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Abstract

Krill distribution and density are reviewed for the Elephant Island area with regard to
the representativeness of the study area (60°-62°30°S and 53°-57°30"W) for proportional
recruit and density indices. Proportional recruitment indices were re-calculated
applying the delta distribution approach introduced by de la Mare (1994a). The high
interannual variability of krill recruitment is confirmed by the present analysis. Results
are compared for one- and two-year-old krill (R; and R, respectively). Statistically
significant fluctuations in krill density over the period 1977 to 1994 are also confirmed
by this study using randomisation tests on an analysis of variance.

Résumé

Examen de la répartition et de la densité du krill de la zone de l'ile Eléphant
relativement a 1'a-propos du secteur étudié (60°-62°30’S et 53°-57°30’0) pour les indices
de recrutement proportionnel et de densité. Nouveaux calculs des indices du
recrutement proportionnel par la méthode d’application de la distribution delta
proposée par de la Mare (1994a). La présente analyse confirme la grande variabilité
interannuelle du recrutement du krill. Comparaison des résultats des classes d’age 1
(Ry1) et 2 (Ry). Cette étude confirme également, au moyen de tests de randomisation sur
une analyse de variance, l'importance sur le plan statistique des fluctuations de densité
de krill pour la période de 1977 & 1994.

Pestome

Pacnipeaesierne U MJIOTHOCTb KPUJIS B palioHe o-pa 3BJiechaHT OblIM PacCCMOTPEHbI €
LeJIbEO ONPeie/IeHHst CTENEeHH HPHIOJHOCTH M3yuaemoro paiiona (60°-62°3070.m. u
53°-57°3073.0.) A1 BBIUMCJICHNA MHAEKCOB HPONMOPUHOHAJIBHOrO TMOMOJHEHHS U
I0THOCTH, VIHASKCHI MPONOPIHOHAIBHOrO MOMOJIHEHHS OB/ HOBTOPHO PacCUMTaHbI
¢ noMolblo fensTa-pacnpenesenus (de la Mare, 1994a). PesysabTarst Hauiero
aHa/1d3a MOATBEPAUIIM BBICOKUH YPOBEHb MEXKIOHOBOH M3MEHUHUBOCTH MONOJIHEHIS
KpuJis. Bbily MOABEPruyTH CPABHEHUIO PE3YJIBTATHI A1 OIHOJIETOK U ABYXJIETOK (R,
u R, COOTBETCTBEeHHO). [Ipu OUCHEPCHOHHOM aHaJIM3e ¢ MOMOUIBIO KPHTEPUs
CYyYaifHOCTH TaKXKe OBL/I0 MOATBEPK/ICHO CYLICCTBOBAHNE CTATUCTHYECCKH 3HAUMMBIX
Kosebaunuil B JI0THOCTH KpuJstst 3a nepuos ¢ 1977 no 1994 r,

Resumen

Se hizo un estudio de la distribucién y densidad del kril en el area de la isla Elefante,
para evaluar si ésta (60°-62°30°S y 53°-57°30"W) es representativa de los indices de
reclutamiento proporcional y de densidad. Se calcularon nuevamente los indices de
reclutamiento proporcional mediante la aplicacién del enfoque de la distribucién delta
que fue introducido por de la Mare (1994a). El andlisis actual confirma la alta
variabilidad interanual del reclutamiento del kril. Se comparan los resultados para
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ejemplares de uno y dos afios de edad (R;y R, respectivamente). Asimismo, éste
estudio confirmé la ocurrencia de fluctuaciones estadisticamente significativas de la
densidad del kril en el perfodo comprendido entre 1977 y 1994, mediante el uso de
pruebas de aleatorizacién en un analisis de variancia.

Keywords: abundance, Antarctic Peninsula, distribution, Euphausia superba, interannual variability,
krill, monitoring, recruitment, spatial and temporal succession, CCAMLR

INTRODUCTION

Krill recruitment and abundance are two of
the essential parameters that influence the results
of the krill yield model developed for the
management of Antarctic krill stocks (Butterworth
et al., 1991). The original yield model was
extended to integrate over the range of
uncertainties associated with a number of model
parameters, including recruitment (Butterworth et
al., 1994). Proportional recruitment indices for
krill were recorded in a time series database in the
Elephant Island area (South Shetland Islands,
Antarctic Peninsula) covering the years 1977/78
to 1994/95 (Siegel and Loeb, 1995). The
proportion of recruits for age group 1+ (R;) was
calculated for a spatially limited station grid and
was based on length frequency data applying the
MacDonald and Pitcher (1979) distribution
mixture analysis. Results on krill recruitment
showed a high degree of interannual variability
which would have a marked effect on the krill
yield model.

Earlier studies in the Antarctic Peninsula
region showed that krill size/age groups are not
uniformly distributed within the distribution
range of the stock, and that juveniles, subadults
and adults (i.e. recruits and spawners) are
geographically segregated (Siegel, 1988). The
question arises whether the results of the
mesoscale Elephant Island station grid reflect the
stock composition of a much larger area (i.e. are
representative of the krill stock of the broader
Antarctic Peninsula region). Furthermore it is
necessary to know if high variability of the R,
index is a real phenomenon or is biased by
sampling and/or data handling and if calculation
of R, (proportion of recruits for 2-year-old krill)
may indicate lower recruitment variability.
Preliminary results on krill density estimates from
the Elephant Island time series indicate that a
substantial decrease has occurred since the early
1980s; this must be verified, as another
assumption of the krill yield model is that the
statistical distribution of the unexploited biomass
does not change over time.

The present contribution reviews aspects of
krill distribution which must be considered
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during net sampling operations to obtain
adequate data for the calculation of proportional
recruitment indices. Proportions of recruits are
calculated for R, and R, using length density data
and applying the maximum likelihood method
described in detail by de la Mare (1994a). Net
haul abundance estimates will be re-calculated by
replacing the stratified mean method with the
delta distribution approach introduced by de la
Mare (1994b) and also by bootstrap replication
(Efron and Gong, 1983). The statistical significance
of observed variation in krill density is assessed

by randomisation tests in an analysis of variance
{Manly, 1991).

REVIEW OF KRILL DISTRIBUTION
BY SIZE/DEVELOPMENTAL STAGES

Krill distribution is a function of time and
space. The Antarctic Peninsula region and
adjacent areas are characterised by a clear
seasonal fluctuation in krill abundance. Figure 1
gives a conceptual view of the seasonal variation.
Krill abundance/density is low in the region
during winter. During November krill abundance
in open water starts to increase rapidly and
generally reaches its maximum at the end of
December (Siegel, 1988). This maximum can be
observed until late February. There is some
interannual variation in this seasonal trend and
the period can shift by approximately four weeks
to give an earlier start or later end to the cycle.
From March onward, the krill stock size along the
coast of the Antarctic Peninsula shows a dramatic
decline long before the winter sea-ice cover and
the difference between the summer peak and
winter minimum can be several orders of
magnitude (Siegel, 1988 and 1992).

The krill spawning season occurs over the
summer (Fraser, 1936) during the time of krill
maximum abundance. However, the onset of
spawning can be observed from early December
to late March (Spiridonov, 1995). Interannual
variation in the onset of spawning is described for
the period 1978 to 1994 and has a marked effect
on the reproduction and recruitment success of
the stock (Siegel and Loeb, 1995).
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Figure 1:

Generalised picture of seasonal fluctuations in the abundance and

distribution of krill in waters of the Antarctic Peninsula and spatial
succession of developmental stages from coastal to oceanic waters.

During the winter, when krill abundance and
biomass along the Antarctic Peninsula are low,
krill occurs mainly on the continental shelf. With
the seasonal increase in abundance, krill
distribution extends beyond the continental shelf
break into oceanic waters almost as far north as
59°5 (Nast, 1982; Siegel et al., 1990). This
northern limit of krill distribution is reached only
during the period when krill abundance is high in
the area (i.e. in January/February), but it is
generally low north of 60°S. Outside the peak
season the northern limit of krill distribution is
located well south of 60°S.

During the austral summer, spatial separation
of krill developmental stages can be observed.
Juveniles inhabit coastal waters (e.g. the Antarctic
Peninsula shelf, Bransfield Strait) while adult
spawning stages occur primarily in oceanic
regions (Figures 1 and 2). This general picture is
also observed in the Elephant Island survey area.
Juveniles are concentrated south of Elephant and
King George Islands and in a narrow band
extending across the northern shelves where
countercurrents flow from east to west in
nearshore waters. The spawning stock is found
north of the continental slope. The distribution
range of medium-sized krill overlaps with those
of the juvenile and adult stocks. The medium-
sized group consists of immature and small adult
stages and mostly belong to age group 2+, which
therefore shows a distribution slightly more to the
northern than the juvenile 1+ age group. In
principal the seasonal aspect is a very dynamic
process: krill abundance undergoes a strong

seasonal fluctuation, the distribution range varies
seasonally, and at the same time a spatial

succession of size/age groups occurs in the area
(Siegel, 1988).

To the east of Elephant Island these various
discrete size groups are distributed over the shelf
areas and in the oceanic waters of the Scotia Sea,
but the north-south succession of developmental
stages/age groups seem to occur further across
the Scotia Sea (BIOMASS, 1991). This krill is
thought to belong to the Antarctic Peninsula stock
and probably originates from the Bellingshausen
Sea (Everson, 1976; Siegel, 1986 and 1988). Krill in
the upstream Bellingshausen Sea area shows
similarly geographically separated size/age
groups (Siegel and Harm, 1996).

A different juvenile size category is found
regularly to the south and southeast of Elephant
Island, along the permanent pack-ice zone. The
mean length of these juvenile krill is 6 to 10 mm
smaller than the length of Peninsula juveniles.
Juveniles of this size are distributed south of 63°S,
approximately from the tip of the Peninsula to the
east; often they are found over the northern shelf
of the Peninsula in southern Bransfield Strait.
These juveniles are thought to originate from
Weddell Sea stock (Makarov, 1980; Siegel et al.,
1990; SC-CAMLR, 1995). The Elephant Island
survey area includes the distributions of the two
juvenile stocks and therefore data from south of
62°30°S are not included in the calculation of
proportional recruitment.
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Elephant Island survey area (B) and large-scale survey area (A) (area A includes B) in waters of the Antarctic Peninsula with the generalised
distribution pattern of juvenile (mostly age group 1+) and adult krill (mostly 23+ age groups). Wed. = juveniles of the Weddell Sea stock.
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REVIEW OF KRILL MOVEMENT INTO
AND OUT OF THE STUDY AREA

The Elephant Island survey area contains
water masses from three different sources: in the
west from Drake Passage north of the South
Shetland Islands, in the southwest from the
Bransfield Strait, and in the south from the
Weddell Sea. The most striking oceanographic
feature of the area is the Weddell-Scotia
Confluence (WSC) with its northern boundary
just north of Elephant Island crossing the area
from southwest to northeast.

The CCAMLR Workshop on Evaluating Krill
Flux Factors (SC-CAMLR, 1994) estimated a water
retention time of 18 to 44 days for the Elephant
Island area based on influx and efflux rates from
oceanographic data (CTD samples). Direct
measurements of flow are available from Japanese
satellite-tracked drifter buoy studies (Ichii and
Naganobu, 1996). In 1991 one drifter buoy was
released in oceanic waters north of the South
Shetland Islands. It entered the survey area and
drifted north of the continental slope to the
northeast and crossed the eastern boundary of the
area after 25 days. In 1995 another buoy was
released close to the continental slope in Drake
Passage. This drifter followed the contours of the
slope and reached the northeastern part of the
study area after 13 days, but was then trapped in
an eddy system for another 30 days before leaving
the area in a northeasterly direction after a total
retention time of 43 days. A third drifter buoy,
which is of interest, was released on the northern
shelf of the South Shetland Islands. This buoy
showed rotating and irregular movements but
finally entered the Elephant Island shelf area
within the WSC zone. It continued its drift south
of the island, travelled around Elephant Island
anticlockwise, and was finally trapped near Gibbs
Island after more than 48 days in the area.

These experiments demonstrate the existence
of complex eddy formation and prolonged
water retention times on the island shelves in
contrast to the oceanic waters north of the WSC.
As mentioned above, the oceanic waters are
inhabited mostly by adult krill and these show the
shortest retention times. The northern shelf/
continental slope/WSC boundary areas are a
transition zone between adults in the north and
juveniles in the south and are often dominated by
subadult krill, but distributions of adults and
juveniles also overlap in this meandering and
eddy-rich system with prolonged water retention.
Juveniles enter the survey area from Bransfield
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Strait and clearly dominate shelf areas south of
the islands and therefore are at least partly under
the influence of prolonged retention times. Little
information is available about retention times in
the southern part of the survey area, particularly
over the deep basins east of the Bransfield Strait
where juvenile krill dominate. However,
preliminary results from indirect oceanographic
data presented at the CCAMLR Workshop on
Evaluating Krill Flux Factors indicate that the
retention times are in the higher range of oceanic
measurements (25 to 39 days) but shorter than in
eddy-rich shelf areas north of the island.

RECALCULATION OF PROPORTIONAL
RECRUITMENT INDICES

The proportional recruitment R; calculated by
Siegel and Loeb (1995) was based on standardised
length frequency data using the MacDonald and
Pitcher (1979) distribution mixture analysis. It
was assumed that the frequencies of each length
class have a Poisson distribution, which would
imply that krill are randomly and independently
distributed. However, survey densities do not
show these properties and the use of Aitchison’s
delta distribution was recommended for
analysing net haul data (de la Mare, 1994b).
A new approach was developed which uses
density-at-length data and the maximum
likelihood estimation method (for details see de la
Mare, 1994a and 1994b).

Table 1 summarises the recalculated proportion
of recruits for 1-year-old krill. The R, recruitment
value is the proportion of 1-year-old animals in
the population in that year. In a few cases the
recalculated values differ substantially from those
in Siegel and Loeb (1995), e.g. November 1987 and
January 1988. TFor these surveys, single stations
with extremely high density values were excluded
from the first analyses, but included in the present
dataset, which explains the difference in results.

The Elephant Island surveys covered an area
between 60°S and 62°30°S. The known maximum
range of krill distribution in this area extends
northward to approximately 59°S, however,
as mentioned above, krill are generally sparse
north of 60°S and this maximum range is
observed only during high summer. Due to the
spatial separation of developmental stages the
reduced coverage of the distribution range causes
an under-representation of the adult stages
during January/February surveys. As mentioned
earlier, the southern limit of the Antarctic
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Table 1:  Proportional recruitment index R; for 1-year-old krill calculated using the method
described by de 1a Mare (199%4a).
Survey Siegel and Loeb (1995) | Maximum Likelihood Method Number of Hauls
Ry Ry Se
JAN 78 0.087 0.048 0.0256 17
FEB 82 0.677 0.757 0.1373 40
MAR 83 0.329 0.470 0.0990 8
NOV 83 0.028 0.030 0.0230 33
MAR 85 0.000 0.0001 0.0062 36
MAR 85A - 0.028 0.0162 105
MAY 86 0.132 0.175 0.1049 25
MAY 86A - 0.186 0.2089 73
NOV 87 0.230 0.143 0.0917 14
NOV 87A - 0.181 0.0340 70
JAN 88 0.218 0.141 0.0339 41
FEB 89 0.673 0.651 0.1950 50
DEC 89 0.000 0.011 0.0125 20
DEC 89A - 0.057 0.0390 86
JAN 90 0.000 0.000 -
FEB 90 0.000 0.000 -
JAN 91 0.167 0.099 0.0999 42
MAR 91 0.004 0.000 -
JAN 92 0.426 0.471 0.0596 63
MAR 92 0.276 0.264 0.0619 68
JAN 93 0.000 0.000 - 72
FEB 93 0.000 0.000 - 68
JAN 94 0.046 0.061 0-0368 66
MAR 94 0.083 0.076 0.0390 73
DEC 94 0.060 0.046 0.0141 74
Table 2:  Proportional recruitment R, for 2-year-old krill calculated using the method
described by de la Mare (1994a).
Survey Siegel and Loeb (1995) | Maximum Likelihood Method | Number of Hauls
R2 R2 SE
NOV 77 0.128 0.314 0.4710 16
DEC 77 0.136 0.135 0.0904 14
JAN 78 - 0.297 0.5386 17
FEB 81 - 0.069 0.0050 9
NOV 83 - 0.663 0.0212 33
MAR 85 - 0.0001 0.0200 36
MAR 85A 0.119 0.0841 105
MAY 1986 0.214 0.0970 25
NOV 87 0.407 0.572 0.2434 14
NOV 87A 0.633 0.0205 70
FEB 89 0.291 0.1990 50
DEC 89 0.309 0.1237 86
JAN 90 0.421 0.3637 37
FEB 90 0.195 0.1377 41
JAN 91 0.040 0.0320 42
MAR 91 0.191 0.0791 39
MAR 92 0.345 0.1137 68
JAN 93 0.474 0.1375 72
FEB 93 0.648 0.1033 68
JAN 94 0.147 0.1424 66
MAR 94 0.012 0.0078 73
DEC 94 0.029 0.0215 74

24




Peninsula krill stock extends roughly to 63°S in
this area. Since the survey grid did not extend
further south than 62°30’S, the juveniles drifting
out of Bransfield Strait are not completely
spatially covered and the proportion of 1-year-old
krill is also underestimated.

Additional data were analysed for four
surveys and these are marked with ‘A’ in Table 1.
These data sets include stations which covered a
large-scale area along the Antarctic Peninsula (see
Figure 2). In the region to the southwest of
Elephant Island the station grid extended as far as
the oceanic distribution limit of postlarval krill.
The proportion of recruits calculated from these
surveys are all higher than for the Elephant Island
area, however, the proportional recruitment index
R, differs by less than 5% compared to the
large-scale surveys. The two effects (incomplete
coverage for adults as well as juveniles) seem to
balance each other to some extent.

Table 2 summarises results for the second
component of the distribution mixture. Not all
survey data used for the R; calculation led to a
significant fitting of observed and expected length
density components for R.. Therefore, some
surveys, like MAY 86A and DEC 89A are missing
in this table. It is obvious that variability of R,
between surveys of the same season and between
large-scale (A) and small-scale surveys is much
higher than that of R,. Very often the results
differ by more than 10%, while the difference is
generally less than 5% for the R, index. The R,
values are generally higher than those of R, for the
same year class. There are several possible
explanations for this discrepancy.

(i) The station grid does not cover the juvenile
distribution range adequately and therefore
results in an underestimation of the
proportion of 1-year-old krill. It was
shown above that this effect does occur, but
is minimal.

(ii)  Age group 1+ is influenced by net selection
and under-represented in the catches. This
effect may occur for the RMT8 net with a
mesh size of 4 mm, although comparisons
with RMT1 catches (330 pm mesh size)
indicate that mesh selection occurs for krill
smaller than 20 mm (Siegel, 1986), which is
the lower end of the length frequency
distribution of juvenile krill in summer.
Furthermore the same differences between
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R; and R, resulted from catches made with
the IKMT net, and with 0.5 mm mesh size
net selectivity is certainly no problem for
postlarval krill.

(iii) Estimating the proportions of the
distribution mixture. Separating the first
component from the rest of the distribution
mixture is generally not a difficult task,
because this component is easily
distinguishable from the rest of the
distribution mixture, even if the 1+ age
group length classes overlap to some
degree the second age group. The second
component is often less well defined,
because there is a strong overlap between
the two components especially during
summer when juvenile krill have already
grown to their maximum size and in years
when the first component is represented by
a strong age group 1+ and completely
masks the ascending tail of the distribution
of the second age group. This size
distribution may result in a bias in fitting
the distribution mixture. The standard
error of the R, estimates is generally higher
than for Ry, and this may indicate that the
analytical procedure is more reliable for the
R, values.

(iv) Environmental parameters influence
the different age groups differently.
Two-year-old krill consist of medium-sized
subadult and early-adult stages. In the
Elephant Island area this size/maturity
stage group shows a spatial distribution
overlapping partly with juvenile and partly
with adult stages. This central geographical
distribution conforms to the area of the
WSC zone, which creates a dynamic flow
pattern with eddies and meanders. It may
be that the mean retention time for krill is
much longer in this area, resulting in a
higher concentration of subadult stages,
whereas further north or south more
laminar currents create less concentration
effects for adult and juvenile krill, respec-
tively. Since mesoscale oceanographic
features change on a weekly to monthly
time scale, this would also explain high
variability of the R, index between surveys
of the same season and between large- and
mesoscale surveys.

Table 3 presents R, and R, for each season.

These indices are pooled values for seasons
represented by more than one survey. The
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Table 3:  Results for Ry and R, for different krill year classes,
calculated as the inverse varjance weighted mean for

the various surveys.

Year Class Ry R,
1975/76 0.144
1976/77 0.048
1977/78
1978/79 0.069
1979/80
1980/81 0.757
1981/82 0.470 0.663
1982/83 0.030 0.0001
1983/84 0.0001 0.214
1984/85 0.175
1985/86 0.633
1986/87 0.156 0.291
1987/88 0.651 0.275
1988/89 0.057 0.063
1989/90 0.099 0.345
1990/91 0.375 0.587
1991/92 0 0.012
1992/93 0.068 0.029
1993 /94 0.046 0.125

large-scale surveys (marked with A in Tables 1
and 2 are not included in the calculation of the
mean, because the small-scale survey was part of
the total survey. To be consistent with the other
seasons, only the Elephant Island survey
estimates were used for the overall mean.

The estimates of the inverse variance weighted
mean and variance of R, and R. estimates are:

Mean R, 0.214

sD 0.5103

SE 0.1275
and

Mean R, 0.291

SD 1.2010

SE 0.2620

The simple arithmetic means are slightly
smaller (R, = 0.197 and R, = 0.255), because of the
inclusion of zero values which were not
considered for the inverse variance weighted
mean calculation.

The present overall mean recruitment
proportion is lower than that calculated by the
CCAMLR Working Group on Krill (WG-Krill) (de
la Mare, 1994a). However, a number of surveys
were excluded from that calculation, because
some low recruitment values were thought not to
be representative for the age class. However,
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examples from the time series show that years of
poor to almost zero recruitment do exist. These
results were observed not only on a local scale
(e.g. Elephant Island survey area), but, in the
same year, on a much larger scale throughout the
Antarctic Peninsula region. For example, in 1985
and 1989 (Table 1) the proportional recruitment
indices were very low and similar for the
meso- and large-scale survey. Values like these
were excluded from calculation of the overall
mean in de la Mare’s analysis (when R; was
smaller than 0.1). The present analysis however
confirms the occurrence of such low recruitment,
and therefore these values must be included in
calculations of the overall mean proportion of
recruits.

NET HAUL ABUNDANCE ESTIMATES

Krill density estimates were listed by Siegel
and Loeb (1995) for the Elephant Island area. The
method applied was the stratified mean (Saville,
1979) of standardised non-targeted net catches
(N/1000 m®) carried out during summer, between
mid December and late February. This time
restriction reduces the seasonal aspect of krill
abundance fluctuations. The present analysis
uses the Aitchison’s delta distribution method
and calculates confidence intervals as described
by de la Mare (1994b). The results of both studies
are listed in Table 4.
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Table 4:  Krill density estimates for the Elephant Island area from standardised non-targeted net catches (N/1 000 m?3) taken during the summer season between mid
December and late February. The present analysis applies the delta distribution method and calculates the confidence intervals described by de la Mare
(1994b) and also uses a bootstrap procedure to calculate means and confidence intervals.

Year Siegel and Loeb (1995) Maximum Likelihood Bootstrap N
Str. Mean Ccv Density SE Lower CI Upper CI Density SE Lower CI Upper CI

1977/78 101.2 0.732 697.53 507.26 139.42 8282.8 348.29 177.63 90.72 751.57 45
1980/81 66.1 1.429 358.57 276.64 60.95 7683.4 161.38 86.09 39.87 357.09 23
1981/82 510.9 0.525 1681.15 1225.39 334.28 20366.9 324.87 96.47 156.29 530.04 42
1982/83 90.6 1.623 306.28 216.95 67.28 6058.3 276.70 166.56 48.32 646.24 12
1984 /85 11.5 0.367 22.63 14.11 6.35 170.1 85.85 65.31 10.05 225.9 37
1987/88 20.1 0.926 35.29 12.38 18.57 90.2 27.64 5.57 17.26 39.14 38
1988/89 41.7 0.509 65.31 27.26 29.96 205.0 79.84 31.58 28.32 149.58 49
1989/90 21.4 0.348 20.27 6.10 11.59 42.3 15.39 3.47 9.11 22.77 97
1990/91 5.3 0.355 6.76 2.15 3.75 15.3 6.46 1.67 3.51 10.01 42
1991/92 20.8 0.559 15.84 4.46 9.46 31.7 19.86 8.21 8.02 38.64 63
1992/93 29.6 0.368 37.32 12.17 20.50 84.1 29.17 7.52 16.67 45.80 72
1993/94 29.7 0.535 28.86 11.40 13.82 81.6 32.96 11.37 13.49 57.45 66
1994/95 19.5 0.522 25.03 7.45 14.41 50.3 73.31 54.07 12.39 186.83 147
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The difference between the periods 1978-1983
and 1985-1995 can be seen in the results of both
analyses. Mean krill density was much higher
during the early period. Even the lower
confidence interval of the early period is generally
higher than the mean during the period after
1985. The time difference is less obvious for the
median values, but it is interesting that the 75%
percentile is much higher in the 1978 to 1983
period. Obviously large krill catches occurred
more frequently during this time but have rarely
been made during the past 11 years.

The four highest density values were observed
at the beginning of the time series. The
hypergeometric distribution gives a low
probability (0.001) that the four highest values
occurred by chance at the beginning of the time
series. Kendall’s Tau correlation analysis was
carried out, testing krill density versus year. The
result showed a significant negative trend of the
density over years (T = -0.615 , p-level = 0.0034)
for the period 1978 to 1995.

These analyses however are based only on the
means of the abundance indices. A method which
makes use of all the data is the usual one-way
analysis of variance, with year as a factor.
However, because the density data depart very
markedly from normality and homescedasticity,
and the number of observations for each level of
the year factor vary substantially, the significance
levels based on the usual F test in any hypothesis
testing will be inaccurate. Nevertheless, accurate
tests of significance can be obtained by calculating
the distribution of an appropriate test statistic
over a large number of random permutations of
the observed values of the dependent variable to
the levels of the treatment variable (for details see
Manly, 1991).

The significant level for the null hypothesis is
determined from the frequency of obtaining more
extreme values of the test statistic in the
distribution obtained by random permutation.
Such significance tests have a high level of
accuracy when a full enumeration of the
distribution over all permutations is undertaken.
When full enumeration is not practical, the test
can be made arbitrarily precise by sufficient
re-sampling (500 permutations are adequate for a
significance level of 0.05 and 5 000 for a level of
0.01). The approach can be extended to examine a
posteriori contrasts in the experiment, provided, of
course, that the null hypothesis of homogeneity is
rejected in the overall analysis of the experiment
(see Petrondas and Gabriel, 1983; Edwards and
Berry, 1987).
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The results of an ANOVA for the overall
dataset based on 5 000 permutations are given in
Table 4. The analyses of variance were calculated
using the statistical package S-Plus. The null
hypothesis that there is no difference between
years is rejected at P < 0.01.

Given that the overall differences are
statistically significant, the next question is which
years are the main contributors to the significant
year effect. This is examined by testing the
following null hypothesis for each year:

i#]

where d;is the density in the year under
examination, and d, is all the other years. This
results in 13 a posteriori tests. In multiple
comparisons, the significance level has to be
adjusted so that the probability of type I error is
maintained at the appropriate level across the
entire experiment (Winer, 1971). The adjusted
significance level o is given by:

oc’:l—(l——(x)l/N

where o is the significance level for the
experiment-wise error rate and N is the number of
comparisons to be drawn. Since there are
13 comparisons, the adjusted significance level
is a” = 0.0039 for o = 0.05 and o = 0.0081 for
o =0.10.

The results of the individual comparisons are
given in Figure 3 and Table 5. Although none of
the comparisons are statistically significant at the
o = 0.05 level, the years 1977 and 1981 are
significant at the o = 0.10 level.

The final analyses undertaken on the data
were pairwise comparisons to determine which
groups of years among the data could be
classified as having homogeneous densities. In
this case the test procedure was to form pairwise
contrasts where the null hypothesis is given by:

HOdl_d]:O

The first test series is to compare the year in
which the highest mean density occurred with
each other year, from lowest to highest until H, is
accepted. The random permutations of the data
are now carried out only between the pairs of
years being compared; the other data are not
permuted in any way. As before, the significance
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Results from the randomisation analyses for krill densities. The plotted
mean densities and the error bars are from the bootstrap analyses. The
The hatched boxes
show the years which can be homogeneously grouped.

error bars enclose the 95% confidence intervals.

Analysis of variance for Elephant Island krill net haul density data for the seasons

1977778 to 1994/95. The statistical significance is tested by random permutation of the
densities from hauls among the years.

Hy: Density distributions are homogeneous across years (year taken as factor).

Source of Degrees of SumofSquares | Mean Square F Ratio Nominal!

Variation Freedom Significance
Year 12 7 666 672 638 889.3 2.903 p < 0.00062
Error 718 158 018 102 220 080.9

I This probability level is based on normal theory and is not accurate. Shown for comparison
purposes only.

Table 6:

Single degree of freedom comparisons to examine which years, taken one at a time, are significantly
different from the remainder. Significance tests are by random permutation. Adjusted significance
levels are 0" = 0.0039 for o = 0.05 and o” = 0.0081 for o = 0.10.

Year under Test | F Value from Numberof Frequency of Probability of Significance
ANOVA Permutations Higher F Value Higher F
1977/78 15.068 5000 26 0.0052 ~sig. (p < 0.10)
1980/81 0.6293 200 34 0.17 ns.
1981/82 11.6855 5000 32 0.0064 ~sig. (p < 0.10)
1982/83 2.0150 500 33 0.066 n.s.
1984/85 0.00005 100 99 0.99 ns.
1987/88 0.6051 100 27 0.27 n.s.
1988/89 0.0058 100 95 0.95 n.s.
1989/90 2.4530 500 45 0.09 ns.
1990/91 1.2587 500 57 0.114 ns.
1991/92 1.3411 200 34 0.17 ns.
1992/93 1.1428 100 25 0.25 ns.
1993/94 0.9057 100 28 0.28 ns.
1994/95 0.1415 100 78 0.78 ns.
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Table 7:

Single degree of freedom comparisons to examine which pairs of years, taken two at a time, are

significantly different, (a) comparing the year with highest mean density (1977/78) with the
remainder, beginning with the year with lowest density, (b) comparing the year with lowest mean
density (1990/91) with the remainder, beginning with the year with highest density. Significance
tests are by random permutation. The comparisons are presented until Hy, (see text) is accepted.
The adjusted significance level is . = 0.0043 for o = 0.05.

(a)

Year under Test {| I Value from Numberof Frequency of Probability of Significance
ANOVA Permutations Higher F Value Higher F
1990/91 11.982 10000 1 0.0001 Reject Hy
1989/90 11.369 10000 0 <0.0001 Reject Hy
1991/92 10.756 10000 4 0.0004 Reject Hy
1987/88 10.776 10000 57 0.0057 Accept Hy
b)
Year under Test | F Value from Numberof Frequency of Probability of Significance
ANOVA Permutations Higher F Value Higher F
1977/78 11.982 10000 1 0.0001 Reject Hy
1981/82 9.715 10000 0 <0.0001 Reject Hy
1982/83 2.700 10000 0 <0.0001 Reject H,
1980/81 1.809 10000 0 <0.0001 Reject Hy
1984/85 0.647 10000 117 0.0117 Accept Hy

level has to be adjusted to maintain the
experiment-wise error rate at the selected level.
There are 12 possible pairwise comparisons, and
so the adjusted significance level is o = 0.0043 for
o = 0.05. The results shown in Table 6 show that
across all years the higher densities can be
considered homogeneous. The group of lower
densities excluded are those in the three years
1989, 1990 and 1991, which form a statistically
significantly different subset of densities.

The second comparison is between the year
with the lowest mean density with each other
year, from the highest to the lowest, until H, is
accepted. As before, there are 12 possible
pairwise comparisons. The results given in
Table 7 show that across all years in the lower
densities can be considered homogeneous. The
group of higher densities excluded are those in
the four years 1977, 1980, 1981 and 1982, which
form a statistically significantly different subset of
densities.

The results of these analyses are difficult to
interpret. While it is clear that there is more
variability in the density data than would be
expected on purely statistical grounds, the
precision of estimates of density from the net
hauls is low. It is possible to conclude that the
three low years 1989-91 represent a period of
anomalously low density, but that otherwise the
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observed fluctuations are not statistically
significant, and that, while there is evidence of a
transient change, there is no evidence of a
persistent change in krill density. It is equally
possible to conclude that the early years 1977,
1980, 1981 and 1982 represent anomalously high
densities, and that the fluctuations in the later
period are not significant, which suggests that
there may be a persistent change in krill density.
Of course, a combined hypothesis is also
supportable, i.e. that local krill abundance is
subject to high degrees of variability which can
cause local fluctuations in krill abundance which
in turn can persist for periods of the order of three
to four years or more.

The power of these analyses is likely to be low,
so that the assumption that there has been no
persistent change in krill density should be
tempered with the caution that the statistical
power of a time series of net hauls is likely to be
only sufficient to detect quite gross changes in
krill density. Given that there are variations in
other indicators of krill abundance (e.g. the
decrease in abundance of krill-dependent Adélie
penguins in the area for which we have sufficient
long-term information (Trivelpiece and Fraser,
1996) over this period, we favour the conclusion
that krill abundance is indeed much lower during
the recent years of the study period.



SUMMARY AND CONCLUSIONS

High interannual variability was observed for
both R, and R, indices over the time series of
the past 19 years, ranging from (almost) zero to
R > 0.75. Comparisons between the Elephant
Island area and a much larger survey area
showed that the occurrence of very low krill
recruitment is a recurrent and real event.
Therefore, the low recruitment values must be
considered when pooling estimates and
calculating an overall mean proportional
recruitment index.

The spatial succession of developmental
stages/age groups demands complete coverage of
the north-south distribution range during krill
surveys. During the austral summer the
distribution range is at its maximum and the
Elephant Island survey grid does not completely
cover this range. However, results for R, seem to
be biased by less than 5% compared to large-scale
Antarctic Peninsula surveys. Intersurvey
differences occur during the same season, but are
generally higher for the R, index than forR;.
Generally R, is higher than R;, but the standard
error is also much higher for R,. The influence of
a longer retention time of subadult krill in the
area is discussed as a possible reason. Obviously
the different developmental stages/age groups
are under different water current influences and
retention times.

Krill abundance shows a clear seasonal trend
with highest abundance during summer (mid
December to late February). This seasonal trend
demands that biomass/abundance estimates for
krill stocks are carried out during this time to
obtain comparable results.

Results from summer surveys show high
interannual variability of krill density in the
Elephant Island area. Krill density was much
higher during the early part of the time series (late
1970s - early 1980s) and much lower and less
variable during the later part (late 1980s — early
1990s). These significant fluctuations will
certainly have implications for krill predators.
Reasons as well as consequences for these
fluctuations are discussed elsewhere (Siegel and
Loeb, 1995; Loeb et al., 1997; Trivelpiece and
Fraser, 1996).

Whatever the interpretation of this particular
series, the results have implications which need to
be taken into account in the revision of
precautionary krill catch limits. Leaving aside
whether or not the results indicate a persistent
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change in krill density, they do at least suggest
that local krill density may vary by nearly two
orders of magnitude and that the effects can
persist for several years. Such behaviour is not
explicitly modelled in the current krill population
model, and so outputs of the model should be
examined to determine whether it generates
fluctuations in krill biomass consistent with the
observations reported in this paper. If the
fluctuations generated are substantially less, the
model may require modification so that the
implications for precautionary krill catch limits of
the fluctuations in krill density of the order of the
observed scale and duration can be examined.
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Résultats du calcul de l'indice de recrutement proportionnel Ry du krill de 1 an par la méthode
décrite par de la Mare (1994a).

Résultats du calcul de l'indice de recrutement proportionnel R, du krill de 2 ans par la méthode
décrite par de la Mare (1994a).

Résultats de R, et R, du krill de différentes classes d’4ge, obtenus en calculant la moyenne pondérée
par l'inverse de la variance des diverses campagnes.

Estimations de la densité de krill du secteur de l'ile Eléphant prélevé dans des captures non ciblées
effectuées par un filet standard (N / 1 000 m® en été de mi-décembre & fin février. La présente
analyse utilise la méthode de distribution delta et calcule les intervalles de confiance décrits par de la
Mare (1994b). Elle utilise de plus une procédure d’amorcage pour calculer les moyennes et les
intervalles de confiance.

Analyse de variance des données de densité des chalutages de krill de 1'ile Eléphant des saisons
1977/78 a 1994/95. La signification statistique est testée par permutation au hasard des densités des
chalutages de diverses années.

Hy : Les distributions de densité sont homogénes au cours des années (année prise en tant que
facteur).

Comparaisons par un seul degré de liberté servant a examiner quelles années, prises une a la fois,
sont notablement différentes des autres. Les tests de signification sont effectués par permutation au
hasard. Les seuils de signification ajustés sont o' = 0,0039 pour o = 0,05 et o' = 0,0081 pour o = 0,10.

Comparaisons par un seul degré de liberté servant a examiner quelles années, prises deux par deux,
sont notablement différentes, en comparant l'année a la densité moyenne la plus élevée (1977/78)
aux autres, en commencant par I'année a la densité la moins élevée. Les tests de signification sont
effectués par permutation au hasard. Les comparaisons sont présentées jusqu'a ce que Hg (voir
texte) soit accepté. Le seuil de signification ajusté est o’ = 0,0043 pour o = 0,05.

Liste des figures

Illustration généralisée des fluctuations saisonniéres d’abondance et de répartition du krill le long de
la péninsule Antarctique et succession spatiale des stades de développement des eaux cétieres aux
eaux océaniques.

Secteur de la campagne d’évaluation de l'ile Eléphant (B) et secteur de la campagne d’évaluation a
grande échelle (A) (le secteur B fait partie du secteur A) le long de la péninsule Antarctique et
schéma généralisé de la répartition des juvéniles (appartenant pour la plupart a la classe d’age 1+) et

adultes (appartenant pour la plupart aux classes d’age > 3+). Wed. = juvéniles du stock de la mer de
Weddell.

Résultats des analyses de densités de krill par randomisation. Les densités moyennes et les barres
d’erreur sont tracées d’apres les analyses d’amorgage. Les barres d’erreur comprennent les
intervalles de confiance a 95%. Les cases hachurées montrent les années homogénes qui peuvent
étre groupées.

Criucok Tadsung

Wnpexc nponopuuoHaJ/lbHOrO NONOJIHEHUsT R, KpHJld BO3pacTOM 1 ropga, pacCuuMTaHHBIHA ¢
MOMOUIBI) METOAA, OUCAHHOrO B padore ne-1a-Mepa (de la Mare, 1994a).

Wnekc nponopLHOHaIbHOrO NONOJHEHH R, KpUJist BO3pacToM 2 JIeT, pACCUUTAHHbI ¢ TOMOLLbIO
METOMa, OMUCAHHOrO B paborte fe-s1a-Mepa (de la Mare, 1994a).
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Benuunssl R, u R, M5 pa3siMuHbIX BO3PACTHBIX KJIACCOB KPHJISl, PACCUNTAHHBIE NI Pa3JIMUHbBIX
CHeMOK KaK CpelHue 3HAYCHMUsT, B3BEUICHHbBIC 110 0OpaTHON ANCTIepCHn.

OueHky TJIOTHOCTH KpHJIsSt paiioHa o-Ba DsiedhaHT, BBIUHCJICHHBIC N0 PE3YJIBTATAM HELEsIeBBIX
Tpasieuuit (N/1000 m?), BOIMOJIHEHHBIX JIETOM C CEpeduHbl Aekadps mo kKouua despans. B
HACTOSIIEM aHAJIH3e MPUMEHSETCs AeTbTa-pacnpene/IeHue U PacCIMThIBACTCS NOBEPUTEIbHBIE
uHTEpBaabl (cMm. de la Mare, 1994b), Kkpome TOro nNpUMeHSIETCS METO/ CaMO3arpy3ku aJis
BBIYNCJIEHUS CPEHAX BEJMYNH U IOBEPUTETbHBIX HHTEPBAJIOB.

JlucnepcoHHbIi aHAN3 HAHHBIX MO NJTOTHOCTH KPHJisi HA OCHOBE PE3YJIbTAaTOR TPAJIOBbIX YJIOBOB
B paiione o-pa DnedanT B ceszoHax ¢ 1997/78 no 1994/95 rr. Kpurtepuii craTucTuyeckoii
3HAYNMOCTH OLUCHIBAETCS ¢ MOMOUIBE) CJTyUaitHBIX NMEPECTAHOBOK 3HAUEHHI MJIOTHOCTH HA OCHOBE
TPaJIOBHIX YJIOBOB B Pa3HbIE OB

Hy: PacnipenenieHust MAOTHOCTH SBJISIFOTCS OOHOPOAHBIMU H3 roa B rof (pakTop - rof).

CpaBHeHHS ¢ OJHOH CTEeNeHbI CBOOOABI ISl ONpPEAEJICHHsS] TOro, Kakue roanl (B3siThle 1Mo
OTAEJIBHOCTH) B 3HAUYHTEJIbHON Mepe oT/udaroTes oT Apyrux. KpuTepuu 3HAYMMOCTH
OLCHUBAIOTCS ¢ MOMOLUBIO CAyYaliHbIX MepecTaHOBOK BesnuuH. CKOPPEKTHPOBAHHBIC YPOBHU
snaunmoctu: o = 0,0039 korga o= 0,05 u o” = 0,0081 xorga oo = 0,10.

CpaBHeHust ¢ OHOIl CTENEHBIO CBOOOID! /11 OTIPEeIesICHHsI TOTO, Kakue napel JeT (OJHOBPEMEHHO
OepeTcs ABa rofa) B 3HAUNTEJIBHON MeEpe OTJIMUANOTCS, CpaBHUBAs ol ¢ HauBbicieil BesTHYHHON
cpenneit nmoraocT (1977/78 rr.) ¢ OCTASIBHBIME MOJaMH, HAYHHAS C FOA4, XapaKkTepu3yeMoro
HauMeHbIlIeH NIOTHOCTHIO. KpUTepHN 3HAYHMOCTH OHEHUBAIOTCS C MOMOIUILIO CAY4YailHbIX
nepecTaHoBOK sesiund. CpaBHEHHS NPOJOJIXAJNCh 10 TEX NOp, TIOKa He Oblla NpHHSTAa HYJIeBast

runotesa H, (cM. teket craThu). CKOpPpeKTHPOBaHHble ypoBHU 3HauuMocTu: o0 = 0,0043 korna
o =0,05.

CHicoK pUCYHKOB

O6obuieHHast KapTHHA CE30HHDIX MU3MEHEHHI B YHCJIEHHOCTH W paclpees/IieHuH KPHJIsS BAOJb
AHTapKTHYECKOTO MOJIYOCTPOBA, a TAKXKe IPOCTPAHCTBEHHAS MOCJIEHOBATEABHOCTD CTANH
pasBuTHS OT APAOPEKHBIX 10 OKCAHCKHX BOI.

CpeMku B paifoHe 0-pa DitedanT (B) 1 B KpynHOMaclITadHOM palioHe (A) (pailoH A BKJTIQUACT B
ceds paiion B) BHOJIb AHTapKTHUECKOrO nosiyoctposa. ITokasaHo oduiee pacnpenesicHue MOJION
(rs71aBHBIM 00pa3’0OM BO3PACTHON rpymibl 1+) B B3POCJIbIX PauykoB (B OCHOBHOM BO3DPACTHBIX FPYII
2 3+). Wed. = MoJ101b 3amaca MoOps ¥YaaaesJ1a.

PesynpTaThl paHAOMH3ALHOHHBIX aHAJIN30B MJIOTHOCTH KpWJisd. Be/IMunHbl cpenHell maoTHOCTH
JaHbBl ¢ YKa3aHHEM BEJIMUHH OMWHOKH MO pe3ysibTaTaM aHaJIM30B C NOMOIUBIO METOAA
camo3zarpy3ki. Owmudkn ykKazaubl ¢ y4yeToM 95% HOBEepPUTEJIbHBIX HHTEPBAJIORB.
3amTpUXOBAHHLIMYE MPAMOYTOJIBHHKAMHU NOKa3aHbl FOObl, NOAAAMMIKECS TPYINUPOBKE O
OHOPOJIHOMY NPH3HAKY.

Lista de las tablas

Indice de reclutamiento proporcional R; para kril de un afio de edad calculado segiin el método
descrito por de la Mare (1994a).

Indice de reclutamiento proporcional R; para kril de dos afios de edad calculado segtin el método
descrito por de la Mare (1994a).

Valores de R; y R; para distintas clases anuales de kril, calculados como el promedio ponderado por
el valor reciproco de la variancia para las distintas prospecciones.

Estimaciones de la densidad de kril en el 4rea de la isla Elefante, derivadas de capturas de la red
normalizadas sin objetivo fijo (N/1 000 m?®) que fueron llevadas a cabo en la temporada estival entre
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diciembre y fines de febrero. El andlisis actual aplica el método de la distribucién delta, calcula los
intervalos de confianza descritos por de la Mare (1994b) y utiliza ademds un procedimiento de
secuencia inicial de instrucciones para estimar los promedios y los intervalos de confianza.

Andlisis de variancia de la densidad de kril en capturas de la red efectuadas en la isla Elefante en las
temporadas 1977/78 a 1994/95. La significacién estadistica se prueba mediante la permutacion
aleatoria de las densidades de los arrastres en esos afios.

Hy: Las distribuciones de las densidades son homogéneas en los afios estudiados (se toma como
factor al afio).

Comparaciones con un grado de libertad para examinar cudles afos, tomados uno a la vez, son
significativamente diferentes de los que restan. Las pruebas de significacién son de permutacién
aleatoria. Los niveles de significacion ajustados son o” = 0.0039 para o = 0.05 y o = 0.0081 para
o= 0.10.

Comparaciones con un grado de libertad para examinar cuales pares de afos, tomados de dos a la
vez, son significativamente diferentes, comparando el afio de densidad promedio mas alta (1977/78)
con el resto, comenzando por el afio de densidad mas baja. Las pruebas de significaciéon son de
permutacién aleatoria. Se presentan las comparaciones hasta que se acepte H, (véase el texto). El
nivel de significacion ajustado es o” = 0.0043 para o = 0.05.

Lista de las figuras

Cuadro general de las fluctuaciones estacionales de la abundancia y distribucion de kril a lo largo de

la Peninsula Antartica y secuencia espacial de las etapas de desarrollo desde las aguas costeras a las
aguas de alta mar.

Area de la prospeccion en isla Elefante (B) y drea de la prospeccién en gran escala (A) (drea A incluye
a la B) a lo largo de la Peninsula Antértica, con el cuadro general de la distribucién de los juveniles
(en su mayoria la clase de edad 1+) y kril adulto (en su mayoria las clases de edad > 3+).
Wed. = juveniles del stock del Mar de Weddell.

Resultados de los analisis aleatorios de las densidades del kril. Las densidades promedio graficadas
y las barras de error provienen del anélisis de secuencia inicial de instrucciones. Las barras de error
incluyen los intervalos de confianza del 95%. las cuadriculas sombreadas muestran los afios que
pueden ser agrupados de manera homogénea.
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