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

La gestion des p@ches visant des objectifs ecologiques n'en est encore qu'8 ses 
balbutiements. La m4thode generale proposke cherche 2 maintenir les relations 
6cologiques et 5 permettre la recup6ration des populations 6puisees dans les reseaux 
trophiques qui soutiennent les pscheries. Le present document aborde diverses questions 
g6n6rales applicables 5 l'approche de la gestion des p&hes tenant compte de l'&osysti.~ne : 
i )  comment la psche risque-t-elle d'affecter un 6cosysteme par accident ? ii) quels 
devraient Otre les objectifs d e  conservation des predateurs dlespi.ces exploitees ? et 
iii) quelles approches pourrait-on envisager pour atteindre les objectifs de conservation ? 
L'approche proposke ici tient compte des incertitudes entourant notre connaissance d e  la 
structure des 6cosysti.mes. L'estiination de la production des predateurs r6sultant d e  la 
consommation dfesp&ces exploitees (faisant partie des indices P et W proposes) pourrait 
fournir des indicateurs utiles pour la gestion d u  fait qu'ils portent sur tout u n  intervalle 
d'effets lies a 1'i.cosysti.me et,  comlne cela est mentionnk dans le present document ,  
peuvent @tre mis en  relation directe avec les ef fets  de la p@che. Ces caracteristiques ne font 
pas encore partie des approches de la gestion des p@ches tenant compte de  1'6cosyst6me 
qui n'etalonnent pas les donnees d'entree des evaluations, telles que le succi.s d e  la 
reproduction par tOte, e n  fonction de  l'influence relative des esp&ces exploitees sur ces 
estimations. Le document dPcrit la marche 2 suivre pour mettre e n  place des procedures 
de gestion reposant sur ces indices. 

Ynpaene~ne n p o M b r c n o M ,  H a n p a e n e H H o e  Ha a o c T H r n e H I * e  ~ K O C M C T ~ M H ~ I X  qeneii, 
H a x o A r r T c a  B c a ~ o i i  paaaeii cTancrpi  pa3nrn~~rx. npennarae~cx 06qwii nonxon Anx 
nOnnep>r<aHHR 3KOJlOrMYeCKI.lX ~ ~ 5 1 7 e f i  H BOCCTaHOBneHkix  H C T O q e H H b I X  ~ o I I Y ~ R Q M ~ ~  B 

nO)JBepraFOWI.lXCR n p O M b I C J I y  T ~ O @ M ~ Y ~ C K M X  U e n Z X .  B C T a T b e  P a C C M a T p H B a W T C X  

C J l e n y W I Q H e  BOnpOCbI  n p H M e H e H H x  ,-tKOCI*CTeMHOrO n O n X O n a  K Y n p a B n e H E f E O  

n p 0 M b I C n O M :  (i) K a K O e  n 0 6 0 ~ ~ 0 e  B O ~ A ~ ~ C T B M ~  I I p O M h I C e n  OKaF3blBaeT  Ha 3 K O C H C T e M Y ,  

(ii) KaKHMH Q O n X H b I  6 b 1 ~ b  n P C f P O A O O X p a H H b l e  q e n l l  nkiTaKIWHXCsl n p 0 M b I C n O B b I M H  

BciAaM1.1 x ~ q a ~ t i o e  ~i (iii) K a m e  noAxonbI n o s ~ o n x ~  D O C T M Y ~  ~ T H X  ueneii? 
n p e f l n a r a e ~ b l f i  n O A X 0 n  Y Y H T b I B a e T  HeOnpe f leJ IeHHOCTb 7 ~ a ~ ~ l f i  0 C T p y K T y p e  3KOCHCTeMbl .  



O ~ ~ H K H  nponyKuIrrf xlrLqHcteoe, c s s ~ x i ~ ~ o i i  c n o ~ p e 6 n e ~ m e ~  npoMbIcnonbrx nrrnon 11 

onric~inae~ofi npennaraeMbrMIi IrHneKcaMm P m W, broryr cnyxrrn nonel~bi~r i  
1lH~I4KaT~paMI1 npl1 YnpaBneHKki, T . K .  OHH IiHTeTpIIpylOT ~llanB'30H 3KOCIICTeMHbIX 
~ @ @ ~ K T O B  II, KaK npeAnOn2lr2leTCZ, MorYT 6b1~1-r HenOCpenCTBeHHO CBR3BHb1 C 

l303flefic~B~eM ITpOMblCna. B HaCToRlUee BpeMR 3 T 0  He IIpMMeH5IeTCR B 3KOCIICTeMHbIX 
Il0,QXOAaX K YnpaBJIeHHw npOMbICnOM, KOTOpbIe npm OueHKaX He B7BeLUIiBaKlT BXonHble 
naHHbIe (~anplf~ep,  penpofly1i~IiB~blfi YCneX Ha 0~066) B 3aBHCllMoCTII OT 

OTHOCMTeJIbHOI'O BJIIIRHIIR nPOMblCJlOBblX UMAOB Ha 3TM OUeHKII. B CTaTbe O~liCbIBalOTCSI 
LUarr?, Me06~0~Ii~ble Anzl YCTaHoBJIeHIiR OCHOBaHHblX Ha 3TI IX IiHneKCaX IIpOUeQyp 
ynpaBneem. 

Resumen 

La ordenaci6n de pesquerias enfocada la conservaci6n de  sistemas ecologicos est6 en  sus 
albores. Se propone u11 enfoque general para inantener las relaciones ecologicas y ayudar 
e n  la recuperacion de las poblaciones mermadas del sisteina tr6fico que sustenta a la 
pesqueria. Este trabajo se refiere a las siguientes cuestiones generales relativas a la 
aplicacicin del enfoque ecosist6mico e n  la ordenacion de  pesquerias: ( i )  jcu5les podrian 
ser las coilsecuencias incidentales de las pesquerias e n  un  ecosistema? (ii) jc~15les deberian 
ser 10s objetivos de conservaci611 para los depredadores de  las especies explotadas? y 
(iii) jcu5les enfoques podrian corrsiderarse para alcanzar 10s objetivos de conscrvacioi-r? El 
enfoque propuesto toma en cuenta las incertidumbres producidas por la falta d e  
conocimiento sobre la estructura de los ecosistemas. Las estiinaciones de la productividad 
de  10s depredadores resultante del consuino de especies explotadas con~ercialmente 
(incorporada en  10s indices propuestos P y W )  podrian servir como indicadores para la 
ordenaci611, ya que estos valores estan integrados de  una gama de efectos 'ecosist6micos' 
y, como se explica en  este trabajo, tambien pueden relacionarse directamente con 10s 
efectos de la pesca. Los enfoques ecosistemicos utilizados actualinente en  la ordenaci6n 
de  pesquerias n o  ii~corporan estas caracteristicas y no  ponderan 10s datos de entrada (tales 
colno el exito reproductor per capita) en  las evaluaciones de acuerdo a la influencia 
relativa de  las especies explotadas en las estiinaciones. El trabajo describe las medidas 
necesarias para establecer procediniielltos de ordenacicin 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; Mange1 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 (Mange1 et al., 1996). 

Since its inception, CCAMLR has grappled with 
the problems of applying an ecosystem approach 
to the management of fisl~eries, 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 11), 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 

(Constable et al., 2000). These two subsidiary 
objectives of the Convention 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 011 how this might 
be done (de la Mare and Constable, 2000). 

In the interim, during the development of a 
comprel~ensive procedure for managing the krill 
fishery (de la Mare, 1996,1998), CCAMLR has take11 
a precautionary approach to protecting predators 
of target species by adopting the krill yield model 
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(CCAMLR, 1994) and setting precautioi~ary 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 
fos 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 I1 
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 kilowii~g, 
in detail, the interrelationships amongst species. 
The CCAMLR Working Group on Ecosystein 
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 
bee11 undertaken since the early development of 
such models by Butterworth and his co-workers 
(e.g. Butterwort11 and Thornson, 1995; Thomso~~ 
et al., 2000) and Mange1 and Switzer (1948). An 
important issue to resolve is how to manage 
the effects of fishing 011 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 usii~g information on predators in a 
management y rocedure? 

Prospective Evaluation of 
Management Procedures 

A very important part of developing manage- 
ment procedures is to evaluate then1 prospectively 
in order to be confident they will achieve their 
n~anagement objectives (cle 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 froin the coi~surnptio~~ of fished species. A 
nuinber of questions can then addressed. First, 
what combinations of monitoring, assessinei~ts and 
decision rules meet the required performalice for 
different plausible formulations ot the food web? 

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 t l~e  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 inay 
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 undevtake 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 fisheries: 

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

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

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

These questions address a core issue for 
fisheries in deterlninii~g what aspects of an 
ecosystem need to be monitored and how such 
inforniation 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 ainied at managing the 
effects of fishing 011 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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Figure 1: 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 show11 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.) 

Figure 2: Structure of the food web around South Georgia Island in the Atlantic Ocean, il-tcluding 
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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Foraging Area 1 Foraging Area 2 Foraging Area 3 

Figure 3: 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 productiol~ (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. 

Tl~e 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 il~volves 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). 



WHAT SHOULD BE THE CONSERVATION 
OBJECTIVES FOR PREDATORS 
OF FISHED SPECIES? 

The important ecosystem-oriented objective 
for CCAMLR is contained in Article I1 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'. 111 the latter case, this refers 
to a population level providing the 'greatest net 
ani~ual 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 benchinarl< for 
ensurii~g 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, m a i ~ a g e m e ~ ~ t  has 
been centred 011 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 011 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 ecosj7stems as a r e s ~ ~ l t  of human activities 
and theoretical models elideavour to u~~ders tand 
the implicatiol~s of those cl ia~~ges (e.g. Tilman, 
1999). Very little research effort seems focused on 
u~~derstanding the important mecl~anisms tliat 
cause the changes observed and what such changes 
meall in terms of the long-term ecological status oi' 
the assemblage (e.g. estuaries - Constable, 1999). 
More importantly, very little attention has been 
given to actions tliat migl~t be required if an 
assemblage is found to change as a result of 
I~uman activities, i.e. what sorts of adjustme~~ts to 
the activity could be made to prevent serious 
undesirable alteratio~i of the cissemblages? 111 most 
cases, studies focus on the extreme undesirable 
cases of change and the remedial action required to 
restore the system, if only in lerms of its main 
structural components, I.e. there is a focus on 
extreme needs for conservation and restoratiol~ 
rather than preve~~tion. 

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). 111 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 protectioi~ 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, 
ill part, as one of the reference points for individual 
fished 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 importarrt because, even 
though predators are accounted for in part by the 
natural mortality rate of krill, the total amou~it 
coi~sumed (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 requirea~ents of predators 
becomes available (de la Mare, 1996). 

The requirement for CCAMLR to maintain the 
ecological relatioi~ships i1-t the Ai~tarctic ecosystem 
implies that the ecosystem should, by and large, be 
able to absorb the consequences of fishing witl~out 
major changes in the strengtl~s of natural interactio~~s 
discussed in Figure 1. There are a i~uniber of points 
pertinent to determining a target status of the 
ecosystem. First, removal of fished species results 
in the reinoval oi productioi~ 111 the system and, 
therefore, reduces the potential for production 
amongst higher-order predators. If the system miss 

In equilibrium then the carryii~g capacity of the 
environment for the l~iglier order predators would 
be reduced. Secolid, the objectives imply that 
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reductions of the magnitude considered appropriate 
in managing single-species fisheries, say to 50% of 
pre-exploitation levels, is likely to be inappsopriate 
for such predators, although CCAMLR may decide 
tliat 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 otlier 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 eveiitually be 
reduced by approximately 25%, provided tliat per- 
capita productivity of krill aiid maximum per- 
capita productivity of the predators remained 
unaltered at these new equilibria (but see Mange1 
and Hofman (1999) for further discussion). However, 
it is tlie productivity of predators attributed to krill 
consumption that would be reduced by 25'70, and 
most predators do not rely solely on krill. 

The consequences for the current aburtdance 
and overall productivity of predators and the 
structure of the food web generally are contingent 
on a nuniber of factors, including: (i) the degree to 
which predators are obligate foragers on krill 
(i.e. abundance may not decline if the predator 
switcl~es 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 tlie 
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 tlie food web 
generally will depend on the overall abundaiice of 
individual predators and their individual roles as 
consumers of and competitors with other species, 
which could lead to unexpected indirect feedbacks 

(positive and negative) to species of interest 
(Yodzis, 2000). Tlie situation is made more complex 
when a number of prey species are being harvested. 
Combined, these factors potentially make tlie 
abundance and overall production (in number or 
biomass) of species relatively insensitive irtdicators 
of tlie 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 
aiid ensure that the lost production does not have 
an unacceptable disproportionately large effect on 
any one dependent species, iiicludiiig 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 relationsliips and to allow for 
the recovery of some species? Also, are there target 
levels of abundance or some other measure tliat 
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 tlie 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 consumptioii 
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 relationsliips in the 
system. This will result in attention being given to 
tlie primary interaction between fished species 
and their predators ratliev than examining tlie 
consequences of secondary and otlier indirect 
interactions distant in the food web from the fished 
species. 



Figure 4: 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 d., 1999). 
Fished taxa are indicated by dark grey boxes (0. 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 u,p 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 
whch  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 

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 t l~e  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 pred.ators 
would be difficult to foreshadow without good 
knowledge of the function of the food web. 

of groups. The first group is the taxa comprising The strengths of interactions between species in 
fished species. This group is a managed system, this system indicate that the system could be 
where all species presumably have target levels or divided into a number of management units. For 
threshold reference points applicable to them. In example, the primary effect of fishing for crabs and 
that context, it is a contrived system in which the shrimps could be isolated relatively easily, as could 
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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 

Productio~~ 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, y, can be 
represented by the following equation, which 
includes variation in some parameters with age, n, 

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 t is 
the proportion of the year passed. 

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

where M(p,n+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 

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: 

and 

A,.,, = c~/J,!,,i~,.,i 

where g,, ,, is the predator-specific cost of producing 
one unit of mass, I;, ,, 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 



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 umknown. Consequently, the effect of krill fishmg 
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 

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) 
Inay be relatively unaffected by I;, ,, and g,, ,, because 
these parameters may be relatively constant from 
one year to the next, interannual variation in IIZ,,,, 

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. It is conceivable that in some 
systeins requiring recovery of most species, the 
limit reference point may be greater than the 
current average production. 

An Illustrative 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 inode1 described in the text and for which the 
formulation is given in the appendix. 

Prey Characteristics 
Annual carrying capacity of primary production 

Natural mortality (year-1) 
Maxiinurn per-biomass recruitinent 
Competitioi~ witli the otlier prey species 

Predator Characteristics 
Maxiinuin per-capita recruitn~ent (Age 0) 
Degree of density dependeilce in recruitment 

( ty~ical  for marine inainmals - 
M AG Americas, 2000) 

Age at maturity (years) 
Plus class 
Natural mortality (year-]) 

Body growth [Length = L&-exp(-K.age))] 

Lengtl~ to weight conversioil ( a . ~ e n g t h ~ )  

Coinpetition coefficients 

Selectivity of prey (Dict 1 given here) 

I Food value of prey species 

Prey 1 Prey 2 
Mean 10000 10000 I;) 0.4 0.5 

Predator 1 Predator 2 Predator 3 
0.1 0.1 0.1 
2.4 2.4 2.4 

8 8 8 
10 10 10 

Recruits 0.07 0.07 0.07 
Adults 0.03 0.03 0.03 

with Predator 1 1 0.5 0.1 
with Predator 2 0.5 1 0.1 
with Predator 3 0.1 0.1 l 

Prey 1 1.0 0.5 
Prey 2 0.2 0.5 1 .0 

I Prey 1 
Prey 2 

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 inodel is constructed in a 
way that the predators do not directly affect the 
abundance of prey. It is 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 tlie target prey species. 
Predator 2 has equal prey selectivity between 
the two prey species, while Predator 3 depends 
mostly on tlie non-target prey species. Although 
the inodel can be used to simulate different 
den~ographic, body growth a i~d  reprod~tctive 
parameters, these inodel 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 arc in greater competition bctweeii each 
other (0.5) compared to either of the conipctitive 
interactior~s between tliese species and Prcdator 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 siinulatio~i 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 ill 20-30 years, wl~ich 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 iii helping avoid 
such an otitcoine. 

Three trials were undertalten 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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Year 

Figure 5: Biolnass 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 

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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Figure 6: 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). 

Year 

Figure 7: 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. 



Developing Operational Objectives 
for Predator Production 

As discussed previously, tlie 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 giveii year, y, the productioi~ 
arising from the cortsumptio~~ of fished species, 
p,],,, ca i  be specified as a fraction of the overall 

production of the predator, such that 

wliere F is the number of species that are caught in 
fisheries, i.e. fished species. Clearly, P ,,, would 
equal zero if no species in a predator's diet were 
being caught in a fishery because all d,,,,, would be 
zero. 111 practice, the assimilatioi~ efficiency, A,,,, 
would be asst~rned to equal 1. This would make 
the denoininator equal to 1 and the equation is 
simply the fraction of tlie diet coinprising fished 
species, such that 

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

year to the next, such that there inay 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 tlie total productioii in 
Figure 8. I11 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 recruitmelit. 

The use of productivity as an indicator of food 
web status relative to the status of the fished species 
was further explored by applying tlie CCAMLR 
approach for detecting anomalies in time series 
(SC-CAMLR, 1996) but updated according to tlie 
method of de la Mare and Coi~stable (2000). 
This method uses a randomisatioii procedure to 
determine critical values of the estimated parameter, 
which i11 this case are, respectively, production and 
per-capita recruitnie~~t. Once determined, tlie critical 
values prescribe a raiige outside of which values 
have only a 5% chance of occurring and are called 
ai~omalies if they arise. It is 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 froin tlie consumption of 
fished species - Figure 8c) were determined based 
on a 20-year observation period just prior to fishing 
(a length of time coi~sisteiit with existing monitoring 
prograins - Constable et al., 2000). These were only 
estimated for Diet 1 wliei~ Predator 1 was most 
depei-tdent on the target species. 

This ai~alysis indicates equivalent results for 
management procedures based or1 either the per- 
capita recruitment of Predator 3 or W wl~en 

Figure 7 uses tlie results of the illustrative 
Predator 1 is mostly depeildent on the target 

model to sliow wl-tat part of the total production 
species. In this case, tlie tiine series of these 

(aiinual recruitment) can be attributed to fished 
parameters moves below the critical range and 

species, i.e. Prey 1. It can be seen for each predator 
becoines permanently ano~nalous after 10 years 

that the amount of production arising froin the 
and prior to the eliminatioii of the target species. 

consumption of fished species is proportional to 
However, a small change ill the diet of Predator 1, 

the dietary con-tposition. 
i.e. to Diet 2, could lead to per-capita recruitment of 
Predator 1 being relatively ii-tsensitive to the effects 

Tlic productioi~ in the whole food web arising 
of fishing on Prey 1 until after the disappearance of 

from tlie consumption of fished species in year, y, 
the target species. Most predators in the Antarctic 

would be 
are not obligate feeders on krill. Consequently, tlie 
scenario of Diet 2 may bc a realistic one and raises 
coricerils about the utility of per-capita recruitment 
as a12 index of food web status 

Tl-te summation applies to all potential predators So, how might a set of reference points be 
of fished species in the system because tlie i~umber de\~eloped without simply relying on ~711en the 
of predators of fished species may vary froin one state of the system may appear to be anoiiialo~is? 
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Figure 8: I'roductivity 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 consumptioii 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 aiioinalous. 

Prior to exploitation or for a recogi~ised initial the same amount in each predator, such that the 
baseline period in an exploited system, the average proportion for an individual predator, a,,, would be 
production in the food web arising from the equal to a,,, and be less than one. For predators that 
consumptiol-t of fished species would be require recovery, the proportion, a,,, will need to be 

greater than 1. The actual value for each predator 
will depend on the conservation requirements and iw1, target level of recovery for that species as well as its 

y = l  W, =- (8) 
dependency on the fished species. 

Y 
Thus, rearranging equations (7) and (8), the limit 

where Y is the number of years in the time series to reference point for average production arising from 
estimate the mean production with reasonable the consumption of fished species and combined for 
precision. all predators during the fishing period would be 

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, niv, of W,, 

I I.lll] 
W,<,, = t: fli,- = "W, ,  

would depend on the objectives for individual 
i' 

species. For a given predator, the average produc- 
(9) 

tion arising from the consumption of fished species 
during the baseline period would be the reference From this, the subsidiary objective for individual 
level. The limit reference points for il-tdividual predators would be to maintain average production 
predators would be a proportion of this n,,. 111 most arising from the consumption of fished species 
systems, production arising from the consumptioi~ during the period of fishing above a threshold level 
of fished species may be expected to be reduced by prescribed by 
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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 iinportant 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 
manageinent procedure (Constable et al., 2000). 

The development of any approacl~ requires: 
(i) specification of clear operational objectives, 
(ii) designation of performance criteria for 
evaluating management procedures and actions, 
(iii) specificatioi~ of alternative management 

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, 
198610, 1996; see also Cooke, 1999; Sinith 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 
productioi~ 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. 



Ecosystem approach to managing fisheries 

. . . . I . . . . , .  I . . , . . . . , . . . . , . . . .  

0 10 20 30 40 50 60 

Year 

Figure 9: 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 WO (solid 
circle). W,,, = 0.8 WO, (a = 0.8 for all species) (solid diamond). The box and 
whisker plots show the frequency distributiorr of W during that baseline 
period. The box and whiskers adjacent to WO show the relationship between 
the mean and the distribution of values. This relative distribution is applied 
as the expected distribution around M',,.lduring the management period. The 
upper and. lower dotted lines show the critical upper and lower range limits, 
W H  and hiL, 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, W,H, 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 basehe 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,.,? 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 WO. A second perfor- 
mance measure could be the devia.tion of the 
coefficient of variation (CV) for W, from the CV 

for W,,. 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 
WO (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, Q, of exceeding the limit such that a 
lower range limit WL could be set as 

where W,,,is the value of W corresponding to the 
lower percentile, IQ, of the distribution of W during 
the baseline period. 



The upper range limit could be determined in 
the same way such that 

where W,,, is the value of W corresponding to the 
upper percentile, h$, of the distribution of W 
during the baseline period. In the early years of 
fishing during the management period, the upper 
range limit may be more appropriately set in 
reference to W, rather than W,,fin 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 

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 l$ 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 tlie 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. 

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 

1 = l " ,  + " , - B, ,,-, ) 
n>O 

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 t l~e  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. P and 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 monitorilig 
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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 model 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 i~eed 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 robt~stness 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 
wit11 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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Liste des tableaux 

Tableau 1: Valeurs parametriques utilisees dans le modele illustrant le reseau trophique decrit dans le texte et dont 
la formulation est donnee en appendice. 

Liste des figures 

Figure 1: Diagramme schematique de  la relation primaire d u  rPseau trophique entre une espPce exploitee et 
d'autres especes cl& du systeme (traits pleins et sylnboles ell caractPres droits). Les effets de la p@che sur 
cet ecosysterne sont indiques par des tirets et des symboles en italique. Les fleclies indiquent la direction 
de cet effet. Le type d'cffet est indiquP par des lettres : C- indique un effet coinpetitif nPgatif sur l'espece 
vers laquelle pointe la fleclie, P- iildique un  effet de  predation n6gatif, +? indique un effet positif 
potentiel de  la pPc1ie sur u11 coinp6titeur inferieur de  l'espece exploitee, TC+? indique un effet positif 
potentiel provenant d'une cascade trophique apparente causee par la p&che et RC- indique une 
competition potentielle entre la pPche et les prkdateurs pour la ressource. (Selon le schema de 
Fairweather, 1990 sur les interactions biologiques.) 

Figure 2: Structure du  reseau trophique autour de l'ile de  Gborgie d u  Sud, dans l'oc6aii Atlantique, avec les 
pPcheries de  krill, de legine australe et de  poissoil des glaces. Les cases gris foiic6 representent les 
especes exploitees, les cases gris clair repr6sentent les predateurs des especes p&cli6es et les cases 
blanches, les autres types de proies, notamment les espPces de  poissons m6sop6lagiques (mesopel.) et 
bathypklagiques (batliypel.) ainsi que le zooplancton (zoopl.) (derive de Constable et al., 2000). 

Figure 3: Diagramme scll6matique indiquant les liens potentiels entre les secteurs d'alimentation de divers 
predateurs et la dynamique de la population exploitee, notamment l'inlmigration des especes exploit6es 
(l), l'emigration (E), la mortalit6 naturelle (M), la mortalit6 par p@che (F) et la production (P) qui 
comprend le recrutemciit et la croissance des individus. L'indice inferieur indique la zone a laquelle 
correspoiid le taux. 

Figure 4: Reseau trophique de l'est de la mer de Bering indiquant les interactions primaires des especes cxploitPes 
et d'autres mammiferes et oiseaux marins (selon les donnees et les groupes taxonomiques de Trites et al., 
1999). Les taxons exploit& sont indiques par des cases gris fonc6 (0. dem. = autres especes demersales). 
Les predateurs de ces taxons figurelit dans les cases gris clair. Les autres taxons sont donnes dans les 
cases blanclles (herb. = herbivore, zoopl. = zooplancton, juv. = juv6nile). Les flPches donnent la direction 
des proies vers lcs predateurs. Les traits pleins indiquent la predation sur les especes exploitees, les 
pointilles, la predatioii sur des especes non exploit6es. Les traits epais iiidiquent les cas dans lesquels les 
proies constituent ail inoins 50'% du regime alimentairc, les traits fins, 20 a 50'X). Les interactions dans 
lesquelles les proies constituent inoins de 20'% ~ L I  regime alitnentaire ne sont pas illustrees. 

Figure 5: Trajectoires de la bioniasse des predateurs et des proies sur 100 ails, dans un reseau tropliique sirnu16 
pour trois cas differeiits de regime aliinentaire du predateur 1. Trajectoires du predateur 1 pour trois 
regimes alinientaires diff6rents avec une s6lectivitP respective des especes de proie 1 et 2 de 1,O et 0,2 
pour le regime 1 (trait plein), de 0,7 et 0,3 pour le regime 2 (tirets) et de 0,5 et 0,5 pour le regime 3 
(poii~tillPs). a) Bioinasse des especes de proies 1 (trait plein) et 2 (tirets). La proie 1 est l'espece cible dont 
50 unites de bioniasse sont prelev6es chaque annee si possible. b) PrPdateur 1, c) Predateur 2 lorsque les 
valeurs de selection dcs especes de proies 1 et 2 sont respecti\~einent de 0,5 et 0,5, et d )  Predateus 3 
lorsque les valeurs de s6lectioii des especes de  proies l et 2 solit respectivemeiit de 0,2 et 1,0 (se reporter 
au texte pour plus de detail). 

Figure 6: Recruteinent par tPte pour cliaque predateur du  niodele du  rPseau trophique. Les traits et les cases solit 
les niPnies que ceux de la figure 5. La case a) est donnee i titre de reference. Les lignes liorizontales ell 
pointilles de la case b) refleteiit I'iiitervalle critique des valeurs pour le reginie aliinentaire du predateur 
1; les valeurs exterieures i cet intervalle sont consicibr6es par la CCAMLR coinme des annees anorniales 
(se reporter au texte pour plus de detail). 

Figure 7: Productivite indi\7iduelle de cliacuii des predateurs de  l'experience realisee avec le regime alinientaire 1 
pour le preclateur 1, dans laquelle I'espgce cible est la premiere espece de proie. Les cases sont les mPnies 
que celles de la figure 5. La case a) est donn6e a titre de reference. Les traits pleins indiquent la 
productivite totale, les tirets, la productivit6 des predateurs due 2 la consomtnation de l'espece exploitte P. 

Figure 8: Productivite iiit6gri.e de tous les predateurs pour chncuii des cas de regime alirnentaire do1111C. a la figure 5 
(les traits utilises sont de m@me format qu'aupara\~aiit). a) Bioniasse des proies pour r6fi.rence, 
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b) production totale pour chaque cas, c) productioi-t due a la consommation de  l'espgce exploitee W. 
Comme sur la figure 6, les lignes horizontales en poii-ttill6s sont les limites critiques d u  cas 1. Les valeurs 
situees en dehors de cet intervalle sont considerees par la CCAMLR con-tme anormales. 

Figure 9: Serie chronologique l-typotlietique en W sur 60 ans. Aucune p@che n'a eu lieu les 20 premieres annkes, 
sur lesquelles une s6rie debase W a servi a estimer WO (cercle plein). W,?= 0,8 WO; (a = 0,8 pour toutes les 
especes) (losange plein). La boite a n-toustacl-tes indique la distribution des fr6quences de  W pendant 
cette periode de  base. La boite B moustaches adjacente ?I WO indique la relation ei-ttre la moyenne et la 
distribution de valeurs. Cette distribution relative est appliquee en tant que distribution prevue autour 
de W,,y pendant la pkriode g M e .  La ligne suy6rieure et la ligne infkrieure en pointillks indiquent les 
limites critiques superieure et inferieure, W,, et W, discutees dans le texte au sujet d'un cas dans lequel 
la frequence critique acceptable en dehors de la lirnite est (I = 0,25. La ligne en tirets se refere a la limite 
superieure provisoire de  l'intervalle, W,,{, lors de la periode ou le systPrne est en cours d'ajustement B 
l'activite de psche. Dam cet exemple, la tendance de W B rester en dessous de  la limite inferieure de 
l'intervalle aprPs 16 ans de  p@che indiquerait la necessite de rkduire la p@che. 

Pmc. 1 :  C x e ~ a ~ ~ ~ v e c ~ a ~  n u a r p a ~ ~ a ,  notia3b1oalo~qa~ O C H O B H ~ I ~  ~ p o @ ~ ~ e c ~ ~ e  C B R ~ I ~  ~ e m n y  n p o ~ b ~ c n o e b r ~  
BllnOM K APYrMMM KJItOYeBbIMkl BMAaMM B CHCTeMe ( C I I ~ O U I H ~ I ~  JIMHEiH I? ~ Y K B ~ I ) .  ~ Y H K T M P H ~ I M H  

JIHHHRMEI H KYPCPIBOM O ~ O ? H ~ ~ Y ~ H O  BnMHHHe nPOMbICJIa  H a  3KOCHCTCMY. C T p e J I K a M H  0 6 0 7 H a q e H O  

HaIIPaBneHMe BJIMRHMR. T M n  ~ 0 ' 3 f l e f i ~ T B M R :  C- - O T P M Q ~ T ~ ~ ~ H O ~  B 0 3 f l e f i ~ ~ B M e  KOHKYPeHqPIkI Ha BMA, H a  

K O T O P ~ ~ ~ ~  H a I I p a B J I e H a  C T p e n K a ,  P- - O T p H U a T e n b H O e  ~ 0 3 ~ e f i ~ ~ B l l e  <<XHWHMKaD, +? - IIOTeHQHaJIbHO 

n o n o m a T e n b H o e  ~ o s ~ e f i c ~ s ~ e  n p o M b r c n a  H a  tio~tiypmpymu&i BHQ, ~ ~ o p o c r e n e ~ ~ b ~ i i  no O T H o u I e H m o  

K npOMbICJIOBOMY BMAY, TC+? - MOTeHQHanbHO I IOJIOXHTeJIbHOe ~ 0 3 f l e f i c ~ B ~ e ,  CB511aHHOe C 

T P O @ M ~ ~ C K L I M  KaCKaAOM npOMbICJIa  M RC- - I lOTeHUManbHaR KOHKYPeHQMR M e X A Y  IIPOMbfCnOM F i  

X a q H m a M k i  ?a pecypcbr. (B c o o r B e T c T m r m  co c x e M a M H  6 ~ 1 o n o r ~ ~ e c ~ o r o  ~ ? a m ~ o n e f i c ~ s a ~  n 
Fairweather, 1990). 

2 : C ~ p y t i ~ y p a  ~po@muec~oii uenm B paiio~e FOm~ofi  reoprr~a ( A ~ n a ~ ~ k l v e c ~ k i f i  o t i e a ~ ) ,  ~ ~ n m v a m r q a s  
IIpOMbICnbI KPMJIR, fIaTaTOHCKOI'0 K J I b l K a q a  l1 n e ~ R H 0 f i  pb16b1. T e M H O - c e p b I e  KBaAPaTMKH - 

IIpOMbICJIOBbIe BHAb1; C B e T n O - C e p b I e  KBaflpaTMKH - I l k i T a l o ~ M e C R  npOMbICJIOBb1MM BMAaMM XHWHHKH; 

6 e n b r e  K s a f l p a T n K m  - A p y r m e  n o ~ p e 6 n z e ~ b 1 e  B M A ~ I ,  B t i n t O q a R  M e ? o n e n a r a u e c t i M e  (mesopel.) H 

6 a ~ ~ n e n a r k i ~ e c ~ m e  (bathypel.) BHnbI p 6 1 6  13 s o o n n a ~ ~ ~ o ~ a  (zoopl.) (H3 Constable et al., 2000). 

Pmc. 4: 

C x e ~ a ~ w r e c t i a ~  A a a r p a M M a ,  n o t i a 7 b r B a m u a R  n o T e H u m a n b H b I e  C B S ~ ~ M  M e m A y  apeanam H o G b r e a ~ ~ r r  

fIHI!JIl XMWHMKOB H ~ ~ H H ~ M M K o ~ ~  I I P O M ~ I C J I O B O ~ ~  nOIIynXqMM, Y q m T b I B a l o W a R  HMMMrpaqHK,  

npOMbICJIOBOr0 B l l n a  (I), 3MMTPaUMlo (E), eCTeCTBeHHYK) CMePTHOCTb (M), n P O M b I C n O B y m  

CMePTHOCTb (F) M IIpOfiyKQMKl (P), B K J I K l q a K l q y K l  lIOllOJlHeHPie M POCT OTQenbHbIX oco6efi. 
~ O A C T P O V H ~ I M H  KHHeKCaMM nOKa3aHbI  K O ~ @ @ H U H ~ H T ~ I  AJIR KOHKPeTHbIX p a f i 0 ~ 0 ~ .  

T p o @ ~ l q e c ~ a n  Q e n b  R O C T O Y H O ~ ~  Y a C T l l 6 e p ~ H r O B a  MOPR, lTOK?l3blBaK)LI@R OCHOBHbIe B ~ ~ ~ ~ M O ~ ~ ~ ~ C T U E I R  

C ~ p O M b l C ~ O B b 1 M M  BHflaMM, MOPCKMMH M J I e K O n P i T ~ l o u H M M  I? IITHqaMEI (Ha  OCHOBe AaHHblX H 

TaKCOHOMHqeCKMX fpynn M1 Trites et al., 1999). T ~ M H O - C ~ P ~ I M M  KBaflpaTMKaMM 0 6 0 ? H a ~ e H b l  

npOMbICnOBbIe  TaKCOHb1 (0. dern. = A p y r l l e  A e M e p C a n b H b I e  ~11flb1). C B ~ T ~ O - C ~ P ~ I M I I  KBaHPaTIlKaMI.1 

060 '3HaqeHb1 IIMTaIoWHeCR npOMbICnOBbXME1 TaKCOHaMEl XHWHHKH. 6 e J I b I ~ k i  KBaApaTMKaMII 

0 6 0 3 H a Y e H b 1  D p y r M e  TaKCOHbt (herb. = paCTFiTenbHORAHble,  ~ 0 0 p l .  = ?OOnJIaHKTOH, J U V .  = MOJ70flb). 

C T ~ ~ ~ K ~ M E I  0 6 0 1 ~ a u e ~ o  n o ~ p e 6 n e ~ ~ e  B M ~ O B  x e W H m a M a .  C n n o m ~ b r e  nmHmM n o t i a 3 b r n a l o ~  

nOTpe6JTeHl le  npOMbICnOBbIX BMAOB, a IIYHKTHPHbIe JIEIHIIH - 1 1 0 ~ p e 6 n e ~ I . l e  HenpOMbICnOBblX BBAOB. 

60nee XMPHbIMM JIllHIlRMM 0 6 0 3 ~ Z l 9 e ~ b 1  CnycIa l I ,  K O r A a  n O ~ p e 6 J I R e ~ b l e  BUHb1 COCTaBJl5IfOT MIIHMMYM 

50% p a q m o H a ,  6onee TOHKIIMM - K o r A a  n O T p e 6 n R e M b 1 e  B L I A ~ I  C O C T ~ B ~ Z I ~ T  OT 20% DO 50% p a q a o H a .  

He y ~ a 3 a ~ b 1  cnyqam, t i o r n a  no~pe6nrre~bre B I I A ~ I  C o c T a B n R m T  M e H e e  20% p a q 1 4 o ~ a .  

T p a e ~ ~ o p n r i  6 F i O M a C ~ b l  XPiWHMKOB l1 I I O ~ p e 6 n R e M b t ~  BLmOB H a  IIpOTRXeHMFl 100 J I e T  B COOTBeTCTB~lII 

c M o A e n b m  ~ p o @ m u e c t i o i ; i  qenn, o n ~ ~ c b ~ e a m r u e f i  3 B a p H a H T a  p a q r t o H a  X H W H I ~ ~  l .  T p a e ~ T o p ~ P i  nnrr 
T p e X  PaQHOHOB X I ? L U H M K ~  1 ; CeneKTMBHOCTb B OTHOLIIeHIlI.1 I T O ~ p e 6 n R e ~ b 1 ~  BMnOB 1 11 2 COCTaBnReT 
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Tabla 1: 

COOTBeTCTBeHHO 1.0 M 0.2 A n X  P a q ~ l O H a  I ( c I I ~ o W H ~ R  ~ M H M z ) ,  0.7 H 0.3 A n 2  P ~ ~ M o H ~  2 ( ~ J I l i H H h l i i  

~ Y H K T I ~ P ) ,  Et 0.5 If 0.5 Q n R  PaqPIOHa 3 ( M ~ H K T M ~ H ~ ~ I  JIllEtMX). (a) ~ H O M ~ C C ~  n O ~ p e 6 J I R e ~ h l ~  B14nOB 1 
(cIIJIoLLIH~~I nMMEtX) M 2 (J(JIl?HHb18 ~ ~ H K T H P ) .  n O T p e 6 J I X e ~ b l E  BElA 1 - 0 6 h e K T  J l O B a ,  50 eAEtHMQ 

~ M O M ~ C C ~ I  KOTOpOrO M3bIMaeTCX K a X n b i f i  r O A  (no BO~MOXHOCTII).  (b) X M L ~ H I I K  1, (C) XHLUHMK 2, C 

CeJIeKTMBHOCTbK) B OTHOlUeHMki ~ O T P ~ ~ I ~ R ~ M ~ I X  BMAOB 1 M 2 COOTBeTCTBeHHO 0.5 M 0.5, M (d) XIIUHMK 3, 
C CeJIeKTEIBHOCTbFO B OTHOWeHMM n O T p e 6 J l R e ~ h l ~  Bl inOB 1 M 2 COOTBeTCTBeHHO 0.2 M 1.0 (fionee 
n O ~ p 0 6 ~ 0  CM. T ~ K C T ) .  

~ o ~ o J I H ~ H M ~  H a  oco6b AJIR K a X A O r O  XMLqHMKa B MOAeJlM T P O @ M ' I ~ C K O ~  qenkt .  nMHH1l M CeKqMM KaK H a  

pKC. 5. C e K q l l R  (a) I IOKa3aHa A n %  CpaBHeHEtR. ~ O p k i 3 0 ~ ~ a n b ~ b l e  nYHKTEtPHb1e JlEtHEtM B (b) O T P a X a E O T  

K P M T H ~ ~ C K M ~ ~  AEtana3OH 3 H a q e H M 8  A n 2  P a Q H O H a  1 XEttL(HkIKa 1; 3HaYeHMX B H e  AMaFIa3OHa CWITaWTCR 

AHTKOMOM aHOManbHb1ML.r r O A a M H  (6onee no~pofiao CM. TCKCT). 

~ ~ O ~ ~ ~ K T E ~ B H O C T ~  K a X A O r O  XMUHMKa B B a p I i a H T e  (P~UMOH l X H U ~ H M K ~  l), r A e  0 6 5 e K T  n O B a  - 

O C H O B H O ~ ~  n o ~ p e 6 n ~ e ~ b i i i  BHA. C e ~ y E t ~ l  K a K  H a  p c .  5. Ce~qmsr (a) n o ~ a s a ~ a  nnx c p a e H e H a R .  

C n J I 0 l l l ~ h l ~ M  JIMHMRMEt 0 6 0 3 H a q e H a  06uar1 npOAyKTMBHOCTb, AJIMHHbIM nyHKTMPOM - 
n p O ~ y K T M B H O C T h  XPI.lruHHKOB, CBR'3aHHaR C I I o ~ p e f i J l e H M e ~  ~ p O M h I C n O B b l X  RMAOB, P. 

~ P O A Y K T M B H O C T ~ ,  EtHTerPMPOBaHHZiX no BCeM XHLqHPlKaM Q n R  K a X n O r O  B a p H a H T a  paQMOHa, 

n o ~ a s a ~ ~ o r o  H a  p ~ c .  5 (~cnonb?ym~czr T e  me TMnbr ~ ~ I H M E ) .  (a) I ;uo~acca no~pe6nxe~o1-o smAa - D n R  

M H @ o ~ M ~ ~ M H ,  (b) 06waz IIpOAyKQHR no K a X A O M y  BapMaHTy, (C) npOQyKQHX,  CBX3aHHaR C 

n o ~ p e 6 J I e H M e M  npOMhICJIOBhIX BMAOB, W .  a K  H a  pMC. 6, ~OPM'3OHTaJIbHhle  IIYHKTHPHbIe AMHMH - 

K p H ~ H u e c K ~ f i  AEtana3OH B a p H a ~ ~ a  1: 7HaqeHMR RHe AMal la70Ha CLIMTaFOTCFl AHTKOMOM 
aHOM%JibHbIMM. 

r a n o ~ e ~ ~ ~ u e c ~ ~ f i  ~ p e ~ e ~ ~ o f i  ~ R A  W ~a n p o T x m e H t i E t  60 n e T .  B n e p s b l e  20 n e T  n p o M b r c n a  H e  B e n o c b ;  

RJIR OQeHKM WO 3a 3TOT IIepMOA ( ? a K p a U I e H ~ b 1 8  K ~ ~ X O K )  EtCnOJIb'3OBanCX 6 a 3 M ~ H b 1 8  p R A  W .  W,,f = 
0.8 WO, (U = 0.8 AJlR BCeX BHAOB) (3aKpaILIeHHh18 ~ 0 ~ 6 ) .  < < R q M t i  C YCaMMD n O K a 3 b l B a e T  YaCTOTHOe 

p a c n p e A e n e H a e  W B T e u e H i i e  ~TOI-o ~ ~ ~ M C H O T O  n e p l l o n a .  <<RL~MK C y c a M a n  n p ~ ~ h r ~ a w L q ~ i . r i i  K W,,, 
n O K a 3 b I B a e T  3aBMCMMOCTb MeXJJy CpeAHMM M p a C n p e f l e n e H M e M  7HaYeHPIfi.  TO OTHOCEtTeJIbHOe 

p a c n p e A e n e H M e  n p n M e H R e T c R  B K a v e c T s e  o m M n a e M o r o  p a c n p e A e n e H u x  W,,, BO s p e M z r  n e p M o n a  

YnpaBJieHHX.  Bepx~ne  H HHXHMe n y H K T H p H b 1 e  JIHHHH nOKa3bIBaWT KplITIlYeCKMe BepXHMe H HMXHEte 

r p a H M q b 1  AMaMa?OHa, W,, M W / ,  O ~ C Y X A ~ B U I H ~ C R  B TeKCTe AJIR C J I y q a R ,  K O r n a  KPMTHqeCKaR 

npEteMJIeMa51 YaCTOTa BHe I-paHHLl COCTaBJlReT = 0.25. f l J I ~ H H h 1 f i  HMHKTMP - n P O M e X Y T O q H a R  

s e p x H m  r p a a M q a  ~ ~ a n a ? o ~ a ,  WiN, B TeLreHMe nepmona, K o r A a  cMcTeMa a A a n T A p y e T c s l  K n p o ~ b l c n 0 ~ 0 8  

AeXTenbHOCTH.  B AaHHOM I l p M M e p e ,  eCnM W OCTaeTCR H M X e  H E ~ z K H ~ ~ ~  rpaHMUb1 AMaIIa3OHa ITOCne 

16 J I e T  IIpOMhICJIa, TO 3 T 0  0 7 H a Y a e T ,  YTO H ~ O ~ X O A M M O  COKPaTMTb npOMb1CeJl.  

Lista de las tablas 

Valores de los parfimetros utilizados en la ilustracion del sistema tr6fico descrito en el texto y cuya 
formulacion figura en el aphdice.  

Lista de  las figuras 

Figura 1: Diagrarna esquematico que muestra las relaciones primarias del sistema trofico entre las especies 
explotadas y otras especies clave del sistema (lineas continuas y letras rectas). Los efectos de la pesqueria 
en este ecosistema se lnuestran con lineas discontinuas y letra cursiva. Las flechas indican la direccion 
del efecto o la especie afectada, mientras que las letras indican el tipo de efecto: C- ir-tdica una 
colnpetencia que afecta negativarnente a la especie apuntada por la flecha, P- inuestra el efecto negativo 
producido por el depredador, +? muestra urta posible ventaja producida por la pesqueria para 1111 

competidor menor de la especie explotada, TC+? representa una posible ventaja del impacto ecol6gico 
en cascada sobre la cadena trofica 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 
biologicas, 1990). 

Figura 2: Estructura del sisterna trcifico alrededor de Georgia del Sus en el ocean0 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 10s sin sombreado alguno a otro tipo de  especies presa, incluidos 10s peces lnesopel6gicos 
(mesopel) y batipelagicos (bathypel.) y el zooplal-tcton (zoopl.) (de Constable et al., 2000). 
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Figura 3: Diagrania esquem6tico de la posible relacihn entre las distintas zolias de alimentacion para 10s 
depredadores y la dinBmica de la poblacioii explotada, incluida la inmigracion de la especie explotada 
(I), su  einigraci6n (E), inortalidad natural (M), mortalidad por pesca (F) y productividad (P), que incluye 
el reclutainiento y crecimiento de 10s ejemplares. Los subirtdices iiidican las tasas especificas de cada 
zona. 

Figura 4: Sistema trcifico en el sector este del mar de  Bering que muestra las interacciones primarias con las 
especies explotadas y otras aves y rnamiferos marinos (basados en los datos y grupos taxonomicos de 
Trites et al., 1999). Los grupos taxon6micos de  las especies explotadas est6n representados por 
recuadros c011 sombreado oscuro (0 .  dein. = otras especies demersales). Los depredadores de  10s grupos 
taxonomicos explotados est6ii representados por 10s recuadros con sombreado ligero. Otros grupos 
taxoii6micos estan representados por 10s recuadros sin soinbreado alguno (herb. = herbivoros, zoopl. = 

zooplancton, juv. = juvenil). La direcci6n de las fleclias va desde la presa hacia el depredador. Las lineas 
continuas indican la depredacion sufrida por las especies explotadas, las lineas discontinuas indican la 
depredaci6n sufrida por las especies que no son objeto de explotaci6ii comercial. Las liiieas mas gruesas 
muestran cuando la presa representa por lo menos el50% de 10s coniponentes de la dieta, las lineas mhs 
fiiias 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 dicta. 

Figura 5: Trayectorias de  la biomasa de 10s depredadores y de  las presas en un periodo superior a 100 afios en un 
sistema tr6fico simulado bajo tres hipdtesis 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 
1 y 2, siendo igual a l,0 y 0,2 para la dieta 1 (linea continua), 0,7 y 0,3 para la dieta 2 (linea discontinua), 
y 0,5 y 0,5 para la dieta 3 (liiiea 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 uilidades de biomasa cada afio, 
de  ser posible. (b) Depredador 1, (c) Depredador 2 con valores seleccionados de las especies presa 1 y 2 
en el orden de  0,5 y 0,5 respectivainente y (d) Depredador 3 con valores seleccionados de las especies 
presa 1 y 2 en el orden de 0,2 y 1,O respectivamente (ver texto). 

Figura 6: Reclutainiento per capita para cada depredador del modelo de la cadena tr6fica. Los cuadros y las lineas 
corresponden a 10s de la figura 5. El cuadro (a) figura coino referencia. Las lineas punteadas 
I-torizontales en (b) muestran el margen de valores criticos de  la dieta 1 para el depredador 1; 10s valores 
fuera del intervalo lian sido cons~derados colno afios an6malos por la CCRVMA (ver texto). 

Figura 7: La productividad individual de  cada depredador 1 en el experilliento con una dieta 1, e ~ i  que la especie 
objetivo es la especie presa principal. Los cuadros corresponden a 10s 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. 

Figura 8: Productividad integrada de  todos 10s depredadores para cada una de las dietas supuestas mostradas en 
la figura 5 (se utilizaii 10s mismos tipos de lineas). El cuadro (a) muestra la bioinasa de la presa colno 
referencia, (b) producci6n total para cada caso, (c) production originada por el consuino de  las especies 
explotadas, W. Igual que para la figura 6, las lineas punteadas horizontales represelltan 10s liinites 
criticos para el caso 1; 10s valores fuera del intervalo han sido considerados coino afios anhmalos por la 
CCRVMA. 

Figura 9: Serie cronoldgica de  W supuesta para un periodo de  60 afios. No hubo pesca en 10s priineros 20 afios, 
periodo donde se utiliz6 una serie cronolhgica de  W colno linea base para estimar WO (a). W,-,., = 0,8 WO; 
(n = 0,8 para todas las especies) (6). El diagrama cajas y bigotes inuestra la distribucion de lit frecuencia 
de W durante el periodo de la linea base. Las cajas y bigotes adyacentes a WO muestran la relaci6n entre 
el promedio y la dispersi6n de 10s valores. Esta distribucihn de  frecuencia relativa se aplica como la 
distribucihn prevista en torno a W,,? durante el periodo de  ordenacibn. La linea punteada superior e 
inferior muestran el liinite superior e inferior criticos del rango para W!, y WL, coi~siderado en el texto 
para un  caso cuando la frecuencia critica aceptable f ~ ~ e r a  del limite es @ = 0,25. La linea discoiltinua se 
refiere a1 limite superior provisional del rango, W,ii, durante el periodo cuando el sistema se est6 
ajustando a la actividad de la pesqueria. Eii este ejeinplo la tendencia de W de permanecer por debajo 
del limite inferior del intervalo despuks de 16 aiios de  pesca es ii~dicativa de la necesidad de  disniinuir 
el nivel d e  pesca. 
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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 i1-1 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 competillg prey species will influence the per-biomass recruitment to the populatiol-1. The biomass, Bs, ,!, of a prey 
species, s, at the beginning of a given year, y, is given by 

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 biolnass of the species in that year. Recruitment is determined by 

where R, is the maximum per-biomass recruitment rate, and E,,,.1 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 

where c,, 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 c, = 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, oZki, s~1cl-1 that 
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where q is drawn randomly from N(o ;~$ ,  ) , which is a normal distribution wit11 zero mean and variance 0:. 

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,,, 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 

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 cllaracterised by f~llly age-structured models with a plus class. In each year, the numbers, N,,,,, 
at age, rr, are advanced one year and discounted by natural mortality, M,,,,, which is unrelated to the abundance of prey, 
sucl~  that 

Recruitment of age 0 individuals to the predator population is density dependent, such that the maximum per- 
capita reproduction of individuals, v,,, is moderated by the biomass of each of the predators, Bp,,, (number at age by 
weight at age, v,,,,), statistically weighted by the coinpetition 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 tlle 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 man~mals 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. 



and 


