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Abstract

Harvesting of marine living resources in the Southern Ocean is managed by the 
Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR).  
CCAMLR is widely known for its ecosystem approach to managing fi sheries with the 
maintenance of ecological relationships included in the conservation objectives.  In the late 
1980s, CCAMLR’s precautionary approach was developed, incorporating principles of 
how to use scientifi c evidence in the decision-making process.  Even though this approach 
was based on the management of a single species (Antarctic krill, Euphausia superba), it 
takes account of the needs of predators in the assessment of catch limits.  The success of 
this process is due to the formulation of a management procedure which includes decision 
rules that specify how harvest controls will be adjusted based on the scientifi c information 
available and the assessments that arise from such information.  To assist the Commission 
in meeting its objectives, the CCAMLR Ecosystem Monitoring Program (CEMP) was set up 
to detect the effects of fi shing on krill predators.  CCAMLR needs to adopt a management 
procedure which has a good chance of maintaining ecological relationships and meeting 
the needs of predators, incorporating:  (i) operational objectives that articulate the target 
conditions of relevant aspects of the system, (ii) methods for assessing the status of the 
system, (iii) decision rules on how to adjust harvest controls given the difference between 
the assessment and the agreed objectives, and (iv) methods for dealing with uncertainty.  
This paper reviews progress in developing ecosystem-based management procedures by 
summarising the gaps in the existing approach, the types of models developed for the 
Antarctic marine ecosystem, the implications of the large scale of the fi shery for designing 
a monitoring program to detect the effects of fi shing, and the types of procedures already 
proposed for management of the krill fi shery.  It highlights the need to focus future work 
in these areas, including the need to evaluate candidate management procedures in 
advance of the expansion of the krill fi shery.  Most importantly, operational objectives 
for dependent species and feasible management options need to be clearly articulated to 
guide this work. 

Résumé

L’exploitation des ressources marines vivantes de l’océan Austral est gérée par la 
Commission pour la conservation de la faune et la fl ore marines de l’Antarctique 
(CCAMLR).  La CCAMLR est réputée pour tenir compte de l’écosystème dans la gestion 
des pêcheries : le maintien des rapports écologiques fait partie intégrante de ses objectifs de 
conservation.  Vers la fi n des années 80, la CCAMLR a élaboré une approche de précaution 
qui englobe le principe de l’utilisation de preuves scientifi ques dans le processus de 
prise de décision.  Bien que cette approche repose sur la gestion d’une espèce unique (le 
krill antarctique, Euphausia superba), elle tient compte des besoins des prédateurs dans 
l’évaluation des limites de capture.  Le succès de ce processus est dû à la formulation 
d’une procédure de gestion qui comporte des règles de décision spécifi ant comment 
les contrôles de l’exploitation seront ajustés en fonction des informations scientifi ques 
disponibles et des évaluations dérivées de ces informations.  Pour aider la Commission à 
atteindre ses objectifs, le Programme de contrôle de l’écosystème de la CCAMLR (CEMP) 
a été créé pour détecter les effets de la pêche sur les prédateurs de krill.  La CCAMLR doit 
adopter une procédure de gestion qui soit susceptible de maintenir l’équilibre écologique 
et de satisfaire les besoins des prédateurs.  Celle-ci doit donc comporter : i) des objectifs 
opérationnels formulant les conditions visées des aspects pertinents du système, ii) des 
méthodes d’évaluation du statut du système, iii) des règles de décision sur la manière 
d’ajuster les contrôles de l’exploitation compte tenu de la différence entre l’évaluation 
et objectifs convenus, et iv) des méthodes pour gérer l’incertitude.  Le présent document 
examine l’évolution des procédures de gestion reposant sur l’écosystème en récapitulant 
les lacunes de l’approche existante, les divers types de modèles développés pour 
l’écosystème marin de l’Antarctique, les conséquences de l’ampleur de la pêcherie dans la 
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conception d’un programme de contrôle visant à déceler les effets de la pêche, ainsi que 
les diverses procédures déjà proposées pour la gestion de la pêche de krill.  Il met en relief 
la nécessité de diriger les prochains travaux sur ces domaines, en évaluant notamment 
les procédures de gestion possibles avant l’expansion de la pêche de krill.  Mais il est 
primordial, pour guider ces travaux, de formuler clairement des objectifs opérationnels 
relativement aux espèces dépendantes et des solutions de gestion qui soient faisables.

Резюме

Управление морскими живыми ресурсами в Южном океане осуществляется 
Комиссией по сохранению морских живых ресурсов Антарктики (АНТКОМ). 
АНТКОМ широко известен своим экосистемным подходом к управлению 
промыслами, где поддержание экологических связей является одной из целей 
сохранения. В конце 1980-х гг. получил развитие предохранительный подход 
АНТКОМа, учитывающий принципы использования научных данных в процессе 
принятия решений. Несмотря на то, что этот подход основывался на управлении 
только одним видом (антарктическим крилем Euphausia superba), он учитывал 
потребности хищников в оценке ограничений на объем вылова. Успех этого 
способа объясняется созданием такого метода управления, который включает 
в себя правила принятия решений, определяющие, как регулировать вылов на 
основе доступной научной информации и вытекающих из нее оценок. С целью 
помочь Комиссии в выполнении ее задач была создана программа АНТКОМа по 
мониторингу экосистемы (СЕМР), направленная на выявление влияния промысла 
на питающихся крилем хищников. АНТКОМу необходимо принять метод 
управления, имеющий хорошие перспективы для поддержания экологических 
связей и удовлетворения потребностей хищников и включающий в себя: 
(i) оперативные цели, четко определяющие конечные условия соответствующих 
аспектов данной системы; (ii) способы оценки состояния системы; (iii) правила 
принятия решений, определяющие, как регулировать вылов с учетом разницы между 
оценкой и установленными задачами; (iv) методы преодоления неопределенности. 
В данной работе описывается ход развития методов управления на экосистемной 
основе путем рассмотрения недостатков в существующем подходе, видов моделей, 
разработанных для морской экосистемы Антарктики, значения крупномасштабного 
промысла для выработки программы мониторинга с целью определения 
последствий промысла, а также уже предложенных для управления промыслом 
криля методов управления. Подчеркивается необходимость сосредоточить работу 
в будущем на этих направлениях, включая необходимость оценки предлагаемых 
методов управления до расширения промысла криля. И что самое важное, при 
проведении этой работы должны быть четко определены оперативные цели для 
зависимых видов и подходящие варианты управления.

Resumen

La Comisión para la Conservación de los Recursos Vivos Marinos Antárticos (CCRVMA) 
administra la explotación de los recursos vivos marinos del Océano Austral.  La CCRVMA 
goza de amplio reconocimiento por su sistema de ordenación de pesquerías basado en la 
conservación, e incluye el mantenimiento de las interacciones ecológicas del ecosistema 
como uno de sus objetivos de conservación.  A fi nes de la década de los 80 la CCRVMA 
elaboró un enfoque precautorio que incluye disposiciones para el uso de la información 
científi ca en el proceso de toma de decisiones.  Si bien este enfoque se basa en la ordenación 
de una especie (kril antártico, Euphausia superba), la evaluación de los límites de captura 
toma en cuenta las necesidades de los depredadores.  El éxito de este proceso radica en la 
formulación de un método de ordenación que incluye criterios de decisión para controlar 
la explotación sobre la base de la información científi ca disponible, y de las evaluaciones 
derivadas de dicha información.  El programa de la CCRVMA de seguimiento del 
ecosistema (CEMP) fue establecido para ayudar a la Comisión en el cumplimiento de sus 
objetivos mediante el estudio de los efectos de la pesca en los depredadores del kril.  La 
CCRVMA debe adoptar un método de ordenación que pueda asegurar que la preservación 
de las relaciones ecológicas se van a mantener y las necesidades de los depredadores van 
a ser satisfechas, incorporando:  (i) objetivos operacionales que expresen las condiciones 
deseadas en distintos aspectos del ecosistema, (ii) métodos para evaluar el estado del 
sistema, (iii) criterios de decisión que disponen el control de la explotación habida cuenta 
de las discrepancias entre la evaluación y los objetivos acordados, y (iv) métodos para 
considerar la incertidumbre.  Este trabajo examina el avance logrado en el desarrollo de 
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INTRODUCTION

The harvesting of marine living resources in 
the Southern Ocean has been managed by the 
Commission for the Conservation of Antarctic 
Marine Living Resources (CCAMLR) since 1982.  
Article IX of the Convention on the Conservation 
of Antarctic Marine Living Resources (the Con-
vention) indicates that the Commission must use 
the best scientifi c evidence available for determin-
ing appropriate harvest controls. There was no 
clear process for assessing such evidence during 
the formative years of CCAMLR.  Decisions were 
made only in reaction to overwhelming evidence 
for the need to take action (reactive management) 
(Constable et al., 2000).  A process was needed to 
satisfactorily account for scientifi c uncertainty, 
such as poor precision in parameter estimates 
used in yield assessments as well as the potential 
for divergent conclusions as to which factors were 
important to the ecology of the stocks.  Without 
such a process, scientifi c advice was marginalised 
when it was not unanimously supported by the 
Scientifi c Committee of CCAMLR.

Since the late 1980s, CCAMLR has developed 
the precautionary approach, which incorporated 
the principles of how scientifi c evidence could be 
used in the decision-making process (Constable et 
al., 2000; CCAMLR, 2000).  This approach is based 
on the management of a single species (Antarctic 
krill, Euphausia superba) but does take account 
of the needs of predators in determining catch 
limits.  Its application is based on a management 
procedure with pre-agreed decision rules that 
specify how harvest controls (catch limits) will be 
adjusted given the scientifi c assessments available 
(de la Mare, 1996, 1998).

Amongst other achievements, CCAMLR is 
widely known for its ecosystem approach to 
managing fi sheries. Article II of the Convention 
specifi es that the conservation objectives include 
the maintenance of ecological relationships be-
tween species. In addition to the precautionary 
approach, CCAMLR needs to determine what else 

may be required to ensure that the application 
of these precautionary catch limits meet the 
objectives of  the Convention.  It would be contrary 
to the precautionary approach to wait until there 
was overwhelming evidence of indirect impacts 
of fi shing on predators before further harvesting 
controls are applied.

CCAMLR needs to adopt a management proce-
dure which has a great chance of maintaining 
ecological relationships and meeting the needs 
of predators (see Figure 1).  Such a management 
procedure would incorporate: (i) operational objec-
tives that articulate the target status of relevant 
aspects of the system, (ii) methods of assessing the 
status of the system, (iii) decision rules governing 
how harvest controls should be adjusted given the 
difference between the assessment and the agreed 
objectives, and (iv) methods for dealing with 
uncertainty, including uncertainty in ecosystem 
(‘physical world’) function, and achieving scientifi c 
consensus.

The management procedure should be able 
to work effectively despite uncertainty so that 
correct decisions (by consensus in CCAMLR) are 
most likely to be made in suffi cient time by the 
Commission to conserve the Antarctic marine eco-
system and to enable rational use of the marine 
living resources.

The development of an ecosystem-based man-
agement procedure is the primary task of the 
CCAMLR Working Group on Ecosystem Moni-
toring and Management (WG-EMM), which is 
a subsidiary body of the Scientifi c Committee.  
The evolution of the work of this working group 
is presented by Drs I. Everson and D. Miller in 
this volume.  This paper discusses the future steps 
which need to be addressed in the development 
of such a management procedure, drawing on the 
existing work where possible to provide illustrative 
examples.  First, the paper examines the gaps in the 
existing approach to achieving the conservation 
objectives for predators.   Second, a background sum
mary is given on current approaches to modelling 

los métodos de ordenación basados en el ecosistema, presentando un resumen de las 
incertidumbres en el enfoque actual, los distintos modelos elaborados para el ecosistema 
marino antártico, las consecuencias de la pesca a gran escala en el diseño de un programa 
de seguimiento para determinar los efectos de la pesca y los distintos métodos que ya 
han sido propuestos para la ordenación de la pesquería de kril.  Se destaca la necesidad 
de enfocar la futura labor en estas áreas, incluida la necesidad de evaluar los posibles 
métodos de ordenación antes de la expansión de la pesquería de kril.  Por sobre todo, 
los objetivos operacionales para las especies dependientes y los posibles métodos de 
ordenación deben determinarse claramente para guiar la dirección de esta labor.

Keywords:  ecosystem-based management, management procedures, fi sheries conservation, CCAMLR
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the Antarctic marine ecosystem.  Third, a general 
framework is presented on how the ecosystem 
could be monitored in support of a management 
procedure, particularly as it relates to the scale of 
the krill fi shery.  Fourth, example management 
procedures for krill fi sheries are discussed in 
light of approaches presented, mostly tacitly, in 
the literature.  In conclusion, a work plan for the 
development of an ecosystem-based management 
procedure is presented.

Gaps in the Existing Approach

Currently, the Krill Yield Model (Butterworth 
et al., 1994 derived from the approach of Bedding-
ton and Cooke, 1983) is used to determine the 
long-term sustainable yield (catch limit) for krill 
fi sheries following a fi shery-independent survey 
of krill biomass.  The decision rule specifying how 
the biomass is translated into a precautionary yield 
includes a predator criterion and a recruitment 
criterion (de la Mare, 1996).  The predator criterion 
endeavours to account for the needs of predators 
by aiming to ensure that 75% of krill escapes the 
fi shery.  This differs from the usual single-species 
approach, which would aim to ensure that approxi-
mately 50% of krill would escape the fi shery in 
order to sustain the productivity of the stock.

These catch limits are set over large areas (har-
vesting units) of the Southern Ocean, e.g. the South 
Atlantic (Statistical Area 48).  Such limits need to 
be subdivided into small-scale management units 
(predator units) in order to avoid substantial local 

effects of fi shing that may arise if all of the catch 
was taken from only a small area (SC-CAMLR, 
2000).  This issue is currently being addressed by 
WG-EMM.

The catch limits are recommended with the 
expectation (prediction) that such harvest controls 
will not affect predators in an unacceptable way.  
A monitoring program is needed to provide some 
checks on whether the predictions could be in-
correct, in the manner of feedbacks to management 
(Holling, 1978).  The monitoring program would be 
expected to have high power for achieving this.  A 
‘rule of thumb’ is for power to be greater than or 
equal to 0.8 (see Peterman, 1990 for discussion).

The CCAMLR Ecosystem Monitoring Program 
(CEMP) was established to provide a foundation 
for distinguishing the effects of fi shing from the 
effects of environmental variability and change 
(see Agnew, 1997 for a full description).  An early 
review of the program indicated that the results 
would vary in their value to management but 
some general procedures could be applied to give 
general background indicators of the status of the 
system (Croxall, 1989).  Recent work indicates that 
more quantitative integrated assessments may be 
possible but the types of data to be included in the 
assessments remain to be determined (de la Mare 
and Constable, 2000, see below).

Importantly, the objectives in Article II of the 
Convention also indicate that if harvesting alters 
the ecosystem it must then be able to recover in 
two to three decades.  Thus, having a change in the 
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Figure 1: An illustration of the ecosystem-based approach to managing the effects of fi shing 
on dependent and related species (after de la Mare, 1996).  The management 
procedure is a set of decision rules used to adjust harvest controls in response 
to assessments such that the operational objectives will be highly likely to be 
met.  The physical world (shaded boxes) represents the actual state of the system 
which is observed through the monitoring program.  Assessments take account of 
uncertainty as to how the physical world functions and the relationship between 
the monitoring program and the physical world.
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ecosystem attributed to harvesting is insuffi cient 
to satisfy the objectives of the convention. Any 
such effects need to be identifi ed in suffi cient time 
for harvesting activities to be modifi ed before the 
change is unable to be reversed in the stipulated 
time of two to three decades.

CCAMLR’s precautionary approach can still 
be improved by refi ning assessments of krill yield 
based on new estimates of krill demographic 
parameters as well as by subdividing the pre-
cautionary yield into small-scale management 
units.  This remains a predictive approach to man-
aging krill fi sheries. CEMP will need to signal 
when harvesting should be modifi ed to avoid 
irreversible changes to the ecosystem.  It should be 
able to achieve this within a spatial context, such 
that management actions are appropriately scaled 
(Murphy et al., 1988).

Importantly, the ecosystem-based approach 
requires operational objectives for non-harvested 
species (Beddington and de la Mare, 1985; Butter-
worth, 1986; de la Mare, 1986a).  In that respect, 
these objectives will need to account for uncertain-
ties, including those in relation to understanding of 
ecosystem function and the dynamic relationships 
amongst predators, and between predators and 
their prey.

Current Theoretical Models of 
the Antarctic Marine Ecosystem

Models of the Antarctic marine ecosystem 
mostly comprise: (i) statistical models of the dis-
tribution and abundance of marine species, par-
ticularly as they relate to krill (see Constable et al., 
in press for review); (ii) population models of krill 
(e.g. Constable et al., in press); and (iii) estimates of 
consumption of krill by predators (e.g. Croll and 
Tershy, 1998; Croxall et al., 1990).  Few models take 
account of the spatial and temporal dynamics of 
the system (but see Croxall et al., 1985, for a spatial 
and seasonal analysis of krill consumption by 
seals and seabirds, and Mangel and Switzer, 1998, 
for spatial and temporal variation in the foraging 
success of Adélie penguins) or the uncertainties 
surrounding the structure of the models or the 
estimates of parameters.

For the purposes of developing an ecosystem-
based management procedure, plausible models 
that capture the dynamics of the major species are 
needed (Beddington and de la Mare, 1985; But-
terworth, 1986; de la Mare, 1986a).  These models 
are not necessarily used for predicting what will 
happen to the ecosystem in the event of an expanded 

krill fi shery but are used to test the robustness 
of management procedures to uncertainties in:  
(i) model structure and function, (ii) trends over 
time, such as climate change, (iii) estimates of 
parameters used in assessments, (iv) explanation 
of cause and effect, and (v) the predictions of the 
types and magnitudes of effects of fi shing arising 
from the models and/or assessments (Butterworth 
and Punt, 1999).

An early attempt at dynamic modelling for the 
Southern Ocean marine ecosystem was provided 
by Green (1977). Theoretical approaches to the 
effects of exploitation in the region were explored 
by May et al. (1979) and Beddington and May 
(1982).

Models designed to directly explore the effects 
of krill harvesting on predators while taking 
account of uncertainties did not appear until the late 
1980s and early 1990s.  Three published modelling 
approaches have been presented to CCAMLR 
– Butterworth and Thomson (1995, extended in 
Thomson et al., 2000), Mangel and Switzer (1998) 
and Constable (2001) – although such modelling 
was also undertaken for the CCAMLR Working 
Group on Developing Approaches to Conservation 
(WG-DAC) in the 1980s by de la Mare (1988).  The 
characteristics of the models are summarised in 
Table 1.

To date, the de la Mare model is the only one to 
have a closed predator–prey system; it is modelled 
with a single predator and single prey.  All four 
models have been used to explore the consequences 
of different harvesting strategies on predators.

For the purposes of developing a management 
procedure, it will not be suffi cient to develop 
only a single ‘best’ view of the marine ecosystem.  
Modelling will help test the plausibility of different 
hypotheses about how the system functions.  How-
ever, some structural uncertainties may be diffi cult 
to resolve.  For example, krill are known to move 
from west to east in the Scotia Sea (Hofmann et 
al., 1998).  However, the degree to which krill are 
retained in different locations is largely unknown 
but could have consequences for the dynamics of 
local populations (Constable et al., in press).  A man-
agement procedure will need to account for these 
types of uncertainties. For example, until better 
knowledge is available, the harvest strategy may 
need to be one that does not fi sh for krill upstream 
from predator colonies in summer.

The important task will be to develop models 
with suffi cient structural complexity to capture the 
dynamics of the major species and how they might 
respond to changes in the ecosystem, noting that 
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these models will not incorporate all interactions 
amongst all species and the physical dynamics of 
the system (Butterworth, 1986; de la Mare, 1998).  
The aim will be to develop these kinds of models, 
taking care to adequately encapsulate important 
indirect effects on the major species (see Yodzis, 
2001 for review).

Scales of Monitoring and Management 
for a Krill Fishery

The issue of scales of interactions of different 
species with each other, with the environment and 
with fi sheries has long been discussed in relation 
to the Southern Ocean (e.g. Murphy et al., 1988).  
For managing fi sheries, predators are monitored 
to determine whether krill harvesting is affecting 
their populations and to signal when harvest con-
trols (CCAMLR conservation measures) need to 
be modifi ed to achieve conservation objectives for 
predators.  Such monitoring should take account of:  
(i) the spatial and temporal relationships between 
predators and krill, and (ii) the metapopulation 
structure and dynamics of the predators.  The fi rst 
part will indicate how local consumption of krill 
in foraging grounds might be affected by krill 
harvesting.  The second part will dictate how any 
effect at the local scale might be manifested in the 
whole predator metapopulation, depending on the 
linkages between the local populations of that 
predator.  In other words, how does a change in 
local krill consumption translate to a change in one 
or more characteristics of the local population of 
predators (e.g. a land-based colony) at that time, 
and then how might such local effects be translated 
over time to impact on the whole population?  For 
some species, the effects may be contained within 
the local population due to a high degree of site 
fi delity from one year to the next.  For more mobile 
species, the effects may be promulgated through 
the whole population over a small number of 
years. Importantly, what can be used to signal 
when, and by how much, population-wide and 
regional effects are likely to occur?

The most accessible predators for monitoring 
are those which are on land (‘land-based’) during 
their breeding season.  Predators that do not spend 
time on land are diffi cult to monitor.  An important 
question is whether these accessible colonies are 
representative of the region.  Does a change in one 
predator species at a given location at a given 
time represent the changes experienced by all 
species of predators at that time, and is that change 
representative or indicative of the overall impact 
of the fi shery over time on the populations of 
predators?

For the Antarctic marine ecosystem, both the 
fi shery and CEMP are in early stages of their 
development, even though both have been under 
way for signifi cant periods.  The krill catch is less 
than 5% of the precautionary catch limits set by 
CCAMLR.  CEMP is well developed in only a few 
locations and only for a subset of land-based 
predators (Agnew, 1997).  It is unlikely that CEMP 
will be able to expand in a meaningful way in 
the near future to include predators found solely 
offshore, such as whales and crabeater seals.  
Monitoring of other seals, penguins and seabirds 
would be possible at more sites but would require 
a substantial increase in fi eld operations.

The principles for designing a monitoring 
program to adequately test for the effects of an 
environmental perturbation, such as fi shing, are 
well described in the literature (e.g. Downes et al., 
2002; Mangel et al., 1996; Peterson, 1993; Stewart-
Oaten et al., 1992; Underwood, 1989, 1990, 1994).  
It is now commonly considered that fi shing is 
a large-scale experiment (Beddington and de la 
Mare, 1985; Ludwig et al., 1993; Mangel et al., 
1996; Walters, 1986).  In order to test for the effects 
of fi shing, there are two parts of the system that 
can be manipulated – the fi rst is the location 
and timing of harvesting activities while the 
second is the location and timing of monitoring.  
If the location and timing of fi shing cannot be 
controlled then the monitoring program needs 
to have appropriate coverage across the whole of 
the harvesting unit and across all times.  In this 
case, the monitoring effort will need to provide 
representative information on the effects of fi shing.  
If the monitoring program cannot provide this 
coverage then the effects of fi shing may remain 
undetected unless the harvesting activities can be 
limited to the areas and times for which effects can 
be monitored.

Ultimately the power of the program for 
management purposes will be dictated by the 
spatial and temporal relationships between preda-
tor populations, the krill population, harvesting 
activities and monitoring activities as well as the 
procedures that have been put in place to translate 
the observed changes into management action.

Spatial Confi guration of Monitoring

Hypothetically, the simplest case to consider as 
regards monitoring is when harvesting is occurring 
at random throughout the range of the harvested 
population (such as krill) and when the abundance 
of predators and krill can be easily estimated.  In this 
case, the effects of fi shing on predators could be 



Constable

240

assessed relatively easily.  In reality, the krill distri-
bution is patchy, the fi shery targets these patches 
and may be selective as to which locations are 
favoured and predator foraging also refl ects that 
patchiness.  Also, krill potentially move over large 
distances.

These non-random distributions are diffi cult 
to assess over large scales.  Regular monitoring 
of krill is primarily at local scales (foraging areas) 
rather than over the range of the krill population 
and, at best, only annually.  Similarly, regular moni-
toring of predators is primarily limited to the age 
groups of populations found breeding on land, and 
monitoring is restricted to the breeding period.

Local availability of krill will be infl uenced by 
the population abundance of krill combined with 
the factors that infl uence the spatial patchiness of 
the population (Hofmann et al., 1998; Murphy et 
al., 1988; Miller and Hampton, 1989).  As a result, 
the density of krill in a specifi ed foraging area of 
predators may or may not be directly correlated to 
the population abundance.

For predators, each colony is a single sampling 
replicate infl uenced by the local abundance of krill.  
Ideally, many replicate colonies randomly distri-
buted throughout the range of the krill population 
will be needed to provide representative estimates 
of the overall status of predators relative to the 
overall status of prey.  The number of colonies 
needed will be dictated by the degree of homo-
geneity of the krill density throughout the popu-
lation combined with the variability expressed 
in measurable parameters. Ideally, the sources of 
variation need to be evaluated prior to the full 
implementation of the monitoring program so that 
the number of sites chosen to be used is suffi cient 
for management purposes.

Given the expense and diffi culty of repeated 
sampling of the whole krill population as well as the 
sampling of many colonies, it may not be possible 
to satisfy the usual demands for representative 
sampling.  Consequently, the loss of power in the 
spatial design will need to be compensated for in 
how the information is used in assessments encap-
sulated within a management procedure (e.g. 
Mapstone, 1995).

Monitoring over Time

The timing of sampling within a year in order 
to determine the relationship between krill and 
predators for that year is dependent on the objec-
tives being addressed (discussed below).  The main 
issue to be taken into account when designing a 

time series of sampling events is the magnitude 
of interannual variation that might arise (see 
Murphy et al., 1988 for review), including variation 
in abundance and/or productivity of krill, the 
availability of krill in foraging grounds, feeding 
behaviour of the predators, including prey switch-
ing (e.g. fur seals – Agnew et al., 1998), and predator 
productivity (Constable, 2001).  In addition, varia-
tion in the fi shery might arise through varying 
dependence on particular fi shing grounds coupled 
with varying relationships between fi shing grounds 
and foraging areas.

Consequently, changes in predator performance 
from one year to the next may simply be due to 
this natural variation.  It is important that a base-
line period be established prior to, or at least in 
the early phase of, fi shery development (de la 
Mare and Constable, 2000).  Changes in predator 
performance can be compared relative to this base-
line as the fi shery develops in order to determine 
whether fi shing might be affecting predators. It 
will be necessary to determine what magnitude 
of change in predator performance will trigger 
modifi cation to the harvest controls.

Some careful attention may also need to be 
given to monitoring for trends in abundance of 
krill, such as long-term trends or cycles in abun-
dance (Brierley et al., 1999).

Monitoring to Detect Effects of Fishing

Given the complexity in the spatial and temporal 
structure of the Antarctic marine ecosystem, how 
could a monitoring program be designed to detect 
the effects of fi shing?

Table 2 summarises the major categories of 
factors that might infl uence replicate observations 
of a predator parameter (indicator) at a given 
location.  The table can be interpreted in the follow-
ing way.  For the purposes of detecting the effects 
of fi shing, the value of the indicator is expected to 
correspond directly to the amount of the harvest 
species (krill) consumed.  This value will be infl u-
enced by the degree to which the indicator is 
affected by such consumption (correlation with 
amount consumed) and the precision of the fi eld 
method used to estimate the parameter.  This 
correlation may also be dependent on the total 
quantity of food consumed and the composition of 
the diet, i.e. how much of other prey are eaten?

The amount consumed will be affected by 
the amount of krill available and the functional 
feeding relationship between the predator and krill 
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Table 2: General factors that potentially influence the characteristics of the population of harvest/prey 
species, the consumption of those species by predators and the consequent values of predator 
parameters (indicators) being monitored.  The factors influencing these characteristics are combined 
into functions at the bottom of the table. 

Category Factor Symbol

Large-scale prey population Abundance of target species AL

Large-scale dynamics (production, mortality) D
Spatial patchiness
  (affected by behaviour, oceanography, ice, mortality, production) 

S

Predator foraging grounds Abundance of target species Af

Local population dynamics  
  (immigration, emigration, production, mortality) 

Ld

Effect of ice, oceanography and other physical factors on
  availability 

Lp

Functional feeding relationship f

Harvesting Large-scale effects on abundance in a given year Ea

Small-scale effects on availability in a given year Ef

Interannual variation Large-scale dynamics in abundance Ta

Small-scale availability TL

Trends in productivity TP

Trends in natural mortality TM

Changes in behaviour of fishery Th

Trends in fish catch TF

Indicator Consumption of target species C
Correlation between indicator and consumption of target
  prey species 

c

Bias B
Measurement precision Ε

Characteristic Function

Observation of a predator
  parameter (indicator) 

I(C,c,B,Ε)

Consumption of prey by
  predator 

C[f(Af,Ef),Ld, Lp]

Local abundance of prey Af [AL,S,TL,Th],

Total abundance of prey AL[D,Ea,Ta,TP,TM,TF]

availability.  It will also be infl uenced by physical 
factors that might restrict foraging activities, such 
as the presence of sea-ice.

The local availability of krill in a foraging 
area will be infl uenced by its regional abundance 
and by the factors that determine its patchiness, 
dynamics and productivity, particularly in relation 
to the foraging area of interest.

The regional abundance of krill will be infl uenced 
by the general dynamics of the population and the 
infl uence of interannual variation in the physical 
environment, productivity and natural mortality.

Fishing can affect a monitored predator in two 
ways.  First, it may not overlap directly with the 
foraging area.  In this case, it will affect the regional 

abundance of krill (Figure 2a), which is the type 
of effect examined by Butterworth and Thomson 
(1995) and Thomson et al. (2000).  This population-
wide or ‘global’ effect could be considered as a 
proportional change in overall density (Ea in Table 2).  
Second, fi shing might occur in the foraging ground 
of the monitored predator and is likely to cause a 
reduction in the availability of krill to the predator 
(Figure 2b).  This local effect in foraging grounds 
would also be a proportional change in density (Ef 
in Table 2).  This latter reduction would be expected 
to result in an observed change in the indicator in 
that season compared to changes arising from the 
more distant large-scale effects on the whole krill 
population which may not become manifest in the 
foraging area until some time later.
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These two types of effects, as proportional re-
ductions in krill density (Ea and Ef), will potentially 
result in different signals in the monitoring pro-
gram.  If the fi shery is random throughout the range 
of krill population then there would be little or 
no difference between Ea and Ef and any predator 
colony could be monitored.  However, if harvesting 
is non-random then, clearly, Ef in areas being har-
vested will be greater than other areas that only 
experience the global effect of Ea (Figure 2c). If 
this is the case then it would be better to monitor 
predators in the areas in which fi shing is occurring 
because the effects in harvested areas will poten-
tially be greater than in non-harvested areas and 
more easily detected (see Figure 2).

Non-random harvesting is likely to provide 
more opportunities for discriminating between the 
effects of fi shing and the effects of changes in other 
factors in the environment. This is because krill 
metapopulations cover large geographic areas in 
the Antarctic. Each metapopulation is likely to 

experience great differences in oceanography, ice 
and climate and, as such, the effects of fi shing 
are unlikely to be comparable between different 
metapopulations (Nicol et al., 2000).  Thus, a ran-
domly distributed fi shery throughout the range 
of a krill population will mean that all predator 
monitoring sites will be affected equally by the 
fi shery and there will be no capacity to understand 
the relative effects of fi shing and the environment.

This framework for local and population-wide 
effects provides a foundation for designing a moni-
toring program.  If no areas or predators are to be 
disproportionately affected by fi shing once the 
fi shery is fully established, then Ea and Ef should 
be equal in the fully developed fi shery or, at least, 
Ef for an area or predator should never exceed Ea.

In the absence of information about appropriate 
levels of the effects of fi shing (Ea and/or Ef) it is 
important to determine such levels at the local 
scale during the early stages of the fi shery and to 
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Figure 2: Potential effects of fi shing on krill density.  The dotted lines in each panel show 
a reduction in the median abundance of krill to 0.5 of the pre-exploitation level 
over the period between years 21 and 40, sustained thereafter by fi shing:  
(a) population-wide interannual variation in krill density (solid line);  (b) a 
consequent time series of density in a local area (solid line), with abundance in 
the local area being infl uenced by the global population density but showing 
interannual variation in the relationship between global and local density.  
The dashed line indicates that the local density after fi shing has taken 0.5 of 
the available abundance;  (c) time series of density in a second local area, as 
in (b), but with no correlation between the two local areas in terms of how 
interannual variation in the physical environment affects the relationship 
between global and local densities.
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then use the indicators of these effects in a wider 
monitoring program as the fi shery develops.  It is 
important to do this early because of the need to 
ensure that Ef does not exceed the magnitude of Ea 
that will arise in the fully developed fi shery.  This 
approach will require cooperation of the fi shery to 
concentrate its effort in only a few areas to establish 
the nature of the effects of fi shing and how these 
can best be managed.

The ability to differentiate between environ-
mental variation and the effects of fi shing can 
only be attained by contrasting monitoring results 
from fi shed areas with nearby reference locations, 
which have monitoring but no fi shing.  Such dif-
ferentiation will only be available in the early 
phases of the fi shery while Ea is substantially less 
than Ef.  If there is no requirement to make such 
differentiation then such reference locations may 
not be required.

de la Mare and Constable (2000) indicate the 
work required to design a robust monitoring and 
assessment method for a monitoring program.  
Ultimately, the confi guration of the monitoring 
program, including the number of sites, foraging 
areas, number of years and the predators and krill 
surveys required, will be determined by the way in 
which the information will be incorporated into a 
management procedure.  Some consideration will 
need to be given to the different scales of interaction 
for different predators, such as between seals, 
penguins, seabirds, whales, fi sh and squid.

Examples of Proposed Management 
Procedures for Krill Fisheries

A management procedure is primarily a set of 
agreed decision rules that are used to adjust harvest 
controls based on information emanating from a 
monitoring program.  The development of an ef-
fective management procedure requires: (i) opera-
tional objectives for the ecosystem, (ii) methods 
for assessing the status of the system following 
the monitoring of indicators, and (iii) the decision 
rules for setting harvest controls based on the 
relative difference between the assessment and the 
objectives (see Figure 1; de la Mare, 1986a, 1986b, 
1996).  The decision rules also provide a means of 
accounting for uncertainties.  The development of 
a management procedure within CCAMLR is best 
illustrated by the precautionary approach for esti-
mating long-term annual yields of krill, including 
the work of WG-DAC (e.g. Butterworth, 1986; de 
la Mare, 1986a, 1988; see Constable et al., 2000 
for background), and methods used in the Inter-
national Whaling Commission (see de la Mare, 

1986b, 1996; Butterworth and Punt, 1999; Cooke, 
1999 for review).  In the case of the precautionary 
approach for krill, the objectives are couched in 
terms of target and critical limit reference levels 
known respectively as the predator criterion (target 
median status of the spawning stock is 0.75 of the 
pre-exploitation median status) and the recruitment 
criterion (lower acceptable limit of abundance for 
spawning stock is 0.2 of pre-exploitation median) 
(see CCAMLR, 2000 for a full description).  This 
management procedure is described in more detail 
below and in Miller (2002 – this volume).

This section reviews existing examples of eco-
system-based management procedures that have 
been proposed (usually implicitly) from time to 
time in CCAMLR and how they will assist CCAMLR 
in achieving objectives as regards predators.

It is important to note that indicators may not 
necessarily be directly related to the measurable 
quantities specifi ed in the operational objective, 
such as critical predator abundance.  The assess-
ment is the tool by which the indicator can be re-
lated to the status of those quantities.  For example, 
the precautionary approach for krill has objectives 
couched in terms of the median spawning stock 
biomass, but no fi eld estimation of this is necessary 
for the decision rule to be applied (see Miller, 2002 
– this volume, for a presentation of the decision 
rule described above).

For each example, a summary of the main 
structural features of each management procedure 
are given, followed by a brief discussion on impor-
tant issues that need to be addressed during their 
evaluation and prior to implementation.

Example 1:  Precautionary catch limits 
for target species

• Objective: the median escapement from the 
fi shery of the krill spawning stock should be 
75% (current CCAMLR precautionary approach 
for krill).

• Decision rule:  fi nd the long-term annual yield as 
a proportion, γ, of a biomass estimate prior to 
exploitation, B0, that is highly likely to ensure 
the level of escapement is achieved and for 
which there is only a low probability of stock 
depletion (based on Beddington and Cooke, 
1983).

• Indicator: biomass of krill population.

• Monitoring: single estimate of krill biomass, krill 
demography.
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• Assessment method: age-structured krill popu-
lation projection model with Monte Carlo simu-
lations to account for uncertainty (Butterworth 
et al., 1994).

This management procedure is recognised as 
being the fi rst step to establishing an ecosystem-
based management procedure for the krill fi shery 
by taking account of predators in the assessment 
process.  It is also recognised that the requirements 
of predators remained unknown in this process and 
that the level of escapement will need to be refi ned 
as these requirements become better understood.  
This approach provides an assessment of the 
long-term constant annual yield of krill and, as 
a result, provides long-term security of catches 
for the fi shery.  It is a predictive approach.  The 
link between a single estimate of biomass and the 
median status of the spawning stock is through the 
development of the population projection model 
based on estimates of krill demographic parameters 
and recruitment variability (Butterworth et al., 
1994).  Currently, there are no mechanisms in place 
within this management procedure to (i) check 
whether the escapement is suffi cient for predators, 
(ii) judge whether the effect on predators is within 
acceptable bounds, i.e. there is no agreement on 
the objectives for predators, and (iii) whether the 
median abundance of the spawning stock remains 
at or above 75% of the pre-exploitation median.

Example 2:  Target population size for predators

• Objective: abundance of predator populations 
should not fall below 50% of that prior to 
harvesting of the prey species (Butterworth and 
Thomson, 1995; Thomson et al., 2000).

• Decision rule: fi nd the long-term annual yield 
as a proportion, γ, of a krill biomass estimate 
prior to exploitation, B0, that will result in 
specifi ed predator populations being retained 
at 50% or more of their abundance prior to krill 
exploitation.

• Indicator: biomass of krill population.

• Monitoring: single estimate of krill biomass; 
krill and predator demography and functional 
feeding relationship between predators and 
krill.

• Assessment method: age-structured krill popu-
lation model with additional models of preda-
tor–prey system to assess changes in abundance 
of predators, with Monte Carlo simulations to 
account for uncertainty (see Thomson et al., 
2000 for full details).

As for Example 1, this uses a population projec-
tion model to assess the appropriate catch limit to 
meet the objectives based on an estimate of krill 
biomass.  In addition, it has the added complexity 
of the predator–prey system incorporated into 
the assessment. Thomson et al. (2000) indicate 
that there are uncertainties in the model structure 
that need to be accounted for before this approach 
would be ready for use.  This procedure explicitly 
states the objectives for predators but will need 
a monitoring program to check whether the 
abundances of the selected predators are kept at or 
above their target levels.  A survey of key predators 
would be required to establish the status of the 
predator populations prior to the development of 
the fi shery.

Example 3: Average fi tness of predators 
not reduced

• Objective: predator fi tness remains unaffected 
by fi shing (Boyd, 2002).

• Decision rule: if local krill density falls below 
critical level then fi shery will be closed.

• Indicator: krill density.

• Monitoring: annual krill density in the foraging 
grounds of predators; relationship between 
predator fi tness and krill density in foraging 
grounds prior to harvesting.

• Assessment method: statistical model relating 
predator fi tness and the density of krill in the 
nearby foraging grounds; a model that predicts 
the availability of krill in the forthcoming 
fi shing season.

This example relies on the development of an 
assessment model relating predator fi tness and 
krill availability.  Boyd and Murray (2001) showed 
that a combined index of summer land-based 
predator parameters (de la Mare and Constable, 
2000; Boyd and Murray, 2001 – termed ‘composite 
standardised indices’) at South Georgia can be 
related to estimates of krill density from the local 
area using an asymptotic function (Figure 3).  
Boyd (2002) argued that the index was related to 
the fi tness of those predators.  He proposed that 
predator fi tness could be retained at approximately 
existing levels if the fi shery only had access to the 
foraging grounds when krill was at such a density 
that the fi shery would cause little change to fi tness.  
Thus, it was proposed to identify the critical den-
sity of krill below which substantial reduction in 
fi tness might arise.  If the krill density is below this 
level then the fi shery was to be closed.
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The application of composite standardised indi-
ces in this way provides an appealing alternative to 
applications considered in the past.  Nevertheless, 
the appropriateness of predator parameters for 
inclusion in the index as representative measures 
of fi tness (lifetime reproductive success) and the 
application of the index in this way will need to 
be carefully considered in the formulation of the 
relationship between the index and krill density 
and for its use in a management procedure (see de 
la Mare and Constable 2000, for further discussion 
on the development of these indices).  Of impor-
tance here is whether this approach will provide 
the protection to lifetime reproductive output as 
expected. 

The other aspect to this approach is the need 
for a method of assessing when the krill density is 
below the critical level in a given season.  The usual 
method for such an approach would be to conduct 
regular krill surveys in the seasons prior to fi shing 
and use a predictive model to estimate abundance 
in the following season.  Such a model has been 
developed for krill at South Georgia (Brierley et al., 
1999) but its effi cacy has not yet been tested.

Some thought will need to be given as to how 
predators could be safeguarded from errors in the 
assessment framework.  For example, a number of 
predator parameters, such as reproductive success, 
are density dependent (Constable, 2001). The rela-
tionship in Figure 3 is likely to alter if predator 
abundances change because the consumption 
requirements will change.  The monitoring pro-
gram could be used to determine whether the 
relationship between predator performance and 
krill density alters over time.  However, if such 

a change occurs, what adjustments could/would 
be made to the fi shery?  Would action be taken in 
suffi cient time to prevent irreversible change?

This approach could not be readily applied to 
other areas unless a long-term monitoring program 
already existed to generate the relationship devel-
oped by Boyd and Murray (2001).  The relationship 
is also dependent on the consumption requirements 
of predators in the foraging area of interest.  A fi rst 
approximation of the critical krill density in the 
new area could be to simply prorate this density 
by the relative total consumption per area.  Such 
an approximation may fail if there are different 
feeding behaviours in these new areas, such as 
prey switching or movement to other areas when 
krill is not very abundant.  

A further consideration will be to how to allow 
for recovering species.  In this case, it may be im-
portant to have higher critical krill densities.

One aspect of this approach to be considered is 
the potential cost to the fi shery.  It differs from the 
existing approach to the krill fi shery (Example 1), 
which provides for a long-term constant annual 
yield, in that it would require that the annual 
fi shery be closed, substantially reduced, or con-
strained when krill density is below the critical 
level.

Example 4:  Median predator productivity 
arising from harvested species should not 
fall below 80% of the pre-exploitation level

• Objective: median predator productivity attri-
buted to the consumption of harvested species 
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Figure 3: A functional relationship between predator fi tness and local 
krill density in the local foraging area, used to establish a 
critical density such that krill fi shing in the foraging area 
would be closed if the density of krill was less than the critical 
level (after Boyd, 2002).
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to be maintained at or above 80% of its level 
prior to harvesting (Constable, 2001).

• Decision rule: krill catch adjusted after com-
parison of predator productivity with baseline 
and expected outcomes.

• Indicator: index of predator productivity.

• Monitoring: parameters necessary for estimat-
ing predator productivity attributed to the con-
sumption of harvested species (e.g. predator 
abundance, weight, diet).

• Assessment method: initial examination of the 
properties of productivity indicators; statistical 
assessment of predator productivity following a 
baseline time series being established.

This proposal is based on the assumption that 
catches will reduce the total production of predators 
arising from those harvested species.  How much 
the predators are affected will depend upon the 
surplus production of the harvested species that 
could be taken by the fi shery without competing 
with the predators; some will be affected more 
than others, according to their dependence on the 
harvested species.  This approach does not try to 
set targets for individual predator species, whose 
populations may not be stable, but endeavours to 
ensure that the overall production of predators is 
not substantially reduced.

Constable (2001) outlines a rationale and 
method for using this approach in a management 
procedure, in which estimates of predator produc-
tion attributed to the consumption of harvested 
species, W, is estimated at regular intervals.  It is 
proposed that the catch is adjusted upwards or 
downwards depending on the frequency of W 
being greater or lower than the range limits set 
according to a baseline time series (Figure 4).

Currently, this proposal has only been devel-
oped in theoretical terms.  The approach needs to 
be developed further, particularly in relation to the 
decision rules and an effi cient monitoring program 
to support the procedure.

Constable (2001) noted that the utility of deci-
sion rules based on W for use in a management pro-
cedure should be evaluated to determine whether 
they are robust against uncertainties arising from 
errors in the estimates of parameters or W and for 
the likely case of sampling being limited to only a 
subset of predators of harvested species.

Example 5:  No interference by fi sheries 
near colonies with land-based predators 

• Objective: to eliminate the potential for inter-
ference with foraging of land-based predators 
by fi sheries.

• Decision rule: exclude fi shery from critical for-
aging locations and seasons.

• Indicator: foraging activity.

• Monitoring: predator abundance and foraging 
locations.

• Assessment method: evaluation of foraging den-
sity to defi ne the limits of critical foraging loca-
tions.

One way of eliminating direct competition be-
tween fi sheries and land-based predators would be 
to close important foraging areas for these preda-
tors so that fi sheries would not directly reduce the 
availability of food.  Such an approach could be 
applied by continually monitoring the foraging 
activities of predators and adjusting the boundaries 
of the areas as the foraging changes.

While this approach may be appealing, it will 
not remove the need for a monitoring program to 
check that predators are not adversely affected by 
krill harvesting in areas distant from the foraging 
grounds (see monitoring above).  For example, a 
reduction in the regional abundance of krill may 
result in more widespread winter foraging by 
predators based on land in summer, potentially 
being inadvertently affected through this approach.  
Also, the fi shery may become concentrated in 
areas nearby that could affect sea-based predators, 
which cannot be monitored in a manner which 
would allow detection of the effects of fi shing on 
those predators before irreversible changes arise 
(Beddington and de la Mare, 1985).

This approach would need careful implemen-
tation to ensure that, at the very least, sea-based 
predators are not disproportionately affected by 
fi sheries.

Developing an Ecosystem-based 
Management Procedure

The existing examples of management proce-
dures described above have varying levels of 
appeal.  However, they each have their attendant 
uncertainties as regards how well they might per-
form in practice.  Most importantly, the operational 
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objectives for predators remain to be articulated 
and agreed by CCAMLR, despite the fact that 
this need was expressed at an early stage (e.g. 
Beddington and de la Mare, 1985; Butterworth, 
1986).

The example procedures presented here include 
various objectives: managing predators as if they 
are harvested species (Example 2), recognising 
that fi shing will reduce the amount of productivity 
able to be utilised by predators (Example 4), and 
endeavouring to have a negligible effect on the 
current status of predators by minimising the 
impacts on the fi tness of species (Example 3).  The 
above discussion on monitoring indicates that the 
presence of a fi shery at the levels established using 
the precautionary approach is likely to have some 
consequences for predators, despite the location 
of harvesting.  The degree to which a fi shery will 
affect predators will be dependent, in part, on how 
much and how often there will be surplus krill 
available to all predators and the fi shery.

As indicated above, it is during the early 
phases of the fi shery that most information on the 
potential for effects can be learnt, particularly if an 
experimental approach can be taken (Beddington 

and de la Mare, 1985; Butterworth, 1986).  It is 
also during the early phases of the fi shery that a 
management procedure needs to be adopted to 
put in place agreed ways of managing the fi shery, 
based on the information available combined with 
an effective monitoring program to ensure the 
objectives can be met in the longer term.

This review outlines the existing proposals 
for management procedures, each of which need 
further evaluation, along with the existing models 
of how the Antarctic ecosystem functions as well 
as approaches for constructing ecosystem-based 
simulation models.  The next stage in the program 
of work for WG-EMM is to assess the plausibility 
of the ecosystem and food-web models, provide 
input to the further development of such models 
and, most importantly, to evaluate these and other 
management procedures prior to the expansion of 
the krill fi shery.

The evaluation of potential management pro-
cedures in advance of the full development of a 
fi shery involves building simulation models of the 
system as shown in Figure 1, to test how well the 
operational objectives for the ecosystem can be met 
given a combination of decision rules, monitoring 
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Figure 4: Hypothetical time series for the productivity indicator, W, over 60 years.  
No fi shing occurred in the fi rst 20 years, over which time a baseline W 
series was used to estimate the reference mean level (solid circle).  The 
target mean level for W is shown as a solid diamond.  The box and whisker 
plots show the frequency distribution of W during that baseline period.  The 
dotted horizontal lines are critical range lines between which W is generally 
expected to remain after fi shing has become established.  The dashed line 
refers to an interim upper range limit during the period when the system is 
adjusting to the fi shing activity.  In this example, the trend for W to remain 
below the lower range limit after 16 years of fi shing would signal that a 
reduction in fi shing was required.  If values of W were frequently greater 
than the upper range limits, fi shing could conceivably be increased (see 
Constable, 2001 for details).
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programs and assessment methods.  This process 
has been well described in the literature (e.g. Cooke, 
1999; de la Mare, 1986a, 1988, 1996, 1998; Mangel, 
2000; Smith, 1993).  It should enable a number of 
questions to be addressed.

First, what combinations of monitoring, assess-
ments and decision rules meet the required 
performance standards for different plausible 
formulations of the Antarctic ecosystem?  Here, 
performance is judged by how well the objectives 
are met in the model ecosystem.  It is important 
to identify early whether a monitoring program 
and the assessment methods are able to provide 
solid foundations for the management procedure.  
Importantly, the governing feature of the manage-
ment procedure is not the precision with which 
an indicator can be measured but how well the 
indicator can be used to make robust decisions on 
harvest controls (de la Mare, 1996).

Second, could the different parts of the manage-
ment system be made simpler and work just as 
effectively?  A simpler monitoring program at spe-
cifi c locations in the Antarctic could save consider-
able expense and facilitate better areal coverage.

Third, how could the performance of the 
management system be improved by altering its 
decision rules?

The advantage of such evaluations is that the 
initial management system can be built on the 
simplest of decision rules and then progressively 
modifi ed to improve performance according to the 
performance criteria.  In some instances, the deci-
sion rules may not be based directly on the perform-
ance criteria in order to be potentially able to 
achieve the desired effects.  Importantly, manage-
ment procedures must be robust against all the 
uncertainties in our understanding of food-web 
structure and other elements in the assessment and 
decision-making process.

CONCLUDING REMARKS

This review has highlighted the need to structure 
the future work on developing ecosystem-based 
management procedures into three parts: (i) to 
further develop plausible models of the ecosystem; 
(ii) to refi ne and, where possible, extend the CEMP 
and other fi eld work to provide assessments on 
which robust management decisions can be based; 
and (iii) prior to the expansion of the krill fi shery, 
to evaluate proposed management procedures 

aimed at achieving the ecosystem objectives set 
out in Article II of CCAMLR.  Most importantly, 
operational objectives for dependent species and 
feasible management options need to be clearly 
articulated to guide this work, e.g. to what extent 
should parts or all of the marine ecosystem be 
affected by fi shing for krill?

CCAMLR and its Members are to be congratu-
lated for giving considerable attention to fi eld pro-
grams on krill and some of the dominant land-based 
predators.  The next step is to extend this work into the 
decision-making arena, which will require equiva-
lent attention to be given to the development of 
models and approaches as reviewed here.  There 
is a pressing need to determine how best to utilise 
the expensive research programs in the Antarctic 
to help meet these goals.  Further development of 
coordinated programs, similar to the CCAMLR 
2000 Krill Synoptic Survey of Area 48, is urgently 
needed to provide the broad spatial and temporal 
coverage in areas close to and at a distance from 
krill harvesting.  Lastly, special consideration will 
need to be given to how to ensure that harvesting 
will not affect predators in unforeseen ways, 
particularly those unable to be effectively moni-
tored, such as whales, pack-ice seals, many sea-
birds, fi sh and squid.
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Liste des tableaux

Tableau 1  Caractéristiques des quatre principales approches de la modélisation de l’écosystème marin de 
l’Antarctique.

Tableau 2: Facteurs généraux susceptibles d’infl uencer les caractéristiques de la population de l’espèce visée ou 
des espèces proies, la consommation de ces espèces par les prédateurs et les valeurs résultantes des 
paramètres des prédateurs (indicateurs) contrôlés.  Les facteurs infl uençant ces caractéristiques sont 
combinés en fonctions au bas du tableau.

Liste des fi gures

Figure 1: Illustration de l’approche fondée sur l’écosystème de la gestion des effets de la pêche sur les espèces 
dépendantes et voisines (d’après de la Mare, 1996).  La procédure de gestion consiste en un jeu de règles 
de décision servant à ajuster le contrôle de l’exploitation en réponse aux évaluations afi n de rendre tout 
à fait probable la réalisation des objectifs opérationnels.  Le milieu physique (cadres gris) représente 
l’état actuel du système tel qu’il est observé par le biais du programme de contrôle.  Les évaluations 
tiennent compte de l’incertitude entourant le fonctionnement du milieu physique et la relation entre le 
programme de contrôle et ce milieu.

Figure 2: Effets potentiels de la pêche sur la densité du krill.  Dans chaque cadre, la ligne pointillée montre la 
réduction de l’abondance médiane du krill à 0,5 du niveau de pré-exploitation sur la période comprise 
entre les années 21 et 40, perpétré par la pêche : a) variation interannuelle de la densité du krill sur 
l’ensemble de la population (trait plein), b) une série chronologique ultérieure de la densité dans une 
région localisée (trait plein), l’abondance dans la région étant infl uencée par la densité de la population 
globale, avec une indication de la variation interannuelle dans la relation entre la densité globale et la 
densité locale.  La ligne en tirets indique la densité locale quand la pêche a réduit l’abondance disponible 
à 0,5 de son niveau de pré-exploitation, c) série chronologique de la densité dans une deuxième région 
localisée, comme dans b), mais sans corrélation entre les deux régions en ce qui concerne la manière dont 
la variation interannuelle dans l’environnement physique affecte la relation entre la densité globale et la 
densité locale.

Figure 3: Relation fonctionnelle entre la condition des prédateurs et la densité locale du krill dans le secteur local 
d’alimentation; cette relation sert à établir une densité critique permettant de fermer la pêche au krill 
dans le secteur d’alimentation si la densité du krill tombe en dessous du seuil critique (d’après Boyd, 
2002).
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Figure 4: Série chronologique hypothétique de l’indicateur de productivité , W, sur 60 ans.  Aucune pêche n’aurait 
eu lieu les 20 premières années, pour lesquelles une série de base W aurait servi à estimer le niveau 
moyen de référence (cercle).  Le niveau moyen visé pour W serait indiqué par un losange.  Les boîtes 
à moustaches indiquent la distribution des fréquences de W pendant la période de base.  Les lignes 
horizontales en pointillés sont les limites critiques de l’intervalle dans lequel, en général, W est censé 
rester une fois la pêche établie.  La ligne en tirets se réfère à la limite supérieure provisoire de la période 
d’ajustement du système aux activités de pêche.  Dans cet exemple, la tendance de W à rester en dessous 
de la limite inférieure de l’intervalle après 16 ans de pêche signalerait qu’il conviendrait de réduire la 
pêche.  Sil les valeurs de W étaient fréquemment supérieures aux limites supérieures de l’intervalle, une 
augmentation de la pêche serait envisageable (voir Constable, 2001 pour plus de détails).

Список таблиц

Табл. 1: Характеристики четырех основных подходов к моделированию морской экосистемы 
Антарктики.

Табл. 2: Общие факторы, потенциально влияющие на характеристики популяции промысловых/
потребляемых видов, потребление этих видов хищниками и вытекающие из этого значения 
подлежащих мониторингу параметров хищников (индикаторов). Факторы, влияющие на эти 
характеристики, объединены в функции внизу таблицы.

Список рисунков

Рис. 1: Иллюстрация экосистемного подхода к управлению влиянием промысла на зависимые и 
связанные виды (по de la Mare, 1996 г.). Метод управления представляет собой набор правил 
принятия решений, используемых для регулирования вылова в соответствии с оценками 
так, чтобы вероятность достижения оперативных целей была очень высокой. Физический 
мир (заштрихованные прямоугольники) представляет собой реальное состояние системы, 
наблюдаемое через программу мониторинга. Оценки принимают во внимание неопределенность 
функционирования физического мира и взаимосвязь между программой мониторинга и 
физическим миром.

Рис. 2: Потенциальное воздействие промысла на плотность криля. Точечные линии на каждом графике 
показывают сокращение медианной численности криля до 0.5 от предэксплуатационного уровня 
в период между 21-м и 40-м годами; этот уровень впоследствии поддерживается ведением 
промысла: (a) межгодовая изменчивость плотности криля во всей популяции (сплошная линия); 
(b) последовательный временной ряд плотности в отдельном районе (сплошная линия) при 
том, что численность в этом районе испытывает влияние глобальной плотности популяции, 
однако демонстрирует межгодовую изменчивость в отношениях между глобальной и локальной 
плотностью. Пунктирная линия показывает локальную плотность после того, как при промысле 
изъята 0.5 имеющейся численности; (c) временной ряд плотности во втором локальном районе 
(как в (b)), однако между этими двумя районами отсутствует взаимосвязь с точки зрения того, как 
межгодовая изменчивость физической среды влияет на соотношение глобальной и локальной 
плотности.

Рис. 3: Функциональная зависимость между состоянием хищников и локальной плотностью криля в 
отдельном районе поиска пищи используется для определения критической плотности с тем, 
чтобы промысел криля в данном районе поиска пищи был закрыт, если плотность криля меньше 
критического уровня (по Boyd, 2002).

Рис. 4: Гипотетический временной ряд показателя продуктивности W за 60 лет. В первые 20 лет 
промысел не велся, и в эти годы для оценки контрольного среднего уровня использовался 
исходный ряд W (черный кружок). Целевой средний уровень W отмечен черным ромбиком. 
«Ящики с усами» показывают частотное распределение W в этот исходный период. Точечные 
горизонтальные линии – линии критического диапазона, между которыми, как ожидается, W 
должен сохраняться после установления промысла. Пунктирная линия показывает временную 
верхнюю границу диапазона в период, когда система приспосабливается к промысловой 
деятельности. В данном примере тенденция W держаться ниже нижней границы диапазона после 
16 лет промысла свидетельствует о необходимости сократить промысел. Если значения W часто 
превышают верхнюю границу диапазона, промысел, вероятно, может быть увеличен (подробнее 
см. Constable, 2001).
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Lista de las tablas

Tabla 1: Características de los cuatro enfoques principales para modelar el ecosistema marino antártico.

Tabla 2: Factores generales que pueden afectar las características de la población de especies explotadas/presa, 
el consumo de esas especies por parte de los depredadores y los consiguientes valores de los parámetros 
(índices) de los depredadores que están siendo controlados.  Las funciones que incorporan los factores 
que afectan dichas características fi guran al fi nal de la tabla.  

Lista de las fi guras

Figura 1: Ilustración del enfoque ecosistémico para ordenar los efectos de la pesca en las especies dependientes y 
afi nes (según de la Mare, 1996).  El método de ordenación comprende un conjunto de criterios decisorios 
utilizados para controlar la explotación en respuesta a las evaluaciones, con una alta probabilidad de que 
se cumplan los objetivos operacionales.  El entorno físico (cajas sombreadas) representa el estado real 
del sistema que se observa mediante el programa de seguimiento.  Las evaluaciones toman en cuenta 
la incertidumbre relacionada con el funcionamiento del entorno físico y su relación con el programa de 
seguimiento.

Figura 2: Posibles efectos de la pesca en la densidad de kril.  La línea punteada en cada cuadro muestra una 
disminución en la mediana de la abundancia de kril a un 0,5 del nivel previo a la explotación entre los 
21 y 40 años; este nivel se mantuvo después a causa de la pesca:  (a) variación anual de la densidad de 
kril en toda la población  (línea continua);  (b) la consiguiente serie cronológica de densidad en una zona 
localizada (línea continua) donde la abundancia se ve afectada por la densidad de la población global 
pero mostrando una variación interanual de la relación entre la densidad global y la densidad local.  La 
línea entrecortada indica la densidad local después que la pesca disminuyó la abundancia inicial a 0,5 el 
nivel previo a la explotación; (c) serie cronológica de la densidad en una segunda zona, como en (b), pero 
sin correlación entre las dos zonas localizadas en términos de cómo la variación interanual en el entorno 
físico afecta la relación entre la densidad global y la densidad local.

Figura 3: Relación funcional entre el estado del depredador y la densidad de kril en la zona local de alimentación 
de los depredadores que sirve para calcular una densidad crítica de kril.  La pesca de kril sería cerrada si 
la densidad de kril en dicha zona desciende por debajo del nivel crítico (según Boyd, 2002).

Figura 4: Series cronológicas hipotéticas del índice de productividad, W, en un período de 60 años.  En los primeros 
20 años no hubo pesca, en este período se utilizó una serie de líneas de base de W para estimar el nivel 
medio de referencia (●).  El nivel promedio deseado para W se muestra como un as de diamante (♦).  El 
gráfi co de cajas y bigotes muestra la frecuencia de la distribución de W durante el período de referencia.  
Las líneas punteadas horizontales representan el intervalo crítico en el cual se espera que esté W una 
vez que se establece la pesca.  La línea entrecortada representa a un límite superior interino durante el 
período de ajuste del sistema a la actividad de pesca.  En este ejemplo la tendencia de W de permanecer 
por debajo del límite inferior luego de 16 años de pesca estaría indicando que la pesca debe disminuirse.  
Si hay una tendencia a que W sobrepase los límites superiores, entonces se podría concebir el aumento 
de la pesca (ver detalles en Constable, 2001).


