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Abstract

A composite recruitment index based on density data derived from acoustic surveys
and on length-frequency data obtained from either target or station net hauls is
described. This composite index is compared with an index where density and length
data are derived from standard station net hauls only. Comparison of these indices
showed substantial differences, due in part to bias arising from a large number of krill
in just one of the station net hauls. Therefore, when the number of station net hauls is
limited, bias is likely to be reduced if target net haul data can be included by using the
composite recruitment index. This index is used to describe the population structure of
krill around South Georgia during seven cruises between 1989 and 1998. Before 1994
the number of 1+ krill found around South Georgia was very low (proportion of 1+ krill
<7%), while between 1994 and 1998 the number of 1+ krill found in the population
increased with a very successful recruitment year due to krill spawned in 1994/95.

Résumé

Description d’un indice composite de recrutement fondé sur les données de densité
dérivées de campagnes d’évaluation acoustique et sur les données de fréquence de
longueurs obtenues a partir de chalutages ciblés ou effectués aux stations. L’indice
composite est comparé a un indice pour lequel les données de densité et de longueurs
sont dérivées uniquement de chalutages standard effectués aux stations. Cette
comparaison met en évidence des différences importantes, dues en partie au biais
provoqué par le grand nombre d’individus de krill dans 1'un des chalutages effectués
aux stations. Ainsi, lorsque le nombre de stations de chalutages est limité, le biais est
susceptible d’étre réduit si les données de chalutages ciblés peuvent étre incluses en
utilisant l'indice composite de recrutement. Cet indice sert & décrire la démographie du
krill autour de la Géorgie du Sud lors de sept croisiéres menées entre 1989 et 1998.
Avant 1994, le nombre d'individus de krill d'dge 1+ trouvés autour de la Géorgie du
Sud était tres faible (proportion de krill d’age 1+ <7%), alors qu’entre 1994 et 1998, il a
augmenté dans la population, et grace au krill pondu en 1994/95, on a vu une année de
recrutement particulierement réussie.

Pesrome

PaccMmarpuBaeMblil B CTaTbe KOMIJIEKCHBIT MHIEKC MONOJIHEHNS! OCHOBAaH HA JaHHBIX
110 TLJTOTHOCTH, NOJIYUEHHBIX 10 aKYCTHUECKUM CheMKaM, ¥ Ha JAHHBIX MO YaCTOTHOMY
pacHpenesIeHIIO UTHH, HOJIYYEHHBIX B Pe3yJ/IbTare UCJICBOr0 TPAICHIS WM TPaJICHHs
no craHuusiM. [IpoBOIUTCST cpaBHEHHE TOr0 KOMILIEKCHONO MHAECKCA C HHICKCOM,
rjie JaHHBIC MO IUIOTHOCTH M [IJIMHE MOJIYYEHBl TOJIBKO B PE3YJIbTATe TPAJICHHH MO
CTAaHAAPTHBHM cTaHuuaM. CpaBHEHHE BHISBHAO CYHISCTBEHHBIE PAZIIHUNA, OTUYACTH W3-
3a CMEIMICHUS OLEHKH, BO3HUKIIErOo NpH OOJIBILOM YJIOBE KPHJIS TOJIBKO 3a OIHO
TpajieHue Ha cTaHmuu. Takum o0pa3oM, KOrja YUCJ0 TPAJCHUH HA CTAHUMIX
OrPaHUYEHO, CMEIICHAE MOXHO YMEHBIUHTh 33 CUeT BKJIHOYEHHS JaHHBIX I1€JIEBBIX
TpaJjicHUH, HCHOAB3YA KOMIJIEKCHBII MHAEKC NONOJIHEHMS. ODTOT UHOEKC
HCHOJIb3YeTCs J1J1 OMHCAHUSL CTPYKTYPBI NOMyJIsiiud Kpuiisa okoso FOxHolt I'eoprun
B0 BpeMs 7 peiicos, nposeneHHBIX ¢ 1989 mo 1998 r. [lo 1994 r. xomuecTBO KpuJid
rogororo knacca 1+ y FOxnoit I'eopriu 0b110 ouenb vuzkum (1osis kpuiist 1+ <7%),
¢ 1994 no 1998 r. KosHYECTBO KPHJIT TOLOBOTO KJlacca 1+ B HOMYJISIUN YBEJTUYNIIOCE
B Pe3yJIbTaTe OUeHb YCIIEUTHOrO MOMOJHEHUS KPUJIst 3a cueT Hepecta 1994/95 r.
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Resumen

Este trabajo presenta un indice compuesto del reclutamiento basado en los datos de
densidad de las prospecciones actisticas y en los datos de frecuencia de tallas de
arrastres dirigidos o de estaciones. A continuacién se hace una comparacién de este
indice con uno para el cual los datos de densidad y tallas se estiman de los arrastres de
estaciones solamente. Dicha comparacién mostré grandes diferencias debidas en parte
al sesgo producido por la gran cantidad de kril encontrado en una estacién de arrastre
en particular. Por lo tanto, cuando haya un limitado nimero de estaciones de arrastre,
el sesgo se puede reducir incluyendo los datos de arrastres dirigidos utilizando el indice
compuesto del reclutamiento. Este indice se utiliza para describir la estructura de la
poblaciéon de kril alrededor de Georgia del Sur durante siete campatfias efectuadas entre
1989 y 1998. Antes de 1994 el niimero de kril de 1+ afios alrededor de Georgia del Sur
fue muy bajo (proporcién de kril de edad 1+ <7%), mientras que entre 1994 y 1998 esta
misma clase de edad aumenté en la poblacién y alcanzé un afio de reclutamiento muy
bueno debido al kril desovado en 1994/95.

Keywords: Euphausia superba, population structure, recruitment, South Georgia, CCAMLR

INTRODUCTION

Information on krill abundance and population
structure is required to understand the dynamics
of krill populations and to provide data for input
to management models (Butterworth et al., 1991).
Descriptions of population parameters including
krill density, proportional and absolute
recruitment and biomass for the Antarctic
Peninsula region have been presented in a series
of papers by Siegel and coworkers (Siegel and
Loeb, 1995; Siegel et al., 1997, 1998). For the South
Georgia region estimates of krill biomass derived
by acoustic techniques have recently become
available (Brierley et al., 1999). In addition,
qualitative descriptions of population structure
have been obtained from krill eaten by predators
at the western end of South Georgia (Reid et al.,
1999) and some estimates of proportional
recruitment index have been obtained from the
commercial fishery (Kawaguchi et al., 1998).
However, to date there has been no information
on the year-to-year changes in population
structure and recruitment indices derived from
scientific cruises within the South Georgia region.

The data used by Siegel et al. (1998) have
been obtained from large net sampling survey
grids with frequently over 70 independent, non-
targeted, station net hauls. Such net hauls are
used to estimate length-density distributions
which are standardised to the number of krill per
length class per 1 000 m?® water filtered. These
length-density distributions are then used to
calculate recruitment indices (de la Mare, 1994).
In this paper I consider a series of British
Antarctic Survey (BAS) cruises around South
Georgia between 1989/90 and 1997/98. Since
1995/96 the BAS Core Programme has carried out
systematic net hauls at up to eight stations within
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each of two boxes on the north side of South
Georgia (Brierley et al., 1997; see also Figure 1). A
number of additional net hauls aimed at
acoustically detected targets were also carried out.
In most cruises prior to 1995/96 there was no plan
to sample krill at predefined stations to study
population structure, and so samples of krill have
been obtained from net hauls carried out for a
variety of other purposes such as studying
behaviour, validating acoustic transects and
collecting live krill for experimental studies. To
use such data to calculate recruitment indices
requires firstly that the samples can be considered
representative of the local population and
secondly that representative krill length-density
distributions can be derived. In comparison to the
surveys carried out by Siegel et al. (1998), the
number of station net hauls during the cruises
described here is very restricted (Table 1). To be
able to maximise the number of krill length-
frequency distributions used in the analysis, and
so increase the likelihood of obtaining a
representative population structure (Watkins et
al.,, 1986, 1990), it is deemed advantageous to
include targeted net hauls even though such hauls
cannot be considered as true random samples.
However, valid net density estimates can only be
calculated from station net hauls because targeted
hauls, by their very nature, do not provide a
measure of average krill density. In this paper I
therefore first introduce a composite method to
derive the length-density distributions. In this
case the density of krill is derived from spatially
more extensive concurrent acoustic survey data
and this is then used to weight the length-
frequency distributions obtained from net hauls. I
then use this composite recruitment index to
describe interannual changes in the population
structure of Euphausia superba around South
Georgia.
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Figure 1: Location of net hauls undertaken in the South Georgia area during cruises between 1989/90

and 1997/98. The location of the British Antarctic Survey Core Programme survey boxes is
shown at the top left. The bathymetric contour represents 1 000 m.

Table 1:  Number of net hauls used for calculation of recruitment indices in each cruise. Mouth
area for each type of net and the maximum number of individual nets within a haul are
shown at bottom of table.

Cruise RMT FNET MNET VKSS LHPR RMT25 Total

JB10 10 1 0 6 0 0 17
JjB11 20 1 0 0 0 0 21
JRO3 1 0 5 0 0 0 6
JR06 0 9 1 0 0 5 15
JR11 18 2 1 0 2 0 23
JR17 10 2 1 0 0 0 13
JR28 19 4 0 0 0 0 23

Mouth area (m?) 8 1 2 4 01 25

Max. nets/haul 3 1 9 9 60 2
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MATERIALS AND METHODS

Length-frequency data for all cruises between
1981 and 1997 were summarised by Watkins et al.
(1997), while those cruises which contained
samples from both the eastern and western ends
of South Georgia were selected for further
analysis by Watkins et al. (in press). The data
presented in those papers are used as the basis for
the present analysis. The positions of net hauls
used in the analysis are shown in Figure 1.
Different nets were used at different times in
different cruises (Table 1). In many cases a haul
with a multiple net may have resulted in several
discrete samples of krill. In such cases, or where
more than 100 krill from a haul have been
measured, these have been combined to provide a
single-percentage frequency distribution for that
haul. In contrast, where less than 100 krill per
haul have been measured the numbers were left
as raw numbers.

Here I consider two methods for obtaining
acoustic estimates of krill density that can be used
to transform the length-frequency data into
length-density data. (i) In some cruises acoustic
data were collected during each net haul and so it
is possible to estimate the total quantity of krill in
the water column during the entire net haul. This
quantity of krill was used to weight the length-
frequency distribution of krill for each haul.
The resulting distribution will be referred to as
an acoustic-net length-density distribution.
(ii) Brierley et al. (1999) presented acoustic density
estimates (as g m?) for cruises between 1981 and
1998. In many cases these density estimates are
divided into separate estimates for the eastern
and western survey areas carried out during the
Core Programme (see Figure 1). Using the
combined length-frequency distribution for all
nets in an area I calculate the absolute number
and weight of krill in each size class that
contributes to the observed density. This
distribution will be referred to as the acoustically
weighted length-density distribution. The
derivation of this latter distribution essentially
assumes that the size of krill within a swarm is
not related to the density of krill within the
swarm, an assumption that is supported by the
work of Ricketts et al. (1992). A comparison of
these methods with the classical approach
adopted by Siegel et al. (1998) has been carried
out on data from cruise JR17 (1996/97).

The length-density data obtained from the

combination of acoustic density and net length
frequency were analysed using the programs
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LSMIX and MLMIX which generate an overall
cruise length-density plot and derive the

proportion of krill in each putative year class (de
la Mare, 1994).

RESULTS

Comparison of JR17 Length-frequency
Distributions Scaled by Acoustic
and Net Density Estimates

For the 1996/97 JR17 cruise the acoustically
weighted length-density distribution, the
acoustic-net length-density distribution and the
net-weighted length-density distribution are
compared. In the net-weighted length-density
distribution the length frequencies are weighted
by the total number of krill per unit volume of
water filtered in each net; this is the classic length-
density distribution as described by de la Mare
(1994) and used by Siegel et al. (1998). The
composition of net hauls making up this test
dataset is shown in Table 2. The length-density
distributions derived by the three methods are
different both in terms of the overall shape of the
distributions and the proportional recruitment
indices (Figure 2). The net-weighted length-
density distribution (from nine net hauls;
Figure 2a) is dominated by three net hauls; the
haul with the highest density (E279; density
>270 krill m?) contained mainly large krill (mean
length 43 mm), while two other hauls (E177 and
E257; densities of 135 and 60 krill m? respectively)
contained small and large krill (mean length
27.5 and 49.2 mm respectively). All other net
hauls contributed little to the overall density
distribution with densities <2 krill m?2 A quite
different result is obtained if the net catches are
weighted according to the acoustic biomass
observed throughout the water column during
the net haul (the acoustic-net length-density
distribution; Figure 2b). In this case it is possible
to incorporate the target net hauls and so the
combined distribution is now made up from
13 net hauls. In this case the contribution of the
net hauls is more even, with four nets having a
density in the range of 100 to 350 krill m? and
another five nets with densities in the range of
10 to 100 krill m2. The acoustically weighted
length-density distribution (Figure 2¢) is more
similar to the acoustic-net length-density
distribution (Kolmogorov-Smirnov D,..= 0.06,
p >> 0.05) than either of these distributions are
to the net-weighted length-density distribution
(K-8 D,u=023 and 0.19, 0.05 < p < 0.1). The
acoustically weighted distribution is weighted at
two spatial scales. First, each survey region is
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Figure2:  The observed length-density distribution (histogram), fitted length-density
distribution (thicl% line) and the fitted year-class distributions (thin lines)
for the JR17 (1996/97) test dataset where overall length density calculated
as (a) net-weighted length-density (b) acoustic-net length-density and
(c) acoustically weighted length-density distribution. R1 - calculated
proportional recruitment index for year class 1+, R2 — calculated

roportional recruitment index for year class 2+, De — overall density
Fkriﬁ m‘z)
Table 2:  Description of net hauls used to compare JR17 length-density distributions.
Event NetType | Deployment | No. Krill Net Acoustically | Acoustic-net
No. Mode in Net Weighted Weighted
E177 FNET Station 702 Y Y East
E184 MNET Station 1 Y Y East
E193 RMT Station 111 Y Y East
E202 RMT Station 45 Y Y East
E207 RMT Target >40 000 N Y East
E227 RMT Station 12 Y Y East
E233 RMT Station 8 Y Y East
E243 FNET Target 525 N Y East
E244 RMT Target >5 000 N Y East
E257 RMT Station 2 800 Y Y West
E279 RMT Station 14 000 Y Y West
E288 RMT Target 2 000 N Y West
E291 RMT Station 7 Y Y West
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weighted by the mean acoustic density. Second,
within each region the nets are weighted to a
certain degree by catch density within a haul.
Thus, if less than 100 krill are caught then the
weighting depends on the number of krill caught.
Once more than 100 krill are caught all nets are
treated equally. Because acoustic density estimates
are not available for some of the net hauls in the
earlier cruises, the acoustically weighted density
distributions have been used in the comparisons
presented in the rest of the paper.

After the length-frequency distributions
within an area have been combined and weighted
by the average krill density for each core box
area derived from acoustic surveys (Brierley et
al., 1999), the resulting area length-density
distributions have been combined using the
LSMIX and MLMIX analyses.

Recruitment Indices for Cruises
between 1989 /90 and 1997 /98

Length-density plots for each cruise with the
relative contributions of the different year classes
are shown in Figure 3. The initial year-class limits
used were based on values used by Siegel (1987)
for populations of krill found in the Antarctic
Peninsula and Weddell Sea areas. These values
used four year classes with the mean size of
1+ krill occurring between 24 and 30 mm
(Table 3). However, for the 1997/98 season it was
necessary to increase the size limits of this
1+ group to 34 mm (Table 3). Subsequent
inspection of the mean sizes of the year classes
from the BAS Core Programme indicated that in
several other cruises (JB11, JR03, JR06) the size of
the 1+ group was constrained by the maximum
permitted size (30 mm). Therefore all analyses
were rerun using five year classes with a mean
size for the 1+ krill between 24 and 33 mm
(Table 3). The mean size and standard deviation
for each year class in each cruise are shown in
Table 4. Small 1+ krill were found in the 1995/96
and 1996/97 seasons, while large 1+ krill were
found from 1990/91 to 1993/94. There was
generally a good separation between the 1+ and
2+ krill sizes in any one year (with the exception
of 1997/98), however when comparing between
years there was sometimes little difference
between the sizes in adjacent year classes (cf.
2+ in 1995/96 and 1+ in 1993/94). The resulting
proportional recruitment index (R1) for each
cruise is shown in Table 5. In the cruises prior to
1993/94 this R1 index was very low, R1 increased
dramatically in 1995/96 and then fell for the final
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two cruises, however the values still remained
from 2 to 20 times higher than those observed
prior to 1994.

The proportional recruitment indices for year
classes 1+ and 2+ have been related to the year
of spawning to show which years might be
considered as good or bad spawning years
(Table 6). On the basis of the combined R1 and R2
indices the 1994/95 season stands out as a very
good spawning year. Note that in other years in
which the R2 index shows a high value
(particularly 1988/89 and 1991/92) the R1 index
shows poor recruitment. The proportional
recruitment indices may be misleading in that
high recruitment in a low biomass year is unlikely
to result in significant numbers of juveniles
recrujting into the adult population. To overcome
this, the absolute density of krill in each year class
and its proportion of the total density in that year
are shown in Table 7. The 1994 /95 season is once
again identified as a good spawning year because
large numbers of 1+ and 2+ krill (observed in
1995/96 and 1996/97 respectively) would have
been spawned in this year. However, it is also
apparent that several other years are also
characterised by consistently high numbers of
krill. Thus, for instance, the high numbers of
2+ krill in 1995/96, 3+ krill in 1996/97 and 4+ krill
in 1997/98 imply that the 1993/94 season was a
good spawning year. Similarly, the high value of
3+ krill in 1992/93 implies good spawning in
1989/90.

DISCUSSION

Problems of Growth and Effect of
Methodology on Recruitment Indices

The recruitment index is dependent on the
separation of krill into year classes. This is not an
easy task and an inspection of Table 5 and Figure
3 reveals some of the problems. In 1995/96 (JR11)
there was a large number of small, mainly
juvenile krill assumed to be 1+ (nearly 70% of the
population classified as 1+). This unimodal group
was resolved into 1+ and 2+ krill with mean sizes
of 26.4 and 34.0 mm respectively. In 1996/97
these 1+ krill had grown to form the large mode
at 37 mm which is likely to represent 2+ krill, a
much smaller peak of 1+ krill (mean size 25.4 mm)
was also observed. By 1997/98 (JR28) the first
peak of krill observed (1+ krill mean size
32.3 mm) was somewhat larger than the 1+ krill
seen in the previous two years but the 2+ krill
(mean size 34.2 mm) were small. It is, therefore,
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(thick line) and the fitted year-class distributions (thin lines) for the cruises between
1989/90 and 1997/98 where overall length density is calculated as an acoustically
weighted length-density distribution.
Table 3:  Year-class boundaries used in LSMIX and MLMIX analyses.

Cruises Year-class Boundaries (mm)
1+ 2+ 3+ 4+ 5+
JB10 - JR17 25-30 33-40 41-48 50-56 -
JR28 25-34 35-40 41-48 5056 -
All cruises 24-33 33-43 43-49 49-53 53-57
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Table 4: Mean size and standard deviation of year classes derived by LSMIX and MLMIX

analyses.
Cruise (Year) Mean Sizes (mm) + SD
1+ 2+ 3+ 4+ 5+
JB10 (1989/90) 28.1 + 3.02 36.9 + 3.02 46.9 + 3.02 52.1 + 3.02 57.0 + 3.02
JB11 (1990/91) 32.9 + 3.29 40.1 + 3.29 43.6 + 3.29 52.9 + 3.30 53.1 +3.30
JRO3 (1992/93) 32.5+2.26 40.2 + 2.26 458 + 2.26 51.7 +2.26 56.9 +2.26
JRO6 (1993/94) 329 +2.29 39.7 £ 2.33 43.3 + 2.35 524 + 241 55.8 +£ 243
JR11 (1995/96) 26.4 + 3.00 34.0 + 3.57 43.0 £+4.25 529 +5.0 54.5 £+ 5.12
JR17 (1996/97) 254 + 3.86 37.3 +3.87 479 + 3.88 53.0 + 3.89 55.4 + 3.88
JR28 (1997/98) 323 £3.75 34.2 +3.75 43.0 + 3.75 514 +£3.75 53.1 £3.75

Table 5:  Proportional recruitment index R1 and standard
error for all cruises.

Cruise Cruise Year R1 SE

JB10 1989/90 0.013 0.045
JB11 1990/91 0.007 0.338
JRO3 1992/93 0.038 0.033
JRO6 1993/94 0.075 0.458
JR11 1995/96 0.682 0.038
JR17 1996/97 0.179 0.049
JR28 1997/98 0.164 0.090

Table 6:  Relative recruitment indices for animals in
year classes 1+ and 2+ each year of spawning.
For each year of spawning, R1 is calculated as
the proportion of 1+ animals in the total
population in the year after spawning, R2 as
the proportion of 2+ animals in Eopulation of

2+ and older in the second year after
spawning.

Year of Relative Recruitment Index
Spawning R1 R2
1987/1988 0.49
1988/1989 0.01 0.95
1989/1990 0.00
1990/1991 0.30
1991/1992 0.04 0.62
1992/1993 0.08
1993/1994 0.75
1994/1995 0.68 0.66
1995/1996 0.18 0.66
1996/1997 0.16

Table 7 Absolute density in krill m2 (percentage of total density) of each year class in each cruise
year (i.e. 1+ sampled in 1997;)98 were spawned in the 1996/97 cruise year, 2+ sampled in
1997/98 were spawned in the 1995/96 cruise year).

Cruise Year Year Class
1+ 2+ 3+ 4+ 5+

1989/90 1.2 (1.3) 43.1 (48.3) 34.8 (39.1) 7.3  (8.3) 2.6 (3.0
1990/91 0.0 (0.0) 11.1 (94.8) 0.0 (0.0) 0.0 (0.0) 0.6 (5.1)
1991/92

1992/93 3.3  (3.8) 24.9 (28.9) 404 (46.9) 17.0 (19.8) 0.5 (0.6)
1993/94 0.5 (7.5) 3.5 (57.5) 0.0 (0.0) 1.3 (21.6) 0.8 (13.4)
1994/95

1995/96 89.2 (68.2) 31.1 (23.8) 7.2 (55) 3.3 (24) 01 (0.1
1996 /97 13.7 (17.7) 41.8 (53.9) 20.9 (26.9) 1.2 (1.5) 0.3 (0.0)
1997 /98 28.3 (l6.4) 95.5 (55.5) 11.7  (6.8) 36.6 (21.3) 0.0 (0.0)

78



difficult to know to which year classes these krill
belong. The results of the modelling undertaken
by Rosenberg et al. (1986) show that there is
considerable overlap in the sizes of the different
year classes. The growth rates and sizes of the
year classes of krill sampled by Siegel (1987) at the
Antarctic Peninsula tend to fall within the
lower half of the growth range. However, krill
that are sampled at South Georgia may have
experienced very different growth conditions
from those around the Antarctic Peninsula. Water
temperatures are likely to be higher at South
Georgia and this may result in higher growth
rates with a corresponding increase in sizes for a
given year class. Such additional factors provide
an extra level of complication when deciding on
the appropriate year classes.

The acoustically weighted recruitment index
used here weights the krill length frequencies by
the mean density in a specified area. For such a
technique to work, it is important that the krill
population structure within the area can be
considered homogeneous. Analysis of the length-
frequency distributions for individual net hauls
along the north coast of South Georgia (Watkins
et al., 1997 and in press) shows that this is
frequently the case, especially within the area of
the eastern core box. In the Antarctic Peninsula
region there are considerable changes in
population structure with large krill found
offshore and small krill found on the shelf. Such
separation of age classes has not generally been
apparent in the regions sampled in this study.
Note that in 1997/98, however, large krill were
only found in offshore waters at the eastern end
of the island. The calculation of recruitment
indices from acoustic-net and net-weighted
density distributions might be considered to be
most comparable given the similar spatial and
temporal scales over which the data are collected.
However, the problems inherent in using these
techniques for small numbers of net hauls have
been illustrated in the comparison of JR17 data
presented earlier.

Population Structure around South Georgia

The analysis of Watkins et al. (in press)
revealed that there were differences in the
population structure between the east and west
ends of South Georgia. In a number of years
small krill tended to dominate the distributions at
the eastern end of the island, while in contrast
large krill, when present, tended to occur at the
western end of the island. In general, the
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combined distributions appeared to be dominated
by one or two year classes and seem unlikely to
represent a population composed of all year
classes. In two seasons (1993/94 and 1997/98) a
bimodal distribution was seen with no krill
around 45 mm. Reid et al. (1999) observed that
during most seasons there was a marked
temporal change in the size of krill taken by land-
based predators foraging in the vicinity of Bird
Island (at the western end of South Georgia); this
trend was particularly marked in the two years
identified above. It is probable that the temporal
variability observed in the Bird Island region is a
result of the spatial variability of the population
structure apparent during net sampling along the
northern coast of South Georgia. Thus small krill
occurring at the eastern end of the island early in
the season are likely to be transported westward
in the prevailing currents (Brandon et al., 1999).

Interannual Changes in Recruitment Indices

The relative recruitment index for 1+ animals
(R1) shows a clear trend with very low recruitment
(<0.04) until 1993/94. In contrast, since 1994 there
has been stronger recruitment, with a very high
value observed in 1994/95. A similar general
pattern has been observed at the Antarctic
Peninsula (Siegel et al., 1997). Whether such a
change in recruitment is part of a subdecadal
cycle or a more permanent shift cannot be
deduced from the present dataset. However, high
proportional recruitment was also seen in 1981/82
at South Georgia (Watkins et al., 1997), and high
proportional and absolute recruitment were
observed in this year at the Antarctic Peninsula
(Siegel et al., 1997).

The relative recruitment index for 2+ animals
(R2) shows much less variation than that for R1.
Such a finding is consistent with observations at
the Antarctic Peninsula (Siegel et al., 1997).
However, in the South Georgia data there appears
to be little relation between R1 and R2 (see for
example R1 and R2 in 1988/89 and 1991/92).
This is unexpected because if a particular year is a
very successful spawning year, in contrast to
others before and after, then R1 and R2 should be
similar (as for example in 1994/95). There could
be a number of reasons for such a discrepancy.
The 1+ year class could be undersampled in some
years, either because of changes in distribution or
sampling techniques. Similarly, the larger year
classes (3+ and 4+) may be under-represented for
the same reasons or because they are eaten
preferentially by predators (Reid et al., 1999).
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However, it is unlikely that changes in sampling
techniques are responsible since techniques have
remained broadly similar from year to year and
small krill (down to 18 mm) are well represented
in several years; similarly, large krill (mean size
~54 mm) dominated catches in 1986 (Watkins et
al., 1997). The patterns of distribution around
South Georgia seem to be remarkably similar in a
number of years. A more probable reason is that
krill at South Georgia are likely to have originated
from a spawning population located at the other
side of the Scotia Sea. Therefore variability is
likely to occur because of variation in the
transport mechanism as well as the success of
spawning. It is noteworthy that in the period
before 1994 even in years where krill biomass was
high (1989/90, 1992/93) there was little evidence
of 1+ krill recruiting into the South Georgia
population. While krill may travel across the
Scotia Sea in less than six months (Hofmann et al.,
1998; Murphy et al., 1998), it appears that high
biomass years at South Georgia in 1989/90 and
1992 /93 were driven by good spawning years two
years previously in the Peninsula region; this
therefore implies that krill may have taken two
years to reach South Georgia. In contrast, the
high recruitment of 1+ krill seen in 1995/96 at
South Georgia can be related to very successful
spawning at the Peninsula the previous year,
implying a much more rapid transport.

The 2+ year class dominates the pelagic
population sampled at South Georgia in five of
the seven years sampled and the 3+ year class
only formed a significant proportion of the
population in three of the seven years. This is
in contrast to the observations of Reid et al.
(1999) where the 3+ year class dominates in
predator samples. Such an effect is likely to be a
combination of predator selection (Murphy and
Reid, submitted) and the presence of samples
from the eastern end of the island where large
krill are less likely to be found (Watkins et al., in
press). However, poor biomass years in 1990/91
and 1993/94 (Brierley et al., 1999) are characterised
by a lack of 3+ krill, which confirms the findings
of both Reid et al. (1999) and Murphy et al. (1998).

While both R1 and R2 indicate that 1994/95
was a good spawning year, the status of 1993/94
is less certain, because there is no datum for the
R1 estimation. Although this was a poor year in
terms of biomass surveyed around South Georgia,
when we consider the absolute quantities of 2+,
3+ and 4+ krill that must have been spawned in
this year, it implies that this was a good spawning
year for the population that supplied the South
Georgia area. However, according to Siegel et al.
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(1998), 1993/94 was a poor year in terms of
absolute and relative recruitment at the Antarctic
Peninsula. Thus it appears that there may be
some inconsistencies between the year class
structure observed in the Antarctic Peninsula and
South Georgia. There is no recruitment data and
little information available on the year-to-year
variation in population structure in the Weddell
Sea. However, it is possible that krill from that
region are also transported into the South Georgia
region (Mackintosh, 1973; Everson, 1976, Murphy
et al., 1998; Watkins et al., in press).

CONCLUSIONS

The composite recruitment index described
here maximises the number of net hauls that can
be included in the analysis — this is a considerable
advantage where relatively few hauls have been
taken. However, the calculation of the recruitment
index is still dependent on the ability to separate
year classes consistently. Around South Georgia
the interannual variation in year-class size is
sufficient to make the consistent identification of
year classes difficult. It is therefore important that
more work be carried out on the variability in
growth of krill arriving at South Georgia.

The analysis of the recruitment index shows
that there is a general concordance in the
recruitment patterns seen at South Georgia and
at the Antarctic Peninsula. Some of the incon-
sistencies between these two areas may be due to
the influence of krill from the Weddell Sea. To be
able to determine the possible effect of this area it
is vital that more data be collected on the
population structure of krill from the Weddell Sea
region.

ACKNOWLEDGEMENTS

Thanks are due to many individuals at BAS
who helped collect krill length data, in particular I
wish to thank Helen Hill and Heather Daly who
not only helped on board ship but also undertook
early analyses in Cambridge. I also thank Andy
Brierley and Cathy Goss who helped to provide
much of the acoustic data used to scale the length
frequencies. Volker Siegel kindly provided a
copy of the MLMIX software used to calculate the
recruitment indices. Finally I thank Alistair
Murray, Eugene Murphy and Inigo Everson for
their helpful discussions on techniques, analyses
and implications of the data.



REFERENCES

Brandon, M.A., E.J. Murphy, M.J. Whitehouse,
P.N. Trathan, AW.A. Murray, D.G. Bone and
J. Priddle. 1999. The shelf break front to the
east of the sub-Antarctic island of South
Georgia. Continental Shelf Res., 19: 799-819.

Brierley, A.S., J.L. Watkins and A.-W.A. Murray.
1997. Interannual variability in krill abundance
at South Georgia. Mar. Ecol. Prog. Ser., 150:
87-98.

Brierley, A.S., J.L. Watkins, C. Goss, M.T. Wilkinson
and 1. Everson. 1999. Acoustic estimates of
krill density at South Georgia, 1981 to 1998.
CCAMLR Science, 6: 47-57.

Butterworth, D.S., A.E. Punt and M. Basson. 1991.
A simple approach for calculating the
potential yield of krill from biomass
survey results. In: Selected Scientific Papers,
1991 (SC-CAMLR-SSP/8). CCAMLR, Hobart,
Australia: 207-217.

de la Mare, W.K. 1994. Modelling krill recruitment.
CCAMLR Science, 1. 49-54.

Everson, I. 1976. Antarctic krill: a reappraisal of
its distribution. Polar Record, 18: 15-23.

Hofmann, E.E., ].M. Klinck, R.A. Locarnini,
B. Fach and E.J. Murphy. 1998. Krill transport

in the Scotia Sea and environs. Ant. Sci., 10:
406—415.

Kawaguchi, S., T. Ichii and M. Naganobu. 1998.
Proportional recruitment indices of Antarctic
krill from Japanese fisheries data in
Subareas 48.1, 48.2 and 48.3 during 1980
through 1997. Document WG-EMM-98/33.
CCAMLR, Hobart, Australia: 28 pp.

Mackintosh, N.A. 1973. Distribution of post-
larvae krill in the Antarctic. Discovery Rep., 36:
95-156.

Murphy, EJ. and KR. Reid. Submitted. Large-
scale ecosystem variability: the role of krill
populations dynamics in Southern Ocean
ecosystem fluctuations. |. Anim. Ecol.

Murphy, EJ., J.L. Watkins, K. Reid, P.N. Trathan,
I. Everson, J.P. Croxall, J. Priddle,
M.A. Brandon, A.S. Brierley and E. Hofmann.

Antarctic krill recruitment index

1998. Interannual variability of the South
Georgia marine ecosystem: biological and
physical sources of variation in the abundance
of krill. Fisheries Oceanography, 7: 381-390.

Reid, K.G., J.L. Watkins, J.P. Croxall and
EJ. Murphy. 1999. Krill population dynamics
at South Georgia 1991-97, based on data from
predators and nets. Mar. Ecol. Prog. Ser., 177:
103-114.

Ricketts, C., J.L. Watkins, D.]. Morris, F. Buchholz
and J. Priddle. 1992. An assessment of the
biological and acoustic characteristics of
swarms of Antarctic krill. Deep-Sea Res., 39:
359-371.

Rosenberg, A.A., J.R. Beddington and M. Basson.
1986. Growth and longevity of krill during the
first decade of pelagic whaling. Nature, 324:
152-154.

Siegel, V. 1987. Age and growth of Antarctic
Euphausiacea (Crustacea) under natural
conditions. Mar. Biol., 96: 483-495.

Siegel, V. and V. Loeb. 1995. Recruitment of
Antarctic krill (Euphausia superba) and possible
causes for its variability. Mar. Ecol. Prog. Ser.,
123 (1-3): 45-56.

Siegel, V., W. de la Mare and V. Loeb. 1997.
Long-term monitoring of krill recruitment and
abundance indices in the Elephant Island area
(Antarctic Peninsula). CCAMLR Science, 4:
19-35.

Siegel, V., V. Loeb and J. Gréger. 1998. Kirill
(Euphausia superba) density, proportional and
absolute recruitment and biomass in the
Elephant Island region (Antarctic Peninsula)
during the period 1977 to 1997. Polar Biol.,
19 (6): 393-398.

Watkins, J.L., D.J. Morris, C. Ricketts and
J. Priddle. 1986. Differences between swarms
of Antarctic krill and some implications for
sampling krill populations. Mar. Biol., 93:
137-146.

Watkins, J.L., D.J. Morris, C. Ricketts and
AW.A. Murray. 1990. Sampling biological
characteristics of krill: effect of heterogeneous
nature of swarms. Mar. Biol., 107: 409-415.

81



Watkins

Watkins, J.L., A W.A. Murray and H.I. Daly. Watkins, J.L., AW.A. Murray and H.I. Daly. In

1997. Variation in the distribution of Antarctic
krill Euphausia superba around South Georgia.

press. Variation in the distribution of Antarctic

Document WG-EMM-97/47. CCAMLR krill Euphausia superba around South Georgia.
Hobart, Australia: 34 pp. Mar. Ecol. Prog. Ser.

Tableau 1:

Tableau 2:

Tableau 3:
Tableau 4:
Tableau 5:

Tableau 6:

Tableau 7:

Figure 1:

Figure 2:

Figure 3:

Tabmua 1:

82

Liste des tableaux

Nombre de chalutages sur lesquels reposent les indices de recrutement de chaque campagne. La
surface de l'ouverture de chaque type de filet et le nombre maximal de filets individuels par
chalutage sont donnés en bas du tableau.

Description des filets utilisés pour comparer les distributions de longueur-densité de la campagne
TR17.

Limites des classes d’dges utilisées dans les analyses LSMIX et MLMIX.
Taille moyenne et écart-type des classes d’dges dérivées des analyses LSMIX et MLMIX.
Indice de recrutement proportionnel R1 et erreur standard pour toutes les campagnes.

Indices de recrutement relatif des individus des classes d’dge 1+ et 2+ de chaque année de frai. Pour
chaque année de frai, R1 est la proportion d'individus d’4ge 1+ de l'ensemble de la population
I'année apres le frai, R2 la proportion d'individus d’age 2+ de la population d’age 2+, ou plus agée,
deux ans apres le frai.

Densité absolue du krill m? (pourcentage de la densité totale) de chaque classe d’dge de chaque
année de campagne (c.-a-d. 1+ échantillonné en 1997/98 a été pondu pendant l'année de la
campagne de 1996/97, 2+ échantillonné en 1997/98 a été pondu pendant I'année de la campagne de
1995/96).

Liste des figures

Emplacement des chalutages effectués autour de la Géorgie du Sud pendant les campagnes, entre
1989/90 et 1997/98. L’emplacement des limites de la campagne d’évaluation du British Antarctic
Survey Core Programme est donné en haut a gauche. Le contour bathymeétrique représente 1 000 m.

La distribution observée de longueur-densité (histogramme), la distribution ajustée de longueur-
densité (trait gras) et les distributions ajustées des classes d’age (trait fin) du jeu de données de test
de JR17 (1996/97) ol la densité de longueurs totales est calculée en tant que distribution de
a) longueur-densité pondérée au filet, b) longueur-densité acoustique-au filet et ¢) longueur-densité
pondérée par méthode acoustique. R1 - indice de recrutement proportionnel calculé pour la classe
d’dge 1+, R2 - indice de recrutement proportionnel calculé pour la classe d’dge 2+, De - densité
générale (krill m?).

La distribution observée de longueur-densité (histogramme), la distribution ajustée de longueur-
densité (trait gras) et les distributions ajustées des classes d’'4ge (trait fin) des campagnes de 1989/90
a 1997/98 o1 la densité de longueurs totales est calculée en tant que distribution de longueur-densité
pondérée par méthode acoustique.

Crncok Tab.Jiuiy

Komyectso Tpaﬂeﬂﬂﬁ, HCIIOJIB30BaHABIX OJId pacuera MHACKCOB NONOJHCHHA B KaXO0OM peﬁce.
[Lnowans YCThA KaXAO0ro TUma Tpajda U MaKCAMAaJIbHOC YUCIO ceTell B OQHOM TpaJacHUU
NOKa3aHbl BHU3Y Ta6ﬂHHbI.
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Onucanue TpaJieHuH, UCMOJIb30BAHHBIX 711 CPABHEHUS PACIpeNe/ICHUST [IJTUHA-TLIOTHOCTS JR17.
I'panuus rogoBeix kaccos npu LSMIX u MLMIX anammse.

Cpennuil pasMep ¥ CTaHAapTHOE OTKJIOHCHHE A/ I'OAOBBIX KJIACCOB, NoJydeHHbix npd LSMIX u
MLMIX anasnuse.

MHH@KC NPONOPUUOHAIBHOrO NONOJIRCHUA Rilwu CTangapTHasa ommdKa o Bcem peﬁcaM.

VHaekchl PONOPHHOHATbHOO TIOMOHEHHS U1l TOAOBbIX KJj1accoB 1+ u 2+. [Iyst xaxaoro roaa
Hepecra R1 paccumrniBacTesl Kak [0J1s1 0coDdeil rOgoBOro KJjacca 1+ B oOweidl nony asiuud Ha
ciaenyromuii 3a HepecToMm roi, R2 - kak noJis ocodell rogosoro xJjacca 2+ B momy/astuun 2+ u
crapile Ha BTOPOH Mol HOCJsIe HepecTa.

AGCO/IOTHAS NJIOTHOCTD {IMPOUEHT 00luel NJI0THOCTH) KaX A0I0 I'OJOBOI'0 KJiacca KpUJsid
(ocobeli M) U151 KaX/A0ro roga NpopencHus pefica (T.e. moJiydeHHbl B pefice 1997/98 r. kpuiip
1+ BoiBeJics B 1996/97, a kpuote 2+ - B 1995/96 rr.).

CrnucoK PUCYHKOB

Mecra npoeenenus Tpasienuit B pafione HOxwnoit ['eoprun Bo Bpems pelicoB 1989/90 - 1997/98 rr.
Pacnosioxenue chbeMOK UEHTpPaJsIbHON nmporpaMmbl bpuTancKoOl aHTaAapKTHUECKOH ChEMKHU
TOKa3aHo CJ1eBa BeepXy. M300aroii nokazana riayduna 1000 M.

HabawaaBuieecs pacnpefeienie QJMHA-TIIOTHOCTh (FTHCTOrpaMMa), CMOIEJHPOBAHHOE
pacnpefeJieHue IJIMHA-ILJIOTHOCTD (TOJICTast JIMHUS) U CMOJACS/TMPOBAHHOE PACTIPEE/ICHHE MO0BBIX
KJ1aCCOB (TOHKHME JIMHUM) /11 KOHTPOJIBHBIX HabopoB maHHbix JR17 (1996/97 r.), rae njioTHOCTh
paccunTaHa Kak (a) B3BeIIeHHOEe pacnpede/ieHNe AJIMHA-TIJIOTHOCTb Ha TpaJieHUE
(b) akycTHuecKasa 4acrora pacupenesieHns [JTHHA-TIJIOTHOCTb Ha TpasieHue u {C) aKyCTHYeCKH
B3BEIIEHHOE paclpeesieHle IIUHA-INOTHOCTL. R1 — MHACKC NMPONOPHUOHATIBHOTO TIOTIOTHEHNS
Ii/14 roAoBoro Kiacca 1+, R2 — yHOEKC mponopuuoHabHOrO NMONOJIHEHUS [J1sI FOOBOTO KJjiacca
2+, De — o01was naoTHOCTh (0codeit mM2).

Habnromapuieecs pacnpelesieHue IJHHA-NJIOTHOCTD (FHCTOrpamMma), CMOACJIHPOBAHHOE
pacnpeiesieHIe AJIMHA-IJIOTHOCTD (TOJICTas JIMHUS) U CMOJEJIMPOBAHHOE PAaCpeacIeHIE MOI0BbIX
KJ1aCCOB (TOHKWE JIMHUYU) OJI peiicoB, npoBeneHHbix ¢ 1989/90 no 1997/98 r., rae obmas nsnHa-
NJIOTHOCTh PAaCcCUHUTAHA KaK AKYCTHYECKH B3IBCHICHHOC pacnpefcsieniie NJIMHA-NJIOTHOCTD Ha
TpaJiCHUe.

Lista de las tablas

Numero de arrastres utilizados para calcular los indices del reclutamiento en cada campafia. Al pie
de la tabla se muestra la apertura de cada red y el nimero maximo de redes en un lance.

Detalles de los arrastres utilizados para comparar las distribuciones talla-densidad JR17.
Limites de las clases anuales utilizados en los analisis LSMIX y MLMIX.

Talla promedio y desviacién cuadratica media de las clases anuales derivadas de los analisis LSMIX
y MLMIX.

Indice del reclutamiento proporcional R1y error tipico para todas las campaiias.
Indices de reclutamiento relativo para los animales de las clases anuales 1+ y 2+ cada afio de desove.
Para cada desove anual se calcula R1 como la proporcion de animales de 1+ afios en la poblacion

total en el afio después del desove, R2 como la proporcién de animales de 2+ afios en la poblacion =
2+ en el segundo afio después del reclutamiento.
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Tabla 7:

Figura 1:

Figura 2:

Figura 3:
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Densidad absoluta de cada clase anual expresada en kril m? (porcentaje de la densidad total)
determinada por las campafias anuales (es decir, la clase de 1+ muestreada en 1997/98 desové en la
campafia efectuada en 1996/97, la clase de 2+ muestreada en 1997/98 desové en la campaiia
efectuada en 1995/96).

Lista de las figuras

Ubicacion de los arrastres efectuados en Georgia del Sur durante las camparfias realizadas entre
1989/90 y 1997/98. En la parte superior izquierda se muestra la ubicacion de las cuadriculas de
prospeccion del Programa basico del British Antarctic Survey. El contorno batimétrico estd definido
por la is6bata de los 1 000 m.

Distribucién de talla-densidad observada (histograma), distribucién ajustada de talla-densidad (linea
gruesa) y distribuciones ajustadas de las clases anuales (lineas delgadas) para el conjunto de datos
experimentales de JR17 (1996/97) donde la densidad de tallas completa se calcula como (a) densidad
de tallas ponderada segtin el tipo de red (b) densidad de tallas determinada con aparatos actisticos
en la red y (c) distribucion de la densidad de tallas ponderada acdsticamente. R1 - indice del
reclutamiento proporcional calculado para la clase anual 1+, R2 - indice del reclutamiento
proporcional calculado para la clase anual 2+, De — densidad total (kril m™).

Distribucién de talla-densidad observada (histograma), distribucién ajustada de talla-densidad (linea
gruesa) y distribuciones ajustadas de las clases anuales (lineas delgadas) para las campanas
efectuadas entre 1989/90 y 1997/98 donde la densidad de tallas total se calcula como una
distribucién talla-densidad ponderada actisticamente.



