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Abstract

This paper outlines the requirements of an ecosystem approach to the management
of Southern Ocean resources and highlights the need for information on harvested
and dependent species, their interactions and the manner in which their populations
vary naturally. Large-scale interactions are catered for in the Krill Yield Model (KYM).
Smaller-scale interactions centre around three main categories: the availability of krill,
variation in vital rates of the dependent species and the overlap between commercial
fishing and predator foraging. The CCAMLR Ecosystem Monitoring Program (CEMP)
provides a good framework within which to investigate krill availability. Vital rates
can be investigated directly and also by means of CEMP. The overlap between fishing
and predator foraging is being monitored. A mechanism for bringing these various
components together as an ecosystem approach to management is discussed.

Résumé

L’auteur indique les conditions requises pour que ’approche de la gestion des ressources
de l'océan Austral tienne compte de 1’écosysteme, et souligne la nécessité de disposer
d’informations sur les especes exploitées et dépendantes, leurs interactions et la maniére
dont leurs populations varient a 1’état naturel. Le modéle de rendement du krill (KYM)
tient compte des interactions a grande échelle. Celles a plus petite échelle sont classées
en trois catégories principales : la quantité disponible de krill, la variation des taux
démographiques des especes dépendantes et le chevauchement de la péche commerciale
et de I'alimentation des prédateurs. Le programme de controle de I'écosystéme de la
CCAMLR (CEMP) forme un cadre appropié a 1’étude de 1'abondance du krill. Les
taux démographiques peuvent étre étudiés directement ou par le biais du CEMP. Le
chevauchement de la péche et de I'alimentation des prédateurs fait 1’objet de contréles.
L'auteur traite la question d’un mécanisme qui lierait ces divers éléments pour en faire
une approche de la gestion qui tienne compte de I’écosysteéme.

Pesrome

B crarbe oOpucoBbIBatoTCs TpeOOBaHMS HKOCHCTEMHOTO IIOXOAA K YIIPABICHHIO
pecypcamu FOkHOTO OKeaHa W TOAYEPKHBACTCS HEOOXOAWMOCTH HH(OPMAINH O
IIPOMBICJIOBBIX M 3aBUCHUMbLIX BUAAX, UX B3aHMO[leI>iCTBM)IX H XapakTepe €CTECTBECHHOM
W3MEHYMBOCTHU WX TOMy/sInuil. KpynmHoMacTaOHBIMK B3aMMOACHCTBUSIMI 3aHUMACTCS
Mopnens BeutoBa kpuitst (KY-mozmens). PaccmoTpenne B3amMoneiicTBuii 6oiee MEIKOTO
MaciiTada KOHOCHTPUPYETCA Ha TPEX OCHOBHBIX KaTCropudax: HAJIUYHUU KpHJIIAd,
W3MEHYMBOCTH JIeMOTpa)UUECKUX M JKM3HEHHBIX IOKa3aTelell 3aBHCHMBIX BHIOB H
MIEPEKPBITHH MEXy KOMMEPUYECKHM MPOMBICIIOM W apeajaMH KOPMIICHHS XUIIHHKOB.
IIporpamma AHTKOMa no wmonutopunry sxocuctemsl (CEMP) nmaer xopomryro
OCHOBY JUISI M3y4YeHUs] Haimnuus Kpwiisi. JKM3HEHHBIE U JeMorpauyeckrue MoKa3aresn
MOTYT M3Yy4aThCsl KAK HEMOCPEACTBEHHO, Tak U B pamkax CEMP. Benercst MOHUTOpHHT
MIEPEKPBITUS TTPOMBICIIA C apeajiaMu KOPMJICHHS XHIIHHKOB. OOCyKmaeTcs MeXaHH3M
COBMECTHOTO PAaCCMOTPEHHS 3THX KOMIIOHEHTOB B paMKaxX KOCHCTEMHOTO IMOAXOMa K
YIIPaBJICHUIO.

Resumen
Este documento describe los requisitos de un enfoque ecosistemico para la ordenacién de

los recursos del Océano Austral, y subraya la necesidad de informacién sobre las especies
explotadas y dependientes, sus interacciones y la variacion natural de sus poblaciones.
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El modelo de rendimiento de kril (KYM) toma en cuenta las interacciones en gran
escala. Las interacciones en escalas menores se agrupan en tres categorias principales:
la disponibilidad de kril, la variacién de las tasas vitales de las especies dependientes
y el area de superposicién entre la pesqueria comercial y la biisqueda de alimentos por
parte de los depredadores. El programa de seguimiento del ecosistema de la CCRVMA
(CEMP) proporciona un marco adecuado para investigar la disponibilidad de kril. Las
tasas vitales pueden estudiarse directamente y también mediante el programa CEMP. Se
estd estudiando el grado de la superposicién entre las actividades de pesca y el radio de
alimentacién de los depredadores. Se discute un mecanismo para aunar estos elementos
tan diversos en un enfoque ecosistémico para la ordenacion.

Keywords: ecosystem approach, fisheries management, ecosystem monitoring program,
harvested and dependent species, CCAMLR

INTRODUCTION

Consideration of the major issues relevant to
ecosystem monitoring and management within
CCAMLR is recognition of Article II of the Con-
vention, which is partly reproduced below:

Article II, paragraph 3:

Any harvesting and associated activities in the area
to which this Convention applies shall be conducted
in accordance with the provisions of this Convention
and with the following principles of conservation:

(a) prevention of decrease in the size of any harvested
population to levels below those which ensure its
stable recruitment. For this purpose its size should
not be allowed to fall below a level close to that which
ensures the greatest net annual increment;

(b) maintenance of the ecological relationships be-
tween harvested, dependent and related populations
of Antarctic marine living resources and the restor-
ation of depleted populations to the levels defined in
subparagraph (a) above; and

(c) prevention of changes or minimisation of the
risk of changes in the marine ecosystem which are
not potentially reversible over two or three decades,
taking into account the state of available knowledge
of the direct and indirect impact of harvesting, the
harvesting, the effect of the introduction of alien
species, the effects of associated activities on the
marine ecosystem and of the effects of environmental
changes, with the aim of making possible the
sustained conservation of Antarctic marine living
resources.

The implementation of these requirements
means that the management process must provide
adequate safeguards for harvested species and
that harvesting activities should not prejudice
the long-term future of dependent species. This
paper concentrates on the krill-centred system and
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discusses the extent to which the ecosystem ap-
proach has been implemented by CCAMLR, with
a view to examining how the present management
regime might be improved.

TARGET SPECIES CONSIDERATIONS

The first subparagraph of Article IL.3 is essen-
tially a restatement of the traditional single-species
approach to fisheries management, the main com-
ponents of which have been elaborated many
times. The Krill Yield Model (KYM) that was
developed by Butterworth et al. (1991, 1994) and
Constable and de la Mare (1996) is a development
of this approach. It requires for its calculation infor-
mation on standing stock, mortality, recruitment,
growth, age and size at spawning, dependent
species requirements and fishing pressure. The
model assumes that the distribution of the target
species is known and that sufficient information
is available to indicate the extent of management
units or stocks.

Antarctic krill (Euphausia superba), hereafter
referred to as krill, is found throughout most
of the Southern Ocean south of the Polar Front.
Although widespread, its distribution is extremely
patchy and is dependent on the Southern Ocean
circulation. On the macro-scale, where the manage-
ment unit encompasses a large part of the Southern
Ocean, patchiness is of little consequence when
implementing the KYM. At smaller scales, of
the order of tens or hundreds of kilometres, the
extremely contagious nature of the krill distribution
needs to be taken into account. At scales other than
the macro-scale, the movement of krill through a
region may also be important. This has been taken
into account through consideration of krill flux
(SC-CAMLR, 1994).

Information on krill growth has recently been
reviewed by Siegel and Nicol (2000). Although it
is difficult to estimate age directly, experiments



on laboratory growth rates viewed in conjunction
with estimates from length-frequency distributions
almost certainly provide reasonable estimates of
size-at-age.

Estimations of mortality and recruitment when
used in age-based studies, require knowledge of
the abundance of different year classes. In theory,
this can come from an analysis of length-density
distributions, although this is made difficult by the
patchy nature of the krill distribution. If the length
densities can be linked to standing stock, from
large-scale surveys in successive seasons, then
such estimates can be refined. The broad range of
estimates of natural mortality has been reviewed
recently by Siegel and Nicol (2000).

The problem of standardising recruitment to
the standing stock was addressed by Hewitt (2000),
who defined a proportional recruitment index that
was derived by comparing year-class strengths
within samples from within a season. The method
is thought to be reasonably robust for most sources
of variation but, since it assumes that sampling is
representative of the population, it is dependent on
sampling over a wide area. This might be tested
through analysis of data from the recent CCAMLR
2000 Krill Synoptic Survey of Area 48 (CCAMLR-
2000 Survey) (SC-CAMLR, 2000).

Regarding the incoporation of information on
dependent species into the KYM, providing their
foraging activities are widespread, or they are
able to search over a wide area for krill, there is
little difficulty in incoporating this impact into the
model analysis. This topic is developed further in
a later part of this paper.

The level of fishing can be monitored through
reported catches; on the macroscale considered
through the KYM this is adequately covered.

DEPENDENT SPECIES
Large-scale Interactions

The second part of Article I1.3 sets out the
basis of the ecosystem approach. If the dependent
species are not constrained in their foraging range
then a basic estimate of their food requirement
is adequate for incorporation into the KYM.
Examples of dependent species that fall into this
category are some species of baleen whale and the
crabeater seal (Lobodon carcinophagus). Although
these dependent species are not uniformly or
randomly distributed, it is assumed that they
are able to cover large areas in search of food,
should the need arise. In essence, their foraging
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is assumed to be unconstrained geographically
relative to krill distribution. Other dependent
species may be constrained in their foraging
activity. Land-breeding species, such as birds and
fur seals, are restricted to foraging in areas local
to their breeding site during the breeding season.
Outside the breeding season their foraging activity
is less constrained. A third category is species
that are more or less constrained geographically
throughout their life, such as the mackerel icefish
(Champsocephalus gunnari), a species that is re-
stricted to the shelf region.

In terms of the KYM, the total dependent
species requirement can be calculated by summing
over all known predators for incorporation into the
model. An example of this is given by Thomson
et al. (2000). The key input parameters for such
a calculation are the predator population size, re-
cruitment, mortality and a functional relationship
between predator survival and krill availability.

On the large scale, the KYM can be used to
estimate the impact of different levels of harvesting
on dependent species. This would be adequate,
provided that all the dependent species are not
restricted in their foraging. However, since many
dependent species are constrained in their foraging
activity during the breeding season (birds and fur
seals), or their distribution is restricted (mackerel
icefish), local conservation measures may be needed
to provide an added level of protection.

Smaller-scale Interactions Involving
Harvested and Dependent Species

Developing models at smaller scales is difficult
and requires knowledge of the key dependent
species and their spatial and temporal foraging
behaviour. Spatially we need to consider both
horizontal (geographical) and vertical (location in
the water column) planes. Temporally the most
important scales are probably season and time of
day although, depending on the topic of interest,
months and longer-term trends are also important.
These considerations were incorporated into the
plan for an ecosystem assessment by WG-EMM
(SC-CAMLR, 1995) and can be summarised as the
following series of questions:

(i)  Isthe availability of krill changing?

(ii) Are populations of dependent species in
decline?

(iii) How much krillis required by the dependent
species?
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Table 1: Time and space scales of CEMP parameters for penguins, black-browed albatross and fur seal.
Information summarised from SC-CAMLR, 1991.
Species CEMP Parameter Integration Integration Foraging
Period of Period of a Range/Area
Observations Single (km)
Observation

Penguins Al Adult arrival weight 6-7 months 100s

A2 Duration of first incubation 7-8 months 25-150
shift

A3 Breeding population size >1 year 100s
A4 Age specific survival 1 year 100s
A5 Foraging trip duration 2 months 1-2 days 25-50
A6 Breeding success 2-3 months 100s
A7 Chick fledging weight 2 months 25-50
A8 Chick diet 2 months 1-2 days 25-50

Black-browed albatross Bl Breeding population size >1 year
B2 Breeding success 7 months
B3 Age specific survival 1 year

Fur seal C1 Foraging trip duration 2-3 months Several days 20-100
C2 Pup growth 2-3 months 2-3 months 30-150

Potential range from colony

>

Adult mass on
arrival mass

1st Incubation shift

2nd Incubation shift

Foraging

[1111]

trip duration
+

Diet

[

Calendar date
| -

Chick fledging mass

Calendar date

>

Figure 1:
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Temporal and spatial scales of the interaction between penguin foraging activity and krill availability.



(iv) What is the extent of overlap between krill
fishing and foraging by dependent species?

These questions are taken in turn (below) to
develop a framework within which a management
regime can be developed.

Is the Availability of Krill Changing?

This question was central to the development
of the CCAMLR Ecosystem Monitoring Program
(CEMP) (CCAMLR, 2000). Taking an essentially
pragmatic approach, CEMP has set up regular
monitoring of key parameters likely to be sensitive
to variation in krill availability and that are as-
sociated with several krill-eating species. The
dependent species that have been identified for
CEMP are: Adélie (Pygoscelis adelie), chinstrap
(P. antarctica), gentoo (P. papua) and macaroni
(Eudyptes chrysolophus) penguins, black-browed
albatross (Diomedea melanophrys), Antarctic (Thalas-
soica antarctica) and Cape petrels (Daption capensis),
fur (Arctocephalus gazella) and crabeater seals
(L. carcinophagus). In addition, krill as a harvested
species and major prey item and certain key
environmental variables are also included.

The CEMP parameters for dependent species
(Al to A6, Bl to B3, C1 and C2), along with time
and space scales of their dependence on krill are
set out in Table 1. A full description of CCAMLR
standard sampling protocols for each of these
parameters is given in CCAMLR, 2000.

Most of the CEMP parameters have been moni-
tored as part of the program since 1989 or 1990,
although in some instances national programs
were in place over a decade prior to that time. The
CEMP database, augmented by national programs,
consequently forms a very powerful archive with
which to study ecosystem interactions.

From the outset, the importance of under-
standing the time and space scales of predator
foraging activity was recognised (SC-CAMLR,
1991), and the relevant information is summarised
in Table 1. Each of the CEMP parameters has dif-
ferent response characteristics to the availability
of krill. At the one extreme, foraging trip duration
reflects the local availability of krill immediately
prior to the period of observation, whereas at
the other extreme, adult mass on arrival reflects
a time period of months and relates to a much
greater area. Further complication is caused by
the transient nature of krill concentrations, which
affect krill availability through the formation and
dispersion of concentrations on which predators
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might feed and the movement or flux of such
concentrations through an area (Watkins, 2000).
Thus, the answer to the question ‘Is the availability
of krill changing?’ will depend on which parameter
is being considered, and the answer may not be the
same for all parameters.

The CEMP parameters need to be considered
independently in order to gain the maximum
value from them. Furthermore, two key relation-
ships need to be developed. Firstly, to determine
the time and space scales over which CEMP
parameters integrate krill availability (Table 1)
and, secondly, to determine the response time
and impact of changes in krill availability on each
parameter. This requires an understanding of the
functional relationship between the predator and
its prey (i.e. krill).

In the case of penguins, as is shown in
Figure 1, at the shortest time and smallest space
scales are chick diet (parameter A8) and foraging
trip duration (parameter A5). The latter is an index
that uses the time taken for an adult penguin
to obtain sufficient food for itself and its chick;
the longer the trip, the lower the availability of
krill. These indices are likely to have very short
response times and provide spot indications of
the availability of krill. They are not sufficient to
provide integration over a period of anything other
than, at the most, a few days and over an area local
to the breeding colony.

Krill availability over periods of a few weeks to a
few months can be tracked by consideration of, for
example, the weight of adult birds on arrival at the
breeding colony (parameter Al). This is integrated
over a period of around four or five months prior
to a set calendar date. At South Georgia, where the
krill fishery is concentrated in the winter months,
this may be the period of greatest predator—fishing
overlap, a topic considered later. In the case of
penguins, the duration of the first incubation
shift (parameter A2) may be influenced not only
by the arrival weight (parameter Al), but also
by the availability of krill to the birds as they
replenish reserves for their next incubation shift.
On a longer time scale we have breeding success
(parameter A6), monitored throughout the season,
and fledging weight (parameter A7). Together
these indicate how successful the adults have been
in finding krill and bringing it to the colony to
provision the chick over the same period.

This part of CEMP is therefore a very good
mechanism to monitor changes in dependent
species in response to the availability of krill, the
first of the series of questions.
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In terms of the aims of CEMP, the parameters
are used to monitor activities when the species
is thought likely to be most sensitive to krill
availability, therefore it is not a disadvantage
that there is very little monitoring of krill outside
these times. Such a conclusion is not true for all
dependent species. For example, the mackerel ice-
fish at South Georgia is restricted to the shelf and is
dependent on krill as a major component in its diet.
Krill availability has been shown to influence the
species’ diet, condition and reproductive indices
(Kock et al., 1994; Everson et al., 2000a; Everson
and Kock, 2001). In this case, the dependent
species is widespread on the shelf and is likely to
be sensitive to variation in krill availability at any
time of year.

Are Populations of Dependent
Species in Decline?

This question, although apparently simple, is in
reality very complicated. Taking as an example one
species, chinstrap penguin, which is widespread in
the Antarctic Peninsula region, and one parameter,
A3, demonstrates the complexity of the issue.

When observed at sea feeding, it is not obvious
which breeding site a particular bird or group of
birds will use. If there is a high degree of mixing
on the feeding grounds between individuals from
different breeding colonies, then probably this will
not matter. However if individuals from particular
colonies tend to feed in the same locality, then a
single colony is unlikely to be representative of
all colonies. In reality, during the winter months
there may well be a great deal of mixing, whereas
during the breeding season feeding localities may
be colony specific, as is indicated in Figure 2.
So both approaches may be used to define the
population! The easier of the two to monitor is the
breeding colony, whereas the more important for
management issues may be the group of colonies
within a region.

At the root of all population studies is the
definition of ‘population’. In the case of fish, such
definitions are based on the geographical distri-
bution of a species and the biological characteristics
of fish in one area compared to those from an
adjacent locality. For icefish, which appears to be
restricted to the shelf region, such a designation
provides a reasonable descriptor. Within that
region there is likely to be movement that may be
related to feeding and spawning activity (Everson
et al.,, 2001), although movement outside of that
mesoscale region is thought to be minimal.
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Penguin colonies are easily observed, and
mechanisms are in place to provide counts of
breeding pairs. What is less clear is the relationship
between one colony and those adjacent to it
because the availability of krill to them will almost
certainly differ over the year. Thus, in terms of
small-scale interactions, such as those associated
with parameters A5 and A8, responses to krill
availability may be colony specific, as is shown in
Figure 2. On the other hand, for those parameters
that integrate information over greater time and
space scales, the colony may provide an indicator
that is valid over a much wider region.

In order to identify a decline in a population,
a time series of observations is required. A direct
census each year would provide a good estimator.
This approach has been taken by Reid and Croxall
(2001), who studied fur seal, macaroni and gentoo
penguins and black-browed albatross. Their study
showed a downward trend in the population size
of all these species over the period from the mid-
1980s to the present. This trend was thought to be
related to krill availability as inferred by the size
distribution of krill present in the predator diets.

The conceptual framework (Figure 1), whereby
dependent species are viewed as central-place
foragers, is subject to an additional complication
caused by water circulation. Several scenarios
are possible, two of which are indicated in
Figure 3. The simplest, shown in Figure 3(a), has
a strong long-shore current within which krill
could be entrained, as found by Everson and
Murphy (1987). In this situation krill are likely
to be passing all the colonies and krill availability
would be largely dependent on the predation
impact of successive colonies. In the coastal region,
circulation patterns are topographically driven
such that adjacent colonies may be receiving water
with different origins, as outlined in Figure 3(b).
The extent of such variation may be large, as, for
example, in the Atlantic sector where some island
groups receive water with Bellingshausen and
Weddell Sea influences. Whatever the circulation
pattern that is encountered in the vicinity of a
particular colony, it is important to note that the
amount of krill carried in the current may have been
affected by commercial fishing upstream sometime
earlier. Recent developments in telemetry mean
that a much clearer picture is emerging of foraging
activity from specific sites (e.g. Boyd et al., 1997),
thus adding greatly to our knowledge of foraging
behaviour. Quantification of these effects is es-
sential in developing an ecosystem approach to
management.
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Colony C

Figure 2:

Foraging areas available to predators breeding at three

colonies. Two spatial scales are indicated: lower-case letters
(a, b, and c) relate to short time-scale local activities such as
parameter A5, A7 and AS8; upper-case letters (A, B, and C)
relate to larger spatial scale foraging activity such as A2.

Looking in greater detail at the population size
(parameter A3) and its relationship to demography
(parameter A4), the number in a given year will
come from the number present in the previous
year, decreased by mortality and increased by
recruitment, and with a factor to account for errors
in the estimators. If the balance of recruitment over
mortality is decreasing, then the population size
will suffer a downward trend.

In the case of a penguin species, the first stage
of the recruitment process can be considered as
the number of chicks produced during a breeding
season (parameter A6). Those chicks will be sus-
ceptible to mortality over the years leading up to
the arrival of the survivors at a breeding colony.
As a direct consequence, if there are no chicks
produced in a particular season there can be no
recruitment from that year class in the season

when it would have reached maturity. If the
reproductive life span of the bird is short, then
the loss of a single year class will have a major
effect, whereas if it is quite extended, over perhaps
decades, then the impact will be small. Allied to
this, it can be seen from Figure 4 that for those
species for which survivorship is lowest, breeding
failures will cause greater fluctuation in population
due to the dependence of breeding population
on the recruiting year class. Statistically this
could be investigated through the variance of the
population size irrespective of whether or not a
trend is present.

In theory, chick production should provide
some indication of recruitment in subsequent years.
The implications of this conclusion can be explored
through the relationship between population size,
recruitment and mortality. Assuming a normal
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(a)

Figure 3:  Schematic representation of circulation pattern carrying krill in the vicinity of colonies of land-breeding
predators. (a) direct longshore movement of krill past a series of colonies, (b) topographically driven
circulation bringing krill from different sources to colonies in fairly close proximity.
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Figure 4: The effect of breeding failure and population size. During the first 20 years
recruitment is randomly distributed between 1000 and 2 000. From year 20
onwards for two randomly selected seasons in every 10 there is total breeding
failure leading to recruitment failure of those year classes. The analysis has been
run for two levels of survivorship and demonstrates the greater fluctuation of
population size associated with low survivorship and a consequent dependence
of population size on recruiting year class.
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exponential decline in numbers with age due to
mortality, we can estimate numbers-at-age from
the basic equation:

Nt = N()eiZt

where N, is the number at time zero, N, is the
number at time f and Z is the coefficient of total
mortality.

The breeding population (P,) will be composed
of animals within the age range from t, the age at
first breeding, to t,,,, the oldest animal likely to be
present in the population, such that

tmax

Ph:ZNt
t,

In a situation where the population size is not
changing, the number of first-time breeders will
equal the number dying during the preceding year.
The number of first time breeders will depend
on the number of chicks produced each season
discounted by mortality up to age t,.

The number of chicks produced in a season
(Np) can be derived from parameters A3 and A6
(Table 1), leading to an estimate of recruitment (N,)
given by:

Nr — Noe—Z‘tr

For the population size to be stable, the
recruiting year class would need to balance the
losses due to mortality, as indicated in Equation 1.

tmax

Nr=th_Nt+1 (1)

t=r

An example of this analysis is given in Fig-
ure 5 and some other examples in Table 2. Note
that the information is given as survivorship rather
than mortality because that is the common form
used in the literature on bird ecology. Estimates
of survivorship by this method are the minimum
consistent with population size remaining at the
same level. It is known that not all penguins breed
in a given year, therefore survivorship will need to
be greater to accommodate this factor. The results
in Table 2 indicate that for Adélie, chinstrap and
gentoo penguins chick production is consistent
with the estimates of survivorship. However, for
macaroni penguin, the published survivorship
is somewhat lower than that required to sustain
the population, given the chick production. This
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result, providing all the values are correctly esti-
mated, indicates that the population would be in
decline.

This approach uses very little information
to estimate the population turnover needed to
maintain a stable population size. Ifitis possible to
identify first-time breeders, a further simplification
can be made because their proportion in the
breeding population can be used to estimate
survivorship through the relationship:

N, _ 0
b =(100-S)% @)

This approach is the direct analogue of that
developed as the proportional recruitment index
for krill (Hewitt, 2000).

It is also important to note the assumption that
mortality is not varying with age. Williams (1995)
indicates that mortality may be high during the first
year of life but reduced thereafter; such variation
could easily be incorporated into this form of
analysis but has not been done here because the
data are currently very sparse.

The above analysis has concentrated on recruit-
ment as an indicator of survivorship in a stable
population. Deviations from the mean values of
chicks per adult or age at first breeding are thus
providing indicators of population trends. The link-
ages with other components are less well defined.
Adult survivorship can be estimated directly from
mark-recapture experiments (e.g. Williams, 1995),
although due account must be taken of emigration
in order to provide a full interpretation of the
results. A further extension of this work could be
undertaken by looking at CEMP parameters in
relation to these direct indicators. For example,
the total mass on arrival at the breeding colony,
a parameter assumed to be related to food
availability, may also affect survival during the
non-breeding period. The functional relationship
between CEMP parameters and krill availability
needs further study in order to provide better
estimates of vital rates. Similar analyses are poten-
tially feasible for other land-based dependent
species, such as fur seal, using CEMP and related
datasets.

The problems associated with determining
vital parameters for fish are quite different to those
for land-breeding predators. Population size is
estimated by standard survey methods using trawl
or acoustics. This varies from season to season
due to a variety of factors, as discussed by Parkes
(1993) and Everson et al. (1999). Mortality rates can



Ecosystem monitoring and management

100 +
80
i’ 60 4 — 4 — 0.5 Chicks
< - - 4 - -1.0 Chicks
S —4— 1.5 Chicks
g 40 - — @ — 2.0 Chicks
(2]
20 1
0 T T T T 1
0 2 4 6 8 10
Age at first breeding
Figure 5:  Estimated minimum survivorship necessary for a given age at first

breeding to ensure a stable population size at four levels of chick
production per breeding pair. The calculations have been made
iteratively using Equation 1.

Table2:  Field observations of penguin survivorship compared with survivorship estimated from chick
production and age at first breeding estimated using Equation 1.

Penguin Chicks /Pair Age at First Survivorship (%) Minimum Proportion of
Species (Williams, 1995) Breeding (Williams, 1995) Survivorship to First-time
(Williams, 1995) sustain the Breeders to
Population sustain the
(Equation 1, this Population
paper) (Equation 2,
this paper)
Macaroni 0.44+0.15 59 78 837 179
6J 844 168
Chinstrap ~1 (3?) ? 68 32
(0.016-1.83)
Adélie ~1 59 81-97 762 249
(0.68-1.89) 648 788 228
Gentoo 0.85 3 75-85 70 30

Table3: A comparison of the levels of survivorship required at different times in the early life history of the
animals in order to maintain a ‘steady state’ population. Information on Adélie penguin from
Table 2, and mackerel icefish from Kock, 1992 and Everson et al., 1999.

Adélie Penguin Mackerel Icefish
Egg production per breeding female 2 ~15 000
Annual survivorship from egg to maturity ~75% ~5%
to maintain population
Age at first maturity 5-6 years 2-3 years
Survivorship from juvenile to maturity ~75% ~70% (assuming M = 0.4)
Survivorship egg to juvenile ~50% ~0.3%
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be estimated from year class strength in successive
years, whilst recruitment is generally estimated by
cohort analysis or some other age-based analysis
after the event. These methods are well described
in a number of standard texts, e.g. Saville (1977),
Gulland (1983), Hilborn and Walters (1992).

Survey estimates of standing stock are subject
to a large amount of variation. Part of this will
be due to an error component in the estimation
technique, something that is inherent in the system
irrespective of whether the dependent species can
be counted on dry land or has to be estimated
from trawl catch rates. In addition, there will be
variation due to the population structure. In the
case of a short-lived species, this will be strongly
dependent on the recruiting year-class strength.
If the predator is limited to producing one or two
offspring per season, as is the case for penguins
and seals, this is likely to be indicated in the chick
or pup production estimates. On the other hand, in
the case of an icefish which might produce 15 000
eggs and have a natural mortality coefficient of
around 0.4, most variation is likely to be caused by
the proportion of the total number of eggs spawned
that develop beyond the larval stage.

Taking penguins and fish as examples, it is
clear that the situation with these two dependent
species is quite different, as indicated in Table 3.
In the case of penguins, recruitment is likely to be
closely related to chick production and, therefore,
breeding success. The level of recruitment for
mackerel icefish will only be obvious as the fish
approach spawning. Chick or pup production has
the potential to provide an indication of recruitment
several years before this would be seen in a fish
population. On the other hand, because the age of
an individual fish can be estimated by examining
its otoliths, age-based population analyses are
possible. Such analyses give greater insight into
population dynamics than is possible for species
for which direct age determination is currently
impossible.

How much Krill is required
by the Dependent Species?

In addressing this question we are faced with
a quantitative problem that is dependent on time
and space scales. The definitions associated with
CEMP parameters provide good indicators of
the time and space scales, these are refined by
considering the foraging footprint (Trathan et al.,
1998) of each dependent species. Determining the
amount of krill required by each species requires
knowledge of the total numbers of predators
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feeding within the area and their energetic re-
quirements. It is important to recognise that the
population unit chosen needs to take account of the
integration zone. If the consideration is restricted to
a single breeding colony, then the effects are local,
whereas if the chosen species is widely distributed,
such as the crabeater seal, then the area may extend
over much of the Southern Ocean.

A number of scientists have investigated in
detail the energetic requirements of birds and seals
(Boyd et al., 1997; Croxall and Lishman, 1987),
and these have been incorporated into models to
estimate food requirements (Croxall et al., 1984).
In the case of icefish, there is good information on
diet (Kock et al., 1994) that indicates reliance on
krill. There have been no reported studies on the
metabolic rate of mackerel icefish although there
have been extensive studies on other members
of the group (see review by Hemmingsen, 1991),
which means realistic estimates of energy require-
ments are possible.

The adaptation of these energetics models and
the refinement of parameter values following
continued research into dependent species should
provide a good basis upon which to estimate the
krill requirements of dependent species. This is an
important component in ecosystem studies that has
two major elements: population size and the energy
requirement. Population size has been considered
in the second question above. Energy requirement
is a complicated issue, a review of which goes
beyond the scope of the present paper. Because it
is used to scale components of an energy budget to
tonnes of krill, it is the key point of contact between
dependent species assessments and removals of
krill due to commercial fishing. It is therefore
very important that predator energy budgets are
carefully researched and estimated.

What is the Extent of Overlap between Krill
Fishing and Foraging by Dependent Species?

It is not a simple process to describe adequately
predator—fisheries overlap so, in order to under-
stand the process, we need to break it down into
manageable components. For the sake of simplicity
I consider the problem from two perspectives:
qualitatively — in terms of time and space, and
quantitatively — in terms of the amounts of krill
taken by the fishery in relation to the requirements
of dependent species.

Penguins during the breeding season provide
a good example of a ‘central-place forager’ since
they are constrained by the range to which they



can venture in search of food and return in good
time to feed a chick. Thus, for any given colony,
the foraging area can be described by the segment
of a circle whose radius is the maximum foraging
range. Foraging activity can be determined by
direct observations from research vessels at sea
leading to the identification of particular for-
aging localities. It is also possible, due to the
miniaturisation of instrument packages, to monitor
individual animals at sea. This has been done for
fur seals and, to a lesser extent, due to the smaller
size of the animals, for penguins. Outside the
breeding season, it is assumed that the birds forage
over a much greater area; this may not necessarily
be true, but since they are then not constrained by
the need to return to a breeding site, they are able
to search for food in other localities.

The situation for fish is somewhat different.
The mackerel icefish are known to be restricted
to the continental shelf region. It is not known to
what extent feeding migrations take place, so it has
to be assumed that spatially the whole shelf region
is a reasonable descriptor of their feeding range at
all times of the year (Kock et al., 1994).

Several approaches to the problem of deter-
mining the relationship between predator foraging
and commercial fishing have been considered by
CCAMLR. These were defined in terms of the type
of overlap.

Precautionary overlap, which considers the lar-
gest spatial scale, is intended to cover the whole
distribution of krill and all krill predators. It is
covered by the KYM described earlier, and also
by the model developed by Butterworth and
Thomson (1995).

Potential overlap, is on a very broad scale
such that local overlaps or separations between
predators and the fishery may be missed or mis-
represented. This hasbeen considered by CCAMLR
as the Critical Period Distance (CPD). The index is
currently calculated as the krill catch within 100 km
of predator colonies during the period December to
March. It is not a measure of competition between
predators and the fishery, but is a simple expression
of potential niche overlap. Ichii et al. (1994a, b)
considered the spatial distribution of colonies and
catches in the Antarctic Peninsula region. They
showed that although a high proportion of the
catch may be taken within the foraging distance of
land-based colonies, those colonies containing the
largest numbers of penguins were not adjacent to
the main fishing grounds. In order to make further
progress with this type of work, a more refined
approach is needed.
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Another approach that attempts to incorporate
fishing impact was described by Agnew and
Phegan (1995). For this index the whole area was
divided into small units of 10 x 10 n miles and the
proportion P of the total number of penguins that
were likely to feed in each unit estimated. This
is multiplied by the total krill requirement of the
penguins to give a penguin-krill requirement for
the location K,. The other component is the krill
catch K, over the same period in the same area. The
index is the product (K, - K. ) and increases where
either predation pressure or fishing increases.
Even so, this still does not answer the question of
how much krill is available within the small units.

Realised overlap, in which fine-scale overlap
is measured, but without taking account of
any movement of krill through the region. To
describe this, a simple standardised index, such
as Schroeder’s index, has been used (SC-CAMLR,
1997). This has the form:

I, = 1—0.5Z|pi,t _‘7i,t|

where p;; is the proportion of krill consumed by a
predator in grid square i during time period ¢ and
gi¢ is the proportion of krill taken by the fishery
in grid square i during time period t. The index
ranges from I, = 0, indicating no spatial overlap
during period t, to I; = 1, indicating complete
overlap. Currently this index is used by CCAMLR
where the grid-square is defined as the fine-scale
rectangles half a degree of latitude by a degree of
longitude.

This approach has considerable merit in
defining the localities and times during which the
interaction is likely to be most significant. How-
ever, since the two proportions are determined
independently and without reference to the
other component, care needs to be exercised in
interpreting the results. Thus, to take an extreme
example, if the fishery were taking less than 1%
by mass of the krill required by penguins and all
those krill were caught from a high-index foraging
locality, the index would have a high value and
yet no problem might exist. Some mechanism is
therefore needed to incorporate total available krill
into the index.

The Schroeder index and the Agnew-Phegan
model provide indices of overlap and predation
pressure on krill. There is a third component which
would assist in determining whether fishing is
likely to be having an effect on krill locally. This can
be defined as the Fishing to Predation Index (FPI),
the ratio of the amount of krill taken by commercial
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fishing (K.) compared to the amount required by
predators (K;), the dependent species:

FPI = Ke
K

p

An increase in the FPI indicates that fishing is
taking a larger proportion of the available krill and
consequently fishing is more likely to be having an
impact on the dependent species. It is important
to note that this index does not necessarily indicate
that any management action is required, but
rather provides a warning that an effect might be
noticeable in some of the predator demographic
parameters.

Dynamic overlap, whereby the interaction would
be described by the functional link between preda-
tors and the fishery, would take account of fine-scale
vertical and horizontal distributions of predators
and the fishery and the availability of prey to
both resource users. Undoubtedly this is the most
difficult and complicated scenario, however it does
provide the greatest insight into the functioning
of the system. An example of a model that makes
comparisons of penguin reproductive success and
adult survival in the absence or presence of a krill
fishery was developed by Mangel and Switzer
(1998). Even though the extent of work in this field
is currently rather limited, there is sufficient evi-
dence to indicate that progress will be made in the
foreseeable future.

Each of these indices has merits in determining
the extent of overlap between the foraging activity
of dependent species and commercial fishing. In
terms of providing advice on the potential impact of
fishing on dependent species, the FPI provides the
best direct comparison. The extent of commercial
fishing can be estimated adequately from haul-by-
haul data. The other component is dependent on
population size and the energy requirements of
the predators. This places a great deal of reliance
on the outcome of studies on the amount of krill
required by dependent species.

An Ecosystem Approach
to Krill Management

Having addressed the four questions associated
with developing an ecosystem assessment, we
are now in a position to see how these might be
incorporated into a management regime. The
problem of krill management in an ecosystem
context can be reduced to two key questions. The
over-riding and first question is: ‘Taking account
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of the requirements of dependent species, is the
krill fishery sustainable in the long term?’ This
question is adequately addressed using the KYM
for which, for a given large-scale area, the key input
parameters are standing stock, growth, mortality,
age and size at first spawning and the predator
feeding requirement. This approach assumes that
the dependent species are not unduly constrained
in their foraging range. Although the basic ap-
proach is that of a single-species fishery, due regard
is given to dependent species. The KYM can
therefore be considered as providing a maximum
limit for the krill fishery, whilst at the same time
incorporating the total requirements of dependent
species but not taking account of any spatial
foraging characteristics that may constrain their
activities.

If this approach is applied in isolation, it does
not necessarily follow that all the requirements
of Article II will be met. This is for two reasons.
Firstly, errors in estimating the various parameter
values may lead to erroneous results; this is true
particularly for estimating the krill requirement
of dependent species. Secondly, there may be
local effects of krill fishing which have a dispro-
portionately large effect. This is true particularly
for the land-based dependent species and is a key
consideration of CEMP.

Incorporation of this idea into the management
regime raises further questions such as: ‘Are
dependent species being adversely affected by krill
tishing?’

This in turn breaks down into a series of
interrelated questions and action points for which
the primary consideration is to determine whether
there is any evidence of a decline in the populations
of dependent species. If there is evidence of a
decline, then a second question needs to be asked:
‘Is that decline likely to be due to fishing?’

In the case of penguins, a comparison of the
results from direct census methods and those
from studies of chick production, survivorship
and age at first breeding would provide guidance
as to the likely cause. If the problem appeared to
be a reduction in chick production, then the cause
may lie with local krill availability during the chick
growth period. However if the problem appeared
to be associated with adult survival, then the cause
may lie with reduced food availability outside
the breeding season. A further possibility is that
reduced chick production may be due to the adult
birds being underweight or in otherwise poor
condition, a result that may be due to poor winter
feeding conditions.



Recognition of the possible causes of the
decline in a dependent species population leads
to consideration of the overlap between foraging
activity and commercial fishing. The Schroeder
and the FPI indices provide a good indication
of whether demographic changes in dependent
species are attributable to fishing activity. Ulti-
mately this will lead to models of dynamic overlap,
such as that developed by Mangel and Switzer
(1998).

Armed with this information, it is possible to
indicate the localities and seasons during which
protection would need to be given to dependent
species; this is an option that translates directly
into conservation measures which define closed
seasons or areas and local catch limits. The rela-
tively simple approach outlined above needs
to be extended to take account of krill that are
subject to commercial fishing upstream of the
observed dependent species—krill interaction; this
emphasises the need for good studies on physical
oceanography of the region. An important con-
sequence of this approach is that smaller-scale
management areas are designated on ecological
grounds. These may equate to statistical subareas,
but equally well they might be set as ranges from
coastlines where land-based species breed.

The same reasoning can be applied to other
dependent species that are monitored under
CEMP, although the time and space scales of the
interactions will obviously differ. Albatross and
seal species, like penguins, are limited in their
production of offspring to one or less chick or pup
each season. This means that juvenile production
in relation to mortality of breeding individuals
provides a useful starting point.

This approach cannot be used in the case of fish
generally and icefish in particular due to the poor
relationship between recruitment and spawning
stock size (Parkes, 1993). In the case of icefish,
because it is also a harvested species, direct ‘single-
species’ assessments are likely to be made in the
first instance. If there is thought to be an indirect
effect on icefish due to krill fishing, then a balance
may need to be struck taking into account the
economic factors underlying the two fisheries in
the manner envisaged by Everson et al. (2000b).

The decision processes envisaged above, and
shown as a conceptual framework in Figure 6,
provide a structure within which a science plan
can be formulated. This could be used to provide
advice for the management of krill fisheries in
an ecosystem context — the main requirement of
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Article II. Further refinements are clearly possible,
but establishing these links would be a major step
in fisheries management.
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Echelles spatio-temporelles des paramétres du CEMP relatifs aux manchots, aux albatros a sourcils noirs
et aux otaries. Récapitulation d’informations provenant de SC-CAMLR, 1991.

Observations sur le terrain de la survie des manchots comparée a la survie estimée a partir de la
production de jeunes et de I’age a la premiere reproduction au moyen de 1’'équation 1.

Comparaison des taux de survie nécessaires a différents moments des stades précoces du cycle vital des
animaux pour conserver une population en état d’équilibre. Les informations sur le manchot Adélie
proviennent du tableau 2, et celles sur le poisson des glaces de Kock, 1992 et Everson et al., 1999.
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Echelles spatio-temporelles des interactions des activités d’alimentation des manchots et la quantité
disponible du krill.

Secteurs d’alimentation disponibles pour les prédateurs se reproduisant a trois colonies. Deux échelles
spatiales sont indiquées : les lettres minuscules (a, b et c) représentent les activités locales a petite échelle
temporelle telles que les parametres A5, A7 et AS; les lettres majuscules (A, B, et C) représentent les
activités d’alimentation a plus grande échelle telles qu'A2.

Représentation schématique de la circulation des eaux porteuses de krill aux alentours des colonies de
prédateurs se reproduisant a terre : a) mouvement direct du krill le long de la cote devant une série
de colonies, b) circulation provoquée par la topographie amenant le krill de sources différentes a des
colonies relativement proches.

Effet de I'échec de la reproduction et taille de la population. Au cours des 20 premiéres années le
recrutement est distribué au hasard entre 1000 et 2 000. A partir de la vingtieme année, pour deux
saisons sélectionnées au hasard tous les dix ans, il y a un échec total de reproduction entrainant un échec
du recrutement de ces classes d’age. Cette analyse a été effectuée pour deux taux de survie; elle met en
évidence une fluctuation plus importante de la taille de la population lorsque le taux de survie réduit,
d’otril découle que la taille de la population dépend de la classe d’age en cours de recrutement.
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Estimation du taux de survie minimum nécessaire, pour une valeur donnée de I'dge a la premiere
reproduction, pour assurer une taille de la population stable a quatre niveaux de production par couple
reproducteur. Les calculs ont été effectués de fagon itérative au moyen de 1’équation 1.

Informations scientifiques clés nécessaires pour la mise en ceuvre d’un régime de gestion a grande
échelle, c.-a-d. a I’échelle d"une zone statistique, et a une échelle locale.
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Bpemennsle u mpocTpaHcTBeHHbIe MacmTaObl mapamerpoB CEMP i mUHTBMHOB, 4epHOOPOBBIX
anp0aTpOCoOB M MOPCKUX KOTHKOB. O000mena nHpopmarms HK-AHTKOM, 1991 .

[ToneBbie HAOIIOACHHS BBDKUBAEMOCTH TUHI'BHHOB 110 CPABHEHHUIO C BEDKMBAEMOCTbIO, OLICHEHHOH 110
POXICHUIO NITEHIIOB M BO3PACTy IPH IIEPBOM Pa3MHOKEHHH (OLIEHKa MO YpaBHEHHIO 1).

CpaBHeHI/Ie ypOBHeﬁ BBIDKMBACMOCTH, HeO6XOZ[I/IMI)IX Ha paHHUX CTAAUAX ) KUZHCHHOT'O TUKJIA )KUBOTHBIX
JUISL COXPAaHEHHs YCTOWUNBOM momyssiun. MHpopMamus o HHrBUHAX AJENH B3sTa U3 Tabl. 2, a o
nensHOU phide — u3 myonukarmii K.-I'. Koka (Kock, 1992) u . Deepcona (Everson et al., 1999).

CITHCOK PHCYHKOB

BpeMeHHme " IpOCTPAHCTBECHHLIC MaciTadbl BSaHMOﬂeﬁCTBHH MCXKIY HAJIUIUEM KPUJId U TTOUCKOM
MWW ITMHTBUHaAMM.

JlocTynHbIe XMIIHUKaM apeajbl TMOWUCKAa MHUIIM — TPU Yyd4acTKa pasMHOXeHus. [lokazanbl 2
MIPOCTPAHCTBEHHBIX MaclITaba: CTpOUHbIC OyKBHI (2, b M C) OTHOCATCS K JIOKQIbHON JICSITEIHOCTH C
KOPOTKHM BPEMEHHBIM MaciuTabom (Hampumep, napameTpsl AS, A7 u A8); 3araBHbie OykBbl (A, B u
C) oTHOCATCS K T0OBIYE KOPMaA B OOINBIIIEM POCTPAHCTBEHHOM MacmiTade (Harmpumep, mapamerp A2).

Cxemarndeckoe MpEACTAaBICHUE XapaKTepa HUPKYISIHNU, MEePEeHOCsIed Kpuib B pailoHe KOJIOHHI
Pa3sMHOKAIOIIMXCS Ha CYIIIe XHUITHUKOB: (2) MepeHOC KPHJIS BIOJIb Oepera, BIOJIb HECKOIBKUX KOJIOHUH,
(b) Tonorpaguuecku 00yCIOBICHHAS ITUPKYIISIIINS, IEPESHOCAIIAS KPUIb U3 PA3IHUHBIX HCTOYHUKOB K
COCEIHUM KOJIOHHUSIM.

BnusHue HeynauHOTO pPa3sMHOXKEHHS U pa3Mep Momyssiuud. B Tedenune mepsbix 20 JeT MOMOTHEHUE
cirydaitHeIM 00pa3om pactpeneneHo mexay 1000 nu 2000. Haunnast ¢ 20 roza, B 2 ce30HaX, BRIOPaAHHBIX
cilydaliHbIM 00pa3zoM u3 Kaxablx 10 ce3oHOB, HaOmomaercsi abCONIOTHAs Heynada pa3MHOXKCHUS,
MIPUBOAAIIAS K HEYAAYHOMY ITOTIOJHEHHUIO JUIST 9THX TOJOBBIX KJIACCOB. AHANM3 ISl IBYX YpOBHEH
BBDKMBAEMOCTH TIOKa3bIBACT, YTO OOJIbIIME KOJEOAaHWs pa3Mepa IOIMYISIHH CBS3aHbl C HHU3KOH
BBDKHBAEMOCTBIO U, CIIEIOBATEIBHO, OONBIIEH 3aBUCHMOCTBIO pa3Mepa IOIYIISIIIAH OT ITOTIOIHSIONIETO
TOJI0BOTO KJlacca.

OmueHouHasi MHUHMMallbHasi BBDKHBAEMOCTb, HEOOXOIMMas TPH 33JaHHOM BO3pacTe IpH ITIEPBOM
BOCITPOHM3BOJICTBE, YTOOBI 00ECIEUNTh CTAOMIIBHBIN pa3Mep MOMYJISIIUK, — 4 yPOBHS TIPOJAYKTUBHOCTH
(ITeHIIOB Ha pa3MHOKAIOILYIOCs napy). MiTeparuBHBIE pacdeTsl IO YpaBHEHHIO 1.

KoroueBast HayuHass mHQopmanusi, TpeOyemas Uil pealn3alii peXMMa yIpaBiIeHUs: B KPYITHOM
(paBHOM CTaTHCTHYECKOMY PaifOHy) 1 MECTHOM MacIuTadax.

Lista de las tablas

Escalas temporales y espaciales de los parametros del CEMP correspondientes a los pingiiinos, al
albatros de ceja negra y al lobo fino antartico. Resumen de la informacién de CC-CRVMA, 1991.

Observaciones en terreno de la supervivencia de los pingiiinos en comparaciéon con la supervivencia

estimada a partir de la produccién de polluelos y de la edad de la primera reproduccién estimada
mediante la ecuacion 1.
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Comparacién del nivel de supervivencia requerido en diversas etapas iniciales del ciclo de vida de
los animales para mantener la poblaciéon en un ‘estado estable’. Los datos sobre el pingiiino adelia
provienen de la tabla 2, y los del draco rayado de Kock, 1992 y Everson et al., 1999.

Lista de las figuras

Escalas temporales y espaciales de la interacciéon entre los pingiiinos en bisqueda de alimento y la
disponibilidad de kril.

Zonas de alimentaciéon disponibles para los depredadores que se reproducen en tres colonias. Se
indican dos escalas espaciales: las letras en mintiscula (a, b, y c) se refieren a las actividades localizadas
realizadas en un corto periodo de tiempo tales como las descritas por los pardmetros A5, A7 y A8; las
letras en maytscula (A, B, y C) se refieren a las actividades de bisqueda de alimento mas prolongadas
tal como las describe el parametro A2.

Iustracion esquemaética de modelos de circulacién oceédnica del kril en los alrededores de las colonias de
reproduccién de los depredadores: (a) movimiento directo de la deriva litoral de kril, que abarca una
serie de colonias. (b) circulacién determinada por la topografia, trayendo el kril de diversas fuentes a las
colonias situadas en estrecha proximidad.

Consecuencias de una mala reproduccién en el tamafio de la poblacién. Durante los primeros 20 afios el
reclutamiento esté distribuido aleatoriamente entre 1 000 y 2 000. A partir del veinteavo afio, se produce
el fracaso total de la reproduccién en dos temporadas seleccionadas aleatoriamente de cada 10, con
el fracaso consiguiente del reclutamiento de esas clases anuales. Se ha efectuado el andlisis para dos
niveles de supervivencia, demostrdndose una mayor fluctuacién en el tamafio de la poblacién cuando
la supervivencia es baja, y una consiguiente dependencia del tamafo de la poblacién en la clase anual
reclutada.

Estimacién de la supervivencia minima requerida para que una edad dada de primera reproduccién
asegure un tamafo estable de la poblacién a cuatro niveles de produccién de polluelos por pareja
reproductora. Los calculos se han hecho iterativamente mediante la ecuacién 1.

Informacién cientifica clave necesaria para aplicar un régimen de ordenacién en gran escala, equivalente
a un drea estadistica, y en una escala local.



