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IMPACTS OF PREDATOR - PREY RELATIONSHIPS ON
HARVESTING STRATEGIES AND MANAGEMENT

EXECUTIVE SUMMARY

The major predators of fish (including non-commercial species) are the fish themselves.
Predation by man is substantially less, roughly the same level as other mammals. Predation
represents an important process in the regulation of fish populations, but predator-prey
interactions and their effects on fish resources are very diverse and complex and require in-depth
study. The situation is further complicated by the non-equilibrium nature of both the local and
ecosystem environments in which predation and competition occur. In reality, the world’s
fisheries are targeted at both predator and prey assemblages. Attaining most beneficial use
requires knowledge of the interactions, the ecosystem effects, and bio-economic modelling in
the multi-species context. ~

This paper examines predator-prey interactions as a component of the regulation of
fisheries resources. It includes observations on the impact and scale of predation in marine and
freshwater ecosystems, approaches to including predation effects in mathematical modelling of
single- and multi-species fisheries, and provides examples of how these effects have been
incorporated in management advice and in harvesting strategies.

Predation can have a significant impact on marine and freshwater ecosystems. The
reduction of the large baleen whales in the Antarctic meant a greater abundance of krill in the
short term through reduced mortalities from predation. Subsequently there was population
growth among the remaining baleen whales, seals, seabirds and squid. Similar effects can be
observed in freshwater ecosystems, in seal predation on marine organisms, and in predation on
eggs and larvae. Some of the more dramatic effects of predation at community level occur when
species are introduced into freshwater lakes. An example is the destruction of the haplochromine
cichlids of Lake Victoria after the Nile perch was introduced.

The harvesting of inarine mammals is a special case, in view of the aesthetic and moral
constraints being imposed by public opinion. The continuing recovery of most marine mammal
populations, however, has created the dilemma of whether to continue the near total ban on
harvesting, or to permit limited harvesting under carefully controlled conditions. Much more
study is required to understand the consequences of these alternatives to the maintenance of
balanced ecosystems. The public needs to be better informed of the extent of recovery of these
populations and the ecosystem effects, in order to permit a more reasoned discussion of the costs
and benefits (aesthetic, social and economic) of the alternative approaches.

The scale of predation is reported for the following: cod, tuna, marine walleye pollock,
mammals, cephalopods, and birds. The magnitude of shrimp predation in the waters of
Greenland is presented as an example.
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The extent to which this happens is increased when there are many competing predators
on the same group of prey. Furthermore, as the natural effect of predators is to regulate the
abundance of the prey, the substantive and selective removal of predators will be de-stabilizing,
as reflected by increased variation in the abundance of the prey. Selective removal of the prey,
on the other hand, will be detrimental to the predators, although less so if alternative prey are
available.

The economics of predator-prey harvesting also need to be assessed. Flaaten (1989)
combined a simple biological model involving a single predator and a single prey from May et
al. (1979), with economically independent harvesting sectors, one for each of the two species.
As expected, harvesting the predator in this very simple situation increased the harvestable stock
of the prey, and harvesting the prey reduced the harvestable stock of the predator.

In the case where the prey is inexpensive:to-catch and valuable, and the predator is
expensive-to-catch trash, he concluded that it may be economically justified to subsidise the
harvesting of the predator.

In the reverse, when the predator is inexpensive-to-catch and valuable, and the prey is
expensive-to-catch and trash, the increase in the harvestable stock of the prey resulting from the
harvesting of the predator, may make it economic to harvest the prey when previously it was
not. This would occur, however, at the expense of the fishery on the predator.

Examples are provided of predation effects being incorporated into management advice
for marine fisheries. In the Northeast and Northwest Atlantic, capelin catches are restricted to
leave enough as food for the higher valued cod. In contrast, anchovy and pilchard continue to
be heavily exploited in the Southeast Atlantic even though they are valuable forage fish for the
higher value hake and other predators. Other examples include harvesting of the South African
fur seal, and culling of grey seals in Scotland.

The policy and institutional implications of multi-species management need to be
examined. Three problems, in particular, are highlighted: fishermen restricted (as through
licensing) to exploiting certain species may become disadvantaged; fishery resources are often
shared with other apical predators (whales, seals and birds); and institutional problems arise
when species come under the jurisdiction of several independent agencies.

Nevertheless, there is certain to be an increasing trend toward studying and managing fish
stocks in a multi-species context, and in some cases toward managing the ecosystem where they
belong. In multi-species fisheries, the search for economic viability will continue to be the
dominant influence on the strategies used to harvest predator-prey stocks.

When the predators have a much higher per unit price than the prey, as is usual, the
harvesting strategies will give preference to sustainable exploitation of the predators, with the
yields from the prey stocks being of lesser importance.
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IMPACT DES RELATIONS PREDATEURS-PROIES SUR LES STRATEGIES
D’EXPLOITATION ET L’ AMENAGEMENT DES PECHES

RESUME

Les principaux prédateurs des poissons (especes non commerciales incluses) sont les
poissons eux-mémes. La prédation par I’homme est nettement moins importante et a
approximativement la méme ampleur que la prédation imputable aux autres mammiferes. Si la
prédation joue un réle de premier plan dans la régulation des populations de poissons, les
relations entre proies et prédateurs et leurs incidences sur les ressources halieutiques sont
extrémement diverses et complexes et nécessitent donc une étude approfondie.

La situation est encore compliquée par le fait que les milieux ol se déroulent prédation
et compétition, que ce soit a I’échelle locale ou a celle des écosystemes, ne sont pas en état
d’€quilibre. En fait, 2 I’échelle mondiale, I’exploitation porte 2 la fois sur les assemblages de
prédateurs et de proies. Pour utiliser au mieux les ressources halieutiques, il est indispensable
de mieux connaitre les interactions proies-prédateurs, et I’impact des écosystémes et d’élaborer
des modeles bio-économiques qui tiennent compte du caractére plurispécifique des ressources.
L’article examine les interactions proies-prédateurs en tant que facteur de régulation des
ressources halieutiques. 11 fournit des observations sur I’impact et 1’échelle de la prédation dans
les écosystemes marins et d’eaux douces, des indications sur les approches visant 2 intégrer les
effets de la prédation dans les modeles mathématiques mono- et plurispécifiques et des exemples
sur la prise en compte de ces effets dans les avis en matiere d’aménagement et de stratégies
d’exploitation.

La prédation peut avoir une incidence considérable sur les écosystémes marins et d’eaux
douces. La réduction du nombre de grands cétacés & fanons dans les eaux de 1’ Antarctique s’est
traduite & court terme par une plus grande abondance de krill du fait de la diminution de la
mortalité par prédation. Cela a eu pour conséquence d’accroitre le nombre de baleines a fanons,
de phoques, d’oiseaux de mer et de calmars. Des effets semblables peuvent s’observer dans les
¢cosystemes d’eau douce, dans le cas de la prédation d’organismes marins par des phoques et
dans celui de la prédation des oeufs et des larves. A 1’échelle d’une communauté, certaines des
conséquences les plus frappantes de la prédation se manifestent 2 la suite de 1’introduction de
nouvelles especes dans des lacs. On peut évoquer ’exemple de I’élimination des cichlidés
haplochromis du lac Victoria aprés I’introduction de perches du Nil.

L’exploitation des mammiferes marins constitue un cas particulier, compte tenu des
pressions esthétiques et morales exercées par 1’opinion publique. La reconstitution régulidre de
la plupart des populations de mammiferes marins a toutefois engendré un dilemme : faut-il
continuer a interdire presque toute exploitation ou peut-on autoriser une exploitation limitée dans
des conditions strictement contrdlées.
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Cette stratégie s’explique dans une large mesure par 1a forte valeur marchande de cette
espece. De plus, la prise en compte, dans I’évaluation, de I’interaction prédateur-proie n’a pas
donné de meilleurs résultats que ceux issus de modeles monospécifiques. En fait, I’essentiel des
résultats a été€ fourni par Panalyse de populations virtuelles (VPA) appliquée au merlu,
notamment en ce qui concerne la quantification des bénéfices obtenus avec un 4ge 2 la premitre
capture de 4 ans (correspondant 3 une lIongueur de 40 cm environ), '

Vu la complexité des écosystemes multispécifiques, il convient de ne pas trop simplifier
les stratégies d’exploitation. L’opinion selon laquelle on peut augmenter la production totale
d’un systéme en intensifiant la péche des prédateurs et en récoltant ensuite de plus grandes
quantités de proies situées plus bas dans le réseau trophique ne semble pas se vérifier dans la
pratique. Lorsqu’on péche davantage de prédateurs apicaux, leur réle en tant que facteurs de
régulation des populations d’especes situées plus bas dans le réseau trophique est repris, au
moins en partie, par les prédateurs immédiatement situés & un niveau trophique inférieur, et
notamment par les individus 4gés qui sont en mesure d’évoluer vers un niveau plus élevé. Cette
évolution est facilitée lorsqu’il existe plusieurs types de prédateurs concurrents pour le méme
groupe de proies. De plus, dans la mesure ol les prédateurs sont des agents de régulation
naturelle des populations de proies, leur élimination sélective sur une grande échelle a un effet
déstabilisant, illustré par la variation accrue de 1’abondance des proies. En revanche,
P’€limination sélective de ces dernitres est préjudiciable aux prédateurs, bien que cet effet soit
moins prononcé s’il existe d’autres sortes de proies.

Il est également indispensable d’évaluer les aspects économiques de I’exploitation des
systtmes proie-prédateur. Flaaten (1989) a combiné dans un modile biologique simple, un
systeme 2 un seul prédateur et 3 une seule proie élaboré par May et al. (1979) avec des secteurs
d’exploitation économiquement indépendants, 2 raison d’un secteur pour chacune des deux
especes.  Comme prévu, dans ce cas tres simple, 'auteur a constaté que DI’exploitation du
prédateur avait pour effet d’accroitre le stock de proies exploitable et I’exploitation de la proie,
de réduire le stock de prédateurs exploitable. En supposant que ’on peut capturer a moindre
colit une proie de valeur marchande et que le prédateur est un poisson de faible valeur avec un
colt de capture élevé, I’auteur parvient & la conclusion qu’il peut €tre économiquement justifié
de subventionner I’exploitation du prédateur. A Dinverse, lorsque le prédateur peut étre capturé
a moindre colit et qu’il a une certaine valeur marchande alors que la proie est un poisson de
faible valeur avc un coiit de capture €levé, I’accroissement du stock de proies exploitable
résultant de I’exploitation du prédateur peut justifier, au plan €conomique, la récolte de la proie,
alors que ce n’était pas le cas précédemment. Cela s’effectuerait toutefois au détriment de la
péche du prédateur.

L’article cite des exemples d’intégration d’effets de la prédation dans les avis en matiere
d’aménagement des péches maritimes. Dans I’Atlantique Nord-Est et Nord-Ouest, on a limité
les prises de capelan de sorte qu’il en reste suffisamment de proies pour la morue, d’une plus
grande valeur marchande.
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EFECTOS DE LAS RELACIONES DEPREDADOR-PRESA EN LAS ESTRATEGIAS
DE EXPLOTACION Y LA ORDENACION DE LA PESCA

RESUMEN OPERATIVO

Los principales depredadores de los peces (incluidas las especies no comerciales) son los
peces mismos. La depredacién por parte del hombre es sustancialmente menor, aproximadamente
del mismo nivel que de otros mamiferos. La depredacién es un proceso importante para la
regulacién de las poblaciones de peces; sin embargo, las interacciones entre depredadores y
presas y sus efectos sobre los recursos pesqueros son sumamente variados y complejos, por lo
que es necesario estudiarlos en profundidad. El cuadro se complica mds atn por la inestabilidad
que caracteriza tanto al medio ambiente local como al ecosistema en que tienen lugar la
depredacion y la competencia. En realidad, las pesquerfas del mundo estdn dirigidas tanto a las
concentraciones de depredadores como de presas. Para lograr aprovechamiento mds ventajoso
es necesario conocer las interacciones, los efectos en el ecosistema, asi como elaborar modelos
bioeconémicos en un contexto multiespecifico. Este documento examina las interacciones
depredador-presa como componente de la regulacién de los recursos pesqueros. En él se hacen
observaciones sobre el impacto y el alcance de la depredacién en los ecosistemas marinos y de
aguas dulces, se formulan propuestas para incluir los efectos de la depredacién en la elaboracién
de modelos matemdticos sobre pesquerias de una sola especie y multiespecificos, y se
proporcionan ejemplos de cémo se han incorporado estos efectos al asesoramiento en materia
de gestion y a las estrategias de explotacidn.

La depredacion puede tener efectos significativos en los ecosistemas marinos y de agua
dulce. La disminucién del nimero de grandes ballenas mysticetes en el Antdrtico ocasioné en
poco tiempo una mayor abundancia de krill, al reducirse en esta especie la mortalidad por
depredacidn. A continuacién crecieron las poblaciones de las ballenas mysticetes restantes, focas,
aves marinas y sepias. Efectos similares pueden observarse en los ecosistemas de agua dulce,
en la depredacién de organismos marinos por las focas, y en la depredacién de huevos y larvas.
Cuando se introducen especies en lagos de agua dulce se observan algunos de los mds
espectaculares efectos de la depredacién en las comunidades; un ejemplo de ello es la
destruccion de los ciclidos de la especie Haplocromis en el Lago Victoria, tras la introduccién
de la perca del Nilo.

La explotacién de mamiferos marinos constituye un caso particular, por las limitaciones
de indole estética y moral que impone la opinién publica. Sin embargo, la continua recuperacién
de la mayor parte de las poblaciones de estas especies ha planteado el dilema de si debe
mantenerse la prohibicién casi total de explotarlas o se ha de permitir una explotacién limitada,
en condiciones cuidadosamente controladas. Se necesitan muchos mds estudios para llegar a
comprender cudles serfan las consecuencias de cada una de estas alternativas para el
mantenimiento de ecosistemas equilibrados.



‘oj[e spw $9 910adso 'S 9p oroard
19 onb s3 of[s 9p Tedroulid oAnOW [ “BZN[IOW B] OSBO 9Js9 U3 ‘10pepardop [9p SOIUSTIPUSI
so] owrxpw [ doudjod anb UQIOBUSPIO BUN B S[RIOAB] S3 UQISN[OUOD B[ ‘[RIUSPIOOOpIOU
0QURLIA)IPIN [P Seoyoue A eznpow op ssuotoelqod se[ ap ojdwafs [o ug ‘sopdnnw soroadso op
so[opow ap ugroeorjde e[ 91qos s0OEISOUOW SOIPNISS SOp ULjudsaId o5 OJUAWNOOP 3 UF

"gosad 10d sopepifelIou
vImny e[ 21qos s1s0dry sef A ojsondns o opewnss ojuSTWEIN[IRI 19 ‘(sOfly sonjowrpred sono A
‘ugroepardop ‘souoroejqod Se[ 9p SONPIAIPUL 3P OISWNU) YVIASIA [9P SOPBINSII SO UOS O[apott
2159 9p oseq op SSuorBULIOUT SeY ‘uooepardop 1od pepI[ElIOW 9P SOININJ SIUSIOYI0J SOf
Temnoreo ered owoo Jse ‘eseworq ] A souoroejqod se[ op pmyrudeu ef ‘soIniny SOJUSTWIPUSI SO
1oa21d ered ezinn os anb ‘(sordnnuw soroadss ered oonsouord) YOASA 12 SO O[fspowt opungas
[ ‘sooadsa sey sepo} op pepa 1od [enpratpur osad [9 Owoo JSB ‘uonseno ud Iopepardsp zad
1o 10d sepuayerd sesaxd se[ A SOJUSWITE Sp OWNSUOD Ip Sese) se] ‘seronbsad sejoyy se[ sepol 1od
sopexmdeo sopeps op odnig epeo op sarefdurafs op $97eI0) SOPEPHUED SE[ BLreWd UQIORWIONUT
owod ezimy) ‘opesed [o us vosad 10d pepIElIOUr 9p SIIUSIOYI0D SO IP OWOD JSE ‘SOfre[noyed ered
soLresaoou sonpuwered sof ap A ugroepardap tod pepieliow sp sopesed sUSIOLJ00 SO 9P ‘opesed
Io uo souoroejqod sej ap pnjruSew e[ 9P SSUOIORWISS Ienjodye ered ezinn os onb ‘(sordnnuw
soroadss op eniaia uoroe[qod Bun 9p SISTRUR) VJASIAL [0 $9 orowird TH SO[opow SOp 9p ¥jsuod
NELD 19p anbojua [ *pepriordwos Jofew uejussard sajdunu sa10adss ap sofepout sONQ

“B)S9 Op OJUSTWIPUSI JOABW UN JAUQO A B[RS0 [ op uQIOepardep e[ IIONPaI 3p Ul ©
‘(ojuaTwreIN(oa1 19 BISANUTWSIP anb Iejrae op opuepino onbune) 9[qIsod Oj[e SBW [SATU [ JoUSJUEW
21Q9p 95 OB[RORq [9p UOLOEIO[dx B] anb 9p UOISN[OUOD €[ & 03[ 95 ‘B[eSo [ 9P [e10) ugroepardop
®] op ojuam Jod §g 1op S[qesuodsal so Oeeoeq [ anb BwINSe 95 A SESOI[EA SPW $A[0adS SOp Se]
$E}S9 UOS SPUOp ‘BPUB[I] 9P IEW [d US OB[EOEq [0 A B[ESI0 B SIjUS SUOIOORIUI SB[ B SJUSISfaI
ojdwoal un ug ‘sordumu ssadss exed sof[ouss soppow e ssrerjdwe uspand uUYIqUIE) or0adse
eun ered SOPEIOQR[? SO[OPOW SO ‘ZOA NS Y "UOIOBUSPIO 9p SBIZoten)ss sef A SOJUSIWIPUSI SO
‘OJUSTWIBINTIAI [0 ‘souotoe[qod se] op ouewWe] [9 US sJuOIsNoIvdar sef A OWSITeqIued [3p S0309)3
SO[ BJUSNO US OPBWO) URY oS 9109dso BUM Op SOUOMEN[RAd & ugwerdure ns ered "sepxonbsad
se] op so[epowr sof & ugroepardop e] 9p $0109J3 $O] Je10dIOOUT 3P SOJUIUT OYIAY URY 9

“Sepe[ouo] ()00 8§S A SEPE[eUO) 0QQ ¢S Seun 9p ‘SIUSWERATIOadsar ‘ony SaUOIRWEd 3P
Teurwou einided B[ SOUE SOP 059 UF "J66T US SPB[au0) 00 § Ud A 0661 US SBPE[SUO) 009 £€ US
onores os seyaur[res sef 10d SQUOIBWED SP OWNSUOD [9 9nb senuaTW ‘1661 ered sepeuo) 00T 1 A
0661 Bred Sepe[auo} (OO¢ | US QNS 35 00Ufoed [op Inqiey [op dyred rod oysuiou ugrewred sp
[ENUE OWINSUOD [d (BIPUB[USOIL) Op SenSe Se] US SSUOIBWEd SO 9p ugroepardop ef ap pmjrudewr ey
‘ordwafo op ojmp e ‘gyussard a5 “seae £ sopodoreyao ‘sorojfwrews ‘ese[y Op UJjoo ‘une ‘oeredeq
:sor0adse sojuamgis sey op uoroepardop el op pryrjduwre B[ BOIPUL 95 OJUSWNOOP 19 UH

"soATIRUIS)[R Sanbojus s01s9 op oun eped erodwiod anb
(S0OTWIOU0D9 £ SOBIN0S ‘SOOTPISI) SOIOLAUSQ A SOIS00 SO 9p OPBUOZEI SPUI USWEXS Ul mruxad
op Ul B ‘BwWoISIS009 [o ered SLIOUSNOASUOD SnS 91qos A ssuoroeqod seise op ugoeIadnodl e
op 81 epipaw e[ a1qos eorjqnd uorurdo ef & 1ofow rewiojur 0s1aId 9 SOPOW SOPO} 3

X



xii

Por lo demds, la incorporacién de una interaccién depredador-presa en la evaluacién no
proporciond ninguna otra informacién adicional con respecto a las evaluaciones para especies
individuales. Los resultados mds importantes se obtuvieron del andlisis de la poblacién virtual
de una especie tinica aplicado a la merluza, especialmente en relacién con la cuantificacién del
beneficio potencial que se obtendrifa si en la primera captura los peces tenfan cuatro afios de edad
(es decir, una longitud de 40 cm aproximadamente).

Dada la complejidad de los ecosistemas de especies muiltiples, las estrategias de
explotacién no deben simplificarse excesivamente. La idea de que se puede aumentar la
produccidn total de un sistema reduciendo mediante la pesca la presencia de los depredadores,
para luego explotar la abundancia mayor de presas de niveles inferiores de la cadena tréfica, no
parece corresponder a lo que ocurre en la prictica. Cuando la pesca del depredador principal
se intensifica, su funcién de agente regulador de la abundancia de las especies inferiores de la
cadena tréfica es asumida, al menos en parte, por la especie depreédadora que le sigue en la
cadena; en efecto, en tal situacién los individuos de mds edad de ésta ultima se encuentran en
condiciones de ascender a un nivel tréfico mds alto. Este fenémeno se acentia atin mas cuando
existen muchos depredadores que compiten por el mismo grupo de presas. Ademds, puesto que
el efecto natural de los depredadores es regular la abundancia de la presa, su eliminacién
sustancial y selectiva resultard desestabilizadora, reflejdndose en una mayor variabilidad de la
abundancia de la presa. Por otra parte, la eliminacion selectiva de la presa ird en perjuicio de
los depredadores, aunque este efecto se atenuard si existen otras presas disponibles.

También es necesario evaluar la economfa de la explotacién de depredadores y presas.
Flaaten (1989) combiné un modelo biol6gico sencillo elaborado por May et al. (1979), que
tomaba en consideracién un solo depredador y una sola presa, con sectores pesqueros
econémicamente independientes, uno para cada una de las dos especies. Tal como se preveia,
en esta situacién sumamente simple la explotacién del depredador llevaba a un aumento de la
poblacién explotable de la presa, y la explotacién de la presa reducfa la poblacidn explotable del
depredador.

Las conclusiones de Flaaten fueron que si la presa era valiosa y su captura resultaba
econdmica, y el depredador inservible y de captura costosa, podfa existir una justificacién
economica para subvencionar la explotacién del depredador. Si, en cambio, el depredador era
valioso y de captura poco costosa, y la presa inservible y de captura poco econdmica, el aumento
de la poblacién explotable de ésta tltima que derivarfa de la explotacién del depredador podia
hacer que la explotacién de la presa, antes no conveniente, se volviera econémicamente rentable.
Sin embargo, esto ocurrirfa a expensas de la pesquerfa del depredador. Si ambas especies eran
inservibles y de captura costosa, podria no haber explotacién pesquera de ninguna de ellas.

En el documento se presentan ejemplos de incorporacién de los efectos de la depredacion
al asesoramiento en materia de ordenacién de las pesquerfas marinas. En el Atldntico
nordoriental y nordoccidental se limita la captura del capeldn, a fin de que queden suficientes
ejemplares como para alimentar al bacalao, especie de mayor valor.
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1. INTRODUCTION

This thematic paper on predator-prey relationships was prepared as background material to
the International Conference on Sustainable Contribution of Fisheries to Food Security being
held in Kyoto, Japan, in December 1995.

Worldwide, there are numerous examples of marine ecosystems which have experienced
major shifts in species composition and stock abundance. The causes and mechanisms of these
shifts are most often poorly understood. Some are no doubt the consequence of natural changes
in the ecosystem. Others are clearly the result of interference by man, as through environmental
degradation, and as the consequence of harvesting strategies.

This paper examines predator-prey interactions as a component of the regulation of fisheries
resources. It includes observations on the magnitude and impact of predation in marine and
freshwater ecosystems, the approaches to incorporating predation effects in the mathematical
modelling of fisheries, and examples of how these effects have been included in the advice
provided to the managers of fisheries. The paper is a review of a selection of existing works
provided to the author.

2. PREDATION AS A COMPONENT OF POPULATION REGULATION

Predation is but one of the processes in population regulation in aquatic systems. While
knowledge about the magnitude of predation is important, in order to fully appreciate the role
of predation it is necessary to understand how predator and prey interact at different life history
stages, and how this interaction is influenced through competition and associations with other
species. Accepted theories of how populations and communities are regulated, including whether
or not an equilibrium or underlying steady state exists (within a chosen context of time and
space), will affect this understanding.

There are three principal theories for community regulation. Deterministic (or equilibrium
theory) suggests that communities are regulated at an equilibrium or moving towards an
equilibrium and that density dependent processes including predation and competition structure
these communities (Hutchinson, 1959; Paine, 1974). Stochastic (or non-equilibrium) theory
maintains that density independent, abiotic fictors exert the overwhelming influence on
population regulation (Andrewatha and Birch, 1954).

The more recent competitive crunch theory is somewhat intermediate, where populations are
mostly unrestrained in a benign environment, but are subject to intense competitive pressure
during occasional periods of severe conditions (Wiens, 1977). Competitive crunch theory implies
that mechanisms of population regulation defined at one point of time may not be valid over
longer periods. '
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There has been much consideration given to whether the processes of predation (top-down)
or competition (bottom-up) control the dynamics of aquatic ecosystems (Hunter and Price, 1992;
Power, 1992; Sherman, 1992; Polis, 1994). -

Theoretical studies suggest that top-down processes control the upper trophic levels; while
bottom-up processes control the lower trophic levels, the productivity of the system itself, and
the number of trophic levels (Leibold, 1989).

In an evaluation of fishery ecosystems in enclosed and semi-enclosed seas, Caddy (1993)
concluded that nutrient enrichment (bottom-up) and fishing (top-down) acted in synchrony to
produce the observed changes in the trophic structure.

3. DISTINCTION BETWEEN SYMMETRICAL AND ASYMMETRICAL
INTERACTIONS

Beverton (1985) draws a distinction between what he terms symmetrical and asymmetrical
interactions with reference to fishery systems where man-is competing with a marine mammal
predator.

In symmetrical interactions, a reduction in the exploitation exerted by either top predator is
beneficial to the other. This occurs when the commercial fishery and the predator exploit the
same species; as in the Gulf of St Lawrence where cod feeds on capelin and both are eaten by
harp seals and fished commercially; and in South Africa where snoek feed on anchovy and both
are eaten by the Cape fur seal and fished commercially. Where there is this symmetry, at least
the direction of impact from a reduced or enhanced marine mammal predation can be assessed
with relatively simple mathematical models, even if the final balance between the two species
cannot be assessed.

In asymmetric interactions a reduction in the abundance of one of the top predators may not
necessarily be beneficial to the other. Examples include sea lions at a Pacific west coast river
feeding on both salmon and lamprey, while only the salmon is fished commercially; the Cape
fur seal which eats both Cape hake and squid, with the latter being only lightly fished; and
Antarctic fisheries targeted at krill, with sperm whales feeding on the squid (an intermediate
predator of krill).

In these, reducing the abundance of the marine mammal will tend to increase the presence
of its prey.

Unless there is detailed understanding of the interactions between the prey species, there is
no way of knowing whether this reduction in numbers of mammals would increase or decrease
the abundance of the fished species, and hence the benefit to the fishery. In respect to all
examples, reducing the fishing effort could be expected to benefit the marine mammals.
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Murawski (1983) showed that intensive fishing in the US Northeast continental shelf
ecosystem in the late 1960s and early 1970s was accompanied by an approximately fifty decline
in the biomass of economically important fish (eg. cod, haddock, flounders, herring and
mackerel). This decline was subsequently followed by an increase in the biomass of lower value
species (eg. sandlance, dogfish and skates) which resulted in changes to consumption and
predation throughout the ecosystem (Overholtz and Nicholas, 1979; Powers and Brown, 1987,
and Payne et al., 1990).

Herring and mackerel are undergoing a recovery after earlier exploitation levels were
reduced; however, the demersal resources remain depleted, with dogfish and skates constituting
74 of the combined stocks biomass on the Georges Bank compared with 24 in 1963.

4.2 Freshwater Ecosystems

The suggestion that top-down and bottom-up effects do not occur in isolation from one
another and can alter primary production is well demonstrated in freshwater ecosystems.
Bronmark er al. (1992) studied a mesotrophic lake and concluded that predation by the top-level
predator (pumpkin seed sunfish) decreased the abundance of the second trophic level (snails),
which led to an increased biomass of the periphyton at the third trophic level.

Vanni ez al. (1990) describe a freshwater lake which experienced a massive fish mortality
(reduction of cisco biomass from 239 kg/hectare to 13 kg/hectare) in an unusually warm
summer. This reduced predation on larger zooplankters, led to an increased abundance of larger
daphnia and a decreased abundance of phytoplankton. Physical factors and the concentrations
of limiting nutrients were unchanged over the same period, indicating that the apical predation
had been important in maintaining phytoplankton levels.

Tonn ez al. (1992) describe a complex interaction between fish-eating Eurasian carp and
crucian carp. The young-of-the-year crucian carp were reduced directly to 10 of control levels
by direct predation, and then experienced reduced growth rates (increasing the duration of
susceptibility to predation) due to habitat restriction, before finally growing to a larger individual
size than control populations due to reduced intra-specific competition. This provides a good
example of the direct and indirect effects of predation, the latter mediated through habitat
restriction and reduced competition.

A more complex stage-structured interaction occurs when species compete at one life-stage
but are predator-prey at another (Werner and Gilliam, 1983; Polis er al., 1989). Largemouth
bass are the top predators in many Michigan lakes and almost exclusively piscivorous at larger
sizes. Like the bluegill sunfish on which it predates, bass go through an early stage in which
they feed on soft-bodied littoral invertebrates.

The transition from competitor to predator occurs in the bass’s first year, after which they
feed extensively on young-of-the-year bluegill.
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In instances where seals damage fishing nets, scare fish away from nets, and predate on
fish approaching or in the nets, there are obvious short-term benefits to the fishermen in
reducing their interactions with the seals. In other instances where the aim of reducing a seal
population is to achieve an increase in the abundance of the commercial fish stocks (eg.
Northwest and Southeast Atlantic), the benefits are far less certain. According to Northridge and
Beddington (1992), there are many instances, especially where seals are concerned, in which the
diets of marine mammals are too varied and flexible and the inter-relationships between the fish
too complex, to enable the results of decreased predation by marine mammals on fish stocks to
be predicted. The Royal Commission on seals and sealing in Canada (Anon., 1986) concluded
that although there was strong evidence that seals could affect the abundance of fish stocks, it
was "not aware of any instance in which known and measured change in the abundance of seals
has had a measurable effect on fish catches".

Butterworth er al. (1988), investigating the scientific basis for reducing the South African
seal population, could find no “proven link between seal population reduction and a
consequential increase in yield to any fishery worldwide". Similarly, Bowen (1985) concluded
from a review of the interactions between seals and fisheries in the Northwest Atlantic that "we
simply cannot say what effect an increase or decrease in the harp seal populations will have on
fish catches over the long term", as there is likely to be associated increases in the mortalities
caused by other predators (eg. whales, seabirds and cod).

4.4 Predation on Eggs and Larvae

The significance of predation on eggs and larvae is illustrated by the reproductive patterns
that have evolved to minimize its effects. Dragesund and Nakken (1973) for example concluded
that successful spawning of Norwegian spring spawned herring requires widespread distribution
of the larvae, a long duration for the spawning period, and rapid dispersion of the larvae from
the spawning grounds to minimize the predation by haddock and saithe that are thought to
consume up to 40 of the eggs.

In other species, larvae emerge from the eggs at the same time as those of more abundant
species including capelin (Frank and Leggett, 1983) and pink salmon (Parker, 1971) that will
bear the brunt of the high predation at this vulnerable stage. Reproductive strategies adopted by
cohorts of the same species spawning at different times of the year can include tradeoffs between
large numbers of eggs that will satiate predators and fewer eggs of a larger size to prolong
survival during poor feeding conditions (Hempel, 1965 and Soin, 1971).

Lambert and Ware (1984) suggested "all at once" egg release for the fast-growing Atlantic
mackerel and the batch release of eggs or "bet hedging" by the slow-growing herring, were
both directed towards minimizing predation mortality.

Although difficult to establish, the sheer magnitude of predation on eggs and larvae is likely
to affect the number of recruits subsequently entering the fisheries for many species.



80t £'ee SoI1 €'e vey 0°'LT YSLI 11V
¢l 8¢l 00 I'1 90 v'8 sarwoIydoydey
€6 L1 0'¢ L0 0°¢l €T erdeqry)
1 €1 0 80 L1 8'C ysyIe)
£¢ 00 001 0°0 €L] 00 yoxad IfIN]
98¢ - 68 | TLe - TLe | 98¢~ S8 | TLe = TLe | 98¢ - 68¢ | TLe - ILs
CAVALS T2Y) (CAVAS 12)) Q)
$SO[ uonepald sayoIR) sseworg dnoig saroadg

"BLIOJOIA 9T JO 10309s ueAudd] oy} ur ssof uonepard pue sayojed ‘sseworq :T J[qeL

‘K1eNs®D $SNOIAQO ue saurtwoiyoordey
ay) pue uononpoxnur yoxad SIN Yyl woly Jysuaq o) Surreadde eiden yim ‘sdnoid soroads omi
Ioyjo ay) uo siojepard are ysyieo pue yorad IN ylog (1 9[qel) uoneyojdxs urpnour siojoef
IoUY10 pue suonoeIdul sa1oads Yl JO 109130 10U Ayl 109[JaI (€66]) IV 12 NBAIOJA WOIJ MO[eq
uoAIg sourworyoodey ay) pue erdern ‘ysiied ‘yorad S[IN 2yj JO yoes 10j sso] uonepaid pue
SOUOJED ‘SSBWOI] JO SAJBWINSH PIUIBIUIRW 9 UBD SIYDJRD IOYSIY Yons Joyloym umowjun ST 31
ySnoyire ‘sowny Inoj 031 921y} paseardur sey pRIk A1aysyy ayy ‘Ajreotuoiy “Aqreonewelp pagueyo
Sey oYe[ 9y} Ul goM POOJ JY], "PAudiealy) IO JouUnXd mou a1e saroads sunwoIysordey oruopus
+00€ oy Jo spiy-oml A1qissod jey) 3s333ns sroyjne asayy ‘ojdwres pojruy e woiy Sunejodenxyg
(2661 “'1v 12 amipy) oidwexd pasoiqnd [[om B SI ‘UOONPOIUT S) J3Je SIBAK  Ajuom)
uey) aI1ow ‘sp861 Yyl ur yorad S[IN JO douBpUNge PISLAIOUT Y) SUIMOJIO] BLIOIOIA BT JO
SPI[YOTO QurwoIydodey 9y} JO UOTIONIISIP ST, ‘SB[ JOJBMUSIJ OJUT SUOTIONPOIIUT 0} 109dSax yaim
POAISSQO U99q 9ARY [9A9] AJTunwiwod ay) Je uonepald JO $3091J9 SBWERIP 9I0W 2Y) JO SWOS

$AI3adg padnponuy ¢4

"9BATR] 9} JO YIMo13 1omofs sasned Ajddns pooj peonpax
a3 18y 3usAd oy} ur uonepaxd o1 LyrfIqeisurna s 1939 9y} s3uojoid pue ‘pooJ I0J SBATR] 9} YIIM
sajodwos ‘uonepard 30011p ySnoiyy oeare] FulrIdy Yy s1093e ysyA[Rf oyl yorym ur ‘Suriioy uo
szoyepaxd ysyArraf jo joedwir oy 103 dooj yoeqpaa) aanisod e uo suodar (£.861) ‘12 12 [[90Ing

‘dwinrys umoiq Aq oeare[ jusuiapes-1sod Jo uorepaxd
oy woiy Sureq yiduans sse[d redhk jo uonendar [eury oyl Y ‘yuowepies o) Jord oorerd
[eATe] JO @0ouBpUNqE 9y} JOJ pnITuSeul JO JOPIO ) PAUTWISISP BIS USPPEBAL UISSIM SY) JO SUO0Z
TBISBOO Y} UI $9JBIUR00 Aq uonepaid jeyl papnouod (£L861/9861/S861) IOA JOp UBA

8



4.6 Discard Mortalities and Predation

The incidental kills of dolphins in the eastern tropical Pacific Ocean tuna fishery provide
a high profile example of man-induced impacts on the balance of predators. Alversen er gl
(1994) assessed the magnitude of dolphin mortality. It appears that annual mortalities were
between 200 000 and 500 000 dolphins, from the beginning of the fishery in 1959 until the early
1970s. The subsequent decline in dolphin mortality was from technological improvements in gear
handling, arising from industry and government concern. The problem re-emerged in the mid-
1980s. The subsequent public response favoured producers able to guarantee that their tuna
products were caught without any associated mortality of dolphin. Discard mortalities in this
fishery have declined markedly since 1989.

Energy flow modelling of the Gulf of Mexico shrimp fishery demonstrated that the
incidental mortalities of discards can influence the groundfish predator-prey interactions
(Browder, 1981).

This author speculated that the mortalities of prey species similar in size to shrimp, could
induce the predators to seek alternative prey species, leading to increased predation on the
shrimp. :

Estimates from Kuwait (Pauly and Palomares, 1987) indicate that fish consume three times
as much shrimp (in weight) as is landed, even with high discard rates of fish. The implication
from this is that reducing the fish by-catch (as through the use of more selective gear) might
impact negatively on the size of the shrimp stock and landings. Reducing discards could also
impact negatively on shrimp stocks, if shrimp feed on the discards.

Conversely, Sheridan ez al. (1984) found that only a few species of fish included substantial
quantities of shrimp in their diet, and from a modelling exercise concluded that the reduction of
discards would have only minimal influence on the abundance of shrimp. Some support is
provided by Hill and Wassenberg (1990), who found that sharks, dolphins and birds were the
most important scavengers of discards from prawn trawl fisheries in northern Australia, whereas
scavenging by invertebrates was negligible. The impact of discarding on shrimp stocks clearly
needs to be investigated further.

S. OBSERVATIONS ON THE MAGNITUDES OF PREDATION

5.1 Predation in Marine Ecosvystems

The few studies on the magnitude of predation in large marine ecosystems in which there
are substantial fisheries have shown that the major predators of fish are the fish themselves. In
Tespect to the six ecosystems examined by Bax (1991), predation by fish was concluded as
ranging from 2 to 35 times that from commercial exploitation by man (Table 2).



weressnIe( ounig
L0 1°6T 1K/ ury /)
s 0°z¢ SOV | B[ONZOUS A
v'T T8 1K/, w/mp-3 OOIXaJA JO JIND)
10 1T 1K/,w /A(fp'ﬁ OOIXII ‘uejeon §
UeN Usty jusWwIaINSeaW

£q
uonepard 0] sMoJ sseworg Jo sjun wsAsoogy

"SWRISAS009 JIOUS [BIUSUNUOD INOJ 10§ SMOJ sSewolq Jo uostreduio)) ¢ 3[qeT,

"SI [RIOISUIIOD
9AT)0adsax 9y} St 9FIe] SB SoWN 7 pue ¢ usamiaq Sureq Se paurwIalep sem ysy £q uonepaid o)
MOTJ SSBWOIq Y], *(¢ 9[qeL) SWoISAS003 J[9YS [BIUAUNUOO INOY UT SAIQYSI pue ysy Aq uonepard
0} SMO[J SSewolq 10J (7661) A[ned pue USSUSISLIYD UL USAIS oIe SINSSI JR[IWIS JRYMOUIOS

81 I's 0'¢ 00 BOS sjuareq
1% 0L I'0 90 €3S YMION
Al 011 <1 z0 vog uteg H
¢l 171 00 00 pIofjsreq
19 STy Ve 0¢ Jueq $331000
9'1 96 9C €0 juorIn)) erondusg
UEAl Ustg S[ewurejy spIg

Aq (1K/,un1 ) uvorrepaid ysig wolsAsoog

"SwaIsAs009 surrew a3ref x1s ur uonepaid jo uosuredwo)) 7 3[qEL

*3urysy woiy jey) uey) 193ea13 10 0} renbo noqe sem uonepaid rewurew
SuULreWw ‘SWISASODS Sy} JO InoJ Uy ‘swsAsooo asoy) ut ysy Aq paoustradxo Ajeniow [e101 oy

Jo yusuodwod Jofew ayy sem uonepard woiy A)eIIoU JBY) POUTWISNOP SBM 1T ‘QIOULISYLIN,]

01




11

5.2 Predation by Tuna

Olson (1995) examined the role of predation by yellowfin tuna (Thunnus albacares) larger
than 50 cm. in the eastern Pacific Ocean using a bio-energetics model of growth interfaced with
population and diet data.

The estimates for the quantities of prey consumed by yellowfin were compared with catches
of the prey groupings during the same period (1970-72) and some 10-20 years later (Table 4).

Many of the same prey are consumed by other apical predators, including other tunas,
dolphins, billfish, dolphinfish, and sharks.

The main contributors to the diet of yellowfin were frigate and bullet mackerels (Auxis
spp.) and flyingfish (Fam. Exocoetidae). :

Given the large quantities consumed, it was concluded as likely that predation by yellowfin
(and others) is an important regulator of the community structure.

Table 4: Comparison of quantities consumed and caught for prey of yellowfin tuna.

Prey Species Group Mean Annual Mean Annual Mean Annual
Catch Predation Catch
(1970-72) (1970-72) (1982-91)
(mt) (mt) (mt)
Yellowfin tuna 130 067 - 250 219 596
Skipjack tuna 62 733 19 556 70 166
Striped tuna 0 416 0
Wahoo 0 83 0
Frigate/bullet tuna 0 383 631 19
Flyingfish 0 106 748 0
Pomfrets 0 41 179 0
Jacks 1 067 16 450 2 220
Triggerfish 0 9079 203
Dolphinfish 0 3 844 85
Billfish 33 1 1185
Squid 133 23 754 2 150
Octopus 67 449 603
Craylets 0 28 834 3 969
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5.4 Predation by Marine Mammals

Predation by marine mammals on fish also taken by commercial fishermen can be large.
A collection of papers in Beddington et al. (1985) provides examples where the quantities of
commercially caught fish eaten by marine mammals is similar or greater than the quantities
caught by fishermen in several areas. These include South Georgia, the Kerguelen Islands,
Southern Africa, the Northwest Atlantic, and the Bering Sea.

Other examples are cited, such as the US Pacific Northwest coast and Bristol Bay where
the development of commercial fisheries on shellfish is being prevented through localized
predation by marine mammals.

The previously mentioned invasion of the Norwegian coast by harp seals in 1987 is a
somewhat special case, although previous invasions have been recorded (1902-1903). Ugland
et al. (1993) estimated the fish consumed by these seals over a three to four month period in
1987 to be about 215 000 tonnes, mostly cod and saithe. They estimated that consumption by
seals in 1988 was about 40 of the level in 1987.

Hauksson (1993) gives an account of the consumption of commercially important fish by
seals in Icelandic waters. He concluded that without seal predation, yields from commercial fish
stocks might have increased by about 300 000 tonnes in 1987, when the total Icelandic catch of
fish was about 1.7 million tonnes; and hence the cod quota could have been increased by about
a third.

The possible indirect effect from reduced seal predation, such as increased predation on
other fish by cod and other piscivores, was not figured into these estimates.

Preliminary analysis of data collected during 1986-89 by the Marine Research Unit in
Reykjavik has provided estimates for the consumption by cetaceans in Icelandic and adjacent
waters (Vikingsson, 1993). ‘

The estimate of total consumption is 4.6 million tonnes, consisting of about 50 krill, and
25 each of finfish and cephalopods. Fin whales were the principle consumers, taking about a
third of the total. The main finfish consumers were the minke whales, pilot whales, and two
species of dolphin.

5.5 Predation of Walleye Pollock

Aron (1988) analyzed the quantities of walleye pollock removed annually by predators in
the Eastern Bering Sea during the early 1980s. In order of importance by weight consumed, the
main predators are the walleye pollock and other fish, man, marine mammals, and marine birds
(Table 5).
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An estimate of 2 675 t/day is given for the consumption by fish-eating alcids in the eastern
North Pacific, and 866 t/day as the consumption by other species of birds. The diets include
juvenile fish of commercial importance, as well as non-commercial species.

Northern gannets in Newfoundland waters consume the same pelagic prey species as occur
in the commercial fishery. According to Montevecchi et al. (1988), the estimates for the
consumption of mackerel and squid by gannets often exceeds the quantities landed by fishermen.

An important proportion of the diet of seabirds can consist of fish discarded at sea from
fishing vessels. An estimated 90 of the offal and 75 of the whole fish discarded from
commercial vessels around the British Isles is consumed by seabirds according to Furness ef al.
(1988).

These quantities are equivalent to between 5 and 10 of the landed weight from the
associated flatfish and gadoid fisheries. Primarily as the result of the at-sea discard of non-target
species and processing wastes, the number of scavenging seabird pairs in the North Sea region
has risen from 37 000 in 1990 to 614 000 recently (Furness, 1993; Hudson and Furness, 1988).
This increase in birds is presumably reflected by an increase in the predation of live fish.

Predation of seabirds on juvenile fish can be extremely high when juvenile fish are in a
restricted area. Mace (1983) found that birds captured 10 to 12 of a release of chinook salmon
within 2 km of their release from a hatchery in British Columbia. Wood ( 1987) found this to be
an exceptional case, however, and cited maximum mortality rates of salmon due to bird
predation as generally not exceeding 10 over the entire seaward migration.

5.8 Predation on Shrimp

The magnitude of the predation on shrimp in the waters of Greenland has been studied by
Pedersen (1993). The annual consumption of northern shrimp by Pacific halibut was estimated
as 1300 tonnes for 1990 and 1 100 tonnes for 1991. The consumption of shrimp by redfish was
estimated to be 33 600 tonnes in 1990 and 8 700 tonnes in 1991. The nominal catch of shrimp
in the two years was about 52 000 tonnes and 58 000 tonnes respectively. The annual
consumption of redfish by Greenland halibut was estimated as 2 900 tonnes and 5 100 tonnes
in the two years.

5.9 Predation on Eggs and Larvae

Fish eggs and larvae constitute the major component of the diet for many marine species.

These include invertebrates such as medusae, which have been estimated to individually
consume the equivalent of 57 herring larvae per day (Arai and Day, 1982), to collectively
consume up to 28 and 60 % of larval stocks daily in some locations (Purcell ez al., 1987), and
between 2 to 5 % daily for the total stock of herring larvae (Moller, 1980). Fortunately these
very high rates of consumption are confined to relatively short periods of each year.
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~ Their point was that before embarking on lengthy and costly stomach sampling programmes
and formulating more complex models, the existing models and management strategies should
be tested for resilience. In many situations, it was suggested that the cost-effective alternative
to explicitly modelling cannibalism (and other predation effects) may be the definition of
management Strategies that are robust to the expected range of biological interactions for the
stock being managed.

6.2 Simple Multi-Species Models

The approach of Shepherd (1988) was for a multi-species extension of the existing age
structured yield per recruit models, which incorporates predation mortality coefficients and
stock/recruitment relationships. The objective was to achieve greater realism than from the
single species models, while avoiding the uncertainties of more complex models. The approach
was applied to investigate possible yield scenarios for North Sea gadoids subject to industrial and
consumption fishing (Macer and Shepherd, 1987) and to explore the interactions between
‘Norway lobster and cod in the Irish Sea (Brander and Bennett, 1986; and Brander, 1988). Cod
and Norway lobster are the two most valuable species landed from the Irish Sea. Cod is the main
predator of the lobster, consuming an estimated 88 of the total consumption by all species. They
are targeted by separate trawl fisheries, although juvenile cod are a bycatch of the lobster fishery
(which employs a smaller mesh size). The conclusion from the multi-species analysis was
different to that from the previous single species assessments, in identifying that the exploitation
of cod should be kept as high as possible (though not so high as to cause declining recruitment)
in order to reduce predation and increase the yield of lobster.

Another extension of single species models are the multi-species adaptations of production
models and the models used in theoretical ecology (May et al., 1979; and Kirkwood, 1982).
These are idealised in the sense of incorporating simplified predator/prey and competition
relationships, and hence suffer from substantial uncertainty about whether they adequately reflect
the real situations to which they are applied. They have nevertheless been extensively used to
develop an understanding of the possible interaction between species, and hence the aspects
requiring further research.

6.3 ICES Multi-Species Models

The ICES multi-species approach principally comprises two models. The first is MSVPA
(Multi-Species Virtual Population Analysis), which is used to estimate the past stock numbers,
the past predation mortality coefficients and the parameters to compute them, and the past
fishing mortality coefficients. It takes as its primary inputs the total numbers caught by age
group by all fishing fleets, the food consumption rates and prey preferences of the predatory
fish, and individual weights by age for all the species. The second model is MSFOR (Multi-
Species Forecast), which is used to predict future yields, stock numbers and biomass, and future
predation mortality coefficients. Its inputs are the outputs from the MSVPA (stock numbers,
predation and other fixed parameters), estimated or assumed recruitment, and assumed future
fishing mortalities.
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It is more ambitious in its treatment of migration between geographical sub-areas, and
individual growth as a function of predator size, prey size, prey availability and temperature.
Within the model the stocks are structured by geographical sub-area, age, length, sex and
maturity. The recruitments are estimated from spawning stock biomass.

A shortcoming of the applications so far reported is that the fishing mortalities on capelin,
herring and cod are assumed constant and not dependent on stock abundances. The harp seal and
minke whale components are presently limited to investigating the effects of mammal predation
on the fish stocks.

Future versions are expected to allow examination of the impacts of fluctuating prey
abundance on the mammal stocks. The model may also be extended to include nearby waters,

to take account of that part of the minke whale stock which remains outside the Barents Sea.

6.5 Management by Field Experimentation

Controlled field experiments (or adaptive management) are being suggested by a number
of authors as ways of achieving better management (Walters and Hilborn, 1976; Tyler ef al.,
1982; Punt and Butterworth, 1991; Polis, 1994).

A promising example i$ occurring in respect to the demersal multi-species fisheries of the
Northwest shelf of Australia. Here sub-areas are being subjected to different levels and types
of fishing effort, including complete closure (Sainsbury, 1988).

Changes in stock abundance, structure, biological impacts and fishery performance are
being monitored, and the results will be used to compare the observed and predicted changes
from mult-species models based on alternative interaction hypotheses.

7. CASE STUDY OF ICES MULTI-SPECIES MODELS APPLIED TO
COD.HERRING AND SPRAT STOCKS IN THE BALTIC SEA

7.1 General Description of Stocks a_nd Diets

The Baltic fisheries system is relatively simple with one major predator (cod) and two
major prey species (herring and sprat). The impact of predation by marine mammals is relatively
minor. Cod are demersal in habit, spawning from 2 - 3 years of age, mostly from May to June.

The eggs are pelagic, concentrated mainly at the salinity gradient of 10 °/00, and requiring
about 2 g/m’ of oxygen for development (Bagge et al., 1992; Nissling and Westin, 1991a &
1991b). Egg survival depends significantly on suitable hydrological conditions, as influenced
by intermittent water inflows from the North Sea (Matthaus, 1993).
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The biomass of herring and sprat estimated to be consumed by cod was highest in the
interval 1980 - 1984, when the cod biomass was also at its highest level for the period. During
this interval the total landings of herring and sprat (about 450 000 t) were much less than the
amount eaten by the cod (about 750 000 t).

The predation on herring and sprat declined from around 1982 due to the decline in the cod
stock. The cannibalism of cod declined from 1980, when an estimated 70 000 t were consumed,
because of the decline in the recruitment of young cod.

7.3 Predictions from MSFOR with Constant Recruitment

The predictions were made in respect to three assumed levels of cod recruitment based on
the historical observations. The high level was defined as about 1 000 -1 400 million individuals
annually (as in 1976 - 1981), the medium level as about 500 million individuals (as in 1982 -
1985), and the low level as about 100 - 300 million individuals (as in 1986 - 1991).

The values in each case refer to all 0+ fish as one-year old on January 1st. In respect to
one set of predictions, the fishing mortality of the pelagic fleets is kept constant, whereas the
fishing mortality of the cod fleet is varied from zero to twice the reference fishing mortality. In
the other set the fishing mortality of the cod fleet is kept constant, and the fishing mortality of
the pelagic fleet-is varied. In each case the extent of variation is from zero to twice the
respective fishing mortality estimated for 1992.

In 4 of the 66 predictions, there was no convergence to equilibrium from the 100 iterations.

This was for the cases of medium to high cod recruitment combined with low cod fishing
mortality (with the pelagic fleet mortality kept constant). In these instances, cod biomass was
changing cyclically, reflecting the alternating importance of cannibalism and recruitment in
determining stock numbers. It can be expected that as the predator stock biomass oscillates, so
also will the prey stock oscillate, because of predation. The following discussion of results
concerns only those combinations for which equilibrium was achieved.

Concerning the effects of cod recruitment, the higher levels lead generally to a higher cod
biomass, higher yields of cod for given levels of fishing mortality, and a decrease in the mean
age of the cod stock. The higher cod biomass is associated in turn with higher predation on all
stocks. In the case of the herring and sprats this causes a decrease in biomass and yields for
given levels of effort and an increase in mean age.

The increase in cannibalism associated with the higher cod recruitment is to some extent
counterbalanced by the lower mean age of the cod stock. Increasing the fishing mortality of the
cod stock (with the pelagic fleet mortality kept constant) within any recruitment level has the
effect of reducing the biomass and mean age of cod, and increasing the biomass and mean age
of the other stocks. Yields from all stocks are increased.
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7.5 Conclusion

The hope, when using multi-species models, is to identify management strategies more
beneficial than those revealed from single species models. This might have been possible if the
herring and sprat were more valuable than the cod; in which case the financial benefit from
fishing down the cod and reducing predation could be substantial. In the case of the Baltic Sea
fishery the predator fetches much higher prices than the prey. Some increased exploitation on
cod does have the positive effect of reducing losses to cannibalism. This could be beneficial in
the unlikely event of continuous high recruitment levels. Even in this extreme circumstance, the
extent of benefit would be offset by the fact that larger cod have a higher market price than
small cod. This is because the consequence of increased exploitation is to lower the average size
of the fish being caught.

The over-riding determinant of performance in this fishery is the recruitment of cod. The
substantial quantities of historical data indicate that this is highly variable, and greatly influenced
by oceanographic conditions. The ideal management strategy is likely to be one which enables
exploitation levels to be increased following years when the recruitment of cod is high, in a way
which does not cause the fishery to collapse when recruitment falls. This would imply.that
exploitation should be increased through better use of existing vessels and plant (as possible),
rather than through additional investments.

8. CASE STUDY OF MULTI-SPECIES MODEL APPLIED TO HAKE
ANDANCHOVY STOCKS IN THE NORTHWEST MEDITERRANEAN

8.1 General Description of Stocks and Diets

In the northwest Mediterranean, hake and anchovy are the most important species; in
weight and value, contributing to the landings of the benthic and pelagic
fisheries respectively.

Since 1975, hake landings have been mostly between 4 000 - 5 500 t. The principal gears
used are trawls (~ 900 boats), longlines (~ 60 boats) and gillnets (~ 20 boats). Immature fish
(9 - 16 cm) are landed from trawlers, and larger fish (35 - 45 cm) from other vessels.

Anchovy are exploited with purse seiners (246 boats) and pelagic trawlers (24 boats). The
fishery is seasonal with highest catches in spring and summer. Recruits from the previous
spawning comprise about 45 of the landings. Since 1975, landings have fluctuated about 15 -
25 000 t, except for a period in the mid-1980s when they were between about 10 - 15 000 t. The
range of lengths in the landings is about 8 - 16 cm. The market price for anchovy is a bit less
than a third of that for hake.

Hake is principally benthic, but also pelagic in habit. It is an opportunistic predator of the
anchovy and other species.



's1eak § Jo ainmided 3511y Je 98e ue pue Ajpenrow Surysy Arerodwaiuod 2yl JO UOTIBUIGUIOD
e wolyy (pe1h jussaxd Ay sowry 991yl jnoqe ‘A1) 3 000 QI INOGR JB PIZIWIXBW IR SP[IIK
palRWNS? AU, "V JA So102ds 913urs ® woly SB owes ay) aIe ey J0j p[aif jo suonorpaid ayy,

[OPOJN U} Wol] suonopald €'

‘saotew uondwinsuod 313s-a1d ay) pue 30038 ey pajorpaxd ay)
wo1y pare[nofed sem uondwnsuod KAOYOUR JO [OAJ] mau ay) swidal yoes 0y 30adsar up “Aaoyoue
103 jueisuoo 1doy orom armided ISy 1B 9zIs pue Ajeyrow Surysy oyl pue ‘seroads yjoq I10]
JUR)SUOD 1doY SI9M S[SAS] JUSWIINIOAI JYy) sty) uf “oey o} Sutkjdde sownr§ar sxnyded is11y Je ozIs
pue Ajieliow Sulysy JUSISJIp Iopun ‘soroads Yyloq JOJ APBW USY} 2ISM 9ZIS O0IS PUEB SPAIA JO
suono1paid wis)-3uoy Aaoyoue 10y sanireiIow uonepard pue SuTysy Y} J0J SIJBWISI PIpN[oUL
VJASIN 9y1 woiy indino sy, ‘sish[eue YJASIAL SYl UT PapNour aq 0} SIaqunu 110yod opnasd
ay) urejqo 01 AAoyodue 105 eIep sSuUIpue] dy) 0) Pappe uay} a1am suondwnsuod pojewNSs Sy,

‘Ka1d pue 101epaid
oy} Jo sao3e 9y} 01 Surpioode padnoid ‘1eak 1od oxey Jod uojes AAoyoue jo sraquinu s passordxa
are Aoy, "(0L61 ‘BIouRLIRT ‘peeT ‘v 12 ourzzog) ‘uonepaid Jo s[aad[ mor pue ySiy jussardos
0} ‘saIpnis [e00[ uO paseq pakojdwd arom soomjew uondwnsuod om], “seotew uondwnsuod
pouruLIa)op-a1d 9y} pue SIoquINU O0)S IBY 3SAY} WOIJ pajewnsa sem Aaoyoue jo uondwnsuod
oYL rsroqunu o0js pue ayey o) Juikjdde sjuoroyyeod Arferow Surysiy Yl I0J SOIBWISS
opnpour syndino sy yorym woiy ‘siskeue yJA seroads o[3urs prepuels e 0) pajoalqns a1om axey
0§ eyep yoyed 11oyod opnasd ayJ, ‘(SEET) ‘7P 12 IOAI[O WOIJ USYE) IR SALIOYSI UBSUBIISIIPIIA
1s9myIou 9y 01 uoneosrdde syt woiy s3urpuly 9yl pue [Ppowr 9y Jo uondiosap Syj,

[SPOJAL 9y} sutulya@ T'8

"uwInjod 19jem 2y} ut syydop
[Te noy3noy) sAeroy urpasy axyew ‘wo (¢ 03 dn ‘axey 193unok pue ‘suoneso] Tersusd oures oy
3uthdnooo are saroads oyl USYM IS)UIM PUB UWNINE UI SIN0O0 uonepard asusjur 1souw ayJ,

"juepunge a1e AAOYOUR USYM wWd (¢ - ()7 JO ey JOJ ST Jone] oy, *(ZL61 ‘Oming) %
vy Pue (L6 ‘BloUeIIR) % T INOQE ‘(6561 ‘OeAOLIEN) % +°8 ‘(y66T ‘v 12 OuRZZOg) % L'€
oIe SUONBAISSQO paltodor oy ], *A[qeIdPISUOD SOITBA AAOUOUR UTBIUOD YOTYMm SUOBWO}S [[nJ Jo oFe
QUL "Wd Op puB ¢J INOGR UIBMISQ Ik ey Y} uoym Adxd juerzoduwir jsowr ay) St Aaoyouy

'$IN0Y 7 A1949 3urInooo uotsasip
oy} yim ‘ysy S[SUIS B SIE SJUSIUOD YOBWIO)S ‘ATUOWIWIOD SO *S[0ym IS9TUT UBD JT S[RNpIATpUI
1s03re] 9y} 189 0} ST JIqey SI] "USted ore safruaAnf uoym ‘porrad Sutumeds oyy Suunp ueyl 1oylo0
jusresdrd 9q 0) WSS J0U S0P WISI[RQIUURY) “OTYIUq ST JIqRY SIT QW) SIY} IV "ysiy propes Apsow
ST 391 1T WO (¢ Inoge woiy depradnyd Apsow ‘sorderad [rews uo ojepard o} surdoq 31 yiSusy ur
wo ()] INOQe SAYOBSI J1 AOUQ "BIOBISNIO AJUTRW ST J9IP SIT “9JI[ JO syjuow IsI1y oY) Sunn(g

144



25

As might be expected, yields of anchovy are highest (ie. about twice the present yield)
when the exploitation on hake is greatest and the age at first capture for hake is least. The extent
of the potential benefit is also higher with the consumption matrix depicting the higher levels of
predation. Because of its high price compared to anchovy, the value of the landings from the
two species combined is maximized with the regime which maximizes the yield of hake. This
coincides with a predicted yield from anchovy of about 20 000 t (ie., the present yield).

8.4 Conclusion

In this rather simple two species assessment, the conclusion is very much in favour of
management which maximizes the yields from the predator. The dominant effect that hake has
on the outcome arises from its much higher price.

Furthermore, in this case the incorporation of a predator-prey interaction into the
assessment did not provide any further insights beyond that available from a single species
assessment. The important results were from the single species VPA applied to hake, particularly
in respect to quantifying the extent of potential benefit from having an age at first capture of 4
years (equivalent to a length of about 40 cm).

9. ECONOMICS OF PREDATOR-PREY HARVESTING

Inadequate attention has been afforded the bio-economics of predator-prey harvesting. A
brief consideration is provided in Flaaten (1989). He combined a simple biological model
involving a single predator and a single prey from May et al. (1979), with economically
independent harvesting sectors, one for each of the two species. As expected, harvesting the
predator in this very simple situation increased the harvestable stock of the prey, and harvesting
the prey reduced the harvestable stock of the predator.

In the case where the prey is inexpensive-to-catch and valuable, and the predator is
expensive-to-catch and less valuable, he concluded that it may be economically justified to
subsidise the harvesting of the predator. In the reverse, when the predator is inexpensive-to-catch
and valuable, and the prey is expensive-to-catch and less valuable, the increase in the harvestable
stock of the prey resulting from the harvesting of the predator, may make it economic to harvest
the prey when previously it was not. This would occur, however, at the expense of the fishery
on the predator.

Where both species are expensive-to-catch and of low value, there may be no fishery on
either.

Flaaten and Stollery (1994) applied a simple bio-economic model to estimate the likely loss
of profit to the fisheries sector, from the minke whale stock of the north-east Atlantic.
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11. PREDATION EFFECTS INCORPORATED INTO MANAGEMENT ADVICE FOR
MARINE FISHERIES

Predation interactions are considered in fisheries management in the Northeast and
Northwest Atlantic, where capelin catches are restricted to leave sufficient food for higher
valued cod. In the case of the Barents Sea, the annual catch quota is set to ensure sufficient
capelin survive predation by cod and fisheries exploitation, to enable adequate stock
replenishment from reproduction.

The lower safeguarding limit chosen by the Atlanto-Scandian Herring and Capelin Working
Group of ICES for the size of the spawning stock was 0.4 - 0.5 million tonnes (Tjelmeland and
Bogstad, 1993). »

It was on the basis of these considerations that the fishery was closed in the period 1987-
1990, and then re-opened in 1991. Sandberg (1993) refers to the decision to open the Barents
Sea fishery for capelin in 1991, as being a first application of multi-species management.
Shelton (1992) contrasts this management approach with that in the Southeast Atlantic, where
anchovy and pilchard continue to be heavily exploited, despite their importance as forage fish
for the higher value hake and other top predators.

A recent report by the Fisheries Resource Conservation Council (FRCC, 1994), an
independent advisory body set up in 1993 to make recommendations to the Canadian Minister
of Fisheries and Oceans, endorsed the need for an ecological approach to management. They
concluded that: "from an ecological perspective, we believe that recovery of groundfish stocks
will only occur when there is an abundance of food and a balance in the predator/prey
relationship" and expressed the concern that fishing on prey species including capelin may
constrain the rebuilding of groundfish stocks. The Council also commented that early action
should be taken to significantly reduce the populations of seals to help groundfish stocks to
recover. Controlled harvesting of the South African fur seal has continued throughout the
century. Before 1983, the management objective was to maximize the sustainable yield of pups.
Following the collapse of the fur market in 1983, harvesting continued with the objective of
reducing predation on commercial fish, thereby increasing commercial fish harvests (Wickens
et al., 1992). This harvesting was without scientifically-based management until 1988, but since
then seal quotas have been set following scientific assessment. Butterworth ez al. (1988) have
questioned the quality of the scientific advice which suggests that harvesting the seals off South
Africa will result in increased yields of commercial fish. As mentioned earlier, these authors
contend that the existence of squid as a prey of seals and a predator of anchovy, may result in
the culling of seals, reducing the catches of anchovy.

Following expressions of concern about competition from grey seals, in the case of the
Scottish salmon fishery, and especially gear damage and the scaring of fish from nets, a pup cull
commenced in 1962 and reduced stocks by twenty five on the Orkney and Farne Islands
(Harwood and Greenwood, 1985).
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Concerning krill harvesting, an objective is to keep the abundance of krill stocks greater
than might be judged as necessary purely from single species considerations. The Commission
deliberately sets Total Allowable Catches (TACs) for exploited species which are conservative,
particularly when the scientific advice is uncertain. It seeks to prevent or minimize the risk of
changes in the marine ecosystem which are not potentially reversible over two or three decades.

12. POLICY AND INSTITUTIONAL IMPLICATIONS OF MULTI-SPECIES
MANAGEMENT '

The consideration of predator-prey interactions and multi-species modelling has made it
g¢vident that it is not possible to maximise the yield (or profit) from-all species simultaneously.
The multi-species approach to resolving this problem is to seek increased yields (or profit) from
the fisheries collectively. This is difficult to apply in practice, partly for data and modelling
reasons, but also because groups of fishermen restricted (as through licensing) to exploiting
specific fish species, may become disadvantaged. An example of this was the reduction in the
TAC for capelin from the Barents Sea in 1992, on the grounds that capelin is prey for cod. This
measure met with heavy criticism from fishermen tied to the capelin fishery by the licensing
system (Hoel, 1993).

The realities of sharing fish resources with the other apical predators (eg. whales, seals and
birds) add a further layer of difficulty. At one extreme, the increased harvesting of whales and
seals continues to be proposed as a means of increasing fishery yields.

At the other extreme, and already in certain geographical areas (eg. the northeast Atlantic),
the management regimes have been progressively altered towards total protection for the
mammals. There have been changes proposed to the US federal fisheries legislation which would
require a designated share of the TAC for particular fish stocks to be allocated for consumption
by marine mammals (Hoel, 1993). These principles are shared by the International Whaling
Commission (IWC), and the Commission for Conservation of Antarctic Marine Living Resources
(CCAMLR). Problems at the institutional level are intensified when the species in question
come under the jurisdiction of several independent agencies. This becomes more likely when
applying multi-species management, where one is considering the management of fisheries across
trophic levels and at the ecosystem rather than the individual fisheries level.

In respect to the North Atlantic, apart from the separate national entities with management
responsibilities, there is a proliferation of international and regional entities, including the
Northeast and Northwest Atlantic Fisheries Commissions (NEAFC and NWAFC), the North
Atlantic Salmon Commission (NASC), the North Atlantic Marine Mammals Commission
(NAMMOC), and the IWC. Management of a large ecosystem with a single or substantially
reduced number of management institutions has been suggested for this region, but not yet been
implemented.
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