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Abstract

Three separate acoustic surveys of Antarctic krill (Euphausia superba) were conducted
around South Georgia in the 2000/01 season: in October 2000 (early-season); during
late December/early January 2000/01 (mid-season), and in March 2001 (late-season).
The surveys were the first in a newly planned five-year series of observations designed
to complement and extend an existing time series regularly maintained by the British
Antarctic Survey since 1996 (and on a more ad hoc basis since the early 1980s). We hoped
that conducting several surveys in one season would provide information on short-term
variability that could be used to set data from more restricted once-per-season ‘snap-shot’
cruises in a broader context. The early- and late-season surveys were associated with
logistic support voyages to South Georgia and were restricted to four transects within a
box to the northwest of South Georgia. The dedicated mid-season survey covered that
box in more detail (twice as many transects) and, in addition, examined boxes to the north,
northeast and southwest of the island. Together these surveys provided temporally and
spatially extensive coverage around South Georgia. Krill density in the western box in
the early-season survey was very low (3.5 g m?) but rose significantly (P = 0.020) by mid-
season (to 34.7 g m?2). In a pattern that is consistent with observations from previous
years, krill density in the western box in the mid-season survey was less than that in the
eastern box (80.4 g m?). Analysis of transect data obtained in the western box in the mid-
season survey revealed no significant difference in the mean krill density derived from
only those four transects surveyed early- and late-season, or from the full eight transects.
Our first occupation of a survey box off the central north coast of South Georgia in mid-
season revealed a krill density of 47.2 g m™ that was intermediate between the eastern
and western areas. The size structure of the krill in the central region also reflected a
mix of those to the east (generally small) and west (generally large). Krill density to
the southwest of South Georgia was 32.1 g m? in mid-season. By March, krill density
in the western survey area had fallen significantly (P = 0.037) from the mid-season high
to 7.8 g m2. Our multiple surveys at South Georgia have revealed major intra-annual
changes in krill density at the island and have shown that the timing of the acoustic survey
can affect significantly the estimate of krill density. The multiple estimates of krill density
will allow reproductive performance indices for top level predators to be compared to
prey availability at more appropriate time-scales than previous single ‘snap-shot” acoustic
survey data have allowed. This is a crucial step in the elucidation of response functions
of dependent species to changes in krill abundance, and could be a useful contribution to
ecosystem management.

Résumé

Trois campagnes d’évaluation acoustique distinctes du krill antarctique (Euphausia superba)
ont été menées autour de la Géorgie du Sud pendant la saison 2000/01 : en octobre 2000
(au début de la saison), fin décembre 2000/ début janvier 2001 (mi-saison) et en mars 2001
(vers la fin de la saison). Ces campagnes étaient les premieres d'une série d’observations
prévue sur cing ans pour compléter et prolonger la série chronologique existante maintenue
régulierement par le British Antarctic Survey depuis 1996 (et de maniere plus ponctuelle
depuis le début des années 80). Nous espérions qu’en menant plusieurs campagnes en
une méme saison, on obtiendrait des informations sur la variabilité a court terme qui
serviraient a élargir le contexte des données provenant de campagnes «instantanées»,
limitées a une par saison. Les campagnes du début et de la fin de la saison faisaient partie
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des campagnes de soutien logistiques en Géorgie du Sud et étaient restreintes a quatre
transects a l'intérieur d’une case, au nord-ouest de la Géorgie du Sud. La campagne de
mi-saison, entierement consacrée a ce projet, couvrait cette case de maniere plus détaillée
(avec deux fois plus de transects) et examinait également des cases au nord, au nord-est
et au sud-ouest de I'lle. Ensemble, ces campagnes d’évaluation ont assuré une couverture
spatio-temporelle étendue autour de la Géorgie du Sud. La densité du krill dans la case
occidentale qui était trés faible (3,5 g m?) lors de la premiére campagne de la saison
avait nettement augmenté (P = 0,020) au milieu de la saison (34,7 g m?). Suivant une
tendance qui coincide avec les observations notées les années précédentes, la densité de
krill pendant la campagne de mi-saison était moins importante dans la case ouest que
dans la case est (80,4 g m?). L'analyse des données des transects obtenues dans la case
occidentale pendant la campagne d’évaluation de mi-saison ne révélait aucune différence
importante dans la densité moyenne du krill dérivée uniquement des quatre transects
évalués au début et a la fin de la saison ou des huit transects. La premiére fois que nous
avons atteint une case de la campagne d’évaluation au large de la cote nord centrale de
la Géorgie du Sud au milieu de la saison, nous avons constaté une densité de krill de
47,2 ¢ m?, soit entre celles des secteurs est et ouest. La structure des tailles du krill dans
la région centrale reflétait également une combinaison de celles de Iest (plutot petites) et
de l'ouest (plutdt grandes). La densité du krill au sud-ouest de la Géorgie du Sud était
de321g m~? en milieu de saison. En mars, la densité du krill dans la zone occidentale de
I’évaluation était fortement tombée (P = 0,037) par rapport a celle de pointe au milieu de la
saison, de 7,8 g m2. Nos campagnes d’évaluation multiples en Géorgie du Sud ont révélé
d’une part d'importants changements de densité de krill et d’autre part, que 1'époque
de la campagne d’évaluation risque d’affecter sérieusement 'estimation de la densité de
krill. Les estimations multiples de la densité de krill permettront une comparaison des
indices du succes de la reproduction des prédateurs supérieurs avec la disponibilité des
proies a des échelles temporelles plus appropriées que celles des données des campagnes
d’évaluation acoustique «instantanées». Pour les espéces dépendantes, cette étape cruciale
dans 1’élucidation des fonctions de réponse aux changements affectant I’abondance du
krill pourrait s’avérer utile pour la gestion de 1’écosysteme.

Pesrome

B ce3one 2000/01 1. B paitone HOxuoi ['eoprum ObUIH TIpoBemeHBI 3 aKyCTHUECCKHE
cheMkn aHTapktudeckoro kpmiast (Euphausia superba): B okxtsbpe 2000 1. (Hauamo
ce30Ha), B KOHIEe nexaOpsi/Hadane ssHBaps 2000/01 1. (cepenuna ce3oHa), U B MapTe
2001 . (xoHen ce3o0Ha). DTO OBUIM MEPBBIE CHEMKH B HEAABHO HAMEUYEHHOHW S-JEeTHEH
cepur HaOIIOJEHUI, KOTOpas JONOJHUT W TPOAODKUT CYIIECTBYIOIMHA BPEMEHHOMN
psn, peryaspHO OOHOBIseMBbId BpuTaHCKOW aHTapKTHYECKOW cheMkod ¢ 1996 1 (u,
Oonee crnopaamyecku, ¢ Hadama 1980-x romoB). MBI HaAesIMCh, YTO BBITOJHEHUE
HECKOJIbKMX ChEMOK B TE€UEHHE OJHOTO CEe30Ha JacT MH(POPMALHUI0 O KPaTKOCPOYHOU
M3MEHYMBOCTH, KOTOpas IMPEAOCTaBUT Oojee MIMPOKHH KOHTEKCT OISl pPacCMOTPEHHS
JaHHBIX, IIOJYYCHHBIX B PE3YJIbTATEC Ooiee OTpaHUYCHHBIX, MNPOBOAAIIMNXCA pa3 B
Ce30H U (PUKCHPYIOINX «MTHOBEHHOE COCTOSIHME» ChbeMOK. CheMKH B Havaje M KOHIE
CE30Ha MPOBOAWINCH BO BPEMs PEiCOB IO MaTepHalbHO-TEXHHYECKOMY OOECIICUCHUIO
IOsxHoii I'eoprun u orpaHn4uBaIuch 4 paspe3amMu B KJIeTKe K ceBepo-3amnany oT FOxHoi
leoprun. CrienpanbHO NMpOBEACHHAS ChEMKa B CEpPEAMHE CE30HA JIydIlle OXBAaTHIIA JTY
KIETKY (B 2 pa3a OoJbIme pa3pe3oB); KpOMe 3TOTo, ObUIH 00CIIETOBAHEI KIIETKH K CEBEpY,
CEBEPO-BOCTOKY U I0T0-3amajly OT OCTpoBa. BMecTe 3TH CheMKH 00ecHeurii XOpouni
BPEMEHHOW M MPOCTPAHCTBEHHBbIM oxBar padoHa OxHou T'eoprum. Ilo pesynasraram
CbEMKH, TPOBEICHHOW B Havaje Ce30Ha, IJIOTHOCTh KPHJIS B 3amajHON KIeTke Oblia
oueHp HU3KOH (3.5 T M2), ofHAKO OHA cyllecTBeHHO Bospociaa (P = 0.020) kx cepeaune
ce3ona (10 34.7 r M2). AHaJOrMYHO HAOMIONEHHAM MPONLIBIX JIET, CheMKa B CepenuHe
ce30Ha BbIsIBUIIA 0OJiee HU3KYIO IUNIOTHOCTh KPHUIIS B 3aIa/IHON KJIETKE M0 CPaBHEHUIO C
BOCTOUYHOH KyeTkoi (80.4 T M2). AHANM3 TIOMyYEHHbIX B 3alajiHON KIETKE B CEpPEIMHE
CE30Ha JAaHHBIX 10 Pa3pe3aM HE BBUIBHMI 3HAYMTEIBHBIX PA3UUUi MEXKILy 3HAUCHHSIMHU
CpeAHel IIIOTHOCTH KPUJIsl, ONy4YEeHHBIMH B Pe3yJIbTaTe MPOBEIEHHS TOIBKO 4 pa3pe3oB
B Hayaje M KOHIIE CEe30Ha, WM Bcex § pas3pe3oB. [lepBrie HaOmroneHHs (B cepenuHe
CE€30Ha) B KIIETKE y IIEHTpa ceBepHOro nmobdepexnst FOxHo# [eoprin BRIABUIN INIOTHOCTD
kpwis B 47.2 T M2 — NPOMEXYTOYHOE 3HAYEHHE MEXTy BOCTOYHBIMU M 3allaJHBIMHU
paiionamu. PasMmepHasi CTpyKTypa KpHisl B IIEHTPAIbHOM palOHE TaKkKe MpPEeACTaBIsuIa
co0ol cMech pa3MepoB K BOCTOKY (B OCHOBHOM MEJIKMH KpWJIb) U 3arnagy (B OCHOBHOM
KpYIHBI Kpunb). B cepeanHe ce3oHa IUIOTHOCTb KpWis K loro-3amaay ot FOxHO
Teopruu cocrasuia 32.1 r M2 K MapTy IIOTHOCTh KPUJIs B 3allaJHOM paioHE CheMKHU
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pe3ko cokparuiack (P = 0.037) mo cpaBHEHHIO C BBICOKMM 3HAYEHHEM B CEpEIUHE
cesoHa (10 7.8 r M2). Hama cepust cheMok y IOsxHO# Teopruu BbIsIBHIIA CYIECTBEHHBIE
BHYTPHUI'OJOBBIC U3BMCHCHHMA B INIOTHOCTHU KPHUJIA B OTOM pa1710He 1 1OKa3ajia, YTO BpEMsA
MpOBEACHUA AKYCTUYCCKHUX CHEMOK MOXET CHUJIBHO MOBJIUATH Ha OLCHKY IJIOTHOCTHU
KpHUJIs. MHoXeCTBEHHbBIE OICHKHU INUIOTHOCTU KpHUJIA TO3BOJAT MPOBECTU CPABHCHUEC
HHACKCOB PEHOPOAYKTHUBHOIO YCIeEXa XWHOIHUKOB C HaJIUYHUEM )106])1111/1, HCIOJIb3Ys
60ﬂee noaxoasamure BPEMCEHHBIC MaCIHTa6I)I, YEeM IIO3BOJISIJIM HAaHHBIC C€IWHUYHBIX
AKYCTHYCCKUX CbEMOK. 3TO — Ba)KHBIH IIar Ha IMMYyTU K IOHUMAaHWIO PCAKINU 3aBUCUMBIX
BUJOB Ha MU3MCHCHUA B YUCICHHOCTU KPWJIA, YTO MOXKCT COHeﬁCTBOBaTL YIpaBJICHUIO
JKOCUCTEMOM.

Resumen

Se realizaron tres prospecciones actsticas separadas de kril antartico (Euphausia superba)
alrededor de Georgia del Sur en la temporada 2000/01: en octubre de 2000 (a principios
de la temporada), a fines de diciembre y comienzos de enero de 2000/01 (mediados de la
temporada) y en marzo de 2001 (a fines de la temporada). Estas prospecciones constituyen
la primera serie de una serie de observaciones de cinco afios de duracién planeadas
recientemente para complementar y ampliar la serie cronolégica existente mantenida
regularmente por el British Antarctic Survey desde 1996 (que desde el comienzo de la
década de los 80 habia sido mantenida irregularmente en la medida que se obtenian
los datos). Se esperaba que varias prospecciones en una temporada proporcionarian
informacién sobre la variabilidad a corto plazo que podria ser utilizada para interpretar los
datos ‘instantaneos’, provenientes de campanas realizadas una sola vez por temporada, en
un contexto mas amplio. La primera y tltima prospeccién de la temporada coincidieron
con campanas de apoyo logistico a Georgia del Sur, y se limitaron a cuatro transectos en
una cuadricula al noroeste de Georgia del Sur. La prospeccién realizada a mediados de
la temporada realizé un muestreo mas extenso de la cuadricula (el doble de transectos) y
ademas examiné las cuadriculas hacia el norte, noreste y suroeste de la isla. En conjunto,
las prospecciones cubrieron una amplia zona en una escala temporal extensa alrededor
de Georgia del Sur. La densidad de kril en la cuadricula del oeste durante la prospeccién
realizada a comienzos de la temporada fue muy baja (3,5 g m?), pero al llegar a mediados
de la estacion se observé un aumento significativo (a 34,7 g m?, (P = 0,020). La densidad
de kril observada en la cuadricula del oeste durante la prospeccién realizada a mediados
de la temporada fue menor que en la cuadricula del este (80,4 g m™) y esta observacion es
congruente con las observaciones de afios anteriores. El analisis de los datos obtenidos
de los transectos de la cuadricula del oeste durante la prospeccién a mediados de
la temporada revel6 que no habia diferencias significativas entre el promedio de las
densidades de kril derivado de los cuatro transectos estudiados a comienzos y a fines de la
temporada y el promedio del total de los ocho transectos. La densidad de kril estimada en
la primera prospeccién de una cuadricula frente a la costa central al norte de Georgia del
Sur a mediados de la temporada corresponde a un valor intermedio (47,2 g m™) entre las
areas este y oeste. La estructura de tallas de las poblaciones de kril en la region central fue
también una mezcla entre las poblaciones del este (por lo general de talla pequefia) y del
oeste (por lo general de talla grande). La densidad de kril hacia el suroeste de Georgia del
Sur fue de 32,1 g m™ a mediados de la temporada. Ya en marzo la densidad de kril en la
zona oeste habia disminuido de manera significativa (a 7,8 g m2, P = 0,037) con relacién al
alto valor observado a mediados de la temporada. Las prospecciones multiples que hemos
realizado en Georgia del Sur han demostrado que en el transcurso del afio se observa una
gran variabilidad en la densidad de kril alrededor de la isla y que la fecha escogida para
llevar a cabo las prospecciones actisticas puede afectar significativamente las estimaciones
de la densidad de kril. Las estimaciones multiples de la densidad de kril permitiran la
comparacién de los indices del rendimiento reproductivo de los depredadores situados
en el extremo superior de la cadena tréfica, con la disponibilidad de la presa en escalas
temporales més apropiadas que las estimaciones proporcionadas por datos ‘instantaneos’
obtenidos de una sola prospeccién actstica. Esta comparacion es esencial para modelar
la respuesta de las especies dependientes a los cambios de la abundancia del kril, y podria
ayudar en la ordenacién del ecosistema.

Keywords: acoustic survey, variability, Antarctic krill, abundance, South Georgia, CCAMLR
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INTRODUCTION

The British Antarctic Survey (BAS) has con-
ducted annual acoustic surveys off the northern
coast of South Georgia along a standard series of
transects regularly since 1996 (see Brierley et al.,
1997). Surveys have also been carried out at the
island prior to this, but on a more ad hoc basis (see
Brierley et al., 1999 for a summary of all surveys).
In order to maintain the time series of acoustic
estimates of krill density (and other associated bio-
logical and oceanographic datasets), a new series
of surveys was planned for the five years 2000/01
to 2004/05.

Surveys in previous years have generally
been restricted to a single, month-long period
in the austral summer, providing a single ‘snap-
shot” estimate of krill density. Concern has been
voiced, however, that such assessments reveal
nothing of intra-annual variability in krill density
(McClatchie et al., 1994) and, as a consequence,
apparent interannual variability (e.g. Brierley et
al., 1999) may simply reflect aliasing of shorter-
term fluctuations. Furthermore, an objective of
the acoustic surveys has been to provide data on
krill abundance to link with the performance of
various predator species, some of which breed
ashore at Bird Island but forage for krill, sometimes
quite widely, in the waters off South Georgia. The
period of increased demand for krill from land-
based predators is longer than the duration of
previous ship surveys: the breeding season for
fur seals and macaroni penguins typically covers
the period from November to March. Given this
mismatch in the temporal scales of sampling,
it has proved difficult to elucidate the detailed
nature of functional responses between predator
performance and krill abundance. Data on the
condition of mackerel icefish suggest some rapid
changes in krill abundance (see Everson and Kock,
2001). A change in the krill survey strategy for
the new five-year series addresses these temporal
shortcomings by including surveys at the very
beginning and end of the field season (October
and March) in addition to the main effort in
December—January. A second change extends the
geographic area of coverage, particularly into the
central north coast of South Georgia, in an effort
to try to expose mechanisms of krill flux along
the island’s north coast (cf. Watkins et al., 1999;
Brandon et al., 1999, 2000). No extra ship time was
available to accommodate these survey extensions
and so sampling intensity had to be reduced in the
early- and late-season surveys. This paper outlines
the new sampling design and reports the results
of surveys conducted in the first year (2000/01)
of the new series, commenting additionally on the
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consequences of reduced sampling effort in the
early and late surveys for comparison with the
mid-season survey.

MATERIALS AND METHODS

All acoustic surveys were conducted by the
RRS James Clark Ross using a Simrad EK500 scien-
tific echosounder operating hull-mounted 38, 120
and 200 kHz transducers. The echosounder was
calibrated using standard targets at Stromness Bay,
South Georgia, on 24 December 2000.

The surveys were conducted in three phases:
first in October 2000 in association with a logistic
voyage to supply BAS bases at Bird Island and
King Edward Point, second during a dedicated
research cruise in December 2000-January 2001,
and third during March 2001 in association with
the final logistic call at South Georgia before the
onset of winter.

SURVEY DESIGN

The survey design, adapted from that used
by or for BAS between 1996 and 2000 (Brierley
et al., 1997), had the dual objectives of providing
data to continue our existing time series and ex-
tending within-year coverage both spatially and
temporally. No more ship time was available than
in previous years and so survey effort had to be
reduced. Analysis of krill density data by transect
from previous surveys revealed that a minimum
of four transects would have to be surveyed in
a 100 km survey area in order to attain stability
in sampling variance (see Brierley et al., 1999),
and that acceptable survey precision could be ob-
tained from only four transects per survey box.
Geostatistical analysis of krill density distribution
within the east and west survey boxes suggested
that semivariance reached a plateau at a range
of less than 10 km. Since our original transects
were spaced more than 10 km apart, relationships
between data points from neighbouring transects
in our original survey design would not have con-
tributed to the important range-dependent compo-
nent of the variogram. We concluded that transect
spacing for the new survey could be extended
without suffering loss of between-transect spa-
tial information as compared to the original
design. In order to facilitate continued time series
comparisons of some individual transect means,
we chose to retain every other of the 10 transects
from the original pre-2000 design (see Brierley et
al., 1997 for details of that original design).
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Figure 1: South Georgia and the 200 m (grey) and 1 000 m (black) depth contours, showing the bounds of the

2000-2005 survey areas (black boxes) and transects (black). The bounds of the 1996-2000 boxes (thin
lines) and transects that are not surveyed under the new survey strategy (grey) are also shown.

Having decided on survey intensity, we then
redefined our survey areas. The western box was
extended westwards by 33.33 km to include a
region where fur seals are now known to forage
(e.g. Boyd et al., 1998). The on/off shelf dimension
was left unaltered, and all transects were nominally
80 km long. Two new transects were laid down
using the same two-stage randomisation process
that had been used to place the original transects
(Brierley et al., 1997). The new western survey
box became 133.33 km wide with eight transects,
a mean transect effort of one per 16.66 km survey
box width. The eastern survey box was altered in
two ways. First, the original western-most tran-
sect was doubled in length from 80 to 160 km,
running further offshore down the centre of a
canyon. Stations were placed at 10 km intervals
along this long transect, with the intention of
conducting full-depth CTDs that would provide
data to reveal the location of the Southern Antarctic
Circumpolar Current Front (SACCF). This front is
believed to be an important component of the
mechanism transporting krill to South Georgia
(see Hofmann et al., 1998; Thorpe et al., in press),
and annual variations in the position of the front
could contribute towards annual variation in
krill abundance. Second, the eastern boundary of
the eastern box was moved westwards by
16.66 km (reducing the box width from 100 km

to 83.33 km) such that the five transects we were
to run would also be at a mean density of one
per 16.66 km. A new central box containing four
transect pairs (width = 4 x 16.66 = 66.66 km) was
defined to run perpendicular to the shelf break,
with its southern boundary midway between the
western and eastern boxes. A southern survey box
was defined to the south of Bird Island, again to
facilitate investigation of an area where fur seals
were believed to forage, by transposing the central
box 105 km south and 100 km west (in geometric
space). The southern box also contained four tran-
sects, the locations of which were set by the two-
stage randomisation process. The locations of the
new and pre-2000 survey boxes and transects are
shown in Figure 1.

The early- and late-season surveys were de-
signed to take just 48 hours on site, capitalising
on voyages to the island that were primarily for
logistic purposes. These surveys sampled every
other transect of the main-survey western box grid,
progressing sequentially eastwards from transect 1
to 7, sampling two transects per day.

All transects were run in daylight hours because
of the known impact of vertical migration and
change in the angle of krill orientation on acoustic
surveys (Everson, 1982; Demer and Hewitt, 1995).
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With the exception of the long transect in the
eastern box, which, with associated stations, took
more than 48 hours out and back, the intention
was to survey two transects per day starting in the
western box and moving from west to east against
the prevailing ocean currents.

Acoustic Sampling

Pings were transmitted every 2.5 s along tran-
sects (nominal survey speed — 10 knots) and echoes
were logged ping by ping to Echolog_EK. Data
were calibration corrected in Echoview. Krill were
identified on the basis of dB difference (Sy, 120 kHz
to Sy 38 kHz between 2 and 12 dB) (Watkins and
Brierley, in press) within integration bins 2 m deep
by 100 s horizontal extent (approximately 0.5 km at
a survey speed of 10 knots) using the virtual echo-
gram cascade developed for analysis of acoustic
data from the CCAMLR 2000 Krill Synoptic Survey
of Area 48.

Krill Length-frequency Estimation

Krill were obtained using an RMT-8 during the
mid-season survey; krill target strength (TS) for
each survey area was calculated in dB kg (see
Brierley and Watkins, 1996) on the basis of the mean
length of 100 krill from each net fished within each
area. TS was calculated in terms of dB kg™! because
of the relative insensitivity of this expression to
errors in krill length estimation (Hewitt and
Demer, 1993). The intention had been to sample
krill using a surface net during the early- and late-
season surveys. Bad weather, however, prevented
any net sampling during the early-season survey,
and TS was derived from the length of krill in the
diet of Antarctic fur seals at Bird Island (Reid and
Arnould, 1996; Reid and Brierley, 2001). Predator
data were also used to determine TS for the late-
season survey.

Data Analysis

To determine mean along-transect krill densities,
120 kHz Sy values, identified as originating from
krill targets, were scaled by TS. Transect-specific
mean krill densities were averaged within survey
areas to determine weighted mean krill densities
(and weighted variances) after Jolly and Hampton
(1990).

In order to identify any significant between-
survey differences in mean krill density, t-tests
were carried out between groups of individual
transect means from the western survey area from
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the early-, mid- and late-season surveys. In addi-
tion, t-tests were used to compare the mean krill
density in the mid-season western survey box
derived from all eight transects with the mean for
the same area at the same time derived from only
those four transects that were covered in the early-
and late-season surveys.

RESULTS

Both the early- and mid-season surveys were
beset by periods of very bad weather. The early-
season survey had to be completed over a period of
three days rather than the planned two, and during
the mid-season survey the boxes were tackled in
the following order: east, west, central, south as
opposed to the planned west, central, east, south.
With the exception of one transect in the south-
ern box (the planned eastern most), however, all
transects were completed. The late-season sur-
vey was completed to schedule in the planned
sequence.

The EK500 was calibrated at Stromness Bay on
24 December 2000 (during the mid-season survey)
using standard spheres. Calibration data are given
in Table 1.

Mean krill lengths from net and predator
samples and the associated TS values are given in
Table 2.

Transect lengths achieved and mean krill densi-
ties for each transect are given in Table 3.

Weighted mean krill densities (and their vari-
ances) are given for each survey in Table 4.

For the mid-season survey, the mean krill
density in the western survey box determined from
all eight transects was not significantly different
from the mean determined from just those four
transects surveyed in the early- and late-season
surveys (t-test, P = 0.58). A significant difference
was, however, detected between the western box
early- (3.5 g m?) and mid-season (34.7 g m) sur-
veys (P = 0.020). By the time of the late-season
survey krill density had fallen significantly (P =
0.037) from the mid-season level to just 7.8 g m™2.

In addition to the significant temporal dif-
ferences in krill density within the western survey
area, substantial differences in krill density were
apparent regionally around South Georgia. Of
particular note is the difference in density between
east and west South Georgia, the east being sub-
stantially higher.
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Table 1:  Calibration results.
Frequency Gain Survey Value Calibrated Value
(kHz) (dB) (dB)
38 S, 25.49 25.59
38 TS 25.6 25.33
120 S, 20.26 20.32
120 TS 20.26 20.32
200 S, 22.78 22.71
200 TS 23.07 22.74

Krill lengths and target strengths. Suffix ‘preds’ denotes data from

predators, nets’ denotes data from scientific nets. “TSc preds’ denotes
TS determined from predators with a correction applied for net
selectivity (Reid and Brierley, 2001).

Box, Survey Mean Krill Length TS, dB kg
(mm) (% Difference using TSc preds cf. nets)
West, early 47.5 preds -38.57 TSc preds
West, mid 45.7 nets, 49.4 preds -38.59 nets, -38.52 TSc preds (-1.6%)
Central, mid 35.8 nets -38.89 nets
East, mid 32.3 nets -39.02 nets
South, mid 41.3 nets -38.71 nets
West, late 46.7 preds -38.61 TSc preds
Table 3:  Transect lengths and associated krill densities for all 2000/01 survey transects.
Survey Box Transect Date Length Mean Kirill Density
(k) (3m7)
Early West W11 28 Dec 2000 80.54 2.53
West W21 29 Dec 2000 81.49 0.70
West W31 30 Dec 2000 76.26 10.52
West W41 30 Dec 2000 81.50 0.61
Mid West W11 2 Jan 2001 80.8 43.81
West W12 2 Jan 2001 80.41 31.85
West W21 3 Jan 2001 80.70 100.69
West W22 3Jan 2001 81.26 27.81
West W31 4 Jan 2001 74.04 37.61
West W32 4 Jan 2001 79.43 7.33
West W41 5 Jan 2001 80.60 23.13
West W42 5 Jan 2001 81.39 5.66
Central Cl11 6 Jan 2001 80.41 72.83
Central C12 6 Jan 2001 80.36 54.52
Central C21 7 Jan 2001 80.11 48.36
Central Cc22 7 Jan 2001 80.46 13.10
East E1l 26 Dec 2000 80.00 82.63
East E21 30 Dec 2000 83.28 206.98
East E22 30 Dec 2000 74.61 7.32
East E31 31 Dec 2000 80.49 32.22
East E32 31 Dec 2000 82.46 63.59
South S12 8 Jan 2001 80.78 71.95
South S21 9 Jan 2001 80.35 19.66
South S22 9 Jan 2001 80.66 4.70
Late West W11 18 Mar 2001 80.91 1.60
West W21 18 Mar 2001 80.47 6.56
West W31 19 Mar 2001 79.78 10.43
West W41 19 Mar 2001 80.73 12.48
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Table 4:  Mean krill density, variance and CV for each box in each survey.
Survey Box Dimensions No. Mean Density Variance Ccv
(km) Transects (gm?) (%)
Early West 133.33 x 80 4 3.5 52 65.6
Mid West 133.33 x 80 8 34.7 113.5 30.7
Mid West 133.33 x 80 4 51.6 299.2 33.5
Mid Central 66.66 x 80 4 47.2 156.6 26.5
Mid East 88.33 x 80 5 80.4 1228.0 43.6
Mid South 66.66 x 80 3 32.1 416.8 63.6
Late West 133.33 x 80 4 7.8 27.9 68.1
DISCUSSION survey in 2000/01 show that mean krill density was

The fact that no significant difference was appa-
rent between the mean krill densities determined
for the mid-season survey using the full eight
transects or just the four surveyed at each end of
the season provides reassurance that meaningful
data can be obtained from reduced survey effort.
Brierley et al. (1999) have shown previously that
just four transects are required to obtain mean krill
densities representative of those obtained from
10 or more survey transects in the South Georgia
region, and this study further supports that
observation. Clearly, survey precision is reduced
with reduced survey effort and, from a mapping
point of view, the fact that transect spacing was
approximately halved for the early- and late-season
surveys compared to the mid-season survey means
that we know less about the distribution of krill
within the survey area at these times. However, in
this instance mapping was not the priority and the
surveys have achieved their objectives of gathering
robust krill density data for describing intra-annual
abundance variability. These surveys together will
also provide valuable data for the season-wide
interpretation of predator performance in response
to changing prey availability.

The mean krill density in the western survey
box determined from the early-season survey was
exceptionally low. The upper 95% confidence limit
of the mean krill density for this survey was only
8.0 g m?2. Brierley et al. (1999) suggested that if
this upper 95% confidence limit fell below about
15 g m™ in any year, that year could be considered
one of ‘unusually low” krill abundance, in which
predator performance might be expected to be
significantly reduced. The 15 g m? threshold
was set on the basis of krill density data from
single annual acoustic surveys and illustrates the
problem of attempting to relate instantaneous
measures of krill density from acoustic surveys
with predator performance indices that effectively
integrate measures of krill availability over an en-
tire breeding season: data from our mid-season
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34.7 g m?, with the upper 95% confidence limit
above 55 g m?2.  Clearly the mid-season survey
does not suggest unusually low krill abundance,
whereas the early-season survey does. This pattern
of an early-season low krill density followed by a
later-season high was also observed on the only
other recent occasion when two acoustic surveys
were conducted at South Georgia in the same
season. In October 1997 an acoustic survey to the
west of the island revealed a mean krill density of
just 5 g m; a repeat survey in January 1998 found
over 21 g m? (see Brierley et al., 1999). At the
Antarctic Peninsula there is a recognised seasonal
change in distribution — and hence regionally in
biomass - as adult krill migrate on/off shore in
summer/winter (Lascara et al., 1999). Although
we have no evidence to support the presence of
this mechanism at South Georgia, this or another
type of migration process could have a significant
temporal effect on the South Georgia marine
ecosystem and warrants further study. Reid et
al. (1999) have suggested that immigration is
the major factor contributing to variation in krill
abundance at South Georgia; if this immigration
is pulsed, perhaps with small, young krill arriving
at the island at a reasonably consistent time each
year, then knowledge of the timing of this pulse
would be vital for ecosystem management (e.g.
Everson, 1992), for example regulating the timing
of fishing effort in order to minimise the impact
on dependant predators. Furthermore, for the first
time we are able to present a third krill density
estimate for the same season at South Georgia. Our
late-season estimate for the western survey area is
significantly less than the estimate for the same area
mid-season. This perhaps provides evidence for a
depletion of krill by predators throughout the peak
of the summer breeding season; by the time of our
late-season survey it is possible that the majority
of the krill that migrated to the island between the
early- and mid-season surveys have been eaten.
Whatever the mechanism, however, it is important
that intra-annual change in krill abundance at
South Georgia be recognised. Time series of krill
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abundance may suggest more variability than
actually exists because of temporal aliasing. Sur-
vey timing is an important contributory factor
for the calculation of the proportion (y) of the
acoustic estimate of krill abundance that can be
caught each year (de la Mare, 1996); if results from
acoustic surveys at South Georgia are to be used to
determine the amounts of krill that can be caught
there, then a consistent approach to survey timing
must be adopted.

During the mid-season survey, the pattern of
a higher krill density in the east than in the west
follows previous observations: from the seven
previous surveys where estimates of krill density
are available from east and west of the island, five
have been higher in the east; the two seasons where
density was higher in the west were seasons of
generally low overall krill abundance. The relative
size distributions of krill observed mid-season
in the western and eastern survey areas are also
similar to previous surveys (Watkins et al., 1999),
with smaller animals in the east and larger in the
west. The additional new observation here in the
central region revealed an intermediate density and
intermediate krill length. This is consistent with
the developing hypothesis that krill arrive at South
Georgia predominantly by a route that introduces
them first to the eastern end of the island, and
that they are transported westwards along the
northern coast, growing as they do so and suffering
mortality, either from increased predator pressure
or other means, the further west they go, explaining
the reduced density. It has been hypothesised that
the influx of krill to South Georgia is mediated by
the Southern Antarctic Circumpolar Current Front
(SACCEF) (see, for example, Thorpe et al., in press).
Further exploration of this hypothesis is beyond
the scope of this paper, but suffice it to say that in
the extended transect running 160 km offshore in
the western survey box (positioned precisely with
the objective of locating the SACCF) we observed
elevated krill densities in association with the
front.

In conclusion, the series of surveys described
here have enabled us to gain further insight into
temporal and spatial patterns of krill distribution
around South Georgia. The early- and late-season
voyages of opportunity have proved to be very
informative, opening a previously unavailable
window of observation on short-term variability
in the South Georgia marine ecosystem. Short-
term variability in krill abundance has been
described elsewhere in the Antarctic (e.g. at
Elephant Island, see McClatchie et al., 1994) but
has, until these voyages, gone largely unobserved
at South Georgia. Such voyages of opportunity, in

conjunction with novel sampling approaches such
as the use of predator diet data to provide krill
target strength, allow valuable data to be collected
with minimal effort (i.e. no netting required; TS
can be determined from predators with minimal
error (maximum 1.6% error here)). These data
can contribute much to our understanding of
ecosystem function at a number of trophic levels,
and developing understanding of within-season
changes should, for example, enable functional
responses of predators to fluctuations in their prey
availability to be elucidated. Given the isolated
location of South Georgia and levels of shipping
there, it seems improbable that any finer-scale
temporal resolution than that reported here will be
achieved from ship surveys at the island. We have,
however, recently secured funding to develop and
deploy moorings on- and off-shelf at the island.
These moorings will be equipped with dual-
frequency echosounders and acoustic Doppler
current profilers enabling ‘virtual” acoustic survey
transects to be surveyed at very fine temporal
resolution (possibly daily). The moorings are also
to be equipped with conductivity temperature
depth probes and may make it possible for us to
associate short-term changes in krill abundance
with short-term oceanographic changes, such as
changes in the positions of fronts. Daily estimates
of krill abundance will also enable high-frequency
comparisons of predator performance and prey
availability.

CONCLUSIONS

Multiple acoustic surveys at South Georgia
have revealed major intra-annual changes in krill
density at the island and have shown that the
timing of acoustic surveys can significantly affect
the estimate of krill density.

The resulting multiple estimates of krill density
will allow indices of reproductive performance
of top level predators to be compared to prey
availability at more appropriate time-scales than
previous single ‘snap-shot’ acoustic survey data
have allowed. This is a crucial step in the eluci-
dation of response functions of dependent species
to changes in krill abundance, and could be a useful
contribution to ecosystem management.

Future comparisons of krill density with
prevailing oceanographic conditions, such as the
position of the SACCF, may reveal mechanisms
responsible for variation in krill abundance at
South Georgia.
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Liste des tableaux
Résultats de I'étalonnage.
Longueurs et réponses acoustiques du krill. «Preds» indique que les données proviennent des prédateurs,
«nets» qu’elles proviennent des filets scientifiques. «TSc preds» indique la réponse acoustique des

prédateurs avec un facteur de correction appliqué a I'égard de la sélectivité des filets (Reid et Brierley,
2001).

Longueurs des transects et densités correspondantes du krill pour tous les transects des campagnes
d’évaluation 2000/01.

Densité moyenne du krill, variance et CV pour chaque case par campagne d’évaluation.

Liste des figures
Géorgie du Sud et profils bathymétriques de 200 m (en gris) et 1 000 m (en noir) illustrant les limites
des zones d’évaluation (cases noires) et les transects (en noir) des campagnes de 2000-2005. Les limites
des cases (traits fins) et des transects 1996-2000 qui ne sont pas évalués selon la nouvelle stratégie de
campagne d’évaluation (en gris) sont également indiquées.

Crcok Tabmm
Pesynbrarel KamnOpOBKH.
IToka3zarenu CHIIbI LIENX U JUTMHBI KpWIs. ‘preds’ — JaHHBIC UCCIICIOBAHUI XUIIHUKOB, ‘nets’ — JaHHBIC
Hay4HbIX Tpanenui, ‘TSc preds’ — TS, ompeneneHHas MO JaHHBIM HCCIENOBAaHUN XHUIIHUKOB C
rorpaBKoii Ha ceneKTHBHOCTH ceTH (Reid and Brierley, 2001).

JniHa pa3pes3oB U COOTBETCTBYIOIIAS IFIOTHOCTH KPWJIS U BCEX ChEMOYHBIX pa3pe3oB B 2000/01 .

CpenHsist IOTHOCTH Kpwis, auctiepcust u CV ist KaKJI0N KIETKU KaXJI0H ChbeMKH.

CIMcoK PHCYHKOB

Oxnas 'eoprust u n3o06arsr 200 M (ceprie) u 1000 M (depHBIe); MOKa3aHbI TPAHUIEI PAOHOB CHEMOK
2000-2005 rr. (uepHble KBaaparbl) U paspesbl (uepHble). Tawoke mokazanbl rpanuibl 1996-2000 rr.
— KJIETKH (TOHKHE JIMHMH) M pa3pe3bl, HE MOIJICIKAIUE HCCICIOBAaHHIO B COOTBETCTBUU C HOBOH
CTpareruei IpoBeeHNsI CheMOK (ITOKA3aHbI CEPhIM).

Lista de las tablas

Resultados de la calibracién.

Tallas de kril y potencias del blanco. El sufijo ‘preds’ denota los datos sobre depredadores, ‘nets’ se
refiere a los datos obtenidos de redes de muestreo cientifico. “TSc preds’ denota los valores de potencia
del blanco de los depredadores corregidos para compensar por la selectividad de la red (Reid y Brierley,
2001).
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Largo de los transectos y densidades de kril correspondientes a todos los transectos de las prospecciones
realizadas en 2000/01.

Densidad promedio de kril, varianza y CV por cuadricula de cada prospeccién.

Lista de las figuras

Isébatas de 200 m (gris) y de 1000 m (negro) en Georgia del Sur, mostrando los limites de las areas
(cuadriculas negras) y los transectos (negro) estudiadas durante las prospecciones en 2000-2005.
También se muestran los limites de las cuadriculas de las prospecciones realizadas en 1996-2000 (linea
delgada) y los transectos que no serdn muestreados en las nuevas prospecciones (gris).



