite the difficulties outlined above, the data 
reported here clearly show that, in comparison to pre- 
viously recorded density estimates (for example 
McClatchie et al. 1994, Trathan & Everson 1994, Mur- 
ray et al. 1995, Trathan et al. 1995; Table 5), krill den- 
sities in both regions were exceptionally low at the 
time these acoustic surveys were undertaken. Further 
evidence for the very low prevailing krill abundance 
during this summer is provided by diet composition 
and levels of breeding success of birds and seals in the 
area. The reproductive performance of selected avian 
and mammalian species is monitored annually at Bird 
Island, South Georgia, and at Signy Island, South 
Orkney Islands, together with annual monitoring of 

Table 5. Euphausia superba. Krill densities observed during this 
previous studies 

Location Krill biomass (g m-') Source 

South Georgia 59.7 1981 survey 
Trathan & Everson (1994) 

South Orkneys 82.8 1981 survey 
Trathan & Everson (1994) 

Elephant Island 11 to 20 1990 survey 
McClatchie e t  al. (1994) 

Bellingshausen Sea 19.6 to 42.0 1992 survey 
Murray et al. (1995) 

Willis Island 1 7 3  This study 

Coronat~on Island 10.65 This study 

predator diet at Bird Island (Croxall et al. 1988). In the 
1993/94 season krill formed only 9% by mass of the 
diet of Gentoo penguins at Bird Island, compared to a 
mean of 61% measured over a 13 season period 
between 1976/77 and 1994/95; in the same season an 
overall breeding success for this penguin species of 
only 4 % was recorded compared to a mean of 42 O/o for 
an 18 season period between 1976/77 and 1994/95 
(see Croxall & Rothery 1995). Antarctic fur seal diet 
contained more fish (and more species) than usual, 
although krill was still prevalent (Reid & Arnould 
1996). However fur seal foraging trip duration was in 
excess of 14 d,  compared to a mean of 4.6 d (data from 
10 seasons between 1983/84 and 1992/93; I .  L. Boyd & 
J. P. Croxall unpubl, data), and pup mortality was, at 
>65%,  the highest ever recorded (10 season mean 
between 1983/84 and 1992/93 = 23%) (Boyd et al. 
1995); surviving pups had the lowest weaning mass 
recorded in 20 yr of data (Boyd & Croxall unpubl. 
data). 

The predator diet analysis at Bird Island has further 
revealed that some predators, such as the Macaroni 
penguin and Antarctic prion, which forage abundantly 
in the region covered by the Willis Islands surveys 
and which under normal circumstances preferentially 
target krill as a food source (Croxall et al. 1988, Liddle 

1994), switched in 1994 to smaller zoo- 
plankters including the amphipod Themisto 

and gaudichaudii and copepod Rhincalanus gigas 
respectively. Acoustic data reported here suggest 
that around the Willis Islands zooplankters of 
this size range were highly abundant (see 
Table 4 & Fig. 4). Themisto gaudichaudii is 
known to have an extremely patchy distri- 
bution (Kane 1966, Atkinson 1990), with den- 
sities on occasion becoming locally very high. 
This species seems to offer a viable food alter- 
native to krill for predator species with the 
ability to exploit it efficiently. For example, 
over an l l season period between 1976/77 and 
1994/95 Macaroni penguin diet comprised a 
mean of 83% krill by mass; Macaroni pen- 
guins achieved a mean breeding success of 

Table 6. A comparison of mean penguin diet composition and breeding success during (a) several seasons (numbers in paren- 
theses) between 1976/77-1994/95, with those observed during (b) 1993/94. Other includes primarily the zooplankter Themisto 

gaudichaudii 

Meal composition % by mass Breeding success % 
Krill Fish Other 

(a) Macaroni penguins 
Gentoo penguins 

(b) Macaroni penguins 
Gentoo penguins 
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47% during this time (over 19 seasons between 
1976/77 and 1994/95, Croxall e t  al. unpubl. data). Dur- 
ing the 1993/94 season however krill comprised only 
13% by mass of the diet of Macaroni penguins, but 
these penguins nevertheless managed a 46% breed- 
ing success because they were able effectively to 
switch to eating Thernisto gaudichaudij and other 
small zooplankton, which in this season made up 71 % 
by mass of their diet (see Table 6). Data from previous 
years of reduced krill in predator diets indicate that 
only Macaroni penguins seem to have the ability to 
effectively target Themisto gaudichaudii, Antarctic fur 
seals and Gentoo penguins tending in contrast to 
switch from krill towards fish. 

At Signy Island, close to Coronation Island (Fig. l ) ,  
monitoring studies have shown that during most 
years Adelie and chinstrap penguins almost exclu- 
sively eat  krill during the breeding season (White & 
Conroy 1975, Lishman 1985, Trivelpiece et. al. 1987). 
Mean breeding successes for these species over the 
period 1976/77 to 1991/92 were 42 and 57% respec- 
tively (Croxall e t  al. 1988, Trathan et  al. 1996). During 
the 1993/94 season breeding success fell to 22% for 
Adelie penguins and to 19% for chinstrap penguins 
(CCAMLR 1995), highlighting the dependence of 
these 2 species upon krill, and supporting acoustic 
observations that krill concentrations in the Corona- 
tion Island region were low. Acoustic data further 
suggested that in the vicinity of Coronation Island, in 
contrast to the Willis Islands, high concentrations of 
small zooplankton did not prevail and that larger 
nektonic scatterers contributed most to regional fau- 
nal biomass (see Table 4 and Fig. 4). This observation 
is supported by the fact that at  Seal Island in the 
South Shetlands (see Fig. l ) ,  the nearest oceano- 
graphically similar location (Gordon & Molinelli 1982) 
from which data are available, predator stomach 
content analyses indicate that in the 1993/94 season 
the proportion of fish in chinstrap penguin diets 
rose from a previous 4 season mean of 0.6 to 9% 
(CCAMLR 1995). 

In the absence of detailed net haul analysis, preda- 
tor diet composition has served as a n  alternate and 
effective sampling tool, providing some independent 
verification of the acoustically determined pelagic 
faunal composition in the vicinity of the Willis and 
Coronation Islands during a season characterised by 
an  extreme paucity of krill. To our knowledge this is 
the first instance that such an integrated approach 
has been used to describe and quantify the relative 
contributions of discrete faunal classes to overall 
pelagic biomass, and the value of integrating preda- 
tor/prey and acoustic studies to describe the composi- 
tion of localised marine ecosystems is clearly demon- 
strated. 
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