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ABSTRACT

The history of human harvests of seals, whalel,dred krill in the Antarctic is summarized briefly,
and the central role played by krill emphasizedhe Thackground to the hypothesis of a krill
surplus in the mid 20Century is described, and the information on patoih and trend levels that
has become available since the postulate wasditganced is discussed. The objective of the
study is to determine whether predator-prey inteas alone can broadly explain observed
population trends without the need for recourserteironmental change hypotheses. A model is
developed including krill, four baleen whale (blu&, humpback and minke) and two seal
(Antarctic fur and crabeater) species. The modghroences in 1780 (the onset of fur seal
harvests) and distinguishes the Atlantic/Indian Badific sectors in view of the much larger past
harvests in former. A reference case and five igeities are fit to available data on predator
abundances and trends, and the plausibility ofréiselts and the assumptions on which they are
based is discussed, together with suggested fudhesas for investigation. Amongst the key
inferences of the study are that: i) species iotera effects alone can explain observed predator
abundance trends, though not without some diffyguilf it is necessary to consider other species in
addition to baleen whales and krill only to explailpserved trends, with crabeater seals seemingly
playing an important role and constituting a patac priority for improved abundance and trend
information; iii) the Atlantic/Indian region showsajor changes in species abundances, in contrast
to the Pacific which is much more stable; iv) baleghales have to be able to achieve relatively
high growth rates to explain observed trends; antaws’ (1977) estimate of some 150 million
tons for the krill surplus may be appreciably taghhas a result of his calculations omitting
consideration of density dependent effects in fegdates.

INTRODUCTION

Brief history of human harvesting in the Antarctic

The Antarctic is a region where the largest hunmmluced perturbation of the marine ecosystem
anywhere in the world has taken place. Specieg Warvested sequentially, with many heavily
depleted as a consequence. Initially seals w&entiom the end of the T&entury, followed by
whales at the start of the 20 More recently fin fish exploitation commencedtire 1960s, and
that ofEuphausia superbénereafter called “krill”) in the 1970s.

Seals (including Antarctic fur seafsctocephalus gazellasub-Antarctic fur sealérctocephalus

tropicalis, and Southern elephant semsounga leonind were taken around South Georgia from

the 1790s (Figure 1). Weddell (1825) calculateat th2 million fur seals had been harvested at

South Georgia by 1822 (peaking in about 1800 wh&a Q00 skins were collected) and this

extensive harvesting almost rendered the populatdimct in this region (McCann and Doidge

1984). As the numbers in South Georgia declingddhg the South Shetland Islands became the
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next location for the sealers, and by 1830 theskml population there had also almost been
exterminated.

After this exploitation of the Antarctic fur sealand commencing at the beginning of thé"20
century, large baleen whale species were depletgaestially, some almost to extinction (Figure 2).
Antarctic blue whaleBalaenoptera musculusere harvested legally from 1904 for almost 60ryea
fin whales Balaenoptera physalugrom 1913 to 1976, and humpback whalktegaptera
novaeangliaeuntil 1962 (though there were some illegal takiterahese dates, Yablokaat al
1998). Sperm whaleéBhyseter macrocephalwgere taken in substantial numbers from the 1950s,
and after the depletion of the other major balgeecies, sei whaleBalaenoptera borealisvere
heavily impacted in the 1960s and 70s. Based storcal catch information for blue whales and
the fit of a logistic model to several sightinggy series, Brancbt al. (2004) estimated that by
the start of World War 11, the Antarctic blue whalepulation was already about only a quarter of its
pristine level, and by 1963 had been reduced tatab®d% of this pre-exploitation abundance.
Similar studies by Johnston and Butterworth (200bahave demonstrated that the humpback
whale populations were reduced by harvesting tatabdo 5% of their estimated pre-exploitation
abundance depending on the breeding stock. Theneooal harvest of minke whales began in
the 1970s and ended in 1986 (when a moratoriunoomercial whaling came into force), though
this species was not nearly as heavily exploiteth@a®ther baleen whales.

More recently, some finfish species have been apily overharvested. Over 1969 and 1970,
the bottom-dwelling marbled Antarctic rockcbidtothenia rossialmost vanished from the vicinity
of South Georgia after 514000 tons were taken (fabieset al 2000). Following this depletion,
mackerel icefistChampsocephalus gunndrsecame a target of the Soviet fleets in the mico%9
and the mean annual catch of this species dectimedthe first 20 years of the fishery, from 1970
to 1990 (Kock 1992). Fishing for the Patagoniamthiish Dissostichus eleginoiddsegan in the
1970s as part of the mixed bottom-traw! fisheryuaic South Georgia, followed by the introduction
of a long-line fishery in 1987. Substantial levefdUU fishing' developed around South Georgia,
and then from 1996 there was a rapid rise in sethites in the Indian Ocean, leading to a catch
substantially above the recommended aggregate Igloba set by the Commission for the
Conservation of Antarctic Marine Living Resourcé3CAMLR) for its Convention area. The
rapid declines of the stocks around Crozet Island #the Prince Edward Islands Exclusive
Economic Zone (EEZ) have been of great concern gtableet al 2000, Brandaet al 2002).

The first full-scale krillharvesting experiments began in the late 19608, aaitches peaking at over half a million
tons in the 1981 season, and then declining shamil 1984 as a result of marketing and procespimgplems
brought about by the discovery of high levels abfide in the exoskeleton of krill (Nicol and deN&are 1993,
Nicol and Endo 1999). These problems were overcan catch increased again until the break-up ef th
Soviet Union in 1991 caused another sharp dedtimaiches as former member states of the USSRes=saskthe
economic viability of their krill fisheries. A tat of 6.1 million tons of krill was taken betwee@7B and 2001
(Miller 2002). The fishery has been stable for fhest 9 years with the catch in 2002 being 9841 to
(CCAMLR 2001). This level is not considered exdessbeing much less than the precautionary caci of

4 million tons set by CCAMLR for the Scotia Seatee€Area 48). The latter limit is based on an atimusurvey
estimate of krill abundance of 44.3 million tonsChe fishery currently operates in the South Atlamtith a
winter fishery around South Georgia, moving souatkpring and summer to the waters of the AntaR#ininsula
and the South Orkney Islands (Nicol and Foster 200Bately, because of reduced winter sea ice wimer
fishery has remained in the waters around the Balgrand the South Shetlands (CCAMLR 2001).

1 JUU fishing means fishing that is either illegafi(en taken in the Exclusive Economic Zone of a szige state),
unregulated (when taken by non-members of the peenmtaRegional Fisheries Management OrganisatioRrM®
here CCAMLR), or unreported (when taken by membéthe RFMO).
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Antarctic food web and the centric role of krill as prey

Figure 3 shows the major trophic interactions ie Antarctic (Miller 2002). Unlike most other
marine ecosystems in lower latitudes, where maegisp interact in a complex manner with each
other, trophic interactions in the Antarctic mayfagly simple. Baleen whales, some squid, fish,
seabirds and some seals all feed predominantly rdin kVarious qualitative and quantitative
analyses of diet composition of baleen whales & Amtarctic (Mackintosh and Wheeler 1929,
Mackintosh 1942, Nemoto 1959, Kawamura 1994, Ohsl®79, Bushuev 1986, Nemoto 1970,
Ichii and Kato 1991, Tamura and Konishi 2005) confthis for blue, fin, humpback and minke
whaleg. Kawamura (1994) reviewed the feeding of balealas in the Antarctic and concluded
that although there are some local and seasonativas, all southern baleen whale species (apart
from the Bryde’s whal®alaenoptera edemnwhich does not enter Antarctic waters and thevbaile
which shows a strong preference for copepods anghiomds) largely fulfill their nutritional
requirements by feeding on krill, a key speciesinithe Southern Ocean ecosystem.

Among the seals in the Antarctic, crabeater skaldon carcinophaguand Antarctic fur seals
feed mainly on krill.  @ritsland (1977) estimatdx tdiet composition of crabeater seals to be 94%
krill, 3% fish and 2% squid, based on samples tdkem surveys in the Scotia Sea and Weddell
Sea pack ice. The diet of the Antarctic fur sésls been studied at numerous sites throughout
their range, namely at South Georgia (Bonner 1€@88xall and Pilcher 1984, Cosé al. 1989,
Reid and Arnould 1996), the South Orkney Islandan@i and Coria, 1992), the South Shetland
Islands (Daneri 1996, Casaex al, 1998, Daneret al, 1999), Heard Island (Greet al, 1989,
1991), lles Kerguelen (Cheret al, 1997), Marion Island (Klages and Bester, 199) Bouvetya
(Kirkman et al, 2000). Most studies are based on analysis aif samples, and krill seems to
constitute the major dietary item for Antarctic &eals around South Georgia, the South Shetland
Islands, the South Orkney Islands and Bouyat In Kerguelen, Heard Island, and Marion Island,
fish seem to be the major prey (Cheselal 1997, Greeret al, 1989, Greeret al, 1991, Klages
and Bester, 1998). These studies show that Argdrotseals are feeding not only on kill but also
fish, and the amount of krill and fish eaten defgreatly between regions. However, as more than
95% of the breeding population of Antarctic furlsaa located at South Georgia (Reid 1995), it is
evident that krill is the main source of food whba population is considered as a whole.

Some supporting evidence of the “Surplus” krill hypothesis - competitive release?
Figure 4 shows consumption of krill by baleen whkale the Antarctic before and after the major
exploitation of the baleen whales, as estimatedLaws (1977). Considering the extensive
exploitation of Antarctic baleen whales in the g@0" century and the fact that krill is virtually the
only prey item for those species, Laws (1962, 1951f)gested that following this exploitation,
some 150 million tons of “surplus” annual produnti@of krill became available for other
krill-feeding predators, such as minke whales, eatr seals, fur seals, penguins and some
albatrosses. This suggestion of 150 million tors Wwased on coarse estimates available at that
time of the population sizes of the baleen whakstjmates of mean body weight, and the
assumption that krill consumption by baleen whales between 3-4% of their body mass/day
(details discussed below in the Discussion section)

2 Some other food organisms may also be found inlsyoaintities depending on the extent of the soutineigration
of the species, where those that migrate furtheéhéosouth around the ice-edge probably have mesdap with the
distribution of krill. Baleen whales may also femuEuphausia crystallorophiasvhich is generally found further south
thanEuphausia superba’amura and Konishi (2005) report that in the deefts of the Ross Sea and Prydz Bay, minke
whales feed ocuphausia crystallorophiasut that the overall consumption is far less thhR. superbaWhile there
has not been any assessment of the abundarieecofstallorophias suspicions are that this is far less than thdt.of
superba(D. Miller, S. Nicol, pers. commn).
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Although no direct inferences can be made, thezesaveral studies and observations that support
this “surplus” krill hypothesis. The estimatedniein age at maturity of minke whales, as
indicated by transition phase observations fronplegs, was downwards from the 1950s to the
1980s during the period of commercial whaling, aading a likely increased abundance of minke
whales in the mid 20 century, plausibly in response to increased latilndance following the
depletion of the large baleen whales (Kato 1983)ni$pnet al 1999, Zenitani and Kato 2005).
Analysis of catch-at-age data using the ADAPT-VPétimod (Butterwortret al 1999, 2002, Mori
and Butterworth 2005) also suggests a statistictipificant increase (about 5%/year) in minke
whale recruitment during the period 1940 to 196Burthermore there is anecdotal evidence of
increased abundance of minke whales from obsenatim whaling vessels over the same period
(Ash 1962). Bengtson and Laws (1985) suggest dasitnend in the age at sexual maturity for
crabeater seals. They examined this trend botlbamnk-calculation from the transition layers
observed in teeth and by examining the ovarieb@fémale crabeater seals, and showed a drop in
the age at sexual maturity from the 1959 to the31&éhort. They also showed that after 1963
there was a steady increase in female age at yatiarough to the 1976 cohort Further evidence
is provided by the once extensively harvested Atitafur seals. By counting the pups as well as
using mark recapture methods, Payne (1977) estihthge approximate number of Antarctic fur
seals in South Georgia, and suggested an anneabfrabpulation increase of 16.8% between 1957
and 1972. Following this study, Boyd (1993) caitetl the total population of Antarctic fur seals
in South Georgia based on counting female fur sestiere, and suggested the population increase
from 1977 to 1991 to be 9.8%l/year. Observation®ther breeding sites such as the South
Shetland Islands, Bouvsta Island, Marion Island, Possession Island anddHéstand also show
that Antarctic fur seals increased during the 1980fe 1990s (Hucke-Gaett al. 2004, Hofmeyr

et al 1997, Guineet al 1994, Shaughnessy and Goldsworthy 1990).

The timing of all these changes in biological pagters and population trends of minke whales,
crabeater seals and Antarctic fur seals (whictiegt mainly on krill), corresponds well with the
period of extensive commercial harvesting of thll-f@eding baleen whales. Since there is no
obvious evidence of any other appreciable envirariteleor human induced changes that could
have led to increases in these populations begjrinithe middle decades of the2Gentury, the
hypothesis that some large quantity of “surplusiaal production of krill became available for
other krill-feeding predators (competitive releas®jllowing the depletion of the large baleen
whales, seems patrticularly plausible.

More recent trends in whales and seals in the Antarctic

More than 30 years have now passed since the reduanhd subsequent protection of the
populations of large baleen whales in the Antareticd there are several indications of recovery of
these previously heavily exploited species. Ameemalysis by Brancét al (2004) of blue whale
abundance estimates using Bayesian approachess yagldannual 7.3% (95%CI: 1.4-11.5%)
increase for this species since its protection 9641 A similar analysis by Rademeyet al.
(2003) investigated whether there has been a gignifincrease in abundance for this species by
IWC-Management Area using various statistical awgputation modelling approaches. Their
GLM analysis took different Management Areas inteaunt and indicates an annual 11% (S.E.
5%) increase in the density of blue whales oveptrgod 1978-2000, though the extent of recovery
of the species compared to its pre-exploitationndbunce differed between Areas with the
depletions in Areas Il and IV still being particuialow.

Recoveries of humpback whales have also been owedirby several studies. Bannister (1994)
estimated the increase rate of humpback whalegdbrg stock D - west Australia) by fitting an
exponential increase model to the number of whedes per flying day, and suggested an annual
10.9% (95%CI: 6.9-13.9%) increase over the peri@alio 1991. For the same breeding stock, a
recent study by Matsuokat al (2004) using sighting-based estimates of abureldram the
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JARPA program estimated the annual rates of iner&ashumpback whales to be even higher. A
similar recovery rate has been indicated for bmegdtock E — east Australia (Brovetn al 1997,
Matsuokaet al. 2004). Findlayet al (2004) recently reported indication of recovefybeeeding
stock C — East Africa. For breeding stock A (BiaZerbini (2004) used a Bayesian statistical
method to estimate a maximum net recruitment re&5%6, though he concluded nevertheless that
this population is still low relative to its prefaritation size and requires continued conservation
efforts. Information on breeding stock B (westiéd) is still lacking, but at least for other Areas
(the Indian Ocean and Australian east coast) likety that humpback whales have been recovering
at about 10% per year since there has been effeptiotection of this species. For fin whales,
Matsuokaet al. (2005) reported some increase in fin whale abooelan Areas IlIIE and IV using
JARPA sighting data from 1989 to 2003; howeverrdhere large yearly fluctuations in abundances
estimates for the area south of°80in Areas IV and V, which may be because mosthef t
distribution area for fin whales lies to the nooft60°S.

In contrast to the recent recovery of large balebales in the Antarctic, there are some indications
of recent reductions in increase rates and perénags declines in other predators of krill, espégial
those that once seemed to have benefited from gheplus” krill, such as minke whales and
crabeater seals. Analysis of catch-at-age datayube ADAPT-VPA method (Butterwortét al
1999, 2002, Mori and Butterworth 2005) suggestsarease in minke whale recruitment in IWC
Management Areas IV and V until a peak in the 14860’s followed by a drop and then
stabilisation over more recent years. Mori andt@wiorth (2005) suggest a reduction in the total
(1+) minke whale population in these Areas from@8Y 2000 at a rate of 2.4%/year. Analysis of
the age at sexual maturity of minke whales by Zemiand Kato (2005) indicates that the declining
tendency of age at sexual maturity gradually slodedn around the 1960s, and almost stopped
from about 1965 to 1980. For females, a slightaasmg trend is evident for the year classes from
1990. Direct observations of the age at physicaflunity provide stronger evidence for a recent
increase (Bandet al 2005). Supportive indications for recent dedime food availability for
minke whales are provided by analyses indicatimg@ease in blubber thickness since the 1980s
(Ohsumiet al 1997, Konishi and Tamura 2005), and also by adst@attern of decreasing weights
of stomach contents of mature minke whales sin& 1¢hen the JARPA programme commenced
(Tamura and Konishi 2005).

An increase in the age at sexual maturity of credveseals has also been postulated. Bengtson and
Laws (1985) suggest a steady increase through 968sland 1970s. A more recent study by
Harding and Karkonen (1995) also reached this csimh, suggesting strong evidence for a true
increase in age at sexual maturity of crabeatds skeugh 1964 to 1989 based on calculations of
the mean age at first ovulation. Erikson and Hand®90) suggest that there has been a decline
in the population of crabeater seals in the Westéeddell Sea south of 78 and to a lesser extent

in the Pacific Ocean sector. Their critical conigam of shipboard and aerial census data from
1968 and 1969 with those from 1984 suggests a tieduo crabeater seal density of 30-60%.
They attribute this decline to increased foragingipetition between the large baleen whales that
are showing signs of recovery after protection froommercial whaling. However, Greeh al
(1995) argue that this apparent decline is anautadf the censusing protocol, which did not take
into account the possibility of a change in the position and numbers of the seal population
observable on the ice during moults. No firm casn on this matter has been reached, but at
least trends in the age at sexual maturity of @teseals suggest that any earlier increasemnate i
their abundance has slowed (and hence could pehaagsreversed).

Reid and Croxall (2001) examined the relationstapween the trends in krill biomass and those of
its predators (Antarctic fur seals, Adélie pengiiggoscelis adeliaeand macaroni penguin
Eudyptes chrysolophusiround South Georgia, and found that the numbeedl these predators
have been declining since 1990, and the lengthilbiikk their diets has become smaller, suggesting
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that an increase in the adult mortality rate ofl kias occurred. These authors suggest furthér tha
the biomass of krill was sufficient to support pread demands at South Georgia in the 1980s but
not in the 1990s, so that the period of the “kslirplus” might now be at an end. Thus
multi-species studies of these predator-prey iotemas are likely crucial for understanding and
predicting trends in abundance for these population

Objective of this study

A decrease in sea ice cover until the mid 2&ntury as a consequence of global warming has bee
suggested by several studies (Levi@isal, 2000, de la Mare 1997). Warming of the Southern
Ocean seems to be the fastest worldwide (Gille R00Zhis has generated concern about the
consequential changes affecting the dynamics afpleeies within the Antarctic ecosystem.

In addition to understanding the relationship bemvenvironmental change and its influence on the
dynamics of the species in the Antarctic, an evalnaof the possible consequences of the past
extensive human-induced harvesting of whales amnglssen the Antarctic food-web via
predator-prey interactions is likely also cruciat finderstanding the dynamics of this ecosystem.
For example, by correlating changes in Antarctebgel populations with regional climate change,
Croxall et al (2002) concluded that in addition to the effetsoch climate change on species in
the Antarctic, harvest driven changes (of whalesswals in the Antarctic) may also play a role and
the combination of the two may induce rapid shiftdween alternative trophic pathways. As a
result of a substantial effort by the Internatioldhaling Commission (IWC) in collecting past
historical catches of whales, and by both the IW@ the Japanese Government in conducting
continuing whale sighting surveys in the Antardtic almost three decades, population abundance
and trend estimates of the formerly depleted whpbxies have recently become available. These
facilitate important improvements in understanding effects of past human-induced harvesting of
these species in the Antarctic and in the prediabiofuture trends.

Considering likely increases in minke whales, ces®eseals and Antarctic fur seals in response to
extensive harvesting of large baleen whale spearesthe more recent observations suggesting that
these increases have reduced or even reversedrte sf these species concomitant with the
recovery of the larger baleen whale species, weottngsize that the effects of human-induced
harvesting of the species in the Antarctic haseddaayed a major role in, and continues to impact
upon, the dynamics of krill and its major predatiorshe Antarctic. The objective of this paper is
thus to investigate the following question:

By considering the krill-centric major predapwey interactions and the available knowledge
concerning these species (including harvestingetifdsy humans), to what extent can these
interactions alone reproduce the abundances amdrreds as observed in recent surveys of
these species? In other words, is it possibleutitgtively and quantitatively evaluate to
what extent predator-prey interactions may be otlimg the population abundances and
trends of krill and its major predators?

By addressing this question, we hope to providth&urinsight on the extent to which predator-prey
interactions (compared also to the argued impaathainging environmental factors) may have
influenced krill and their predators in the Anta&gctand thereby improve understanding of the
functioning and hence predictability of the Antézeharine ecosystem.
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DATA & METHODS

Species considered in the model

Baleen whales, some squid, fish, seabirds and seails all prey directly on krill (Figure 3). The
amount of krill consumed by each group of specifferd depending on their abundances, diet
compositions, daily intake of food and the periegrowvhich they feed in the Antarctic.

In order to evaluate the magnitude of the impaatafsumption by the predator groups shown in
Figure 3 on krill biomass, we summarize approximagéimates of krill consumption by each
predator group in the Antarctic in Table 1. Befbreman exploitation began, baleen whales were
probably the major predators of krill, followed bgals (Table 1). This indicates that the impact of
consumption by baleen whales and seals in the éutaon krill is relatively large, and thus baleen
whales (specifically, blue, minke, humpback and Wihales) and seals (Antarctic fur seals and
crabeater seals) are considered in the model deelo A particular difficulty, as is evident from
Table 1, is that no detailed information existgatate the abundances and hence consumption of
krill by cephalopods, fish and birds for the perijmdor to the exploitation of the baleen whales.
Even for recent years, knowledge of the abundamfesand consumption by, these species
(particularly for squid and fish) is still very lited, and any estimates remain heavily dependent
upon various assumptions. Similar comments coeldnlade for other cetacean species such as
killer and beaked whales. Due to this lack of date do not directly consider the effect of
consumption by these further species of krill andtlee predator-prey dynamics in the Antarctic.
Instead, their potential impacts on these dynamiidk be addressed further in the Discussion
section. Thus, in summary, only blue, minke, huagiband fin whales, and Antarctic fur and
crabeater seals are considered as the major keitlgpors in the model developed. Antarctic fur
seals are included only in Region A (see Figurasshheir distribution is essentially restrictedhe
Atlantic side of the Antarctic.

Incorporating regional effects

The model to be developed divides the Antarctio tato regions: the one is the Atlantic and Indian
Oceans region, which corresponds essentially té\ii@ Management Areas I, Il and IV, and the
other the Pacific Ocean region, which correspomdthé Areas V, VI and I. The two regions
together with the IWC Management Areas are showrigare 5.  For convenience, we refer to the
former region as Region A, and the latter as ReBionThe reason for dividing the Antarctic in this
way is that the majority of the commercial harvegtof baleen whales and Antarctic fur seals took
place on the Atlantic side of the Antarctic (Figsg bringing most of the large baleen whale
populations and the Antarctic fur seals to the gavfextinction. The whales on the Pacific side
of the Ocean were harvested in much lesser numifégsire 6). This suggests an uneven
pre-exploitation distribution of large baleen wisalabundant on the Atlantic side of Antarctica, but
relatively scarce in the Pacific. Thus, the impafotvhaling and sealing may have different effects
in these two regions, which is the reason for divssion.

Historic catch -Data

Baleen whales

Annual catches by Area of the baleen whales coreilde the model are listed in Table 2a. These
were provided by C. Allison of the IWC Secretariat minke and fin whales. For humpback
whales, data were taken from Johnston and Buttéw(@002) and for blue whales from
Rademeyeet al (2003).

Seals

Since no details on yearly catches of Antarctic $aals exist, we developed a plausible catch
history for this species based on the availableM@&dge of these catches. Details of how this
historical series of catches for the Antarctic f&als was developed are given in Appendix 1.
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Crabeater seals have hardly been harvested, buanisls were taken per year in Region A for 11
years during the period from 1967 to 1977 (I. Bopdrs. commn). The consequent historical
catches of Antarctic fur seals and crabeater sessismed for the model are shown in Table 2b.

Absolute abundance estimates and their relative trends

The absolute abundance estimates for the preda¢oies considered are shown in Table 3, while
their relative trends are listed in Table 4 togethigh the sources for this information. Since the
abundance trends for fin whales and crabeater sealsiot well known, we do not include any
information on these trends when fitting the madetiata. Note that the estimates of abundance
for blue, humpback and minke whales in Table 3rr&dethe region south of 88, which likely
includes most of the blue and minke whales. Ferfith whales, the estimates obtained for south
of 60°S by Branch and Butterworth (2001) are extrapolated factor of 7, based on the results of
Butterworth and Geromont (1995), who used JapaBeseating Vessel (JSV) sighting rate data as
an index of relative density to extrapolate abuwdanestimates obtained from the
IWC/IDCR-SOWER surveys to the region north of 80

Population dynamics of the species

Functional response

One of the most obvious issues of crucial imporatoca consumer is the local density of its food,
and hence its immediate availability, since gemgrthle greater the density of food, the more the
consumer eats (Begat al. 1999). The relationship between an individuadigssumption rate and
local food density is known as the consumer’s fiometl response (Solomon 1949).

There is almost no information on the functionape@nse of baleen whales to their prey. Turchin
(2002) comments that specialist predators are thoty be typified by a hyperbolic shaped
response, whereas generalists are commonly thoteghexhibit sigmoidal shaped responses.
Similarly, it has been suggested by a CCAMLR Wogkidroup (CAMLR 2004) that for those
predators whose foraging is based on interactiatisindividual prey organisms (e.g. killer whales
that forage on seals), Type Il response curves intighappropriate; on the other hand, predators
whose foraging is based on interactions with pregasisms that must be aggregated to exceed
some threshold density (e.g. baleen whales thagéoon krill) likely manifest Type Ill curves. In
this analysis both Type Il and Type Il functiomesponse forms are explored.

The model
The model presented here is similar to that of Mord Butterworth (2004), but has added an
intra-specific density-dependent parametej for each predator, in order to admit a non-tfivia

coexistence equilibrium of the species considered.

-Dynamics of krill
B2 A2 N2
By =By +raBi[l{K_yD‘Z—(Bje(l)ny?r(BZ)n 1)
a J y
-Dynamics of the predators
Ny (B

B0 +(B5 )

—MINje—pia(naf -c e )

ja _ j.a
Ny =Nyg=+ y

y

where
By is the biomass of krill in regioain yeary,

r® is the intrinsic growth rate of krill in regiay
K, isthe carrying capacity of krill in regian
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Al is the maximum per capita consumption rate ilifliy predator species
N/)® is the number of predator specjés regiona in yeary,
Bj® is the krill biomass when the consumption andckesiso birth rate of specigs regiona
drops to half of its maximum level,
u!is the maximum birth rate of predator spegies
M’ is the natural mortality of predator spediés the limit of low population size,
n'? is a parameter governing the density dependencatofal mortality and/or birth (and calf

survival) rate for predator speciem regiona,
n is a parameter that controls whether a Type & dype Il functional response is assumed
(n=1 for Type Il anch=2 for Type lll), and

c,? is the catch of predator specjén regiona in yeary.
Note that no krill catch is considered as (to déhe has been small compared to krill abundance
(CCAMLR 2001). Terms involving the paramejéef can apply to either or both of birth (together

with calf survival) and death rates; biologicalhese terms could reflect the impact of limitations
on the numbers and sizes of breeding sites fossaatl correspond to intra-species competition for
food for whales (see also further comments in Bismn section).

Model fitting procedure and parameter estimation

In order to estimate the yearly abundances of &nd its predators using equations (1) and (2), the
initial abundance for each species in year 178freeany exploitation began, which we consider
to correspond to a co-existence equilibrium lewelthe species considered, needs to be estimated.
The condition that all the species considered is thodel were in equilibrium (balance) in year

1780 provides relationships between the paramedees. Thus, by settin@;,, =B7 in equation
(2), it follows if a Type 11l functional responserin is assumed that:

ra(l—( BlamoD - Z A |3213780N1j7'go . 3)(
Ka i (Bja) +(Bla7soj
Similarly, setting Ny"f; =N,®in equation (2) yields:

; 2
g (Bf780)

&) +(B2a) M7 N (4)

for each predator specigs

For blue whales, equation (4) can also be rewrdten

Bb?\/|M" +1 haNlbﬁgo
VK =M —pBaNpa,

Bl7g0 = (5).

Given values ofBb®and n"2as inputs, and choices from their plausible rarfgeshe other blue
whale parametersM®,N23, andu®), the initial biomass of krill in regioa in year 1780 B2%4,)
becomes specified. Similarly, by solving equatfdhfors;j?, this functional response parameter
becomes specified for the other predator speci€nce all these parameters are specikedan

be calculated from equation (3). Similar equatiapply when a Type Il functional response form
is assumed.
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The Likelihood function
The complete negative log-likelihood function miiged to estimate parametess, N2, A, 4!

for all the predator specig¢sand r?for krill, is:

h f
—InL= I-Labun + LLtren + I-I-rz:;lbun + LL{Fen + I-I-abun + LLtren + I-I-abun + I-Labun + LLtSren + I-I-abun (6)

where this function{InL ) is comprised of the contributionsiaf, and sometimes.},,from each
predator species LL!  is the component that relates the model estimateddance of predator
specieg to the observed abundance, and,,is a similar component pertinent to the abundance
trend.

Blue whale component
b,A qbA |2 b,P G bP |2
LL = (In N300 = IN Nzooo)/ ) (In N 3000 ~In Nzooo)/ , (7)
b, A b,P
2(02000) 2(‘7 2000)

- 1 b b
Ziz(ln Nybo °=In Ny)
=y

51
zi
y=1

2
Jy

(8)

: ~ b |2
LL2., :Z[|nay+;12(ln N ~Ing-In NS) ],where Ing=

y=1 y

Minke whale component

- 2 2
mA _ mA mp mpP

LLm (In Niggs —In N1985) (In Niggs —In N1985) (9)

abun ~ ( ) ( mp )2

2\01gg5 2\0 g5
( mA _PMmA SmP )2

LL™ = \"1970-2000 R197&200 R1970—2000 970-2000 (10)

tren ( mp )2

U 197(}2000 2\01570-2000

Humpback whale component

LD = (In Nisa7 =In N12337/( In Nige7 =In N1h9F9>7)/( )2 (11)
2 201507

hA _BhA 2 h,P _pBh )2
LLh = (R1977—1991 Rig77-1901 ) 9811996 R1981—1996 12
tren ( hp )2
‘7 1977 1991 2\0 15811996

Fin whale component

f, f,A f f
LLf (ln N, ge7 =In N1997 |n N, gg7 =In N199P7) (13)
abun — Z(O'f P)

oghA 2
1997 1997
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Antarctic fur seal component

s :(InN‘°"A —InI\AISA)2 (InN‘°"A —InI\AIS'A)2 (InNS'A—InI(lSA)2
LLSpun 1930 193(%01%20)2 + 1976 1976/(01%%)2 + 1991 1991 , (alségl)z (]_4)
LLS. = (Rlséé&lwl_ I_:‘)139/‘2&1971)7 (R15§$7—1991_ %%@%1991)7 (R139A91r2000_ I_:‘)1323/31r2000)7 (15)
A 2(0-]2@8-1971)2 ' 2(01%?7-1991)2 ' 2(05531-2000)2

Crabeater seal component

L, = (In N5iBo—1n Nz?bgy (i NgRo-n Rghof (16)
2

C,A c,P
92000, 2o 2000)2

where o} is the CV of the observed abundance (or aburedtiend) of specigsin regiona in

year(s)y, and

RJ?

jioy2 Is the rate of increase of specje regiona between yeayl to yeary2 which is

yl-y2 ~ ja
Ny

i y2-y1

calculated from the equatior’? —( y2 ] -1.
Biological parameters
Details of the plausible bounds imposed on thematers to be estimated are provided in TaBle 5
The range forr?was selected on the same basis as in Mori and riauwitin (2004), and ranges for
the other parameters were selected based on vasmwses of information available to date.
Values for the input parametersb®and ;' are chosen so that the resultant populations’
trajectories are able to reflect the patterns aextii®m available data. Note in particular thas th
apparent greater suitabilities of the Atlantic Bdue, fin, humpback whales and of the Pacific for
minke whales is reflected by choosing comparatiwehaller values for they parameter for these

respective regions.

RESULTS

Figure 7 shows the “reference case” trajectoriekfitl and their main predators in the Antarctic
when a Type Il functional response form is assynaed Table 6 shows the values of the input and
estimated parameters for this reference case andivi® sensitivity scenarios detailed below.
Convergence proved difficult to achieve if estiroatiof certain parameters was attempted when
fitting the model to the data, so these were figadnpuf. Once the fit had converged, a check
was made that the initial coexistence equilibriuraswstable. Figure 8 shows the projected
trajectories (up to 2500) for this “reference cageddel under no future catch of all of the species,
Figure 9 (a) shows the consumption of krill by epobdator in Regions A and P, and Figure 10 (a)
shows the production of krill itself for each Regio

3 Given that the model developed here is age-agtgdgather than age-structured, biases can artgesbe values of
parameters and variables in such models and tren@iactual values of these quantities (thatyikeltter correspond
to age-structured model constructs). Thus the mangasidered in Table 5 for consumption rateséi@mple) may not
be the most appropriate for the aggregated modadlolged in this paper, but it was neverthelessidensd desirable
to impose such bounds so as not to stray toodan friological realism.

4 These parameters ard’ , #"andu " .
11
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Five other scenarios were considered to investifpaensitivity of these results. These are:
() What if the minke whale abundance estimates fromeyts (NJ5.zandN,3%) were doubled

(since there could be some under-counting of thmals, especially in the pack-ice and as
a result of thg(0)=1assumption)?

(i) In the light of the environmental changes that Hasen reported recently (e.g. Gille 2002,
de la Mare 1997), what if carrying capacityof krill was linearly reduced to half of its
original value between the mid 1950s and early $970

(i)  What if only whales were considered in the model fmtarctic fur seals and crabeater
seals)?

(iv)  What if a Type Il functional response form was assd instead of a Type Ill form?

(v) For the “reference case” scenario, what if crabesdals in Region A had higher density
dependent mortality ratey£#) than what is assumed for the “reference case”?

Figures 11 to Figure 15 show the trajectories df &nd their main predators in the Antarctic for
each of the above sensitivity scenarios respegtiagld Table 6 shows the values of the input and
estimated parameters for these five scenarios.

The main feature of the “reference case” results sharp increase from about 1930 followed by a
decrease in krill biomass in the Atlantic/Indiagioa starting at about 1950 (as shown in Figure 7)
does not change for scenarios (i) and (ii) deta@bdve (see Figures 11 and 12). However, for
scenarios (iii), (iv) and (v), the subsequent daseein krill biomass is not as appreciable asHer t
other scenarios, and consequently minke whale angeddoes not show as marked a decrease
since the 1970s, if indeed it decreases at alluégy 13-15). For the model to reflect minke
whales starting to decrease from about 1970, regairlargish drop in krill biomass from about the
1950s to the 1990s as well as a relatively highsidgrdependent; parameter for this species.
When minke whale abundance is doubled (scenaniptki¢é consumption of krill by this species
increases compared to the “reference case” (compa@es 9 (a) and (b)) but there are no
qualitative changes to results. The effect ofdmhe reducing K, to half of its original level
between the mid 1950s and early 1970s resultsnrar@inally better fit than the “reference case”
(compare -InL in Table 6 for “reference” and (ii)). This is mbirdue to improvement in the fit
of the abundance estimate for crabeater seals mioReA. The high abundances of and
consumption of krill by crabeater seals, which peakhe 1970s, are somewhat reduced for this
scenario.

Note that neither ignoring non-whale predators {Feég13) or assuming a Type Il functional
response (Figure 14) reflects a recent decline imkenwhale abundance. Figure 15 shows that
inhibiting the extent of growth in the crabeatealsabundance during the 1960s and 1970s by
increasing the associateg parameters precludes as substantive a recent min&ie reduction as

for the reference case.

Note that for all these scenarios the substantiahges, particularly in krill abundance, take place
in the Atlantic/Indian (A) region, with the Pacificuch more stable.

DISCUSSION
The underlying assumptions of the model are:

1) before the exploitation of the seals and whalefénAntarctic (i.e. in 1780), the species were

co-existing in a stable equilibrium, and
2) there is competition both between and within thecegs.

12
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This study thus shows that under these assumpaiothshat when the consumption and birth rates
of the predators considered in the model show dirtdolType III functional response to krill
biomass, and certain biological parameters donlithe ranges presumed for them (i.e. within the
bounds specified in Table 5), then simply by coesidy the krill-centric major predator-prey
interactions and the available knowledge concerrtimg species (including their harvests by
humans), it is possible to broadly reproduce thpufaiion abundances and trends of the major
predators of krill considered in the model.

The suggested sequence of primary factors drivinegdynamics of these major species in the
Antarctic is as follows:

1. krill biomass increased over the period from akt®20 to 1950 as a result of a reduction in
predators due to the extensive harvesting of thgeldaleen whales (note that earlier seal
harvests seem to have had only a rather limiteztgff

2. as a result of this increase in krill biomass, reinkhales, crabeater seals and Antarctic fur
seals increased: minke whales primarily duringpgbgod from 1930 to 1970, with the seals
following a little later,

3. by about 1950, krill biomass had almost reachedatsying capacity, but due to the increase
in consumption by minke whales and seals, it sdaxedrop again, and

4. following this decline of krill biomass and becausgenigh density-dependent mortality effects,
predators such as minke whales and crabeater wbaih originally benefitted also start to
decrease again from around 1970 while the protderggr baleen whale species commence
recovery.

The important key features required of the modelnfimke whales to decrease from around 1970
are 1) the drop in krill biomass from around theé&Q® to the 1990s and 2) a relatively high
density-dependent mortality rate (parameter) for this species. When only baleen eghahd

krill are considered in the model (scenario (iil)je have not been able to find a combination of
parameters where krill starts to drop from aroufii(s to the extent that then causes minke whales
to start to decrease from around 1970 (see FigRie IThis is because the increase in minke whale
abundance and the associated greater consumptiaill bly this species is not sufficient to counter
the increase in krill biomass resulting from thevieating of the larger baleen whales. This is
evident from Figure 9, which shows that it is thereases in other krill predators such as crabeater
seals that are essential to give rise to take ale reduction in minke whales since about 1970
that is indicated by VPA (Butterwortt al 1999, 2002, Mori and Butterworth 2005).

Furthermore, the assumption of a Holling Type Ulhdtional response form also seems to be critical
to obtain such a trajectory for minke whales. Tigidecause when a Holling Type Il form is
assumed, crabeater seals do not increase as rapiftly a Type Il form, so that krill biomass does
not drop sufficiently from the 1950s to the 199Battminke whales will start to decrease from
around 1970 (Figure 14). As far as the specieampeiers are concerned, having the model fit the
data requires highish maximum consumption and maminbirth rates for all the species
considered in the model, and a low intrinsic grovate parameter)for krill in region A.

The following parts of the discussion address tla@gbility of the underlying assumptions of the
model and the suggested factors listed above @sgithe dynamics of the species in the Antarctic.

13



WG-EMM-05/34
Plausibility of the underlying assumptions of the m odel

1. Before the exploitation of the seals and whales in the Antarctic, the species were in stable
equilibrium.

Naturally there are no independent observationdadla from this period which would allow this

assumption to be checked directly. However, icwitstances where estimable parameters are

numerous but data limited, there would seem to ustification in imposing this simple and

plausible constraint which limits the feasible spatthe estimable parameters.

2. Existence of competition between and within the species

Most ecologists recognize two forms of competitio®ne is called “exploitation competition” and
the other “interference competition”. Exploitatioampetition is defined as: competition in which
any adverse effects on an organism are broughttdiyoteductions in resource levels caused by
other competing organisms. Interference competition is defined as: competitbmiween two
organisms in which one physically excludes the otfen a portion of habitat and hence from the
resources that could be exploited there (Begjaal. 1996).

For “exploitation competition” to exist, the resoarin question must be in limited supply. The
observations of an increase in minke whales, ctabsaals and some seabirds (hone of which had
been subject to earlier human harvest) over abdmt1©40s to the 1970s likely in response to
overharvesting of the krill-consuming larger baledrales, as is detailed in the Introduction segtion
indirectly supports this assumption of limited slypim krill biomass to krill predators. There is
some other indirect supporting evidence for thesaleeady discussed in detail in the sections en th
“Surplus” krill hypothesis and on more recent treiofl whales and seals in the Antarctic.

In regard to the possibility of “interference cortipen” between the baleen whales, Clapham and
Brownell (1996) suggest that there are severaloreado believe that at least interference
competition between baleen whales may in most chseminimal even if resource limitation
applies. They suggest that first this is becauggereipal mechanism for this type of competition
among other taxa is establishment and defensearabtees, yet it appears that most mysticetes are
not territorial animals. They also suggest thagrehare hardly any observations of such
competition in the field for baleen whales. Recebservations of direct competition (fighting)
between killerOrcinus orcaand sperm whales in thieving Patagonian toothfism longlines in
fisheries off both Marion Island and South Geor@{ack et al 2005, C. Heinecken, Capricorn
Fisheries Monitoring, pers. commn) provide a coust@mple to these arguments, though
admittedly such competition is between rather théhin species.

The model developed includes both exploitation ocetitipn (through the functional response
postulated for krill consumption) and interferermmenpetition in the form of the density dependent
mortality terms (with their associategl parameters). The latter are a mathematical negdssi
admit non-trivial co-existence equilibria, and asdatively easy to motivate on the grounds of
breeding site limitations for seals. For baleeraleh, however, though clearly the parameters
play an important role in having the model fit theta, the biological justification is more difficul
given Clapham and Brownell (1996)’s arguments. &puassible explanations are that:

i) the intra-species effect is subtle and occurs anlizigh levels of abundance not recently
evident in the Antarctic,
i) what has been modeled here may be a surrogatentfarspecies interference, of which

recent observations of increased humpback:minkeleveundance ratios in Area IV
concurrent with a drop in stomach fullness and Ibduhihickness for minke whales (Tamura
and Konishi 2005, Konishi and Tamura 2005) may titute indirect evidence; and

14



WG-EMM-05/34

i) the effect is principally operative at a calf swali level, i.e. there are limitations on
preferred calving/weaning locations for these atgias suggested by observed increases in
the spatial extent of distribution of calving righthales as the South African right whale
population has recovered (Best 1981).

Plausibility of the suggested factors driving the d ynamics of the species in the
Antarctic

Plausibility of the magnitude estimated for krill biomass

The long term trend in krill biomass estimated g teference case model suggests that the initial
krill biomass under unexploited co-existence wasuad 150 million tons, which then gradually
increased to about 800 million tons during thet firalf of the 2& century (with virtually all this
increase occurring in the Atlantic/Indian regioafter which it declined again to around 200 to 300
million tons in recent years. Estimating the atamabs of krill has been a very difficult task
because of its wide distribution in an environmentwhich surveys are expensive and difficult,
particularly as during winter most of the oceawasered with pack-ice. Furthermore, the uneven
distribution of krill and its occurrence in varioages of patches ranging from hundreds of meters
in diameter and several meters thick to 12km inmmair and 230m thick makes such abundance
estimation even more difficult.

Nonetheless, various attempts have been made itnaséstthe abundance of krill using different
techniques, and these estimates vary between 1402@million tons (Miller and Hampton 1989).
A recent study by Voronina (1998) estimated thalthktill biomass to be 272 million tons based on
published data and using a map of krill's quantigatdistribution compiled from commercial
trawling made by Soviet fishing and research vesseNicol et al (2000) calculated the
circumpolar abundance estimates for krill usinghibforical information on the overall range of
krill; and 2) recent measurements of krill denditym various acoustic surveys. They suggest
circumpolar krill abundance to be in the range 6ft6 155 million tons. There are various
uncertainties associated with acoustic survey nasthilowever, as are well summarized in Hewitt
and Demer (2000). The calculation by Niatlal (2000) required some extrapolation of density
estimates to unsurveyed areas (which correspofd%oof the whole distributional range of krill as
they define this). Moreover, taking account of lluge inter- and intra-annual variability of krill
abundance shown around Elephant Island (HewittCserder, 1994) and South Georgia (Brierégy
al., 1999, 2002), we consider that it is reasonablargue that this abundance estimate of krill
could cover a range of several hundred million tons

More recently, Hewitet al (2002) estimated the total abundance of kriltha Scotia Sea to be
44.3 million tons based on data from an internaticgchosounder and net survey; however, a
reanalysis of these data by Demer and Conti (20@%&h incorporated recent improvements in the
characterization of krill target strength, suggestat these improvements will lead to a krill
biomass estimate that is nearly 2.5 fold greaten tifhe previous one. Such an adjustment would
raise the estimate by Nicet al (2000) to about 150 to 400 million tons. Thigjiste compatible
with our reference case model estimates in the3@@million ton range, and would also seem to
exclude sensitivity scenarios iii) and iv) consgterearlier where respectively ignoring seal
predators or assuming Type Il functional responsggsst recent krill biomass in the 600-700
million ton range. Unfortunately, there are ncedtrobservations that allow the plausibility of the
estimate of 800 million tons of krill biomass iretmid 2" century that is suggested by our model
to be assessed. However consideration of infoomatn relative trends in krill biomass could
potentially provide some insight in to the possiblagnitude of krill biomass in those previous
years.
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Plausibility of the predicted biomass trend estimat e of krill

Despite the broad distribution and several highceatration areas of krill in the Antarctic,
long-term sequences of surveys of krill abundareeshbeen conducted only in the vicinities of
Elephant Island and South Georgia. In these ameamystic survey information as well as net
sampling data have been collected and there agetésm density estimates of krill in these regions
sincecirca 1980. Hewitt and Demer (1994) show trends in tigrestimates of krill over the
period from 1981 to 1993 obtained from acoustivsys around Elephant Island, and Brieretal
(1999) shows these for South Georgia over the @efiom1981 to 1998. In both areas, no
persistent trend in krill abundance is evident dhesse periods. In the Elephant Island region, net
sampling of krill has also been conducted for ntben 20 years, commencing in 1977. Methods
for calculating the density estimates of krill frarat sampling have changed from year to year, and
Siegel et al (1998) point out that estimates obtained in they are probably biased by net
avoidance behaviour by krill and are thus too lowhe frequency of sampling as well as the
spatial extent of survey areas have not been densisver the survey period (there was less
frequent sampling in the early years), and it isoadingly difficult to conclude from these data
whether there was any appreciable trend in krifisity between 1977 and 2000 in the Elephant
Island region. Moreover, these areas where cofligecsurveys have taken place correspond to
only a tiny fraction of the total distribution ardar krill, so that estimating any trends in
circumpolar krill abundance remains problematic.

A recent study by Atkinsoet al (2004) combined all available scientific net séingpdata from
1926-39 and 1976-2003 in order to examine spatidl @mporal changes in krill distribution.
They found that the productive southwest Atlanéicter contains >50% of the Southern Ocean krill
abundance, but that here the density has declimee¢ she 1970s. By regressing winter sea ice
duration against krill density, they postulate thare is a positive relationship between the two.
However the primary question here involves the {@rg trend in krill biomass over the period
from 1930-1970, where our model predicts an initiakease in krill biomass, followed by a drop
since the 1950s. According to Atkinson (pers. carpnsomparison of krill abundance between
the 1926-39 period and the post 1976 era is ndiilplesfor three reasons: first there are statistica
problems in comparing two data series of diffetengths with a long gap between them; secondly
there are comparatively few hauls in the modernagifa nets of similar type to the past; and finally
there is possible evidence that the behaviour iif (ke. their vertical distribution) has changed
since the earlier period, which renders it diffictd make a valid comparison of abundances,
particularly as a result of possible consequentiahges in net avoidance.

Thus, from the information available, there is somoafirmation of a decline in krill biomass in
more recent years as is indicated by our modelwheather this is part of some monotonic decline
over the whole 20 Century, or a decline which occurred only afterimerease in krill biomass
earlier in the century as the model indicates, oaibe directly resolved.

The reference case, and also scenarios (i) andd@)indicate substantial increases in krill
production (as well as abundance) in the Atlamidién region, starting from about 1920 (Figure
10). These models indicate that in the absendeimfan exploitation, natural predators “harvest”
krill sufficiently heavily in this region that itbiomass drops well below the overall (predator
consumption included) MSY level. Krill productiyithus increases when human harvest leads to
a reduction in predator-induced mortality. Thissgoof course, imply that in the pre-exploitation
situation, krill is “cropped down” by predators tiee extent that it cannot make full use of the
available primary productivity, which presumablgitéfore feeds back more directly to detritus (e.g.
via salps perhaps). This implication that krilildato make full use of the available primary
productivity is supported by the results of Holmrdan and Huntley (1984) who assessed the food
requirements of krill in the Scotia Sea. The mkath biomass in the upper 200m of the water
column was estimated at 10.6 mg dry we and this was calculated to require a food ratibn o
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0.105-0.211 mg C mday. The corresponding value for the krill in a supearm off Elephant
Island was 2.4-5.4 mg C#nday’. On the other hand the phytoplankton (which & phimary
prey of krill) productivity for the upper 200m imé Scotia Sea and the super-swarm area was
estimated to be 4.8 and 4.2 mg C aay* respectively. On this basis it would appear thate

was ample phytoplankton to provide for the fooduregments of the kril. Holm-Hansen and
Huntley (1984) estimated that the krill in the sup&arm were consuming between 58 and 81% of
the daily production and that the krill populationthe Scotia Sea as a whole on average consumed
only between 2.5 and 3.5% of the daily primary picitbn.  Miller et al (1985) came to a similar
conclusion for the Indian Ocean sector.

Difference between Laws (1977) estimate of 150 mill ion tons of “surplus” krill and

this analysis

Laws (1977) suggested that following the explatatof large baleen whales in the Antarctic, some
150 million tons of “surplus” annual production kiill became available for other krill-feeding
predators, such as minke whales, crabeater sealseéls, penguins and some albatrosses. This
estimate of 150 million tons was based on estimatdbe population sizes of the baleen whales
represented the consensus of whale biologistsaatithe, estimates of mean body weight, and the
assumption that baleen whales feed on krill at 3-d@P4heir body mass per day (Table 7).
However, our reference case estimate of consumpifofrill by large baleen whales in the
Antarctic shown in Figure 9 suggests much less wopsion of krill by the large baleen whales
prior to their harvesting: approximately 50 millitons per year.

Table 7 provides detailed comparison of consumptibkrill as estimated by Laws (1977) and in
this study. The main reason for the differencestimated consumption by baleen whales from
these two studies is their different assumptionspfedator consumption rates in relation to their
prey biomasses. In Laws (1977) it is assumedtbi@aamounts of krill consumed per capita by the
whales are independent to the biomass of krill. olher words, predators consume a certain
amount of krill regardless of the amount of pregikable. This assumption seems extreme, since
it is likely to be more difficult for the predatots find krill when the krill biomass is low (penbs
due to smaller patch sizes or fewer patches eterjpared to a situation where a large amount of
krill is available. Our model includes Holling-Tgplll functional response form which
incorporates the effect of the dependence of coptiom on prey biomass, and suggests that
immediately before the onset of large scale comialesghale harvesting, the predators were
competing for krill at a relatively low level of iklrbiomass so that their per capita consumption
rates were reduced. Further reasons for the diftes are that our model estimates a lower
pre-exploitation abundance of fin whales (see frrtlemarks below) than assumed by Laws, and
that though minke whales are now estimated to tgetan number, they are no longer thought to
feed throughout the year on krill as Laws (19773uased. It should also be noted that our
modeling framework takes account of the fact thdt groductivity changes with krill abundance
as discussed above.

Interesting inferences can also be drawn aboutdiberepancies in abundance estimates of krill
obtained from acoustic methods and from estimatgsredator consumption linked to assumed
productivity/biomass ratios for krill. Miller antlampton (1989) and Nicatt al (2000) both
found a major discrepancy in abundance estimatekriib obtained by these two methods (those
obtained from acoustic surveys are much smaller trees calculated from predator consumption)
and suggested that this discrepancy may be caysdd bias in acoustics studies, 2) the possibility
of large krill population components that are eitt@ deep, too shallow or too dispersed to be
detected, and 3) an overestimation of the demandriib by predators. Our results give support
the last of these suggestions: overestimation efdgmand for krill by predators, calculations of
which often ignore the likely dependence of predatmsumption rates on krill abundance.
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Plausibility of the predicted increase rates of and consumption of krill by minke
whales and crabeater seals
The annual increase rate in the abundance of nviledes and crabeater seals from 1940 to 1970
for the reference case is 4% in Region A. Mori &uditerworth (2005) infer the increase rate of
minke whale recruitment to be 5% per year for teequl between 1945 to 1970 based on catch at
age analysis for this species in Area IV and Are@ndeed, this can be considered as independent
verification of a prediction of the reference casedel, as this increase rate was not amongst the
trend information included when fitting the modekee Table 4). This suggests that the 4% per
year increase indicated by the reference caseits glausible. Although there are no comparable
consecutive abundance estimates for crabeater, sedises not seem unrealistic to suggest this
species increased at a rate of 4% per year givanother seal populations have shown increase
rates of this magnitude or higher. Analysis ofadfair the age at sexual maturity of minke whales
and crabeater seals discussed in the Introducectios indicates a decrease in age at sexual
maturity within this period which is an expectedpense to greater food availability and would
contribute to an increase in population growth.rate

Although an annual increase rate of 4% for cralvessgals may not seem unrealistic, the increase in
the amount of consumption of krill by this spediefkegion A as shown in Figure 9 is substantial

(exceeding, for example estimated pre-exploitattmmsumption by blue whales), and raises

plausibility concerns. When the possible effecteolironmental changek(,for krill linearly

reduced to half of its original value between thie @1050s and early 1970s — sensitivity scenario
i), this enormous increase in consumption oflkn} crabeater seals is lowered by about as 40%
shown in Figure 9. Thus whether or not a poorgirenment needs to be postulated in addition to
species interaction effects to explain predatorupettfpn trends in the Antarctic rests primarily on
the extent of an increase in crabeater seal abeadaat is considered to be realistic.

Effect of other krill predators that is not include d in the model

It is important to bear in mind that although natluded in this model, some other krill predators
such as Adélie penguins, chinstrap pengliygoscelis antarcticaand macaroni penguins also
increased during the period from 1950 to the 19exall 1992, Croxalkt al. 2002). Adélie
penguins on the western side of Antarctica, anthemntarctic Peninsula and its associated island
groups, increased substantially over this period,then stabilized or decreased in the 1980s dnd, a
some sites, in the 1990s (Croxatlal 2002). During the late 1970s macaroni penguirSoaith
Georgia decreased by almost 50% over five yearhéwve remained stable subsequently (Croxall
1992). Woehler (1995) estimates total consumpiocrustaceans by penguins in the Antarctic to
be about 14 million tons per year.

For squid, Everson (1977) notes that no directrmédion is available on either the standing stock
or production of squid, but indirect estimates,dohen consumption by predators, suggest that the
annual production of squid is in excess of 17 wnillitons. As squid tend to be relatively
short-lived and have fast growth rates (Nesis 19B8¢rson (1984) suggests that squid will have a
high efficiency of conversion for the food they same, perhaps even of the order of 30-50%,
suggesting annual food consumption of the ordeB4H66 million tons. As far as fish are
concerned, myctophid biomass in the Antarctic hasnbestimated to be 70-200 million tons
(Lubimovaet al 1987), although this estimate may includes alttmghids south of £4&. From
these data, Kock (1992) estimated that if a subistgsroportion of this biomass is present south of
the South Polar Front zone, then even under coatbesvassumptions that krill makes up 5% of the
food by mass and annual food intake is 5-10 tinwely/lmass, an annual krill consumption of 20-35
million tons would result, which means that theatampact of all fish on krill in the Southern
Ocean could be estimated, as a rough minimum figiordde about 40-50 million tons (Hureau
1994).
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These estimates for birds, squid and fish are sdrakwoarser than those for baleen whales, but
nevertheless suggest that some of these predatolsast, did respond to a krill surplus in the
mid-20" Century, and furthermore that their present levélgill consumption are not insubstantial
compared to those of the whales and seals condidertne model. In the context of the model
then, results for crabeater seals should perhageitsdered as reflecting a conglomerate of these
seals together with some other seals, birds, squadl fish, thereby rendering the large krill
consumption increase for crabeater seals in th@sl@Bd 1960s under the reference case (Figure
9a) somewhat more plausible (see also discussitireisection following).

In summary, it seems that the results for our ezfee case model do pass the various plausibility
tests, though admittedly by something of a stratchregard to crabeater seals. Certainly an
assumption of a deterioration in the environmenvdeted as a lessening of the food production
available for krill) assists in improving the pl#isty of some model outputs (see Figure 12 for
sensitivity scenario (ii)), but the results of tealyses of this paper suggest that predator piomula
trends can still be explained without invoking tagsumption.

Difficulties with the current model

There are several difficulties in the current modeFirst, although information on recent
abundances and trends estimates for baleen whaddselcome available from sighting surveys, this
is still relatively limited. In particular for mke whales, there are no agreed estimates of tiands
abundance from sighting surveys (IWC 2003), so Wmthave used trend estimates from VPA for
Areas IV and V, and assumed that the trends fosethAreas are representative of the trends in
Regions A and P. However, this may not be the:daseexample in Areas Il and Il where the
harvesting of blue whales was more excessive thafsreas IV and V, minke whales may have
responded differently than in Areas IV and V. Rerimore little is known about the circumpolar
abundance and trends for crabeater seals, whicindioel suggests to be playing a key role in the
dynamics of the system. The few data availablditt@ompared to the number of estimable
parameters in the model, renders the model predgiess reliable.

Secondly, we have found that it is very difficudtfind sets of parameter values that will resul&in
stable co-existence equilibrium at the time of fir& year considered in the model (i.e. 1780) and
also gives a reasonable fit to the data. This mesounderstandable when one considers the
relatively large number of species considered hed tomplex non-linear interactions.

Thirdly, fin whales are problematic in two respect3here is the difficulty of how best to account
for the fact that much of their feeding takes placeth of 60S and well away from the ice-edge
zone preferred by most of the other species coreside Also there is the surprising result that the
reference case model estimates initial fin whalenlpers to have been about the same as blue
whales despite of the fact that fin whale catchifgbeen some 50% larger (see Table 2a). The
explanation for this (according to the model) iatthince peak fin whale harvests occurred a little
later than for blue whales, the fin whales weresabl take advantage of the krill “released” by
earlier blue whale catches, so that a greater gfatthe fin catches reflect enhanced productivity
compared to fishing down pristine abundance. Thigflected in Figure 16, which shows the per
capita growth rate (sustainable yield rate) of epoddator species over time in the absence of
harvesting — note that while the trends shown foe land fin whales are similar, larger values first
occur over a period when blue whales are alreadbstantially depleted, so cannot take full
“advantage”, unlike the situation for fin whalesThus, essentially, fin whales were the first
beneficiaries of the krill “surplus”, even beforenke whales and crabeater seals.

Although the baleen whale abundance estimates loeTa that have been used for the analyses
presented here apply to the area south 666@xcept in the case of fin whales), our model in
principle applies to the region over which the Ik(Euphausia superbadistribution extends.
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While generally this might be taken to be soutl6@fS, there are areas, particularly in the Indian
Ocean sector, where this distribution can extendaasorth as 506 (D. Miller, pers. commn).
Interestingly this corresponds to a vicinity (therth of Areas Ill and IVW) where Japanese
scouting vessel (JSV) and IWC/IDCR-SOWER transitidadicate a relatively high abundance of
fin whales (Miyashitat al 1995, Best 2005, T. Branch, pers. commn).

Fourthly, the interpretation offered above of cialee seals in the model serving also as a surrogate
for other predators not explicitly included, runstoi the difficulty that the model-estimated
pre-exploitation abundance of crabeater seals g Mav (see Figure 7). It is not realistic to
consider that the combined abundance of theseespeould have been so small, but conceivably
the values of some parameters of the existing mooldld be adjusted to avoid this feature of the
output.

Finally the need to introduce density dependenttatity has its less then satisfactory aspects, as
the associated; parameters play a very important role in the dyicarof the system, but there is

no current basis to independently inform on thigelyy magnitudes.

Use of the model and where we go from here

A decline in the area covered by sea ice, linkedvéwming of the Southern Ocean, has been
postulated recently (Gille 2002, de la Mare 192y the possible impact of these environmental
factors on the dynamics of the species in the Attathas become a concern. However, in
contrast the increasing literature on that topiereé have been hardly any studies that have
evaluated the possible influence of the past extensarvesting of the large baleen whales and
seals in the Antarctic on predator-prey dynamicthefspecies in the Antarctic in a quantitative way
This is probably due to the lack of data and ditties associated with the modeling as discussed
above. However, in order to more fully understahd possible mechanisms that might be
controlling the dynamics of the species in the Actte, we consider that these effects should be
accorded at least as much attention as environingidies and the two modeled jointly (i.e. that
both top-down and bottom-up control mechanisms lshibe considered together). Our results do
not, of course, exclude the possibility that thesesked/inferred trends in predator abundances
could be dominated by bottom-up effects, with ptedprey interactions having little real impact.
However, this raises the question of whether sumfton-up approaches can account for these
trends in a more plausible and parsimonious manmgout recourse t@d hocassumptions to
account for the times of the changes in these sréndich do correspond suggestively to the period
of harvesting of the large baleen whale species).

Due to the difficulties already mentioned, we da remard this study as definitive, but rather as a
first step towards a more realistic and reliablelei®f the krill-centric predator-prey interactians
the Antarctic which focuses especially on the ext&ons between baleen whales, seals and krill.
Continuing monitoring of the abundance and varidislogical parameters of the prey and
predators in the Antarctic, as well as of environtakchange and its effect on the dynamics of
these species will be essential to improve the e incorporate environmental effects explicitly.
In due course, a move from an age-aggregated smesstructured model for the various species
might become justified, and this would allow foretlexplicit incorporation of effects such as
observed changes in age at maturity. Clearly alswore systematic exploration of sensitivity to
alternative parameter choices and quantificatiomrafertainties is desirable. In principle this is
achievable through a Bayesian estimation approlehthe associated computations will prove
decidedly non-trivial given the high level of nandarity in the model and the fact that a number of
parameters are estimated to lie at the bounds af 8pecified ranges. A likelihood profile
approach may therefore provide a simpler basissteréain the extent to which the modeling
exercise provides additional information on theuesl of these parameters. Finally and

2C



WG-EMM-05/34
importantly, consideration needs to be given tduiicg further predator species that were not
considered for the current model, even if only &gnaped variable explicitly representing all such
specied Prior to doing so, however, a careful evaluatainthe likely biomass of and krill
consumption by these other species in comparisadhdse already included in the model would
assist in bounding further modelling refinements.

In recent years, the importance of ecosystem basedgement of fisheries and wild-life resources
has been recognized worldwide. The 2001 ReykjBéklaration on Responsible Fisheries in the
Marine Ecosystem and the Plan of Implementatiorthef 2002 World Summit on Sustainable
Development highlighted the need in fisheries tokldeyond target species only, and for
management to consider the impacts of fishing enettosystem as a whole as well as the impacts
of the ecosystem on fisheries. The model develtwed may contribute to this as a first step in
modelling the major Antarctic predator-prey intéi@es, which centre on krill and its major
predator species, and clearly it could readily Isedu(in principle) to contrast the effects of
alternative harvesting strategies for both krilldaits predators. At this stage, however, our
knowledge of the various biological parameters aB &as the functional response forms for whales
and seals is limited, and this restricts the padénse of such a model in a practical management
context for the time being. Nevertheless, applyimg modeling approach to IWC Management
Areas IV and V, where extensive data have beeredelll over the past 20 years during the JARPA
surveys, may be the most appropriate next step.

Some concluding summary comments
There are many inferences to be drawn from thiskwbus far. Likely amongst the more
interesting and important are:

* Species interaction effects alone can accountiketyl trends in the abundances of major
Antarctic predator species over the past 50 oresrsy though not without some difficulty.
Accordingly one cannot as yet conclude that thect$f of environmental change in addition
are essential to explain these trends.

» Species interaction effects impact the dynamicthe$e predators in ways that differ from
what might be anticipated in a conventional sirgpecies harvesting context, and so that
they need to be better understood and taken intouat in management decisions. Fin
whales, for example, need to be considered indhé&egt that they may effectively have been
the first beneficiaries of the krill surplus, bouigibout by early heavy harvesting of blue
whales.

» Itis not sufficient to consider the interactiorstween the Antarctic baleen whales and krill
alone. The major seal species, at least, needt@lbe taken into account explicitly, and
probably in addition some other predator species.

 There are major differences in the historic dynamié¢ the Atlantic/Indian and Pacific
regions, with appreciable changes in abundancehenformer while the latter has been
relatively stable by comparison.

« The severe depletion of fur seals by harvestingr dlie turn of the 18 Century had
quantitatively much less impact than that of theyda baleen whale species during the
middle decades of the ®@entury.

» Accounting for likely population trends through sjgs interaction effects suggests that
baleen whale species can manifest relatively fgsachics (sustainable yield rates typically
showing maxima closer to 10% than 1%) (see Fig@je 1

* Nevertheless in the absence of future harvesting, Wwhales in the Atlantic/Indian region are
predicted to need some three to four centuriegdover to their pre-exploitation level (see
Figure 8), essentially because they also need twooypete other predators which initially

5 It may, however, be problematic to include squigtich a grouping, as it could evidence faster aljrgas a result
of its higher maximum growth rate.
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recover faster.
* Density dependent mortality is a necessary featfithe model, but problematic given the
absence of independent bases to inform on likdiyegafor the associated | parameters.

 The VPA-based indication of 1970 or thereabouth&stime of a maximum minke whale
numbers is difficult to explain within the modek ¢he larger baleen whale species have
hardly commenced recovery at that stage, so thghidh values of density dependent
mortality have to be postulated for minke whalescwitonsequently are out-competed by
seals as krill abundance starts to decline.

» Crabeater seals appear to play a key role in thardics of the system (though this may in
part reflect the model “using” them also as a gyate for other bird, squid and fish species
not explicitly included). More reliable informatioon abundance and its trend for this
species is a particular priority. A review of thieely biomass of and consumption of krill
by predators not as yet included in the model, @rexbto the six species which are, would
be a desirable precursor to further modeling wiaies more explicit account of these other
species.

» Laws' (1977) estimate of the krill "surplus” seeim$iave been too high, primarily as a result
of his failing to allow for likely decreased feedimates given a lower krill abundance prior to
the onset of large scale commercial whaling inAherctic.
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Table 1 Estimates of annual consumption of krill by its gators in the Antarctic (a dash indicates that no
estimate is available). [Note that the analysethisfpaper (see Table 7) suggest that the estim&teswvs (1977)
are too high.]

Krill consumption (million tons)

Species Year Reference
Pre Exploitation (Laws 1977) 1970-1980 | 1980-1990 | 1990-2000
Baleen whales 190 - 4 - 53 4 - 46 Mori (in preparation)
Seals 64 52 53 - Mori (in preparation)
Birds min 14 Woehler (1995)
Cephalopods min 34-56 Everson (1984)
Fish min 40-50 Hureau (1994)
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Table 2a Historical catches in the Southern Hemispherdetialeen whale species considered in this paper.

Blue whale Minke whale Humpback whale Fin whale

Year Area A Area P Area A Area P Area A Area P Area A AreaP
1900 0 0 0 0 0 0 0 0
1901 0 0 0 0 0 0 0 0
1902 0 0 0 0 0 0 0 0
1903 0 0 0 0 0 0 0 0
1904 11 0 0 0 180 0 0 0
1905 51 0 0 0 228 23 0 0
1906 68 0 0 0 240 492 0 0
1907 106 0 0 0 1281 336 0 0
1908 245 0 0 0 2171 1240 0 0
1909 180 32 0 0 4030 1481 0 0
1910 359 28 0 0 7952 2027 0 0
1911 1235 0 0 0 8558 1381 0 0
1912 2319 185 0 0 8882 1654 0 0
1913 2772 0 0 0 9562 2379 569 0
1914 5031 94 0 0 6223 679 1026 0
1915 5536 100 0 0 3135 229 1850 0
1916 4323 64 0 0 464 36 755 0
1917 3097 76 0 0 74 86 530 500
1918 1978 68 0 0 96 104 1113 824
1919 1994 15 0 0 184 206 2508 454
1920 2948 54 0 0 271 178 3072 2227
1921 4443 78 0 0 229 21 1243 1025
1922 6689 85 1 0 1395 207 2342 1244
1923 4657 261 0 0 1381 116 2124 1325
1924 6510 456 0 0 986 131 3393 1650
1925 5787 635 0 0 1919 358 6881 2096
1926 12148 1512 0 0 1305 355 3747 1848
1927 7822 2281 0 0 1128 22 3356 1703
1928 9067 4831 0 0 1189 36 5484 1656
1929 18267 459 0 0 195 26 8053 2422
1930 51916 3820 0 0 819 189 1179 0
1931 6613 46 0 0 253 273 3765 0
1932 18835 148 0 0 469 57 5621 1
1933 17376 56 0 0 1024 99 7530 18
1934 16584 28 0 0 3214 117 13125 29
1935 17670 198 0 0 6051 191 10233 105
1936 14424 174 0 0 9486 160 14901 105
1937 12442 97 0 0 7338 147 29115 129
1938 13092 1035 0 0 3679 180 19922 2079
1939 10983 5752 0 0 1168 167 13940 0
1940 1514 0 0 0 455 214 4063 6
1941 51 0 0 0 79 172 717 0
1942 127 0 0 0 0 142 776 0
1943 349 0 0 0 84 180 1158 0
1944 1048 2 0 0 175 176 1665 0
1945 3604 42 0 0 284 214 9188 0
1946 8533 704 0 0 122 235 14119 478
1947 5470 1498 0 0 134 223 19700 1607
1948 6562 1167 0 0 274 279 16382 2655
1949 3516 2722 1 0 5627 1957 16708 2968
1950 4004 3028 0 0 4734 1567 15272 4103
1951 2984 2108 9 0 3306 853 16065 5375
1952 2946 1048 0 0 1913 2249 17867 3894
1953 2483 405 12 0 1787 3099 12496 3385
1954 1483 1059 0 0 1819 4745 12078 4540
1955 1018 731 45 0 2065 2209 18075 8654
1956 676 1062 46 0 1234 2928 15321 11094
1957 995 648 12 481 2312 3471 18429 7279
1958 726 524 103 0 3172 5792 21330 4574
1959 824 112 63 143 1178 15900 22968 2070
1960 1552 191 66 96 1684 14577 12951 2453
1961 911 232 0 2 1200 6971 11927 1379
1962 1584 164 9 12 3064 901 15035 279
1963 1244 258 98 6 505 323 12142 179
1964 2688 654 47 4 173 106 6327 77
1965 861 538 72 7 1265 948 1864 108
1966 362 300 369 5 790 337 1568 309
1967 336 126 1096 3 1059 140 1167 119
1968 561 113 607 11 1 0 1750 230
1969 760 156 746 18 0 0 1887 0
1970 681 141 917 0 0 0 1757 0
1971 449 101 4152 3 0 3 1300 1
1972 514 105 6583 0 2 0 1353 472
1973 1 0 7271 1270 1 0 763 576
1974 0 0 5280 2604 0 0 511 510
1975 0 0 5350 1835 0 0 23 206
1976 0 0 6117 2559 0 0 22 0
1977 0 0 4126 1874 0 0 0 0
1978 0 0 4954 1202 0 0 0 0
1979 0 0 5609 2288 0 0 0 0
1980 0 0 4697 2445 0 0 0 0
1981 0 0 4845 3058 0 0 0 0
1982 0 0 3935 3366 0 0 0 0
1983 0 0 4136 2544 0 0 0 0
1984 0 0 3504 2064 0 0 0 0
1985 0 0 3470 2097 0 0 0 0
1986 0 0 2935 2034 0 0 0 0
1987 0 0 273 0 0 0 0 0
1988 0 0 0 241 0 0 0 0
1989 0 0 330 0 0 0 0 0
1990 0 0 0 327 0 0 0 0
1991 0 0 288 0 0 0 0 0
1992 0 0 0 330 0 0 0 0
1993 0 0 330 0 0 0 0 0
1994 0 0 0 330 0 0 0 0
1995 0 0 439 1 0 0 0 0
1996 0 0 0 440 0 0 0 0
1997 0 0 438 0 0 0 0 0
1998 0 0 0 389 0 0 0 0
1999 0 0 439 0 0 0 0 0
2000 0 0 0 440 0 0 0 0
SUM 348998 42604 83820 34529 137258 86293 494101 91020
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Table 2b. Assumed historical catches of Antarctic fur sealBor crabeater seals, 750 animals are assuniazel to
taken per year in Region A for 11 years from 1967977.

Year Antarctic fur seals
1790 0
1791 11000
1792 22000
1793 33000
1794 44000
1795 55000
1796 66000
1797 77000
1798 88000
1799 99000
1800 110000
1801 104500
1802 99000
1803 93500
1804 88000
1805 82500
1806 77000
1807 71500
1808 66000
1809 60500
1810 55000
1811 49500
1812 44000
1813 38500
1814 33000
1815 27500
1816 22000
1817 16500
1818 11000
1819 5500
1820 0
1821 320000
1822 284444
1823 248888
1824 213332
1825 177776
1826 142220
1827 106664
1828 71108
1829 35552
1830 0

TOTAL 3249984
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Table 3. Observed/inferred abundance estimates for thefkellling predators considered in the model.

Species Abundance estimate CcV Sources
N b,A
Blue whale fo‘;" 1104 0.4 Rademeyer et a/. (2003)
2000 762 04
Fin whale N 167 10591 0.5 Branch and Butterworth (2001)
N 147 27594 0.5 Butterworth and Geromont (1995)
Humpback whale Nl:géz 5044 02 Branch and Butterworth (2001)
N 1557 4868 0.2
. N il 327369 0.1 .
m.p Rep. int. . 1 (1991
Minke whale NP 420572 0.1 ep. int. Whal. Commn 41 (1991)
N 5% 100 05 Payne (1977,1979)
Antarctic fur seals N 337 369000 05 Payne (1977,1979), MacCann & Doidge (1987)
N 1550000 0.5  [Boyd (1993)
N
Crabeater seals Vo :888888 82 J. Laake (pers. commn)”

* Laake’s coarse initial circumpolar abundance estnof 6-8 million is based only on the segmeninfrtb7CW to 125W which
was covered by US surveys in 1999/2000 austral smasipart of the Antarctic Pack Ice Seal (API®gpam (Ackleyet al. 2003).
This sector corresponds to only part of Region I 8$timates from surveys of Australian sector wisimbered from 6%E to 150E

is not yet available and information for the rendeinof the Atlantic/Indian region is sparse. Acéogdto Erickson and Hanson
(1990), circumstantial evidence indicates that epigble numbers of crabeater seals occur seawamd tiie ice edge in ice-free
waters adjacent to the continent, and largish nusnbecrabeater seals are also found in the vicofisub-Antarctic islands. Thus
here we assume 4 million crabeater seals for eagipRe The CV’'s associated with the estimates ateamailable so that we
accord a tentative CV of 0.5.

Table 4. Observed abundance trend estimates for the ketlifey predators considered in the model. The srend
are shown as a proportional change per annum, exuefhe case of blue whales where the successive
circumpolar abundance estimates listed are useartisahis end (see text).

Species Fitted trend CcV Sources
NZos1 546 0.41
Blue whale N2 680 0.52 |Branch and Rademeyer (2003)
N foos 1891 042
Ri§77-1001 0.11 0.14  |Bannister (1994)'
Humpback whale hp
R1551-1096 0.12 0.07 _ |Brown et al. (1997)
R %™ - 2000 _
Minke whale S _g:ggj 8:21 Mori and Butterworth (2005)°
Rybis 1071 017 0.5 Payne (1977), Boyd et a/. (1990,1995)
Antarctic fur seals :izz}:::z 8:8 82 Boyd (1993)

1 For west Australian (Area V) only.
2 For east Australian (Area V) only.
3 For Areas IV and V only.
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Table 5 Plausible bounds for the parameters to be estimated

Parameters to be estimated

Bounds Reference
N 4o 100000-300000
N D 10000-100000
N e 10000-300000
N 75 10000-400000
N 7o 10000-200000
N o 10000-100000
N g 10000-400000
N 1750 10000-200000
N S0 500000-5000000
N " 100000-10000000
N Seo 100000-10000000
Hy 0.05-0.16 See below (1)
Hm 0.07-0.2
L 0.06-0.18
H i 0.05-0.16
U 0.18-0.28
4. 0.11-0.28 Laws (1984), Boyeét al. (1995)
My 0.03-0.06 See below (1)
M 0.04-0.1
My 0.03-0.08
M 0.03-0.05
M 0.07-0.3 Laws (1984), Boyet al. (1995), Payne (1977)
M. 0.07-0.3 Laws (1984)
Ab 115.9-450.6
Am 3.78-32.13
A -
i, 53;)7.25212?8 See below (2)
As 0.678-2.713
Ac 3.306-5.511
A 0.4-0.6 ]

Mori and Butterworth (2004)

W 0.4-0.6

(1) Parameters selected from these ranges were r@goired to satisfy the conditiong;, —M, = 002 ,
Ui =M 2002, y, -M, 2002, y/,,-M, 2003, u, —M 2 003and g, —-M_. =003, ie. that blue, fin and

humpback whales can attain per capita growth m@ftes least 2%, and minke whales, crabeater sealAatarctic fur
seals can attain per capita growth rates of at B%sunder optimal feeding conditions.

(2) Ajis calculated as (mean weight) (%weight consumption/dayy (days feeding in the Antarctic)(estimated

proportion of krill in diet). The mean weight andyd feeding in the Antarctic (Kasamatsu 2000) assufor the
whales are shown in Table 7. The range of %weigintsemption/day assumed here is 0.9-3.5% for blualesh
1.0-4.0% for fin whales and humpback whales, a®d511% for minke whaleg¢Kato and Shimadzu 1986, Tamura
2003). The proportion of the diet consisting oflks assumed to be 100% for all the whales comsié&ere except for
fin whales. For fin whales a 50% krill diet compasi is assumed. The fin whale feeding distributinrthe austral
summer is located appreciably further north of foatblue, humpback and minke whales. Though eugalare still
thought to be the primary source of food in th&safOhsumi, Tamura pers. commn), these may wédibipe a different
stock to the “krill” Euphausia superaupon which the predators feeding closer to tieeeidge mainly depend. The
“50%" assumption is a crude approach to take adoofuthis.

Because there is only a single estimate for % waighsumption/day for seals, which is 7% (Laws )98#d because
bull Antarctic fur seals reach over 0.2 tons in spa®mpared with the normal adult cow weight ofldsan 0.05 tons
(Payne 1977), in order to give a range for the gomtion of krill by the seals, we used the rangestiie weights of
0.05-0.2 tons for Antarctic fur seals and 0.15-@®@%s for crabeater seals. Days feeding in theutit are 323 and
353 days for Antarctic fur seals and crabeaterssealpectively (Laws 1984). The proportion of diet consisting of
krill is assumed 60% and 94% for Antarctic fur semhd crabeater seals respectively (dritsland 1977)
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Table 6. Values of the input and estimated parametersadinelr quantities for the “reference case” and Beasitivity scenarios (i) to (v). See text for dstaf the
sensitivity scenarios. Parameters under the etthprameter heading which are shown in paresthesie in fact fixed rather than estimated.

Input parameters Estimated parameters and /_nL Derived parameters
= - n Bounds R ”Estlmatesm - = = Model s Observed
Reference [0) (ii) (iii) (iv) v) Reference (i) (ii) (i) (iv) (v) Reference (0] (i) Ciii) (iv) (v)
Bb* 1.70E+08 1.70E+08| 1.70E+08 | 2.30E+08 ' 5.00E+08 = 1.70E+08 N3 100000-300000 193093 194930 195115 226271 260995 208156 [Ka 8.09E+08 ' 8.58E+08 | 7.50E+08 | 7.61E+08  5.40E+08 @ 4.30E+08 -
Bb? 7.00E+07 7.00E+07 7.00E+07  5.00E+07 | 2.00E+08 7.00E+07 Nf}zu 10000-100000 27463 26511 29600 26371 32212 30563 Ke 1.56E+08 | 2.37E+08 | 1.55E+08 @ 1.90E+08 @ 2.27E+08 | 1.30E+08 -
NSQU 10000-200000 52915 200000 61348 200000 33615 27709
/]b‘A 4.00E-08 4.00E-08 4.00E-08 ' 2.00E-07 | 3.00E-08 4.00E-08 NS;U 100000-300000 169429 300000 248718 207706 300000 300000 [Bm* 1.47E+08 1.06E+08 | 1.41E+08 ' 1.81E+08 | 5.75E+08 | 1.54E+08 -
™A 3.00E-07 2.50E-07 3.00E-07 2.00E-07 | 1.35E-08 3.00E-07 Nf‘%@u 10000-250000 65438 65581 65430 68311 77651 63790 Bm” 6.65E+07 | 5.66E+07 | 5.78E+07 | 2.77E+07 | 1.22E+08 = 5.08E+07 -
™A 1.25E-06 1.25E-06 1.25E-06 8.00E-07 ' 5.25E-07 1.25E-06 NI‘?QD 10000-100000 56412 56057 58131 35922 59702 56826 Bh”" 3.21E+07 3.16E+07 = 3.28E+07 | 2.63E+08 | 7.61E+07 | 4.41E+07 -
/]"A 4.00E-08 4.00E-08 4.00E-08 ' 5.00E-08  4.00E-08 4.00E-08 N1'7'QU 10000-400000 125736 123261 129972 197299 235957 153628 |Bh" 1.63E+07 1.61E+07 | 1.55E+07 @ 4.63E+07 | 7.89E+06 = 2.25E+07 -
Insh 3.50E-09 3.50E-09 3.50E-09 - 1.50E-08 3.50E-09 Nl'igo 10000-200000 64461 55707 76138 43418 89092 82228 Bf " 1.72E+08 | 1.31E+08 | 1.77E+08 @ 4.23E+08 @ 2.62E+08 | 1.75E+08 -
nSA 7.00E-09 7.00E-09  7.00E-09 - 5.00E-10 2.00E-08 [N%3, 500000-5000000 | 2915890 2914040 2917080 - 2571660 2924650 |[Bf 9.61E+07 | 7.28E+07 | 1.00E+08 - 2.35E+08 | 1.01E+08 -
/]b‘P 1.00E-06 1.00E-06 1.00E-06 6.00E-07 ' 1.00E-06 1.00E-06 Nf‘7’§u 100000-10000000( 277991 192755 673947 - 100000 100000 |Bs* 1.49E+08 1.43E+08 | 1.51E+08 - 2.44E+08 @ 1.51E+08 -
nm™P 2.00E-07 1.70E-07 2.00E-07 | 1.70E-07 | 2.00E-07 = 2.00E-07 |NS&%, 100000-10000000( 188741 100000 1520910 - 1476380 710125 |Bc* 1.34E+08 1.45E+08 | 8.49E+07 - 3.98E+08 = 1.18E+08 -
in™P 1.50E-06 1.50E-06/ 1.50E-06 @ 1.00E-06 @ 1.50E-06 1.50E-06 Bc” 7.47E+07 | 8.01E+07 | 4.55E+07 - 3.18E+08 | 6.66E+07 -
/]"P 7.00E-08 7.00E-08 7.00E-08  9.00E-07  7.00E-08 7.00E-08 [N 115.875-450.625 450.63 432.802 450.625 450577 450.625 348.999
n®P 6.00E-09 6.00E-09 6.00E-09 - 1.00E-09 = 6.00E-09 |A" 3.78-32.13 32.13 32.1299 32.13 32.11 32.13 32.13 B0 9.46E+07 9.46E+07 = 9.56E+07 | 2.85E+08 | 1.55E+08 | 9.55E+07 -
A 37.8-108 108.00 108 108.00 108 108.00 108.00  [Biwo 5.25E+07 | 5.17E+07 | 5.44E+07 | 405E+07  1.27E+08 @ 5.47E+07 -
' 27.6-110.4 [110.4] [110.4] [110.4] 110.4 110.40 [110.4]
2° 0.678-2.713 271 2.71 2.71 - 0.68 2.71 N 356 1102 1106 1115 1104 1108 1132 1104
A 3.306-5.511 551 5.51 5.51 - 551 551 N zig0 763 758 754 762 758 746 762
12 0.05-0.16 0.16 0.16 0.16 0.14 0.16 0.16 N e 326849 526145 325853 327244 327612 321737 327369
" 0.07-0.2 0.20 0.20 0.20 0.16 0.20 0.20 N iges 420493 700703 420428 420730 365288 418978 420572
;/' 0.06-0.18 [0.18] [0.18] [0.18] 0.18 [0.18] [0.18] N iGe7 5046 5045 5045 5044 5044 5057 5044
' 0.05-0.16 [0.16] [0.16] [0.16] [0.16] [0.16] [0.16] [N 4861 4861 4862 4868 4863 4861 4868
1 0.18-0.28 0.28 0.28 0.28 - 0.28 0.28 N it 10642 10663 10627 10591 10621 10889 10591
" 0.11-0.28 0.24 0.24 0.15 - [0.25] 0.28 N gy 27281 26020 27455 27586 27692 27451 27594
mP 0.03-0.06 0.03 0.03 0.03 0.04 0.03 0.03 NS0 178 170 207 - 906 348 100
mM™ 0.04-0.1 0.04 0.04 0.04 0.07 0.04 0.05 N 57 3.E+05 2.E+05 2.E+05 - 1.E+05 2.E+05 4 E+05
m" 0.03-0.08 0.08 0.08 0.08 0.04 0.08 0.07 N5t 1.E+06 1.E+06 1.E+06 - 6.E+05 1.E+06 2.E+06
Mm' 0.03-0.05 0.03 0.05 0.03 0.04 0.05 0.03 NS0 1.E+07 1.E+07 7.E+06 - 9.E+06 6.E+06 4 E+06
M* 0.07-0.3 0.07 0.07 0.07 - 0.07 0.07 N300 4.E+06 4.E+06 4.E+06 - 4.E+06 4.E+06 4. E+06
Me 0.07-0.3 0.08 0.07 0.08 - 0.07 0.11
rA 0.4-0.6 0.40 0.43 0.41 0.43 0.40 0.40 Ri570 2000 -0.016 -0.010 -0.013 0.000 0.034 0.000 -0.024
38 0.4-0.6 0.40 0.40 0.60 042 [0.40] 0.57 Ri7o2000 -0.004 -0.008 -0.004 0.005 0.001 -0.004 -0.024
R 15771001 0.093 0.094 0.094 0.114 0.075 0.105 0.11
LLn 0.000 0.000 0.001 0.000 0.000 0.001 R 1if1 109 0.090 0.090 0.090 0.118 0.089 0.093 0.12
LL?,e" -1.917 -1.957 -1.992 -2.229 -1.787 —2.099  |Riss-1em 0.188 0.188 0.178 - 0.119 0.160 0.17
LLTun 0.000 4.059 0.001 0.000 0.993 0.016 R 577 1001 0.164 0.173 0.140 - 0.119 0.154 0.10
LL{n 0.001 0.001 0.002 0.008 0.018 0.001 R 1551 2000 0.104 0.125 0.119 - 0.113 0.146 0.10
[T 0.000 0.000 0.000 0000 0.000 0.000
LU 0.101 0.100 0.101 0.001 0.127 0.095
TR 0.000 0.007 0.000 0000 0.000 0002
[T 1,028 0993 1.644 - 14818 4290
LLgen 0.610 1.631 0.664 - 3.318 4.272
LLS, 2.381 2.475 0.499 — 1.379 0.415
-InL 2.205 7.310 0.920 -2.221 18.866 6.997
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Table 7. Comparison of pre-exploitation consumption of ksiliggested by Laws (1977) and the estimates pr\igidhe “reference case” model. Note that forl#teer

calculations are shown both for feeding rates spwading to the krill biomass as estimated for 1@2he model, and for maximal feeding rates (&panding to Laws’
assumptions).

Laws (1977) estimate This study (for 1920)
. . . 3
Numbers . Days feeding in . Consumption of Numbers . Days feeding in fweight/ day Consumption of krill /year (10%)
Mean weight (t) > %weight/day ] 3 Mean weight (t) 8 - -
(thousands) the Antarctic krill/year (10%) | (thousands) the Antarctic . For 1920 krill abundance ) For 1920 krill
Maximum - n Maximum
Region A Region P abundance
Blue whale 200 88 120 3.4 71702 221 103 125 3.5 1.23 2.66 99791 35435
Fin whale 400 50 120 3.4 81480 203 46 120 4 1.38 2.51 46589 7146
Humpback whale 100 27 120 3.4 11000 75 27 100 4 3.75 3.93 8316 7548
Minke whale 200 7 365 3.9 19827 238 6 90 5.1 214 3.97 10080 3225
Crabeater seals - - - - - 584 0.2 335 7 3.26 5.15 12757 1391
Antarctic fur sealg - - - - - 0.11 0.2 323 7 2.88 - 0.45 0
TOTAL (whales) 184009 164775 53353

® [or the reference case, the krill component ofdibeis assumed to be 50% for fin whales, 60% fotafctic fur seals and 94% for crabeater sealsr offeer species,
it is assumed to be 100%. The reason for the 5@Ungstion for fin whales is given in annotation able 5.
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Figure 1. Schematic diagram that shows the historical hangsif species in the Antarctic.
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Figure 2. Annual catches of blue, fin, sperm, humpbackasdi minke whales caught in the southern hemisphere
corrected for Soviet misreporting (source: C. AltisInternational Whaling Commission, December 2002
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Figure3. A simplified representation of the Antarctic marifood chain indicating krill's central positiorft@r Miller 2002).
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Figure 5. Map of IWC Management Areas (I to VI), and the tegions (Region A and Region P) considered
in this paper.
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Figure 6. Historical catches of blue, minke, humpback andvirales for Region A (IWC Management Areas |l,
[l and IV) and Region P (IWC Management Areas Vavid I). Note that the vertical scales differ beg¢w blue
and fin whales on the one hand, and humpback anklemvhales on the other.
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Figure 7. “Reference case” trajectories of krill and themain predators in the Antarctic. A black dot/crad®ws a survey-based abundance estimate for the
Pacific/Atlantic to which the model was fit. Theaptriangles shown in the recent blue whale trajgcplot are the blue whale abundance estimates &orveys for
Regions A and P combined, to which the model wase fieflect the trend indicated by these estimates
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Figure 8. “Reference case” projections for future trajeie®r(up to 2500) for krill and their main predatarshe Antarctic under the assumption of zero loagcfor all

species after 2000.

40



WG-EMM-05/34

(b) Scenario (i) &)enario (ii)

(a) Reference case

Consumption of krill in Region A

Consumption of krill in Region A Consumption of krill in Region A

1.20E+08 1.20E+08 1.20E+08
—<+— Blue whale
1.00E+08 —=— Minke whale 1.00E+08

—— Blue whale —+— Blue whale

—=— Minke whale 1.00E+08

—=— Minke whale

-- Humpback whale -~ Humpback whale :f\ ------- Humpback whale
800E+07 —  ~~~~Finwhale 8.00E+07 - ==~ Fin whale 8.00E+07 =~~~ Fin whale
—*— Antarctic fur seal —%— Antarctic fur seal —*— Antarctic fur seal
6.00E+07 [ —*— Crabeater seal 6.00E+07 —e— Crabeater seal 6.00E+07 —e— Crabeater seal
4.00E+07 4.00E+07 4.00E+07
2.00E+07 2.00E+07 2.00E+07
000E+00 SNEREEEG - 0.00E+00 0.00E+00 *
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
Consumption of krill in Region P Consumption of krill in Region P Consumption of krill in Region P
2.50E+07 2.50E+07 2.50E+07
—— Blue whale —— Blue whale —— Blue whale
—=— Minke whale —=— Minke whale 2.00E+07 ——— —=— Minke whale
——————— Humpback whale ------- Humpback whale /ﬂ“ ------- Humpback whale
———-Fin whale ——=-Fin whale 1.50E+07 ———— ==~ Fin whale
—=o— Crabeater seal —=e— Crabeater seal —e— Crabeater seal
1.00E+07 1.00E+07 1.00E+07 |-
500E+06 4 5.00E+06 5.00E-+00 (S
0.00E+00 0.00E+00 0.00E+00 * * * * * *
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure 9. Consumption of krill biomass (tons) by predatasidered in the model for Region A and RegioorRd) “reference case”, (b) scenario (i) and &nsirio (ii).
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Figure 10. Estimated production of krill (tons) for RegioreAdd Region P for (a) the “reference case”, (bhaide (i) and (c) scenario (ii).
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Figure 11. Trajectories of krill and their main predatorstire Antarctic whemminke whale abundance as estimated from surveys is doubled. The meanings of the
symbols are same as in Figure 7.
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Figure 12. Trajectories of krill and their main predatorstiie Antarctic when krill carrying capacity in tAdlantic/Indian regiork ,is reduced linearly by 50% between
1950 to 1970. The meanings of the symbols are the same agjind-v.
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Figure 13. Trajectories of krill and their main predatorstie Antarctic wheronly baleen whales are considered in the model (a Type lll functional response remsai
assumed). The meanings of the symbols are the asfng-igure 7.
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Figure 14. Trajectories of krill and their main predatordte Antarctic when @&ypell functional responseform is assumed. The meanings of the symbols are the aa
in Figure 7.
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Figure 15. Trajectories of krill and their main predatorstlie Antarctic whemlensity dependent mortality of crabeater seals (7<*) is high compared to the “reference
case”. The meanings of the symbols are the sanmefFagure 7.
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Figure 16. Per capita growth rate((W-M I_plaN ),’,a) changes over time for predator species
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considered in this study.
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APPENDIX 1

Details for obtaining Antarctic fur seal catch by year

1. Fur seal catch trend around South Georgia
The following four pieces of information (McCanndaBoidge 1984) available regarding Antarctic fualse
catch for South Georgia were used to construcstaildlition of the catches by year.
(i) The first known trip to South Georgia was made leetw1790 and 1792.
(i) 1.2 million fur seals had been taken at South Gadrg 1822.
(i) The Antarctic fur seal catch peaked in 1800 whez000 skins were taken.

(iv) By 1820, Antarctic fur seals were almost rendepdihet at South Georgia

Assumed catch trend
The assumed catch trend for Antarctic fur sealSdanth Georgia is shown in Figure A3.1. For ease, w
fitted two linear functions shown below:

C, =11000{y-1790 for 179€y<1800 (A3-1)

C, =110000-5500qy -1800 for 180%y<1820. (A3-2)

where C, isthe catch of Antarctic fur seals in South @eofor yeary.

2. Fur seal catch trend around the South Shetlanddsla

Similarly, the following three pieces of informati@available (McCann and Doidge 1984) regarding Aotz
fur seal catch for the South Shetland Islands wseel to construct a distribution of the catchegday.

() The first known trip to the South Shetland Islan@ds made in 1819.

(i) In 1821, 320000 skins were taken.

(i) By 1830 the stocks were almost exterminated.

Assumed catch trend

The assumed catch trend for Antarctic fur seathéenSouth Shetland Islands is shown in Figure A3Ror

ease, we again fit to a linear function shown below

C, =320000- 3555y -182]) for 182%y<1829 (A3-3)
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Assumed fur seal catch for South Georgia[Linear]
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Figure A3.1 Assumed fur seal catch around South Georgia.

Assumed fur seal catch for South Shetland Islands: Linear
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FigureA3.2 Assumed fur seal catches around the South Shdtkmtis.
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