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Abstract

Resolving the spatid variability in the population structure of Antarctic krill Euphausia superba
requires a synoptic sample, asin the design of the CCAMLR 2000 survey, however, this approach
IS not gppropriate to assess the tempord variability. Measurement of the size of krill in the diet of
Antarctic fur sedls Arctocephal us gazella has been shown to provide a good representation of the
tempord changesin the krill population structure from within their foraging area. At Cape Shirreff,
South Shetland Idands krill in nets had modes at 46-48 mm and 52-54 mm and appeared to reflect
the presence of larger krill offshore and smdler krill inshore, krill in the diet of fur sed contained
both of these modes, indicating that the foraging area of fur seds integrated the spatid variability in
the krill population. At Signy Idand, South Orkney Idands, krill in both nets and fur sed diets had
amode & 52 mm when sampled smultaneoudy, however, the krill in the diet of sedls showed a
declinein size later in the season with an overal mode a 48 mm. At Bird Idand, South Georgia
there was little overlgp between net samples, with a mode between 30 - 40 mm, and fur sed's, with
digtinct modes a 44 mm and 54 mm and there was aso much greater spatia variability in the Sze of
krill in net samples than in the other two locations. Extengion of the comparison of the Sze of krill in
the diet of seds, to include spatidly congruent net samples collected immediately prior to the
CCAMLR 200 survey, showed dmost complete overlap and indicated an even greater spatia
variability in the krill population structure at South Georgia. Interactions of oceanographic transport
and enhanced growth rates of krill a South Georgia may combine to produce a higher degree of
gpatid variability in the krill population compared to other locations and this may limit the utility of
using differences in the length of krill asindicators of their provenance. This study has underlined

the importance of using data from multiple sources to consder large-scae population dynamics of



krill, information that is crucid to the effective management of commercid exploitation of krill.
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Introduction

The sze structure of the population of Antarctic krill Euphausia superba in the Scotia Sea
isthe product of acomplex set of interactions between physical and biologica processes that
combine to produce a high levd of both spatia and tempord variability (Murphy et d. 1998). In
order to investigate the causes and consequences of variahility in the krill population it is essentid to
consder the rdative contributions from different sources of variability. Resolution of the variability
into its spatia and tempora components requires a combination of analyses at gppropriate scales
of measurement. Thus, in order to assess the spatid variability, aSmultaneous set of samples of
the krill population across the entire areais required. In contrast, however, an assessment of the
temporad variation might best be addressed through repesated sampling, & asingle Site, over a
longer time scde. The design of the CCAMLR 2000 krill survey provides adetalled ‘ sngpshot’
of the biomass, digtribution and sze structure of the krill population across the whole of the Scotia
Sea(Trathan et al. 2001), however, logigtic and financia congraints mean that conducting
replicate ship-based surveysto assess the tempora variability may not be practicable. Therefore,
an dternative to ship-based sampling may be required to address the issue of tempord variability.

Long term monitoring of the Sze of krill in the diet of krill-dependent predators, such as
Antarctic fur sed Arctocephalus gazella, has proved very effective in reveding tempora changes
inthe population structure of krill a South Georgia both within and between years (Reid et dl.
1999, Murphy and Reid 2001, Reid 2001). Since Antarctic fur sedls are found on al idand groups
within the Scotia Sea (Boyd 1993) extending the diet sampling protocols developed a South
Georgiato other gtesin the Scotia Sea may provide a sampling mechanism suitableto examine

tempord variation in krill population Sze sructure a different geographica locations.



During the design phase of the CCAMLR 2000 survey intensve net sampling was
planned in the regions of South Georgia, the South Orkney Idands and the South Shetland Idands
(Trathan et al. 2001). Located within each of these regions are land-based CCAMLR Ecosystem
Monitoring Programme (CEMP) stes, where Antarctic fur sedls are present during the summer and
this presented an opportunity to collect samplesof krill from the diets of seds from before, during
and after the periods of ship-based net sampling. Integrating these time-series of samples from
different locations with data from the synoptic survey should provide a suitable combination of
sampling gpproaches in order to examine both the spatid and tempord variation in the krill
population in the Scotia Sea.

The am of this paper is to use the data on the length-frequency ditribution of krill in the
diet of Antarctic fur seals collected inthe three different areas over the time period spanning the
CCAMLR 2000 survey to: 1. edtablish theleve of concordance between the length-frequency
digtribution of krill in the diet of Antarctic fur seds and Smultaneous net samples a the different
locations, 2. investigate tempord changes in the krill population structure during the course of the
summer, and 3. to condder the potentid contributions of temporad and spatid variation in the

overd| vaiahility in the Sze structure of the krill population in the Scotia Sea.

Methods

Faeces (scats) of Antarctic fur seals were collected at regular intervas between mid-
December 1999 and late March 2000 (or for as long as possible between these dates depending
upon logistic congtraints) at Cape Shirreff ( Livingston Idand, South Shetland Idands, 62° 28'S 60°

46W) , Signy Idand (South Orkney Idands, 60° 42' S 45° 38' W) and Bird Idand (South Georgia,



54°00' S 38°03' W) (seeFig. 1). At Cape Shirreff and Bird Idand there are colonies of breeding
fur seds (Boyd 1993) while a Signy the population of fur sedls conssts amost entirely of non-
breeding sub-adult and adult male sed's (Hodgson and Johnston 1997) Only whole, fresh scats
were collected and dl sorting and measurement of krill followed the methods of Reid and Arnould
(1996). Thelength of krill in net samples was measured following the protocol outlined in Segd et
a (thisvolume). Krill from scats collected within the same seven day period were consdered asa
gngle samples as were those krill from individud net hauls. All composite length-frequency
distributions use the mean proportionsin each 2 mm sze classesin order to standardise with respect

to samplesize.

Results
Samples sze of krill measured from Antarctic fur seds and nets

A total of 2521 krill were measured from 96 scats collected in the South Shetland Idands
between 5 January and 8 March with 1011 krill measured from the 9 net samples. At the South
Orkney Idands 2366 krill from128 scats were measured between 12 January and 22 March and
546 from the 4 net samples. Between 22 December and 5 April 1046 krill were measured from
181 scats and 448 krill were measured from the 5 net samples at South Georgia. For details of the

location, timing and sample size of krill measured for each net see Table 1.

Population size structure
i. South Shetland Idands

The modd sze class in the composite length-frequency digtribution of krill in the diet of



Antarctic fur sedswas 52 mm as was the modd sze class in the composite length-frequency
digtribution from nets; in both cases 86 % of krill were between 46 - 56 mm in length (Fig. 2). In
the weekly samples there was evidence of two distinct modes, at 46-48 mm and 52-54 mm, both
of which were present throughout the sampling period (Fig 3) while amode a 56 mm was present
only during the weeks prior to the collection of the net samples. There was a decrease in the mean
size of krill between January and March (F; o) = 18.19 P=0.003) which was reflected in a
significant decline the proportion of krill >=to 52 mm over the same period March (F; ) = 22.43
P=0.001). The individud net samples suggest that the moda sze class of 52-54 mm was prevaent
offshore (nets 2, 3, and 5) while smdler krill, with amoda sze class of 48 mm dominated inshore

catches (nets 1,4, 6, 7 and 9) (Fig 4).

ii. South Orkney Idands.

The composte length-frequency digtribution of krill in the diet of Antarctic fur sedlshad a
modd size class of 48 mm with 95 % of krill between 44 - 54 mm in length while the composite
length-frequency digtribution from net samples had amoda sze of 52 mm with 79 % of krill
between 44 - 54 mm in length (Fig 5). In the weekly samples there was evidence of a distinct mode
a 52 mm at the beginning of the serieswith adigtinct modea 48 mm a the end (Fig. 6) There
wasa gradud trandtion from the larger to the smdler mode during the sampling period which was
reflected in adecline in the mean size of krill (K 1,y =29.98 P=0.000). Therewasa very smilar
gze dructure of krill in the individud net samples, each of which had amode of 52 mm and with

relatively few krill smdler than 44 mm (Fig 7).



iii. South Georgia.

The composite length-frequency distribution of krill in the diet of Antarctic fur sedls
contained two digtinct modes a 44 mm and 54mm whereas the composite length-frequency
digtribution from net samples had an indistinct mode between 30 - 40 mm (Figure 8). In the weekly
samples from Antarctic fur sedskrill representing the smaler mode (44 mm) were present
throughout the sampling period, however, the larger mode (54 mm) was only present during the
period upto late January (Fig9). The andyssof the individua net haulsindicated condderable
variaility inthe 9zes of krill with each of the five net samples having different modd Sze dasses

which ranged from 28 mm to 40 mm (Fig 10).

Discusson
Comparison of length-frequency distributions from Antarctic fur seds and net samples.

In the South Shetland 1dands the length-frequency distribution of krill from both Antarctic
fur sedls and nets showed extensive overlap indicating that the variability reflected in the patidly
explicit net samples was a0 reflected within the foraging areas of the fur sedls. At the South
Orkney Idands the dominance of the 48 mm size classin the diet of Antarctic fur seals compared
to the net samples was a consequence of the shift in the modes from 52 mm to 48 mm over the
course of the season. Thus for the mgority of the period after the net samples were collected there
were reatively fewer krill in the 52 mm Sze class compared to the 48 mm size class, however,
comparison of the length-frequency digtributions of krill from Antarctic fur seds and nets from the
same time period showed extensive overlgp with moda size of 50-52 mm, dthough there were

reaively morekrill in the lower tail of the digribution (i.e < 40 mm) in the net samples. At South



Georgiathere was little overlap in the length-frequency distributions of krill from nets and Antarctic
fur sed's even when comparisons were restricted to samples collected at the sametime. Whilst 80
% of krill from nets were of 40 mm or less only 10 % of those from Antarctic fur seds were of this
gze, in addition, there wasadistinct mode a 54 mm in the diet of Antarctic fur seal which was not
represented in any of the net samples.

The interpretation of these results are congtrained by the limitation of the sampling regimes,
in particular the smdl number of net samples in the South Orkney Idands and a South Georgia; the
different part of the fur sed population present in the South Orkney Idands and the single land-
based sampling Site in each of the regions. Nevertheless, at both the South Shetland Idands and
South Orkney Idands there was ardativey high level of overlap in the Szes of krill taken by
Antarctic fur seds and nets which probably reflects the dominance of large krill in the population
ance these are effectivey fully sampled by Antarctic fur seds (Murphy and Reid 2001). At the
South Shetland Idands there was a relaively well defined spatid variability and evidence of a
rdaively smdl tempord change. Thistempord change may reflect changesin the foraging
digtribution of sedsleading to sampling different components of the krill population, however, in
previous sudies of the krill in this region there has been evidence for distinct changesin the age-
composition and digtribution of krill (Lascaraet d. 1999). At the South Orkney Idands whilst there
was dso atempord change in the Sze structure, athough there was no evidence of spatia
heterogeneity, at least during the period of net sampling. Thisisin contrast, to the Stuation a South
Georgiawhere there was far less overlap in the szes of krill taken by nets and sedls. There was
a0 evidence of adigtinct tempora change in the Sze of krill taken by Antarctic fur seds and

consderable evidence of ahigh degree of spatid variability intheregiond net samples. This spatia



variability at South Georgia had alesswdl defined pattern, especidly with respect to bathymetry,
compared to the South Shetland Idands. Thus it appears that at the South Shetland 1dands and the
South Orkney Idands there was ardatively smilar pattern of change in krill population structure,
however, in both cases the krill population was dominated by large krill throughout the sampling
period. In contrast at South Georgia there were extensive patid and tempora differences which
combined to produce the greatest amount of variability in the population structure and the lowest
leve of overlgp with the diet of Antarctic fur sedls.

The extent of overlgp between the krill taken by Antarctic fur seds and nets will depend to
some extent on the nature of the krill population structure; when the population in dominated by
large krill there will be ahigh levd of overlgp, whereas this overlgp might well decrease when smdl
krill dominate in the population (Reid et d. 1999). In 2000 the dominance of large krill in the
population at both the South Shetland 1dands and the South Orkney Idands resulted in ahigh
degree of overlap. Initidly it would appear that the lack of overlap at South Georgia might well
reflect the dominance of amal size of krill in the population in that region. Previous comparisons of
thekrill inthe diet of Antarctic fur seds and nets have demondtrated the importance of making
comparison at gppropriate scaes, in both a tempora and spatia dimension (Reid et d. 1999).
While the current data can be compared at a Smultaneous tempora scae (i.e collected at the same
time), dl of the locations of net samples from South Georgia (Fig 1) wereto the eest of the
foraging area used by lactating female Antarctic fur sed from Bird Idand ( Boyd et d. 1988, Boyd
et d. submitted). However, the length-frequency distribution of krill from within the foraging area of
femde Antarctic fur sedls, collected immediately prior to the CCAMLR 2000 survey (data from

Sushin et d. 2001), overlgps dmost completely with the length-frequency distribution in the diet of
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Antarctic fur sedls collected during the sametime period (Fig. 11). Thus, asin previous
comparisons, when comparisons are made at appropriate scalesthe szesof krill inthe diet of
Antarctic fur seds shows good agreement with the Sizes of krill taken in nets.  Taken together these
additiond net samplesindicate an even greeter leve of spatid heterogeneity in the krill population at
South Georgia compared to that shown by the CCAMLR 2000 survey net samples.

The spatid variadbility in the Sze structure of the krill population at South Georgiais
consggtent with previous andyses in which larger krill have predominated in samples taken to the
west of theidand and smdller krill in the east (Watkins et d. 1999). It has been suggested that this
geographica variaion in the sze of krill may be due to differing source regions of the krill; the larger
krill a the western end of the idand are consdered to be associated with the Antarctic
Circumpolar Current water and originate in the southern Scotia Seaand the Antarctic Peninsula
region while the smdler krill a the eastern end of the idand have been described as originating the
Wedddl Sea (Watkins et d. 1999). An dternative scenario isemerging asaresults of increasing
interest in the role of the Southern Antarctic Circumpolar Current Front (SACCF) in the transport
of krill into the South Georgiaregion (eg Murphy et d 1998, Thorpeet d. inpress). This
trangport mechanism has the potentid to introduce krill into the eastern end of the system from
where they are trangported westwards. It may be that the interactions of relaively high growth
rate of krill at South Georgia (Reid 2001) and oceanographic transport around the idand combine
to produce ahigh leve of spatid variability in Sze sructure in asingle populaion.  The differences
in the moda szesin the net samples from South Georgia, ranging from 28-40 mm with the smalest
in the eest and modd sze generdly increasing further west, is conastent with krill of the same size

class entering the system and  being trangported through a region in which they experience enhanced
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growth rates. In a complex oceanographic system, such as associated with oceanic idands, a
‘synoptic sample across the region would likely reved ahigh degree of spatid varidbility in Sze of
krill. Nevertheless those krill that have been exposed to the enhanced growth conditions for longer
and by analogy have been transported further through the region would be expected to be more
abundant further west. Conversdy those krill in the eastern region would be smdler having beenin

the ‘system’ for a shorter period of time.

The greater tempord variation in the krill taken by Antarctic fur seds a South Georgiamay
to some extent dso reflect the locdly high rate of mortdity of krill (Murphy and Reid 2001) which is
manifested in the reduction in the abundance of the krill in the larger mode during the course of the
summer. The potentid interaction between demographic parameters (i.e growth and mortdity)
and transport within the South Georgia region has the potentid to produce a very high degree of
gpatiad and tempord varidbility in population structure of krill around theidand. Therefore, it may
be ingppropriate to use differencesin the size of krill a different locations around theidand as an
indicator of different source regionsfor those krill.  This does not mean that the multiple source
region hypothesis should be rgjected smply that it isnot should not be based on the size of krill
aone and some other indicator of the provenance of these krill is required.

Given the interactions of spatid and tempord variahility in the krill population over the
whole of the Scotia Seait isimportant to consider the potentia limitations of different sampling
protocols. Watkins et d. ( 1990) showed that small-scae heterogeneity can have a marked effect
the sample szes required to characterise the krill population and suggested that a minimum of 20

net samples would be required to remove the effects of this heterogeneity a aregiona scde.
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However, the requirement for a near-synoptic acoustic determination of krill biomass precluded
the possibility of net sampling at that intengty during the CCAMLR 2000 survey. Itistherefore
important to consder what collaterd information may be available on the compaosition of the krill
population ether from predators, or dternative net samples such as commercid fisheries, when
consdering the regiond population dynamics of krill. For example whilst there was little evidence
of krill smdler than 42 mm in the netting conducted as part of the CCAMLR 2000 survey in the
Antarctic Peninsularegion smaler Sze classesof krill were present in samples from aresearch
cruise in December and in commercia catches taken during January and February (Jones et d this
volume, Hewitt (ICW) thisvolume)). Similarly, net samples collected during the CCAMLR 2000
survey at South Georgia did not contain krill with amoda sze of 52-54 mm yet this portion of the
krill population was present in the diet of Antarctic fur sedls and in net samples from an associated
krill survey. Therefore condderation of the regiond population dynamics should include information
from dl gppropriate sampling, particularly where the latter indicate the presence of components of
the krill population not present in the CCAMLR 2000 net samples.
Concluson
The andysis of the krill taken by scientific nets and Antarctic fur sedsin dl three locationsin the
Scotia Sea suggests that when comparisons are made at appropriate tempora and spatiad scales
Antarctic fur sedls provide aview of the krill population structure that is congruent with net samples.
There are, inevitably, congraints on both sampling methods, with net samples providing high
gpatid resolution but generdly being avallable for ardativey limited time period, compared to the
lower spatiad resolution and greater tempora coverage available from predator samples. Since the

variability in the regiond krill population Sze structure reflects a combination of the spatid and
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tempora components of that variability, it is essentid to consider different sampling approaches that
more gppropriately address different components of this variability. Understanding the regiona
population dynamics requires information on the size structure of the krill population at a range of
scaes collected using arange of sampling approaches relevant to those scales. Such information,
including the trangport from source regions and inter-annud fluctuations in recruitment, is essentid to

the effective management of the commercia exploitation of krill resources.
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Fgure Legends

Figure 1 - Thelocation of land-based sampling Sites and net samples (indicated by the Net number
in Table 1) used in the comparison of the length-frequency ditribution of krill. The numbers.
Figure 2. The composite length-frequency distribution of krill in the diet of Antarctic fur sedsat
Cape Shirreff from January - March 2000 and in nets from the South Shetland Idands region during
the CCAMLR 2000 survey.

Figure 3. The length-frequency digtribution of krill inthe diet of Antarctic fur sed a Cape Shirreff
for each seven day period from 5 January to 23 Feb with the length-frequency distribution from
net samples digned to the period of amultaneous sampling.

Figure 4. The length-frequency digtribution of krill in net samples from the South Shetland Idands
during the CCAMLR 2000 survey. The numbersrefer to the Net number in Table 1).

Figure 5. The composite |length-frequency distribution of krill in the diet of Antarctic fur sedsat
Signy Idand from January - March 2000 and in nets from the South Orkney Idands region during
the CCAMLR 2000 survey.

Fgure 6. The length-frequency didribution of krill inthe diet of Antarctic fur sed a Signy Idand for
each seven day period from 12 January to 1 Mar with the length-frequency distribution from net
samples digned to the period of amultaneous sampling.

Figure 7. The length-frequency ditribution of krill in net samples from the South Orkney Idands
during the CCAMLR 2000 survey. The numbersrefer to the Net number in Table 1).

Figure 8. The composite length-frequency distribution of krill in the diet of Antarctic fur sedsat
Bird Idand from January - March 2000 and in nets from the South Georgia region during the

CCAMLR 2000 survey.
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Figure 9. The length-frequency distribution of krill in the diet of Antarctic fur sed a Bird Idand for
each seven day period from 5 January to 23 Feb with the length-frequency distribution from net
samples digned to the period of amultaneous sampling.

Figure 10. The length-frequency distribution of krill in net samples from the South Georgia region

during the CCAMLR 2000 survey. The numbersrefer to the Net number in Table 1)

Figure 11. The composite length-frequency digtribution of krill inthe diet of Antarctic fur seds a

Bird Idand from January - March 2000 and in nets from the AtlantNIRO/BAS research cruise at

South Georgia during January 2000.
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Table 1. The gation number, location, water depth, timing and number of krill measured in the net samples used in the comparison with the krill in

the diet of Antarctic fur sedlsin the same region.

Net Station Longitude Latitude Depth (m) Date Time(uic)  n(krill) Region

1 KM5032 -58.2007 -61.7510 287 30 Jan 1705 30 South Shetland Idands

2 KM5033 -59.6093 -61.3737 3465 31Jan 0334 165  South Shetland Idands

3 KM5035 -61.6577 -61.7680 4792 01 Feb 0336 158  South Shetland Idands
4 KM5036 -61.1900 -62.4055 01 Feb 1425 164  South Shetland Idands
5 KM5037 -63.2400 -62.0263 4053 02 Feb 0334 45  South Shetland Idands
6 KM1523 -59.5888 -62.1078 98 25 Jan 0352 155  South Shetland Idands

7 KM1524 -59.0902 -63.0907 182 25Jan 1619 154  South Shetland Idands

8 JR1634 -61.2177 -62.3020 225 07 Feb 0300 111  South Shetland Idands
9 JR1640 -60.3995 -63.2615 480 11 Feb 1511 29  South Shetland Idands
10 JR723 -43.5693 -60.6027 1870 30 Jan 1152 151  South Orkney Idands

11 KM918 -47.9097 -60.5028 1761 12 Jan 0331 89  South Orkney Idands

12 KM919 -48.3007 -62.1230 3295 12 Jan 1540 158  South Orkney Idands

13 YU4030 -45.1997 -60.4753 300 30 Jan 0328 148  South Orkney Idands

14 YU3003 -35.8182 -54.3353 225 14 Jan 1511 132 South Georgia

15 YU3004 -35.0600 -53.8518 3560 15 Jan 0359 88  South Georgia

16 KM303 -35.0760 -54.9063 143 12 Jan 0227 164  South Georgia

17 JR413 -37.7658 -54.7717 293 25Jan 0149 41  South Georgia

18 JR415 -37.2818 -52.3862 2540 26 Jan 0153 23 South Georgia
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