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Abstract

Managing fisheries to achieve ecosystem objectives is in its infancy. A general approach
is proposed for maintaining ecological relationships and providing for the recovery of
depleted populations in food webs supporting fisheries. This paper addresses the
following general questions for applying the ecosystem approach to managing fisheries:
(i) how might fisheries impact incidentally on an ecosystem, (ii) what should be the
conservation objectives for predators of fished species, and (iii) what approaches could be
considered for achieving the conservation objectives? The approach proposed here takes
account of uncertainties in knowledge of the structure of ecosystems. Estimates of
predator production arising from the consumption of fished species (encapsulated in
proposed indices P and W) may provide useful indicators for management purposes
because they integrate across a range of ‘ecosystem’ effects and, as formulated here, can
also be related directly to the effects of fishing. These features are currently unavailable in
ecosystem approaches to managing fisheries, which do not weight input data for
assessments, such as per-capita breeding success, according to the relative influence of
fished species on those estimates. The paper describes the steps required to establish
management procedures based on these indices.

Résumé

La gestion des péches visant des objectifs écologiques n'en est encore qu’a ses
balbutiements. La méthode générale proposée cherche & maintenir les relations
écologiques et a permettre Ja récupération des populations épuisées dans les réseaux
trophiques qui soutiennent les pécheries. Le présent document aborde diverses questions
générales applicables a I'approche de la gestion des péches tenant compte de 1'écosysteme :
i) comment la péche risque-t-elle d’affecter un écosysteme par accident ? ii) quels
devraient étre les objectifs de conservation des prédateurs d’espéces exploitées ? et
iif) quelles approches pourrait-on envisager pour atteindre les objectifs de conservation ?
L’approche proposée ici tient compte des incertitudes entourant notre connaissance de la
structure des écosystémes. L’estimation de la production des prédateurs résultant de la
consommation d’espéces exploitées (faisant partie des indices P et W proposés) pourrait
fournir des indicateurs utiles pour la gestion du fait qu’ils portent sur tout un intervalle
d’effets liés a 1'écosystéme et, comme cela est mentionné dans le présent document,
peuvent étre mis en relation directe avec les effets de la péche. Ces caractéristiques ne font
pas encore partie des approches de la gestion des péches tenant compte de 1’écosysteme
qui n'étalonnent pas les données d’entrée des évaluations, telles que le succes de la
reproduction par téte, en fonction de 'influence relative des espeéces exploitées sur ces
estimations. Le document décrit la marche a suivre pour mettre en place des procédures
de gestion reposant sur ces indices.

Pesrome

YrpapJsieHne NpPOMBICJIOM, HAMPABJEHHOEC Ha MOCTHXKEHHE JKOCHCTEMHBIX NeJsiel,
HaXOIHTCA B caMOH paHHe# cramu; passuatis. [Ipenaraercss obumil momxom HJist
HOAOEP K aHIS IKOJOrHIECKUX CBsI3ell ¥ BOCCTAHOBJICHUA HCTOLICHHBIX NONYJistunil B
HOABEPraroIUUXCs NPOMBICY TpodHeueckKux uensx. B craThbe paccMarTpHBarOTCA
CJTEAYFOUIE BOMPOCHI TIPUMEHEHHS JKOCHCTEMHOrO MOAXOHa K  YIPABJICHHIO
OpOMBICTOM: (i) Kakoe modoUHOe BO3AeHiCTBAE TPOMBICEST OKA3bIBAET Ha DKOCHCTEMY,
(ii) KakUMH JOKHBI OBITH MPHPOIOOXPAHHBIC LETH [JTs IIMTAFOLIMXCS NPOMBICTIOBBIMH
BUAMH XHIDHUKOB H  (iii) KakKue TOAXOAbI NO3BOSIT [OCTUYL OTHX Uesiei?
IpenuiaraeMblii IOAXOQ YYUTHIBACT HEONPEICICHHOCTD 3HAHMI O CTPYKTYPE 9KOCHCTEMBI,
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O1eHK I TPOAYKIHMH XHIIHUKOB, CBS3AHHON C MOTPEOJICHIEM MPOMBICIORBIX BHIOB H
OMUCHIBAEMON MpefaraeMbIMil HHAeKcaMu P u W, MOTYT CIIyXKHTb TIOJI€3HBIMH
HHIUKATOPAMHU HPH YMPaBJICHHH, T.K. OHH HHTErPHPYHOT AHANA30H 3KOCHCTEMHBIX
>hdexToB W, KaK TNpeanoslaracrcs, MOTYT OBbITb HENOCPEACTBEHHO CBS3aHbI C
BO3CCTBHEM ITpoMBIca. B HacTosiee BpeMst 9TO HE MPUMEHSIETCS B IKOCHCTEMHBIX
NOAXOHAX K YIPABJICHHIO TPOMBICSIOM, KOTOPBIE ITPH OLICHKAX He B3BEIUHBAIOT BXOIHDBIE
JaHHble (HampuMep, PpEeNpONYKTHRHBIE ycrmeX Ha 0cod0b) B 3aBHCHMOCTH OT
OTHOCHTEJILHOI'O BJAHSIHUS TPOMBICJIOBBIX BHIOB Ha 3TH OLUEHKH. B cTaThe OMHCHIBAIOTCS
niard, HEOOXOMMMBIE JUJIS1 YCTAHOBJICHHST OCHOBAaHHBIX HA J3THX HHAEKCAX NPOLEOypP
yTpaBJICHHS.

Resumen

La ordenacién de pesquerias enfocada la conservacion de sistemas ecolégicos esta en sus
albores. Se propone un enfoque general para mantener las relaciones ecoldgicas y ayudar
en la recuperacion de las poblaciones mermadas del sistema tréfico que sustenta a la
pesqueria. Este trabajo se refiere a las siguientes cuestiones generales relativas a la
aplicaciéon del enfoque ecosistémico en la ordenacion de pesquerias: (i) ;cudles podrian
ser las consecuencias incidentales de las pesquerias en un ecosistema? (ii) ;cudles deberian
ser los objetivos de conservacién para los depredadores de las especies explotadas? y
(iii) ¢ cudles enfoques podrian considerarse para alcanzar los objetivos de conservacién? El
enfoque propuesto toma en cuenta las incertidumbres producidas por la falta de
conocimiento sobre la estructura de los ecosistemas. Las estimaciones de la productividad
de los depredadores resultante del consumo de especies explotadas comercialmente
(incorporada en los indices propuestos P y W) podrian servir como indicadores para la
ordenacién, ya que estos valores estdn integrados de una gama de efectos ‘ecosistémicos’
y, como se explica en este trabajo, también pueden relacionarse directamente con los
efectos de la pesca. Los enfoques ecosistémicos utilizados actualmente en la ordenacién
de pesquerias no incorporan estas caracteristicas y no ponderan los datos de entrada (tales
como el éxito reproductor per capita) en las evaluaciones de acuerdo a la influencia
relativa de las especies explotadas en las estimaciones. El trabajo describe las medidas

necesarias para establecer procedimientos de ordenacion basados en estos indices.

Keywords: fisheries, ecosystem management, food webs, monitoring, management procedures,
productivity, endangered species, management strategy evaluation, CCAMLR

INTRODUCTION

The implementation of ecosystem objectives for
managing a variety of aquatic and terrestrial
habitats is widely discussed (e.g. Lubchenco et al.,
1991; Christensen et al., 1996; Mangel et al., 1996;
Dixon et al., 1998; Mooney, 1998). However, there
is widespread agreement that managing ecological
assemblages remains a mostly data-free activity
(Ludwig et al., 1993) and that remedying this
situation is an urgent goal (Mangel et al., 1996).

Since its inception, CCAMLR has grappled with
the problems of applying an ecosystem approach
to the management of fisheries, particularly in
relation to the krill fishery. This is encapsulated in
the Convention for the Conservation of Antarctic
Marine Living Resources (hereafter referred to as
‘the Convention’) and the obligations contained
therein (Article IT), which aim to ensure that fisheries
do not jeopardise the maintenance of ecological
relation-ships, and also to provide for the recovery
of depleted populations, notably of great whales
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(Constable et al., 2000). These two subsidiary
objectives of the Conventjon spawned the CCAMLR
Ecosystem Monitoring Program (CEMP), which
was initiated to detect significant changes to the
ecosystem, particularly in predators of krill, and to
signal when such changes were the result of fishing
(see Agnew, 1997 for a complete description of the
program). In this way, CEMP was intended to
provide the necessary advice to the Commission on
when fishing may be negatively impacting species
dependent on the target species.

The manner in which the data from CEMP will
be utilised in the formulation of advice has yet to
be decided (Constable et al., 2000), although advances
have been made in recent years on how this might
be done (de la Mare and Constable, 2000).

In the interim, during the development of a
comprehensive procedure for managing the krill
fishery (de la Mare, 1996, 1998), CCAMLR has taken
a precautionary approach to protecting predators
of target species by adopting the krill yield model



(CCAMLR, 1994) and setting precautionary catch
limits in the krill and some finfish fisheries
(Constable et al., 2000). This approach takes into
account the large-scale relationships between krill,
its predators and the fishery. However, it has not
taken specific account of the potential for localised
effects on some land-based krill predators (Everson
and de la Mare, 1996) or of the need for recovery of
some species, although models have been proposed
for monitoring local overlaps between predator
foraging areas and fishing activities (see SC-CAMLR,
1997 for review).

The aim of this paper is to examine the mech-
anisms needed to achieve that part of Article Il
of the Convention requiring the maintenance
of ecological relationships and the recovery of
depleted populations. The approach considered here
has relevance for managing fisheries generally.
An important issue to be considered is whether
ecosystem objectives can be met without knowing,
in detail, the interrelationships amongst species.
The CCAMLR Working Group on Ecosystem
Monitoring and Management (WG-EMM) has
discussed the need to estimate the relationships
between predator survival and krill abundance. It
is intended that such information will help build
dynamic models of the relationship between target
species and predators. However, little work has
been undertaken since the early development of
such models by Butterworth and his co-workers
(e.g. Butterworth and Thomson, 1995; Thomson
et al., 2000) and Mangel and Switzer (1998). An
important issue to resolve is how to manage
the effects of fishing on predators when little infor-
mation is available on predicting how predators
may respond to different levels of harvesting. In
other words, how might harvest strategies be
adjusted using information on predators in a
management procedure?

Prospective Evaluation of
Management Procedures

A very important part of developing manage-
ment procedures is to evaluate them prospectively
in order to be confident they will achieve their
management objectives (de la Mare, 1996). This
provides for testing whether the decision rules for
altering harvesting activities will perform well in
meeting the objectives for predator production
arising from the consumption of fished species. A
number of questions can then addressed. First,
what combinations of monitoring, assessments and
decision rules meet the required performance for
different plausible formulations of the food web?

Ecosystem approach to managing fisheries

Could these parts of the management system be
made simpler to work just as effectively? What
improvements in performance of the management
system could be achieved by altering the rules or
other aspects of the management system? Lastly,
how much change occurs in aspects of the food
web not directly related to the fished species? The
advantage of such evaluations is that the initial
management system can be built on the simplest of
decision rules and then progressively modified to
improve performance according to the performance
criteria. In some instances, the decision rules may
not be based directly on the performance criteria in
order to be able to achieve the desired effects.
Importantly, management procedures must be
robust against uncertainties in the understanding
of food web structure and other elements in
the assessment process. To undertake these eval-
uations, simulation models can be constructed to
test the performance of proposed management
arrangements (e.g. de la Mare, 1986a, 1996, 1998;
Smith, 1993; Cooke, 1999; Mangel, 2000).

Aims

This paper addresses the following general
questions related to applying the ecosystem
approach to managing tisheries:

(i)  How might fisheries impact incidentally on
an ecosystem?

(ii)  What should be the conservation objectives
for predators of fished species?

(ili) What approaches could be considered for
achieving the conservation objectives?

These questions address a core issue for
fisheries in determining what aspects of an
ecosystem need to be monitored and how such
information might be used to trigger actions to
ensure ecosystem objectives are met by fisheries.
These points are illustrated using a simple
simulation model that could be used as a basis
for future testing of a variety of candidate
management procedures aimed at managing the
effects of fishing on food webs.

HOW MIGHT FISHERIES IMPACT
INCIDENTALLY ON AN ECOSYSTEM?

Fishing can affect marine species directly
through mortality or injury. Incidental effects can
arise as a result of modifications to the habitat,
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Schematic diagram showing the primary food web relationships between a fished
species and other key species in the system (solid lines and plain symbols). The effects
of the fishery on this ecosystem are shown with dashed lines and italicised symbols.
Arrows indicate the direction of effect. Type of effect is indicated by the letters: C-is a
negative competitive effect on the species to which the arrow is pointing, P- is a negative
predatory effect, +? is a potential positive effect by the fishery on an inferior competitor
of the fished species, TC+? is a potential positive effect arising from an apparent trophic
cascade by the fishery and RC- is potential resource competition between a fishery and
predators. (Following the schema of Fairweather, 1990 for biological interactions.)
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Structure of the food web around South Georgia Island in the Atlantic Ocean, including
the fisheries for krill, Patagonian toothfish and mackerel icefish. The dark grey boxes
represent fished species, the light grey boxes are predators of fished species and the
white boxes are other types of prey, including mesopelagic (mesopel.) and bathypelagic
(bathypel.) fish species and zooplankton (zoopl.) (derived from Constable et al., 2000).
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Schematic diagram showing the potential linkages between different predator foraging areas and

the dynamics of the fished population, including immigration of the fished species (I}, emigration
(E), natural mortality (M), fishing mortality (F) and production (P), which includes recruitment
and growth of individuals. Subscripts indicate area specific rates.

such as through bottom trawling (Jennings and
Kaiser, 1998) or from alterations in the structure of
the food web. Habitat issues are not considered
further here.

The Scientific Committee of CCAMLR has
considered many of these issues, particularly in
relation to the krill fishery (SC-CAMLR, 1992, 1995)
and its potential effects on krill predators. This
section provides a summary of those issues as an
example for considering fisheries generally.

The results of discussions in SC-CAMLR can be
summarised into three important areas: (i) the
importance of krill in the diet of predators and how
this may vary over time as a result of changes in
productivity as well as changes in availability,
(ii) the effects of the fishery on the availability of
krill to predators at critical times of the year, and
(iii) the potential interannual variation in krill
abundance and how it affects predators. The last
two points involve understanding the spatial and
temporal scales of interaction in the system
(Murphy et al., 1988; SC-CAMLR, 1992), while
the first involves the strengths of the ecological
interactions between species.

Species that directly interact with the target and
by-catch species (hereafter collectively termed
‘fished species’) (Figure 1) are the most likely to
exhibit an indirect response to fishing, particularly
those with the strongest interactions with the
fished species (Paine, 1980; but see Yodzis, 1994,
2000). A simplified food web based on the fished
species at South Georgia is shown in Figure 2.

The effects of fishing on dependent or related
species are only important if there is the potential
for the strengths of interactions to be altered

amongst species as illustrated in Figure 1, i.e. the
magnitude and/or direction of effects between
species are changed. For example, theory tells
us that predators of fished species would be
competing with the fishery only if they are feeding
substantially from the fished population and the
fished population is insufficient to meet the needs
of predators and support the fishery at the same
time. In this case, competition would be evident if
the productivity of the predators is reduced as a
result of fishing. Reduced net productivity may be
evident in a reduction of the biomass of the
predator population (reduced growth or weight
loss in individuals), reduced recruitment or
increased mortality and/or migration from the
area. In addition, wider effects on the ecosystem
may be experienced if predators switch from the
fished species to preying on other species in the
system.

To examine the potential for interaction between
fisheries, fished species and dependent species,
such as predators, a spatially explicit model is
required that explores the interactions at scales
common to the three different components, i.e.
one that examines the interrelationships between
productivity of fished species, sources of mortality
(predators, fishing, other) and migration of fished
species in and out of the local areas (SC-CAMLR,
1995) (Figure 3).

Complexities in the model may arise if there are
critical stages in the life cycle of some dependent
species (such as breeding time for some land-based
krill predators) or if there is a spatial shift in the
foraging areas relative to the fished population
(e.g. different feeding grounds in summer and
winter).
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WHAT SHOULD BE THE CONSERVATION
OBJECTIVES FOR PREDATORS
OF FISHED SPECIES?

The important ecosystem-oriented objective
for CCAMLR is contained in Article II of the
Convention, paragraph 3(b), which requires ‘main-
tenance of the ecological relationships between
harvested, dependent and related populations of
Antarctic marine resources and the restoration of
depleted populations to the levels defined in sub-
paragraph (a) above’. In the latter case, this refers
to a population level providing the ‘greatest net
annual increment’ (CCAMLR, Article IT; de la Mare
and Constable, 1990) Beyond this, CCAMLR has
not provided an operational interpretation of this
objective or determined the critical status of the
ecosystem that can be used as a benchmark for
ensuring that the general ecosystem objective is
being met.

The term ‘management’ is used here to indicate
the actions taken to control human intervention in
ecosystems. For many systems, management has
been centred on single-species or ‘multi-species’
assemblages (as distinct from ecological assemblages)
where the multiple species are of economic
interest, particularly in fisheries where the species
are all exploited or managed in some way (May et
al., 1979; Beddington and May, 1982; Punt et al.,
1995; Larkin, 1996).

For ecological assemblages, most attention
seems now to be focused on the maintenance of
biodiversity and the potential consequences of loss
of biodiversity to the overall ecological function of
those assemblages. In this case, field research is
concentrating on identifying what gross changes
occur in ecosystems as a result of human activities
and theoretical models endeavour to understand
the implications of those changes (e.g. Tilman,
1999). Very little research effort seems focused on
understanding the important mechanisms that
cause the changes observed and what such changes
mean in terms of the long-term ecological status of
the assemblage (e.g. estuaries — Constable, 1999).
More importantly, very little attention has been
given to actions that might be required if an
assemblage is found to change as a result of
human activities, i.e. what sorts of adjustments to
the activity could be made to prevent serious
undesirable alteration of the assemblages? In most
cases, studies focus on the extreme undesirable
cases of change and the remedial action required to
restore the system, if only in terms of its main
structural components, i.e. there is a focus on
extreme needs for conservation and restoration
rather than prevention.
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In contrast to studies on assemblages, much
work is available examining the status of species,
independent of whether they are being affected by
harvesting or other human activities (e.g. Soule,
1986; Ferson and Burgman, 2000). In some cases,
these works identify whether species require
specific conservation measures because of their
status as vulnerable, threatened, or endangered; a
number of criteria have been established to assist
with such classification (IUCN, 1994). While these
may be the last form of protection for individual
species, the triggering of such classifications in the
ecosystem approach to fishing would signal a
failure in the management of those fisheries.

Developing Operational Objectives
for Predators of Fished Species

Operational objectives based on reference points
for ‘ecologically-related” species (assemblages) that
are not directly affected by the fishing operation
have been much more difficult to enunciate than
reference points for target species (e.g. May et al.,
1979; Beddington and May, 1982). In CCAMLR,
this ecosystem objective has been made operational,
in part, as one of the reference points for individual
tished species (the predator criterion —see Constable
et al., 2000 for review) rather than specifically for
the related species or assemblages. The aim of this
criterion is for the long-term annual yield of krill
not to cause a decline in the long-term median krill
abundance to below 0.75 of the pre-exploitation
median abundance. This is important because, even
though predators are accounted for in part by the
natural mortality rate of krill, the total amount
consumed (predator food requirements) is contingent
on the total abundance of krill. The Scientific
Committee of CCAMLR recognises that the predator
criterion of 0.75 may need to be altered as more
information on the food requirements of predators
becomes available (de la Mare, 1996).

The requirement for CCAMLR to maintain the
ecological relationships in the Antarctic ecosystem
implies that the ecosystem should, by and large, be
able to absorb the consequences of fishing without
major changes in the strengths of natural interactions
discussed in Figure 1. There are a number of points
pertinent to determining a target status of the
ecosystem. First, removal of fished species results
in the removal of production in the system and,
therefore, reduces the potential for production
amongst higher-order predators. If the system was
in equilibrium then the carrying capacity of the
environment for the higher order predators would
be reduced. Second, the objectives imply that



reductions of the magnitude considered appropriate
in managing single-species fisheries, say to 50% of
pre-exploitation levels, is likely to be inappropriate
for such predators, although CCAMLR may decide
that some predators may be subject to such criteria.
Third, some predators of the fished species may be
in need of explicit conservation efforts to enable
recovery, e.g. the great whales. The trajectories of
these populations should be upwards towards
some target levels while the other predators
remain at the same level or would be expected to
decrease over time toward a lower acceptable
target level given the overall reduced abundance of
the fished species.

Given the predator criterion for determining
catch limits of krill described above, a simple
expectation would be that abundances of predators
solely dependent on krill would eventually be
reduced by approximately 25%, provided that per-
capita productivity of krill and maximum per-
capita productivity of the predators remained
unaltered at these new equilibria (but see Mangel
and Hofman (1999) for further discussion). However,
it is the productivity of predators attributed to krill
consumption that would be reduced by 25%, and
most predators do not rely solely on krill.

The consequences for the current abundance
and overall productivity of predators and the
structure of the food web generally are contingent
on a number of factors, including: (i) the degree to
which predators are obligate foragers on krill
(i.e. abundance may not decline if the predator
switches diet), (ii) the availability of other prey
to replace the lost production of krill (i.e. if the
predator switches diet and the new prey species
has used the surplus production available from
removal of the fished species then no other
alterations in the food web might arise), (iii) the
degree to which a predator population can absorb
a reduced food supply (i.e. a reduction in fished
species might not cause a consequent reduction
in reproductive success or increase in mortality
because, prior to fishing, consumption exceeds the
amount of food required to maintain critical
population processes), (iv) whether there is an
exploitable surplus of the fished species in the
system, (v) the ability of a predator to compete for
food with other predators and the fishery, and
(vi) the relationship between prey availability
and predator production may be non-linear. In
addition, the consequences for the food web
generally will depend on the overall abundance of
individual predators and their individual roles as
consumers of and competitors with other species,
which could lead to unexpected indirect feedbacks
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(positive and negative) to species of interest
(Yodzis, 2000). The situation is made more complex
when a number of prey species are being harvested.
Combined, these factors potentially make the
abundance and overall production (in number or
biomass) of species relatively insensitive indicators
of the effects of fishing on the ecosystem.

Operational objectives for dependent species
(not directly affected by the fishery) will need to
encompass the general effect of lost production
and ensure that the lost production does not have
an unacceptable disproportionately large effect on
any one dependent species, including the potential
for flow-on effects in the food web.

Thus, what would be an operational objective
for the ecosystem to encompass the need to
maintain ecological relationships and to allow for
the recovery of some species? Also, are there target
levels of abundance or some other measure that
might be appropriate for dependent species that
help protect these predators from being classified
as needing special recovery measures?

In the general case, the assumption is that the
catch limits are derived with sufficient confidence
that the median annual predator production arising
from the consumption of fished species will not be
reduced by more than the expected reduction in
median biomass of the target species, although
this may be modified according to the expected
increased production of recovering species. In
terms of maintaining ecological relationships, is
there a minimum level of predator production
arising from the consumption of fished species
necessary to provide relative stability in or main-
tenance of the food web?

Both of these elements can be combined into an
operational objective that aims to maintain the
predator production arising from the consumption
of fished species at or above some limit reference
point. A subsidiary objective would be to ensure
that the productivity of individual predator species
is not disproportionately affected even though
the overall objective is satisfied. The expected
outcome of these objectives is that the contributions
of different species to the food web structure
would remain largely unaltered through fishing,
thereby maintaining ecological relationships in the
system. This will result in attention being given to
the primary interaction between fished species
and their predators rather than examining the
consequences of secondary and other indirect
interactions distant in the food web from the fished
species.
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Figure4:  Food web of the Eastern Bering Sea showing primary interactions with fished species along with
other marine mammals and birds (based on data and taxonomic groups from Trites et al., 1999).
Fished taxa are indicated by dark grey boxes (O. dem. = other demersal). Predators of fished taxa
are in light grey boxes. Other taxa are in white boxes (herb. = herbivorous, zoopl. = zooplankton,
juv. = juvenile). Arrows indicate direction of prey to predators. Solid lines indicate predation on
fished species, dotted lines indicate predation on non-fished species. The heavier weighted lines
indicate where prey make up at least 50% of the diet, lighter lines are where prey make up at least
20% but less than 50% of the diet. Interactions where prey make up less than 20% of the diet are

not shown.

This approach recognises the hierarchy of
objectives relating to the effects of fishing on the
productivity of a system and the potential for
changes to the food web. It can easily be made
general for systems much more complex than the
Antarctic and for which fisheries are already
present. For example, the Eastern Bering Sea
ecosystem has been examined for its food web
dynamics (Trites et al., 1999). This is a system in
which many species are exploited and for which
there are complex dynamics between fished species
as well as between predators of these species and
other types of prey species (see Figure 4). This
system provides a useful illustration of how the
general objectives discussed for the Antarctic
system may be applied elsewhere.

The Eastern Bering Sea ecosystem illustrates
how an ecosystem can be subdivided into a number
of groups. The first group is the taxa comprising
fished species. This group is a managed system,
where all species presumably have target levels or
threshold reference points applicable to them. In
that context, it is a contrived system in which the
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abundance of each species could be manipulated in
a variety of ways by varying the harvest strategies
on each of the taxa. The second group comprises
the dependent predators of fished species. The
effect of fishing on this group can be considered as
a whole, i.e. the effect of lost production in the
system, or could be subdivided to explore the
effects on individual species or groups of species.
The third group is the prey of fished species and /or
alternative prey of those predators. These taxa
might assume greater importance in the diet of
predators and/or might increase their productivity
as a result of reductions in abundance of their
predators and competitors. The fourth group is the
predators of the non-fished prey species in the
third group. The response of these predators
would be difficult to foreshadow without good
knowledge of the function of the food web.

The strengths of interactions between species in
this system indicate that the system could be
divided into a number of management units. For
example, the primary effect of fishing for crabs and
shrimps could be isolated relatively easily, as could



the effect of fishing for cephalopods. Similarly,
flatfish and other demersal fished species seem to
be prey mostly for other fished species.

The fishery with the widest implications for the
food web would be for pelagic species. In this
coarse overview of the system, monitoring for the
primary effects of fishing on the food web would
involve five different higher order taxa. So what
types of information would be required to evaluate
the effects of lost production on predators of fished
species and how could this information be combined
taking into account the uncertainties on the dynamics
of the food web?

Background to a Production Model

Production of a species in a given year is related
to the accumulation of biomass through growth of
individuals and reproduction. Production P,, (in
mass) of a predator, p, in a given year, i, can be
represented by the following equation, which
includes variation in some parameters with age, 4,

P

py =

1
Rp,;/Bp,O,‘x/ + Z J. Np,a,}/ (t>B}l,ﬂ,]/ (f)Gp,ﬂ/}/ (t)dt

a>0Q (1)
where N,,,, is the number at age in that year, B ,,,
is the individual mass of the predator at age in that
year, G,., is the age-specific growth rate of
individuals, R,,, is the number of offspring (age 0)
in that year (for simplicity below, recruitment is
assumed to occur at end of the year, although
growth during the year can be accommodated
within the summation term as required), and ¢ is
the proportion of the year passed.

The rate of change of N,,, during the year is
given by

ANy ..,
—;I;_;/. :—M<p/a+t)N}””'~V ®

where M(pa+t) is an age-specific function of
natural mortality.

Production can be related back to total
consumption of prey, C,,, by accounting for the
metabolic and other energetic costs of producing
measurable biomass, E,,, and the proportion of
food assimilated, A,,, such that
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Combining equations (1) and (3), consumption
can be defined using energetic models in terms of
the size of the population, the mass of an individual,
the overall reproductive output and growth rate of
the individual:

Cp o o = Rp/}/ +Gzh}/
1,y,Tota
Py A,
and
Iiw/ = "p,J/R}/BO,J/
1
Cpy= j Noy (0B, (D04 (8)+ 8, ()G, (1))
a>0 0
D
A/J,}/ = zd;f,}/,iAp,i
i=1

(4)

where g, is the predator-specific cost of producing
one unit of mass, r,, is the predator-specific cost of
producing one offspring in that year, and m,,, is
the predator-specific metabolic cost of maintaining
one unit of mass in animals of that age including
the basic metabolism, costs of foraging and other
factors. For an individual prey species, i, the
contribution to predator production is governed by
its proportion (mass) in the diet, d,,,, as well as its
food value with respect to other prey, which is the
value of A,;, the assimilated proportion of an
ingested species. The products of these are summed
for all species in the diet, D. For many species, the
denominator is equal to 1 because of an assumption
of equal food value of all prey.

General Considerations in the
Application of a Production Model

Marine ecosystems are not static; they are
extremely variable from year to year. Consequently,
the productivity of predators is expected to vary
from one year to the next and the consequences for
the populations of predators of a changing food
supply will depend on how predator production
relates to the various autecological (life-history,
metabolic and foraging) processes of the predator
over the course of a number of years of varying
prey production coupled with potential variations
in the dependence of the predator on the prey.
Understanding this variability has been problematic
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and construction of suitable autecological models
may take many years. Given this naturally varying
and complex system and the potential for the
system to undergo long-term changes in its average
production as a result of climate change (e.g. the
Antarctic marine ecosystem - de la Mare, 1997;
Constable et al., in press), an approach is needed
that takes account of a number of issues.

First, the average production of a prey species
and its consumption would be expected to remain
relatively constant in a relatively stable system
even though production may vary from one year
to the next. If the environment is changing, then
the prey species may assume greater or lesser
importance in the system depending on the
changes in secondary production as well as
changes in the interactions of predators with prey
species. Second, conservation objectives must be
met for some species, e.g. great whales, whose
recovery requires an allocation of production to
them. In both cases, there is a need to identify
target levels for the system that take account of
these potential future states, or at least provide
the tools for monitoring them. Last and most
importantly, the approach must be robust against
the lack of knowledge about the role of some
species in the food web. For example, squid, meso-
pelagic and bathypelagic fish are mostly unknown
quantities in the Antarctic food web. The amount
of krill production that they consume combined
with the potential secondary feedbacks that may
arise through their role as alternative prey species
are unknown. Consequently, the effect of krill fishing
on the abundance of some land-based predators
that feed on a combination of krill, squid, and
mesopelagic and bathypelagic fish may be difficult
to predict.

Reference Points and Indicators
Based on Production

The effects of fishing on food webs will be most
easily observed for species most directly interacting
with the fished species, i.e. the predators or
competitors of fished species. In the following
discussion, the terms ‘predators” and ‘dependent
species” will be used interchangeably to refer to
those species that are the predators of species
caught in the fisheries. Understanding and moni-
toring of second-order effects, such as higher-order
predators, is not discussed in this paper.

Reference points based on production will

naturally be derived in some way from production
and/or consumption equations. The needs of
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predators are often considered in terms of the
consumption of prey (e.g. Everson and de la Mare,
1996). However, while the relationship between
consumption and production given in equation (4)
may be relatively unaffected by r,, and g,,, because
these parameters may be relatively constant from
one year to the next, interannual variation in m,,
could significantly influence the relationship. This
is because the amount of energy expended obtaining
food may be dependent on food abundance and
patchiness, and on foraging tactics employed in a
given year by each age class such that the relation-
ship between consumption and production may be
non-linear, i.e. increased foraging may conceivably
yield the same consumption but with increased
metabolic cost when the food is reduced to low
abundance and/or it becomes patchily distributed.
As a result, objectives and reference points based
on consumption (or overall prey abundance) may
not be helpful in practice because predator
production may decline even though consumption
may appear stable.

In most systems, the initial reference points for
dependent species include the current status
combined with recovery of some species. For
example, species dependent on krill in the Antarctic
include largely unaffected species of seabirds
as well as species of whales and seals that are in
the process of recovery. If a system was largely
unaffected by exploitation or some other disruption
to the food web (such as pollution), then the current
average status of predator production could be
considered the baseline and a limit reference point
could be derived as some proportion of this. In
systems already affected by exploitation, that
proportion for a limit reference point would vary
depending on the degree to which recovery of
species was required. Itis conceivable thatin some
systems requiring recovery of most species, the
limit reference point may be greater than the
current average production.

An Ilustrative Model

A simple food web model has been constructed
to illustrate the development of the operational
objectives. It is based on the approach presented
by MRAG Americas (2000). The mathematical
formulation of the model is presented in the
appendix.

The model comprises two trophic levels
consisting of two prey species and three predators.
The values of the parameters used in the model are
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Table 1: Parameter values used in the illustrative food web model described in the text and for which the
formulation is given in the appendix.
Prey Characteristics Prey 1 Prey 2
Annual carrying capacity of primary production | Mean 10000 10000
cv 0.45 0.3
Natural mortality (year) 0.3 0.3
Maximum per-biomass recruitment 0.4 0.5
Competition with the other prey species 0.3 0.3
Predator Characteristics Predator 1 Predator 2 Predator 3
Maximum per-capita recruitment (Age 0) 0.1 0.1 0.1
Degree of density dependence inrecruitment 2.4 2.4 2.4
(tyﬁ)ical for marine mammals -
MRAG Americas, 2000)
Age at maturity (years) 8 8 8
Plus class 10 10 10
Natural mortality (year™) Recruits 0.07 0.07 0.07
Adults 0.03 0.03 0.03
Body growth [Length = Loo(1-exp(-K.age))] L 1 1 1
K 0.8 0.8 0.8
Length to weight conversion (a.Length®) a 0.1 0.1 0.1
b 3 3 3
Competition coefficients with Predator 1 1 0.5 0.1
with Predator 2 0.5 1 0.1
with Predator 3 0.1 0.1 1
Selectivity of prey (Diet 1 given here) Prey 1 1.0 0.5 0.2
Prey 2 0.2 0.5 1.0
Food value of prey species Prey 1 1 1 1
Prey 2 1 1 1

given in Table 1. One of the prey species, Prey 1, is
targeted by a fishery. The two prey species vary in
abundance as a result of natural mortality and
recruitment which varies according to stochastic
changes in the environment. The two prey species
are in competition. The model is constructed in a
way that the predators do not directly affect the
abundance of prey. Itis assumed that the predators
satisfy their requirements as part, not all, of the
removal of prey which corresponds to the rates of
natural mortality.

The three predators have different degrees of
reliance on the target prey species. Predator 1 is
the predator that is the focus of the model here,
and it primarily relies on the target prey species.
Predator 2 has equal prey selectivity between
the two prey species, while Predator 3 depends
mostly on the non-target prey species. Although
the model can be used to simulate different
demographic, body growth and reproductive
parameters, these model parameters are the same
for all three predator species. The only differences
between species are diet selectivity and the degree
of competition between them. Predator 1 and
Predator 2 are in greater competition between each
other (0.5) compared to either of the competitive
interactions between these species and Predator 3,

which are equal (0.1), indicating the greater degree
of overlap between those two species and the
respective isolation of Predator 3 in the food web.

The simulation is seeded with initial values for
each of the five species and run for 500 years before
a trial begins. The trial is run for 100 years with
fishing beginning in year 50. Fishing is characterised
by a constant catch of 50 biomass units of Prey 1
each year. This approach is used because the
Antarctic krill fishery is currently managed by
determining a long-term constant annual yield
(Constable et al., 2000). The amount was selected
to deplete the stock in 20-30 years, which is the
critical period over which the system should not be
irreversibly changed by fishing (Constable et al.,
2000) and enables different estimated parameters
to be examined for their utility in helping avoid
such an outcome.

Three trials were undertaken to examine the
effects of differences in the diet of Predator 1. The
parameters altered were the degree of selectivity
by Predator 1 of Prey 1 and of Prey 2; Diet 1 had
selectivities of 1.0 and 0.2 respectively; Diet 2 had
0.7 and 0.3; Diet 3 had 0.5 and 0.5. The same
random number sequence is retained in each trial
to facilitate direct comparisons of results.
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Biomass trajectories of predators and prey over 100 years in a simulated food

web under three different scenarios of diet in Predator 1. Predator trajectories
for three diets of Predator 1 with respective selectivity of prey species 1 and
prey species 2 being 1.0 and 0.2 for Diet 1 (solid line), 0.7 and 0.3 for Diet 2
(dashed line), and 0.5 and 0.5 for Diet 3 (dotted line). (a) Biomass of prey
species 1 (solid line) and 2 (dashed line). Prey 1 is the target species, 50 biomass
units of which are removed each year, if possible. (b) Predator 1, (c) Predator 2
with selection values of prey species 1 and 2 being 0.5 and 0.5 respectively, and
(d) Predator 3 with selection values of prey species 1 and 2 being 0.2 and 1.0
respectively (see text for details).

The time series of biomass of all species in these
trials are given in Figure 5. The time series for prey
species do not vary between trials. The fishery
depletes Prey 1 to zero after 20 years. Prey 2 is more
abundant (~3x) than Prey 1 in the absence of
fishing and then increases its mean abundance
over 10 years after the fishery begins as a result of
the reduction in its competitor. As expected, the
trajectory of Predator 3 is relatively insensitive to
the changes in the diet of Predator 1 and alters
directly in response to the changes in Prey 2. The
time series of abundances for Predator 2 appear
mostly influenced by the time series of Prey 2 with
some noticeable affects of the decline of Prey 1
when compared to the trajectory of Predator 3.
However, in the absence of knowledge on Predator 3
it could be construed that Predator 2 was unaffected
by fishing. The magnitude of abundance of
Predator 2 is directly influenced by the diet of
Predator 1, reflecting the relationship between the
degree of competition occurring between the species
and the diet composition of Predator 1. When
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Predator 1 has the same diet as Predator 2 the time
series of these two species are the same, with
Predator 1 increasing in abundance compared to
other trials and Predator 2 decreasing in abundance.
For both Predators 1 and 2, there is little difference
between Diets 1 and 2.

In this simple model, recruitment is the only
population parameter to vary each year as a result
of changes in prey abundance due to all other
parameters being equal. Thus, recruitment is used
as an index of annual production in this simulation.
Per-capita recruitment for each trial is shown in
Figure 6, and productivity for each predator
(number of new recruits) in the trial with Diet 1 for
Predator 1 is shown in Figure 7. Notably, per-capita
recruitment differs little between Predators 2 and 3
and between each trial, indicating the relative
insensitivity of this parameter in species for which
diet is mixed. The results for Predator 1 show that
Diet 2 is sufficient to sustain per-capita recruitment
until the target prey species has all but disappeared.
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Per-capita recruitment for each predator in the food web model. Lines and panels
are as for Figure 5. Panel (a) is shown for reference. The horizontal dotted lines in
(b) reflect the critical range of values for Diet 1 for Predator 1; values outside the
range are considered by CCAMLR to be anomalous years (see text for details).
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Individual productivity for each predator in the trial with Diet 1 for Predator 1, in
which the target species is the primary prey species. Panels are as for Figure 5.
Panel (a) is shown for reference. Solid lines indicate total productivity; dashed lines
indicate predator productivity arising from the consumption of fished species, P.
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Developing Operational Objectives
for Predator Production

As discussed previously, the operational objec-
tives need to focus on limit reference points for
predator production arising from the consumption
of fished species rather than overall production of
predators of fished species. An index of such
production can be developed in the following way.
For a predator, p, in a given year, y, the production
arising from the consumption of fished species,
P,, can be specified as a fraction of the overall
production of the predator, such that

F
Zdw,/Ap,/
o~ _ /:]
P}’r,‘/ - D PPu‘/
d? i 1A7 i
Z Pyt mp, (5)

il
e

!

where F is the number of species that are caught in
fisheries, i.e. fished species. Clearly, P »y would
equal zero if no species in a predator’s diet were
being caught in a fishery because all d,,; would be
zero. In practice, the assimilation efficiency, A,
would be assumed to equal 1. This would make
the denominator equal to 1 and the equation is
simply the fraction of the diet comprising fished

species, such that

r
Ppy= Zd}%}/,jp}w
j=1 (6)

The overall sensitivity of the approach to this
assumption could easily be tested in the simulation
framework, however this is not discussed here.

Figure 7 uses the results of the illustrative
model to show what part of the total production
(annual recruitment) can be attributed to fished
species, i.e. Prey 1. It can be seen for each predator
that the amount of production arising from the
consumption of fished species is proportional to
the dietary composition.

The production in the whole food web arising
from the consumption of fished species in year, y,
would be

W,=>P,,
e 7)

The summation applies to all potential predators
of tished species in the system because the number
of predators of fished species may vary from one
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year to the next, such that there may be more
predators of fished species in years when those
prey are abundant.

For the illustrative model, the production
arising from the consumption of fished species for
all predators is compared to the total production in
Figure 8. In both cases, the results are relatively
insensitive to the different diets of Predator 1,
unlike the time series of the biomass of individual
predators and per-capita recruitment.

The use of productivity as an indicator of food
web status relative to the status of the fished species
was further explored by applying the CCAMLR
approach for detecting anomalies in time series
(SC-CAMLR, 1996) but updated according to the
method of de la Mare and Constable (2000).
This method uses a randomisation procedure to
determine critical values of the estimated parameter,
which in this case are, respectively, production and
per-capita recruitment. Once determined, the critical
values prescribe a range outside of which values
have only a 5% chance of occurring and are called
anomalies if they arise. Itis considered that a series
of anomolies would require the harvesting strategy
to be altered. The critical ranges for per-capita
recruitment for Predator 1 (Figure 6b) and W
(productivity arising from the consumption of
fished species - Figure 8c) were determined based
on a 20-year observation period just prior to fishing
(alength of time consistent with existing monitoring
programs — Constable et al., 2000). These were only
estimated for Diet 1 when Predator 1 was most
dependent on the target species.

This analysis indicates equivalent results for
management procedures based on either the per-
capita recruitment of Predator 1 or W when
Predator 1 is mostly dependent on the target
species. In this case, the time series of these
parameters moves below the critical range and
becomes permanently anomalous after 10 years
and prior to the elimination of the target species.
However, a small change in the diet of Predator 1,
i.e. to Diet 2, could lead to per-capita recruitment of
Predator 1 being relatively insensitive to the effects
of fishing on Prey 1 until after the disappearance of
the target species. Most predators in the Antarctic
are not obligate feeders on krill. Consequently, the
scenario of Diet 2 may be a realistic one and raises
concerns about the utility of per-capita recruitment
as an index of food web status.

So, how might a set of reference points be
developed without simply relying on when the
state of the system may appear to be anomalous?
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Figure 8:

Productivity integrated for all predators for each of the diet scenarios

shown in Figure 5 (the same line types are used). (a) Prey biomass for
reference, (b) total production for each scenario, (c) production arising from
the consumption of fished species, W. As in Figure 6, the horizontal dotted
lines are the critical bounds for Scenario 1; values outside this range are
considered by CCAMLR to be anomalous.

Prior to exploitation or for a recognised initial
baseline period in an exploited system, the average
production in the food web arising from the
consumption of fished species would be

(8)

where Y is the number of years in the time series to
estimate the mean production with reasonable
precision.

After fishing begins, the acceptable degree
of change (limit reference point/threshold) in
production arising from the consumption of fished
species, designated as a proportion, ay, of W,
would depend on the objectives for individual
species. For a given predator, the average produc-
tion arising from the consumption of fished species
during the baseline period would be the reference
level. The limit reference points for individual
predators would be a proportion of this a,. In most
systems, production arising from the consumption
of fished species may be expected to be reduced by

the same amount in each predator, such that the
proportion for an individual predator, a,, would be
equal to aw, and be less than one. For predators that
require recovery, the proportion, 4,, will need to be
greater than 1. The actual value for each predator
will depend on the conservation requirements and
target level of recovery for that species as well as its
dependency on the fished species.

Thus, rearranging equations (7) and (8), the limit
reference point for average production arising from
the consumption of fished species and combined for
all predators during the fishing period would be

Y
2Py
quf = Z ﬂp J/Zly

P

=W,

©)

From this, the subsidiary objective for individual
predators would be to maintain average production
arising from the consumption of fished species
during the period of fishing above a threshold level
prescribed by
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Z 151’/}/

Progp =4, ’ Y (10)

This formulation of a threshold status of the
food web relative to the fished species explicitly
provides for both dependent species as well as for
the recovery of other species, which has only been
considered by CCAMLR in a general sense (de la
Mare and Constable, 1990). Importantly, it provides
an approach for monitoring changes in an ecosystem
that are directly consistent with the effect of fishing
—reduced production in predators of fished species.
Variation in the overall index, W, would be
expected to be much less than variation that might
arise in production of individual species, P,,. This
is because the importance of fished species in the
diet will vary among predators and this will vary
between years with little positive correlation
between the diets of predators. Thus, the overall
consequences of lost production from the system
will be more easily highlighted by using W,. Of
interest to managers would be whether the
production in an individual predator arising from
its consumption of fished species is undergoing a
long-term change, either through changes in the
abundance of the predator or through switching of
the diet. Both types of changes will potentially have
consequences for the food web. Thus, evaluation
of trends in P,, will be an important part of the
assessment process.

WHAT APPROACHES COULD BE
CONSIDERED FOR ACHIEVING
THE CONSERVATION OBJECTIVES?

The current approaches in CCAMLR for
achieving conservation objectives are described in
Constable et al. (2000) and include:

(i)  assessments of precautionary yield using
the predator criterion (discussed above);

(ii)  monitoring the ecosystem; and
(iii) undertaking ecosystem assessments.

To date, CCAMLR is still to develop methods
that incorporate ecosystem assessments into a
management procedure (Constable et al., 2000).

The development of any approach requires:
(i) specification of clear operational objectives,
(ii) designation of performance criteria for
evaluating management procedures and actions,
(iii) specification of alternative management
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procedures, each of which includes fishing controls,
monitoring, as well as decision rules for altering
fishing controls or monitoring, and (iv) prospective
evaluation of management procedures to determine
which satisfy the performance criteria (de la Mare,
1986b, 1996; see also Cooke, 1999; Smith et al.,
1999).

This section provides an initial framework for
developing parts of a management procedure for
fisheries based on predator information. It is
designed to be complimentary to the developments
in the precautionary approach to managing target
species discussed above. The decision rules applied
to krill in CCAMLR are similar to the types of rules
needed for predators, i.e. to establish target levels
for the central tendency of the productivity of the
food web (e.g. median at the end of a specified
management period) combined with threshold
levels indicating extreme undesirable states.

Operational Objectives

The section above articulates how an objective
(target level) can be formulated for average
production arising from the consumption of fished
species. Such an operational definition helps discern
which parameters are centrally important to
assessments of the status of the system in relation
to the fished species and how various kinds of
parameters and different predators may be given
appropriate statistical weights in the assessment
process. This overcomes the difficulty of trying
to formulate ecosystem objectives in terms of
abundance of species or other parameters, knowing
that many factors other than lost production of
fished species might influence these parameters.

Performance Criteria

Performance criteria are used to evaluate
management procedures (see de la Mare, 1996 for
detailed discussion of performance criteria). An
operational objective based on production provides
a framework for determining ecologically important
events (years) in a time series (de la Mare and
Constable, 2000) that relate directly to the impact of
fishing on the food web. W, provides a theoretical
foundation for testing the status of the system each
year and over a series of years. Thus, W, can be
used as a performance measure when prospectively
evaluating a management procedure (see below)
by determining how far W, might deviate from the
target level of W, given various harvest and other
management strategies.
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Hypothetical time series in W over 60 years. No fishing occurred in the first
20 years, over which time a baseline W series was used to estimate W, (solid
circle). W,y = 0.8 Wy, (a = 0.8 for all species) (solid diamond). The box and
whisker plots show the frequency distribution of W during that baseline
period. The box and whiskers adjacent to Wy show the relationship between
the mean and the distribution of values. This relative distribution is applied
as the expected distribution around W, during the management period. The
upper and Jower dotted lines show the critical upper and lower range limits,
Wy and W, discussed in the text for a case when the critical acceptable
frequency outside the limit is ¢ = 0.25. The dashed line refers to the interim
upper range limit, Wy, during the period when the system is adjusting to the
fishing activity. In this example, the trend for W to remain below the lower
range limit after 16 years of fishing would signal that a reduction in fishing

was required.

Figure 9 provides a hypothetical time series of
W, and how it might change after a baseline period.
In this case, the baseline period is for a period of
no fishing. Over many years of fishing, the average
state of predator production arising from the con-
sumption of fished species would be expected to
approach W,y Performance criteria usually relate
to the central tendency of the characteristics of the
management system, including the median status
as well as the variation. Critical levels are also of
interest. Such levels for ecosystems may relate to
characteristics that would be precursors to shifts
towards new stable states from which the original
system is unlikely to be restored through the
cessation of fishing alone.

A number of performance measures may
be developed in relation to these aims. The first
measure would be the deviation of the average W
during the management period following the
baseline period, W,, from Wy A second perfor-
mance measure could be the deviation of the
coefficient of variation (CV) for W, from the CV

for Wi, Given these two performance measures, a
successful management procedure could be one
that results in maintaining W, with a central
tendency around W,,and a CV similar to that for
W, (Figure 9).

Other performance measures may be developed
to determine whether the range of W, exceeds
critical limits during the management period. Such
measures could be specified in two parts, indicating
upper and lower range limits according to the
frequency distribution of values of W, relative
to the average value. The range limit could be set
according to the critical maximum acceptable
frequency, ¢, of exceeding the limit such that a
lower range limit W, could be set as

WL = Wcrit - (VVO - qu)) (11)

where W, is the value of W corresponding to the
lower percentile, [¢, of the distribution of W during
the baseline period.
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The upper range limit could be determined in
the same way such that

Wy =Wgy + (th) -Wy ) (12)

where W, is the value of W corresponding to the
upper percentile, iy, of the distribution of W
during the baseline period. In the early years of
tishing during the management period, the upper
range limit may be more appropriately set in
reference to W, rather than W, in order to detect if
the production arising from the consumption of
fished species was increasing, indicating that the
system was changing in ways not accounted for in
the baseline monitoring period prior to fishing.
Thus, an interim upper limit during the early years
could be

Win =Wy, (13)

The performance of a prospective management
procedure can be judged by comparing the
frequency at which W, exceeds the range limits
during the fished period with the expected
frequencies of I¢ and h¢. As for the decision rules
underpinning the precautionary approach to
determining krill yield described above, a second
performance criterion would be concerned with
the expected median of W at the end of the
management period.

Decision Rules

Decision rules need to identify how assessments
will signal when action may be required to alter
harvest strategies in order to restore production to
predators or to avoid unacceptable consequences
to the food web. Similarly, the decision rules can
be structured to increase harvesting if predator
production appears able to accommodate it.

Given the approach using productivity, decision
rules could be formulated in a similar way to the
performance measures described above, however
they would take into account the limitations of and
errors arising from a field monitoring program and
the assessment process. The success of using the
formulation of W is dependent on the robustness of
the estimates of production, which is governed by
the ability to estimate some of the key parameters
in the formulae. If W is found to be robust, then
this may be the avenue for providing a feedback
management procedure for predators without
depending on complex predictive models. Such
feedbacks might facilitate updating models used in
assessments and/or the characterisation of the
ecosystem.
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An important task is to determine if overall
production can be approximated using basic
parameters such as predator density over a relatively
large scale, interannual variation in the average
biomass of individuals and recruitment density.
For example, it may be possible to monitor a few
colonies for only a limited time during the year and
estimate production coarsely by summarising
equation (2) to the form

PM - R}/BOJ/ + ZN"/,‘/<B"/}/ - BM/~1) (14)

a>0

and inserting this into the system of equations to
determine W. Also, it may be necessary to monitor
the average mass of individuals at key times.

In addition, some predators may not be able to
be sampled for logistic, ethical or other reasons.
Thus, the utility of decision rules based on W for
use in a management procedure will need to 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 a subset of predators
of fished species.

CONCLUDING REMARKS

Some approaches to ecosystem management
require detailed and complex information. A
simpler approach may be one that is based on
predators that are eating primarily fished species.
Once the relative importance of predators is known,
the accumulation of recruiting biomass, the change
in average mass of an individual adult and the
proportion of fished species in the diet may be all
that is required from year to year. The approach
proposed here takes account of uncertainties in
knowledge of the structure of ecosystems. Pand W
potentially provide useful indicators for manage-
ment purposes because they integrate across a
range of ‘ecosystem’ effects and, as formulated
here, can also be related directly to the effects of
fishing. These features are currently unavailable in
ecosystem approaches to managing fisheries,
which do not weight input data for assessments,
such as per-capita breeding success, according to
the relative influence of fished species on those
estimates.

An important issue to be examined in developing
this approach is whether a management procedure
can be developed that is sufficiently robust to the
sampling errors and limitations of a field monitoring



program required to estimate the parameters.
Some predators will not be able to be monitored
for logistic, ethical or other reasons and some
parameters may not be easy to estimate. These
aspects of the monitoring program will need to
be evaluated prior to the implementation of a
management procedure based on this approach.
Simulation modelling to prospectively evaluate the
utility of different management approaches need
not be complex, at least in the first instance, such as
the mode] presented here and models developed
elsewhere to address marine fisheries issues (e.g.
Mangel, 2000; MRAG Americas, 2000).

The management approach presented here can
be generalised for existing fisheries as well as new
fisheries because it simply requires a baseline
monitoring period and the establishment of limit
reference points relative to the baseline, which can
take account of the need for the recovery of species
as well as for reduction in production of some
species. A satisfactory length of baseline period will
need to be determined as part of the evaluation of
the robustness of the management procedure.

An important feature of this approach is that it
could help determine if the removal of fished
species causes predicted changes in productivity of
the predators of those species and how such
changes translate to changes in the nature of the
food web, both for the abundance of individual
predators as well as changes in the diet of those
predators. Consideration will need to be given as
to how such changes may be unambiguously
interpreted. For example, an experimental design
with open and closed fishing areas may be useful
in this context (Constable, 1991).

Lastly, a key goal of managing fisheries is to
maintain ecological relationships. In that context,
the elaboration of the approach proposed here will
help focus attention on determining the minimum
level of production that needs to arise from the
consumption of fished species in order to provide
relative stability in or maintenance of the food web.
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Tableau 1:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7

Figure 8:

Liste des tableaux

Valeurs paramétriques utilisées dans le modele illustrant le réseau trophique décrit dans le texte et dont
la formulation est donnée en appendice.

Liste des figures

Diagramme schématique de la relation primaire du réseau trophique entre une espece exploitée et
d’autres especes clés du systéme (traits pleins et symboles en caracteéres droits). Les effets de la péche sur
cet écosysteme sont indiqués par des tirets et des symboles en italique. Les fleches indiquent la direction
de ceteffet. Le type d'effet est indiqué par des lettres : C- indique un effet compétitif négatif sur ’espece
vers laquelle pointe la fleche, P- indique un effet de prédation négatif, +? indique un effet positif
potentiel de la péche sur un compétiteur inférieur de 'espéce exploitée, TC+? indique un effet positif
potentiel provenant d’une cascade trophique apparente causée par la péche et RC- indique une
compétition potentielle entre la péche et les prédateurs pour la ressource. (Selon le schéma de
Fairweather, 1990 sur les interactions biologiques.)

Structure du réseau trophique autour de I'ile de Géorgie du Sud, dans I'océan Atlantique, avec les
pécheries de krill, de légine australe et de poisson des glaces. Les cases gris foncé représentent les
especes exploitées, les cases gris clair représentent les prédateurs des espéces péchées et les cases
blanches, les autres types de proies, notamment les espéces de poissons mésopélagiques (mesopel.) et
bathypélagiques (bathypel.) ainsi que le zooplancton (zoopl.) (dérivé de Constable et al., 2000).

Diagramme schématique indiquant les liens potentiels entre les secteurs d’alimentation de divers
prédateurs et la dynamique de la population exploitée, notamment I'immigration des especes exploitées
(1), 'émigration (E), la mortalité naturelle (M), la mortalité par péche (F) et la production (P) qui
comprend le recrutement et la croissance des individus. L’indice inférieur indique la zone a laquelle
correspond le taux.

Réseau trophique de 'est de la mer de Bering indiquant les interactions primaires des espéces exploitées
et d’autres mammiféres et oiseaux marins (selon les données et les groupes taxonomiques de Trites et al.,
1999). Les taxons exploités sont indiqués par des cases gris foncé (O. dem. = autres espéces démersales).
Les prédateurs de ces taxons figurent dans les cases gris clair. Les autres taxons sont donnés dans les
cases blanches (herb. = herbivore, zoopl. = zooplancton, juv. = juvénile). Les fleches donnent la direction
des proies vers les prédateurs. Les traits pleins indiquent la prédation sur les espéces exploitées, les
pointillés, la prédation sur des especes non exploitées. Les traits épais indiquent les cas dans lesquels les
proies constituent au moins 50% du régime alimentaire, les traits fins, 20 4 50%. Les interactions dans
lesquelles les proies constituent moins de 20% du régime alimentaire ne sont pas illustrées.

Trajectoires de la biomasse des prédateurs et des proies sur 100 ans, dans un réseau trophique simulé
pour trois cas différents de régime alimentaire du prédateur 1. Trajectoires du prédateur 1 pour trois
régimes alimentaires différents avec une sélectivité respective des espéces de proie T et2de 1,0 et0,2
pour le régime 1 (trait plein), de 0,7 et 0,3 pour le régime 2 (tirets) et de 0,5 et 0,5 pour le régime 3
(pointillés). a) Biomasse des especes de proies 1 (trait plein) et 2 (tirets). La proie 1 est1'espece cible dont
50 unités de biomasse sont prélevées chaque année si possible. b) Prédateur 1, ¢) Prédateur 2 lorsque les
valeurs de sélection des espéces de proies 1 et 2 sont respectivement de 0,5 et 0,5, et d) Prédateur 3
lorsque les valeurs de sélection des espéces de proies 1 et 2 sont respectivement de 0,2 et 1,0 (se reporter
au texte pour plus de détail).

Recrutement par téte pour chaque prédateur du modéle du réseau trophique. Les traits et les cases sont
les mémes que ceux de la figure 5. La case a) est donnée a titre de référence. Les lignes horizontales en
pointillés de la case b) refletent I'intervalle critique des valeurs pour le régime alimentaire du prédateur
1; les valeurs extérieures a cet intervalle sont considérées par la CCAMLR comme des années anormales
(se reporter au texte pour plus de détail).

Productivité individuelle de chacun des prédateurs de 'expérience réalisée avec le régime alimentaire 1
pour le prédateur 1, dans laquelle I'espece cible est la premiére espéce de proie. Les cases sont les mémes
que celles de la figure 5. La case a) est donnée a titre de référence. Les traits pleins indiquent la
productivité totale, les tirets, la productivité des prédateurs due a la consommation de l'espéce exploitée P.

Productivité intégrée de tous les prédateurs pour chacun des cas de régime alimentaire donné 4 la figure 5
(les traits utilisés sont de méme format qu’auparavant). a) Biomasse des proies pour référence,
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b) production totale pour chaque cas, c) production due a la consommation de 1'espéce exploitée W.
Comme sur la figure 6, les lignes horizontales en pointillés sont les limites critiques du cas 1. Les valeurs
situées en dehors de cet intervalle sont considérées par la CCAMLR comme anormales.

Série chronologique hypothétique en W sur 60 ans. Aucune péche n’a eu lieu les 20 premiéres années,
sur lesquelles une série de base W a servi a estimer W, (cercle plein). W,r=0,8 Wy, (a = 0,8 pour toutes les
espeéces) (losange plein). La boite a moustaches indique la distribution des fréquences de W pendant
cette période de base. La boite a moustaches adjacente & W, indique la relation entre la moyenne et la
distribution de valeurs. Cette distribution relative est appliquée en tant que distribution prévue autour
de W,y pendant la période gérée. La ligne supérieure et la ligne inférieure en pointillés indiquent les
limites critiques supérieure et inférieure, Wy et W, discutées dans le texte au sujet d’un cas dans lequel
la fréquence critique acceptable en dehors de la limite est ¢ = 0,25. La ligne en tirets se référe a la limite
supérieure provisoire de l'intervalle, Wy, , lors de la période ot1 le systeme est en cours d’ajustement a
I'activité de péche. Dans cet exemple, la tendance de W a rester en dessous de la limite inférieure de
l'intervalle aprés 16 ans de péche indiquerait la nécessité de réduire la péche.

Cnucok Tadamn

3HaveHdsT MapaMeTpPOB, HCMOJIb3YEMBbIe B OMUCHIBAEMON B TEKCTE HJIJFOCTPATHBHOH MOIESH
Tpodiueckoi ermu, (GopMyTMPOBKA KOTOPOI JaHa B PUIIOKEHHH.

Crincox pucyHKOB

CxeMaTHuecKas quarpaMma, [oKa3bIBaloLiast OCHOBHBIE TPOMHUECKHE CBS3H MEXK Y IPOMBICIOBLIM
BHOOM M JPYTHMH KJIHOUEBBIMH BUIAMH B CHCTeMe (CIJIOIIHBIE JHHHA U OyKBbI). [IyHKTUpHBIME
JIHHUSIMH H KYPCHBOM OOO03HAUEHO BJIMSIHME HPOMBICTIA Ha dKocucreMy. CrpesikaMu 0003HAYEHO
HanpasJienie Biaustaus. Tun Bo3peiictus: C- - OTpHUATE /IBHOE BO3CHCTBHE KOHKYPEHLIMH HA BUJ, HA
KOTOpbIii HANpaBJieHa CTPeJIKa, P- - oTpuiiaTeibHOE BO3ACHCTBHE «XHILHMKA®, +7 — MOTEHLUAJIBHO
TIOJIOKHTETBHOE BO3EHCTBIE MPOMBICTIA Ha KOHKYPUPYIOUINH BHIT, BTOPOCTENECHHBIH HO OTHOLICHHIO
K OPOMBICTIOBOMY Buay, TC+? - NOTEHUMASILHO MOJIOKHTEJIBHOC BO3ACHCTBHE, CBSI3aHHOE ¢
TpohuUecKUM KacKamoMm npombica u RC- - noTeHunasibHast KOHKYPEHLMSE MEX Y HPOMBICIIOM 1l
XHIHEKaMl 3a pecypchl. (B COOTBETCTBHM €O CXeMaMM OHOJIOTHYECKOTO B3auMONCHCTBUS B
Fairweather, 1990).

Crpykrypa Tpocdhudeckoii enu B paiione HOxHo# I'eoprun (AT/1aHTHYECK I OKeaH), BKJIIOUAromas
IPOMBICTIBI  KPUJIS, [ATAMOHCKOrO KJIbKaua W JiemsHoll pbiObl. TeMHO-cepbie KBajaparuku -
IPOMBICJIOBBIE BH/IbI; CBETJIO-CEPHIE KBAAPATHKHN — NUTAKOLUUECS IPOMBICJIOBBIMU BUAAMU XUIHUKH;
Oesble KBagpaTHKW - Apyrue noTpebJigeMble BUBL, BKJIHOUYAs me3onesarnueckue (mesopel.) u
Garunenarnveckne (bathypel.) Bumsl peid u 30omnankToHa (zoopl.) (M3 Constable et al., 2000).

CxemaTnueckasi quarpamMma, NoKa3biBarollas NOTEHIMabHBIEC CBS3H MEXKY apeaslaMu JOOBIBaHM
MAINA  XULIHHKOB M OUHAMHUKOI MPOMBICJIOBOH NOMYJISILMH, YUMTBIBAIOWAS HMMUTPALUIO
npomeicaoBoro Bupa (I), amurpaunto (E), ecrecTBeHHYIO CMePTHOCTH (M), NPOMBICIOBYIO
cmeprocts (F) m mpomgykumro (P), BKJTIOUAMOLIYHO MOMOJIHEHHE U POCT OTAENBHBIX 0codeil.
TMoacTpounbiME HHOEKCAMH NOKa3aHbl KO3 MHUMEHTDI 1718 KOHKPETHBIX PAiOHOB.

Tpoduueckas Lenb BOCTOUHOH yacTH bepuHroBa Mopsi, MOKa3bIBaOILAsT OCHOBHBIE B3aUMOICHCTBU
C NPOMBICJIOBBIMH BHOAMH, MOPCKHMH MJIEKONHTAIOIIMMH M NOTHUAMH (Ha OCHOBE NAHHBIX U
takcoHomuueckux rpynn u3 Trites et al.,, 1999). Temuo-ceppiMu KBagpaTHKamu OOO3HAUEHBI
fpombicioBbie Takcorbl (O. dem. = npyrue aemepcasbHble BuAbl). CBETJI0-CEPBIMH KBaAPATHKAMH
0003HAUEHBl TUTAOLUECS MPOMBICJOBBIMM TaKCOHAMM XHIUHUKU. besibiMu  KBaapaTHKaMH
obo3HaueHbl Apyrue Takcons! (herb. = pacturepHOSIAHbIE, ZOOPLl. = 300MJIAHKTOH, jUV. = MOJIOAD).
CrpesikamMn  obo3HaueHO mnoTpebsieHne BuAOB XxuuHukamu. CIJIOMIHBIE JIHHHE TOKa3bIBAKOT
norpedJieHre IIPOMBICJIOBBIX BHIOB, A MYHKTHPHEBIE JIMHHH — TOTpeOsieHHe HeMPOMBICIOBBIX BHIOB.
bonee xupHBIMU JHHUSIMUH OO0O3HAUEHbI CAAy4al, KOraa noTpedseMble BULb! COCTABJSIIOT MHHUMYM
50% pannona, 6osee TOHKUMHU — Korja notpedsseMblie BUIAbl coCTaBastiOT OT 20% 1o 50% paiuona.
He yxasanbl cjIydan, KOraa noTpedasieMble BHIIbE COCTAaBAAIOT MeHee 20% pannona.

TpaexTopun GHOMACCHI XUUIHUKOB H TOTPeOJIsieMbIX BUAOB Ha npoTskenuu 100 jieT B COOTBETCTBHH
¢ MOJIeJIb0 TpOPHUECKOH Lenu, omuchbiBarowieil 3 sapuanTa panpona Xuiuauka 1. Tpaekropun asis
TpeX pauHOHOB XNUIHKKA |; CEJIEKTHBHOCTDL B OTHOLUEHMH MOTPeO/IIEeMbBIX BUIOB 1 M 2 cocTaBiisieT
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Puc. 6:

Puc. 7:

Puc. 8:

Tabla 1:

Figura 1:

Figura 2:
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coorsercTBenno 1.0 u 0.2 gnsa Panuouna 1 (cnownast aunust), 0.7 u 0.3 gng Pamuowna 2 (A/inHHBIH
nyHKTHP), 1 0.5 1 0.5 psia Panuona 3 (myHkTHpHas suHus). (a) buomacca norpedrisieMbpIX BUAORB |
(crutoriHast sunng) H 2 (qummeHEBIH myHxkTHp). [loTpednsemblii Bug | - o0bekT s0Ba, 50 epunui
OGroMacchl KOTOPOro U3biMaeTcsd Kax ablii roa (no BozmoxHocTH). (b) Xuwnuk 1, (¢) XumHuk 2, ¢
CeJIEKTHBHOCTBIO B OTHOLIEHHH TOTpedasteMbIX BHOOB 1 1 2 coorsercTBeHHO 0.5 1 0.5, u (d) Xumnuk 3,
C CEJIEKTHBHOCTBIO B OTHOLUEHUM MOTpebJisseMbiXx BuoB | u 2 coorBerctBenHo 0.2 u 1.0 (6osee
MoaApOOHO CM. TEKCT).

TMonoJsiHeHue Ha 0coOb JJ11 KaXK I0ro XULIHHKA B Moae il Tpoduyeck ol uenu. JIMHUN 1 cCeKIuH KaK Ha
puc. 5. Cekuus (a) moxkazana aJst cpaBHeHus. [ OpU30HTA/IbHBIE MYHKTHPHBIC JIMHUH B (b) OTpaxaior
KPHTHYCCK U quana3oH 3Havyennii 01 Paupona 1 Xuwinuka 1; 3Ha9eHUs] BHE JUANa30HA CUHTAIOTCS
AHTKOMowm aHoMallbHbIMH ToaME (00s1e€ TIOAPOOHO CM. TEKCT).

[TpoayKTHBHOCTE KaXJoro XuiIHMKa B BapuaHTe (Paumon | Xumnauxa 1), rae obbekT JioBa -
ocroBHOH moTpebJsisieMbiii BuA. Cexuun Kak Ha puc. 5. Cekuys (a) mokaszaHa il cpaBHEHHsI.
CIJIOIHBIME — JIHHNSIME  0003HaueHa oOIast MPOOYKTHBHOCTB, [JIMHHBIM  MNYHKTHPOM -~
IIPOAYK THUBHOCTD XUILHHKOB, CBSA3AHHAS C NOTPEOJIEHHEM NIPOMBIC/IOBBIX BHIIOR, P.

ITpoAyKTUBHOCTb, WHTErPUPOBAHHAS 1O BCEM XMIUIHHKAM [AJd KaXOOrO BapHaHTa paLyoHa,
MOKAa3aHHOIO Ha pHC. 5 (MCMOJIB3YOTCS TE XK€ TUMbI JuHuil). (a) buomacca norpedsiseMoro Buaa — 4715
napopmanuy, (b) olduias npoayKuusi TO KaXAOMY BapHaHTy, (C) NPOAYKUMsI, CBS3aHHAd C
notpeGicHHeM OPOMBICIIOBBIX BHOOB, W. ak Ha puc. 6, FOPU3OHTANIbHBIC MYHKTHPHBIC JIHHHUM —
KPHTHUECKU [Ouama3oH U1t BapuanTa [; 3HaueHust BHe amanasoHa cuuraiorcs AHTKOMowm
aHOMAaJIbHbIMH.

lunoretnyeckuii BpeMennoi psig W Ha nporsaxenun 60 Jiet. B nepeble 20 neT npOMEBICIIa HE BEJIOCH;
st oueHkH W, 3a 3T0T nepron (3aKpalieHHbl KPYXKOK) ucnonb3osasics Sazucuoiii pssg W. W, =
0.8 Wy (a = 0.8 ana Bcex BUAOB) (3aKpalleHHbIl poM0). «SIHK ¢ ycaMu» NMOKA3bIBAET YaCTOTHOE
pacnpeaesieane W B TedeHue 3TOro 0a3UCHOro nepuopa. «SumK ¢ ycamu» npuMbIKarommii K W,
FOKA3bIBAET 3aBHCUMOCTH MEXIY CPEOHUM M pachHpeAesIeHHeM 3HaueHHi. DTO OTHOCHTEIbHOE
pacrnpeneJieHHe NMPUMEHSIETCS B KauecTBE OXHOaeMOro pacnpepesienns W,, Bo Bpems mepuoja
yrpasJieHust. Bepxuie i HHXXHue TyHKTHPHBIE JIMHUN NOKa3BIBAOT KPATHYCCKHE BEPXHHE U HUXKHIE
rpaHuuel guanaszona, Wy n W, oOcyxpnaBuiiecss B TEKCTe Al CJydasi, KOrOa KPHTHYECKas
npueMJieMasl 9acToTa BHe rpaHull cocTapsfeT ¢ = 0.25. JJauHHLIA NDHHKTHD - NPOMEXKYTOYHas
BEPXHs4 MPaHULA AHana3oHa, Wy, B TeueHne NepHosa, KOra CUCTeMa aJaTHPYETCs K IPOMBICJIOBOI
negTesibHOCTH. B ganHOM npumepe, ecsu W ocraercss HHXKe HIDKHE I'paHHIBI OAHAna30Ha Mocse
16 Aer MpoMbICca, TO ITO O3HAYAET, YTO HEOOXOAUMO COKPATHTH TPOMBICEJI.

Lista de las tablas

Valores de los parametros utilizados en la ilustracion del sistema trofico descrito en el texto y cuya
formulacién figura en el apéndice.

Lista de las figuras

Diagrama esquematico que muestra las relaciones primarias del sistema tréfico entre las especies
explotadas y otras especies clave del sistema (lineas continuas y letras rectas). Los efectos de la pesqueria
en este ecosistema se muestran con lineas discontinuas y letra cursiva. Las flechas indican la direccién
del efecto o la especie afectada, mientras que las letras indican el tipo de efecto: C- indica una
competencia que afecta negativamente a la especie apuntada por la flecha, P- muestra el efecto negativo
producido por el depredador, +7 muestra una posible ventaja producida por la pesqueria para un
competidor menor de la especie explotada, TC+? representa una posible ventaja del impacto ecolégico
en cascada sobre la cadena tréfica de la pesqueria y RC- representa la competencia que podria surgir
entre la pesqueria y los depredadores. (De acuerdo con el esquema de Fairweather sobre interacciones
biolégicas, 1990).

Estructura del sistema tréfico alrededor de Georgia del Sur en el océano Atlantico, incluidas las
pesquerias de kril, bacalao de profundidad y draco rayado. Los recuadros con sombreado oscuro
representan las especies explotadas, los con sombreado ligero a los depredadores de las especies
explotadas y los sin sombreado alguno a otro tipo de especies presa, incluidos los peces mesopeldgicos
(mesopel) y batipelagicos (bathypel.) y el zooplancton (zoopl.) (de Constable et al., 2000).
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Diagrama esquemaético de la posible relacion entre las distintas zonas de alimentacién para los
depredadores y la dindmica de la poblacién explotada, incluida la inmigracién de la especie explotada
(), su emigracion (E), mortalidad natural (M), mortalidad por pesca (F) y productividad (P), que incluye
el reclutamiento y crecimiento de los ejemplares. Los subindices indican las tasas especificas de cada

zona.

Sistema tréfico en el sector este del mar de Bering que muestra las interacciones primarias con las
especies explotadas y otras aves y mamiferos marinos (basados en los datos y grupos taxonémicos de
Trites et al., 1999). Los grupos taxonomicos de las especies explotadas estan representados por
recuadros con sombreado oscuro (O. dem. = otras especies demersales). Los depredadores de los grupos
taxonoémicos explotados estan representados por los recuadros con sombreado ligero. Otros grupos
taxonomicos estan representados por los recuadros sin sombreado alguno (herb. = herbivoros, zoopl. =
zooplancton, juv. = juvenil). La direccidn de las flechas va desde la presa hacia el depredador. Las lineas
continuas indican la depredacién sufrida por las especies explotadas, las lineas discontinuas indican la
depredacién sufrida por las especies que no son objeto de explotacion comercial. Las lineas méas gruesas
muestran cuando la presa representa por lo menos el 50% de los componentes de la dieta, las lineas més
finas muestran cuando la presa representa por lo menos un 20% pero menos del 50% de la dieta total.
No se muestran las interacciones cuando la presa forma menos del 20% de la dieta.

Trayectorias de la biomasa de los depredadores y de las presas en un periodo superior a 100 afios en un
sistema tréfico simulado bajo tres hipotesis distintas sobre la dieta del depredador 1. Trayectorias para
el depredador 1 para tres tipos de dieta distintos con su correspondiente selectividad de especies presa
1y 2, siendoigual a 1,0y 0,2 para la dieta 1 (linea continua), 0,7 y 0,3 para la dieta 2 (linea discontinua),
y 0,5y 0,5 para la dieta 3 (linea punteada). (a) Biomasa de las especies presa 1 (linea continua) y 2 (linea
discontinua). La presa 1 es la especie objetivo, de las cuales se extraen 50 unidades de biomasa cada afo,
de ser posible. (b) Depredador 1, (c) Depredador 2 con valores seleccionados de las especies presa 1y 2
en e} orden de 0,5 y 0,5 respectivamente y (d) Depredador 3 con valores seleccionados de las especies
presaly2en el orden de 0,2 y 1,0 respectivamente (ver texto).

Reclutamiento per capita para cada depredador del modelo de la cadena tréfica. Los cuadros y las lineas
corresponden a los de la figura 5. El cuadro (a) figura como referencia. Las lineas punteadas
horizontales en (b) muestran el margen de valores criticos de la dieta 1 para el depredador 1; los valores
fuera del intervalo han sido considerados como afios anémalos por la CCRVMA (ver texto).

La productividad individual de cada depredador 1 en el experimento con una dieta 1, en que la especie
objetivo es la especie presa principal. Los cuadros corresponden a los de la figura 5. El cuadro (a) figura
como referencia. Las lineas continuas muestran la productividad total; las lineas discontinuas muestran
la productividad del depredador a raiz del consumo de las especies explotadas, P.

Productividad integrada de todos los depredadores para cada una de las dietas supuestas mostradas en
la figura 5 (se utilizan los mismos tipos de lineas). El cuadro (a) muestra la biomasa de la presa como
referencia, (b) produccion total para cada caso, (¢) produccién originada por el consumo de las especies
explotadas, W. Igual que para la figura 6, las lineas punteadas horizontales representan los limites
criticos para el caso 1; los valores fuera del intervalo han sido considerados como afios anémalos por la

CCRVMA.

Serie cronoldgica de W supuesta para un periodo de 60 afios. No hubo pesca en los primeros 20 afios,
periodo donde se utilizé una serie cronolégica de W como linea base para estimar Wy (e). W.s= 08 W,
(a = 0,8 para todas las especies) (#). El diagrama cajas y bigotes muestra la distribucién de la frecuencia
de W durante el perfodo de la linea base. Las cajas y bigotes adyacentes a Wy muestran la relacion entre
el promedio y la dispersion de los valores. Esta distribucién de frecuencia relativa se aplica como la
distribuciéon prevista en torno a W,y durante el periodo de ordenacién. La linea punteada superior e
inferior muestran el limite superior e inferior criticos del rango para Wyy W, considerado en el texto
para un caso cuando la frecuencia critica aceptable fuera del limite es ¢ = 0,25. La linea discontinua se
refiere al limite superior provisional del rango, Wy, durante el periodo cuando el sistema se esta
ajustando a la actividad de la pesqueria. En este ejemplo la tendencia de W de permanecer por debajo
del limite inferior del intervalo después de 16 afios de pesca es indicativa de la necesidad de disminuir
el nivel de pesca.

61




Constable

APPENDIX
A FOOD WEB MODEL

The model presented here is a predator-prey—fisheries model where the system is driven by the biomass of prey
species. It is based on the approach described in MRAG Americas (2000). Each prey species is governed by a simple
model of primary production with variations in the biomass of prey species caused by a mortality rate (natural and
fishing mortality) and stochastic variation in available primary production. Each of these parameters can be varied
over time but are not influenced by the abundance of predators.

The fishery is modelled using a constant annual catch, similar to the approach used by CCAMLR.

Each of the predators is modelled as an age-structured population with a constant rate of natural mortality.
Variation in the abundance of predators is predominantly governed by variation in recruitment. Per-capita
recruitment is influenced by the annual carrying capacity determined by the abundance of prey and moderated by the
degree of competition with other predators. Competition is determined by the abundance of other predators weighted
by the reliance on the same prey. The relationship between predators and prey is determined by relative effects rather
than absolute values of parameters defining the interaction, i.e. consumption and conversion into predator biomass.
Biomass of predators is monitored by using weight-at-age models.

Prey Dynamics

The change in biomass is given by a density-dependent model, in which the biomass of the subject prey species and
other competing prey species will influence the per-biomass recruitment to the population. The biomass, Bs,,, of a prey
species, s, at the beginning of a given year, y, is given by

Bssly"]e_M"_F"””‘ +R; (A1)

Bs Y

sy

where M, is the natural mortality rate, F; . is the fishing mortality rate of the previous year required to yield the
prescribed catch, and R, is the recruitment biomass of the species in that year. Recruitment is determined by

RBsg y-1Esy-1 - Esy1>0

R, =
Yo ; Eqy1 <0 (A2)

where R, is the maximum per-biomass recruitment rate, and E,,; is the density-dependent adjustment of the
recruitment rate according to the status of the production environment and the magnitude of the prey populations
relative to that status. This is estimated by

ns

z CS,S’BSS',}/—I

Eg,q=1-%
v Kss,_l/—l (A3)

where ¢, is the competition coefficients for each prey species and Ks.,.; is equivalent to the carrying capacity for the

prey species in the given year.

The competition coefficients are used to weight the biomass of all prey species to determine the density-dependent
adjustment to the per-biomass recruitment, e.g. the subject prey species, s = s’, would have ¢y = 1. Other species will

vary from 0 to 1.

The state of the environment (carrying capacity) for the prey species, Ks,,.;, varies each year. Its state is drawn at
random from a lognormal distribution based on a specified mean, Ks.and variance, 6%, such that
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Oks

s

2 (A4)

Ksg,y1= Ksg.exp| n~

where 1 is drawn randomly from N (0 6% ) , which is a normal distribution with zero mean and variance %, .

In this case, the carrying capacity of the different prey species varies independently of one another.

The Fishery

The fishing mortality of a target species in a given year, F;,4, depends on the population size of the target species
and the magnitude of the constant annual yield, Y,. This is solved using Newton’s method and the following function

- Fs o ~(M,+F,
Y $,y=1 Bs,l/—l(l_e (M~+ »}/—»1))

o Ms +Fs,]/‘l (A5)

If the stock is too small to support the catch level, then the value of F is constrained to 5 year.

Predator Model

Each predator, p, is characterised by fully age-structured models with a plus class. In each year, the numbers, N,,,,,
atage, a, are advanced one year and discounted by natural mortality, M,,, which is unrelated to the abundance of prey,
such that

M, .
Np/n—le e ’ A< Apys
Np/a =

My, -
(Np,n—]"'Np,n)e e = s (A6)

Recruitment of age 0 individuals to the predator population is density dependent, such that the maximum per-
capita reproduction of individuals, r,, is moderated by the biomass of each of the predators, Bp,, (number at age by
weight at age, w,,), statistically weighted by the competition coefficients, C, ,, for each predator as described above for
prey, and related to the abundance of prey available to the predator. The latter term is governed by the abundance of
prey weighted by the selectivity, ps,., of that prey by the predator. This can also be adjusted by food value, pv,,, if
required. The degree of density dependence can be adjusted using the term, A,. For example, a value typically used
for marine mammals is 2.4 (MRAG Americas, 2000).

The final recruitment is influenced by the natural mortality of new recruits in that first year, M, ; and the number of
mature adults in the population.

Thus,
M aplzzs
N, o= "pe - sz,aEpp ’ EPp >0
P, - A= yature
0 ; Ep, <0 (A7)
where
P A/’
Z]CW’BPP’
- 17 =
E}, =1- T
pp

(A8)
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aplns
Bpy = 2Ny a
a=1
and
1S
Kpp,y = 2. Pp,sP0p,5Bss,y
s=1
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