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Abstract

Twelve species of cetaceans are regarded as regular inhabitants in Icelandic and adja-
cent waters. Based on available estimates of the total food consumption of the cetaceans
in the area, this paper explores potential interactions between three baleen whale species
off Iceland and the relevant fish resources that constitute a part of their diet prey. The
three species of whales are fin whaBalaenoptera physalysthe largest cetacean con-
sumer in this area, feeding mainly on kriMeganyctiphanes norvegit®ut also preying
on some fish species like capeliMdllotus villosug; minke whale Balaenoptera
acutorostratg, taking krill as well as a variety of fish, including capelin and gadoids
(e.g. codGadus morhug and humpback whalélegaptera novaeangligeassumed to be
feeding mainly on capelin.

The study is based on a variety of assumptions regarding stock sizes, food prefer-
ence, potential rates of increase and harvesting strategies. A single-species model devel-
oped for investigating the effects of different utilization policies of the Icelandic cod
stock is combined with a crude multispecies model and these are used to study the poten-
tial impacts on capelin and cod stocks by various developments of the whale stocks under
consideration. A Pella-Tomlinson like model is used to describe the whale stocks. The
population and fisheries dynamics for shrina(dalus borealisand capelin (both im-
portant food items for cod) are described using simple models. Thus, only aggregates such
as total, recruiting or adult numbers or biomass are considered as opposed to the fully
age-class based cod model.

The results indicate that both minke and humpback whales may have significant di-
rect impact on the status of the capelin stock. The effects of fin whale predation on the
capelin stock seems less significant unless such consumption occurs outside the sampled
area, which is quite possible. The impact of the three baleen whale species on the devel-
opment of the cod stock is uncertain, but may be considerable.

Key words capelin, cod, Iceland area, food/feeding, harvesting strategy, multi-species
interactions, whales

Introduction Multispecies biological, assessment and har-

vesting models for Icelandic waters, have put em-

In recent years increased importance has beephasis on the cod-capelin interaction (Magnisson
attached to the role of species interactions in deciand Palsson, 1989; 1991; Anon., 1995 MS a-d;

sions on harvesting methods for individual marinePalsson and Stefansson, MS 1997). Recent work on
species or complexes. This is reflected for exambiological management advice and economic con-

ple in recent multispecies-directed work in thesiderations has also incorporated the cod-shrimp in-

North Sea (Anon., MS 1994), Boreal systems interaction (Stefanssoet al., MS 1994; Danielsson,

general (Anon., MS 1991) and also specifically inet al, 1998). These considerations implied that a
the Barents Sea (Bogstad al, 1997) and Icelan- harvesting strategy for cod taking 25% of the
dic waters (Palsson and Stefansson, MS 1997fishable (i.e. 4+) biomass (possibly with a minimum
Stefanssoret al.,, MS 1994; Danielssoret al., catch level) would be beneficial in the medium

1998). term, even accounting for the predicted decrease in
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capelin and shrimp catches, possible density-deand symmetric model. This sacrifices some of the

pendence in cod growth, cod cannibalism and unmathematical elegance of e.g. MSVPA (Anon., MS

certainty in assessments, model assumptions ant®95d) but allows each population model to con-

predictions. In particular it was found that the over-tain recognizable parameters commonly used for

whelmingly important economic consideration wasthat species.

the rebuilding of the cod stock and catches. Based

on these considerations, this harvesting strategy for The paper compares various possible scenarios

cod was adopted by the Icelandic Government iron how much the apex predators may consume of

1995. cod and capelin and how this may affect catches
through changes in population abundance or cod

The above works on effects of harvesting stratmean weight at age.

egies for fish stocks in Icelandic waters have not

included the possible effects of other predators in Methods

the system, such as marine mammals. This is best

done by including most of these factors in a single A simulation model is used to investigate the

model. If each predator is considered separatelyp0ssible variations in the combined population dy-

then the total effect of predation on prey catchefiamics of apex predators, cod, capelin and shrimp.

cannot be determined since such a prediction willThe principles are simply to use a regular age-based

Comp|ete|y depend on the remaining morta”ty inprediCtion model for the cod and Simpler common

the System; even if a predator consumes hug@'\OdElS for other SpeCieS. Each Component is added

amounts of juvenile prey, a decrease in predatoin a fairly transparent fashion, so that it can be

numbers may not result in major increases |nSW|tChed on or off for SenSitiVity evaluation.

catches of older prey if the amount consumed i

Population dynamics
minor compared to other predators. P y

The model dynamics of the various populations

Several Species of cetaceans are regarded a\g” be described in the order |mp||ed by the trophic
regular inhabitants in Icelandic and adjacent walevel.
ters. Based on available estimates of the total fooqv
consumption of the cetaceans in the area, it is pos-
sible to explore potential interactions between  Minke whale. The population is assumed to
baleen whale species off Iceland and the relevamthange in accordance with the Pella-Tomlinson
fish resources that constitute their principal prey.model, as described for example in Magndsson and
The three species of whales considered here are fiatefansson (1988). The basic model described the
whale Balaenoptera physal)sthe largest cetacean population numbers in yea#1 by the equation:
consumer in this area, feeding mainly on Kkrill f P+ z\
(Meganyctiphanes norvegitdut also preying on Pt+1=(Pt—Ct)S+(1—S)\1+A 1—( K_ ) LP
some fish species like capeliMallotus villosu$;
minke whale Balaenoptera acutorostra)ataking \ypere C, and P, are the catch and population se-
krill as Well_as a variety of fi§h, including capelin ries, respectively. The parametéis and survival,
(Mallotus villosug and gadoids (e.g. codzadus g- exp(-M), control the dynamics along with the
morhug; and humpback whaleMegaptera sqge at maturatior, taken as 5 years here and the
novaeangliag assumed to be feeding mainly on carrying capacityk. The natural mortality rate will
capelin. simply be taken aM = 0.05 throughout this paper,

] ] ] as has been commonly used in other studies. The

~ For this reason, this paper incorporates predaparameter# andz can be cast in terms of the maxi-
tion on cod, capelin and Northern shrinfa(dalus  ;,ym sustainable yield rate (MSYR) and the corre-

borealis by whales and cod into a single model.gponding population size, i.e. the maximum sustain-
The model is conceptually simple and in particulargp|e yield level (MSYL):

it does not incorporate such features as areal dif-

ferences in overlap except through the estimation Msw_:il/z
of consumption rates. The principle used through- z+1
out has been to take a commonly used populatioﬁn

model for each species and incorporate that in the MSYR:(l_S
overall framework, rather than to take a uniform S

hale population dynamics

t-T

z

z+1 A
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Thus the dynamics of the minke whale popula-where R denotes 3-year old recruit§, spawning
tion will be determined by the values of MSYR and stock biomass] the biomass of immature cod avail-
MSYL. In the base case, MSYL will be taken to beable as cannibals at the time of birth of the year-
0.6 (conventional value for baleen whales, seelass in question andand K are constants to be
Allen, 1980) and thug = 2.39. MSYR will be taken estimated. Fod, an index of the biomass of age 2+
at 5% in base runs, but in stochastic runs MSYRcod was taken as a measure of potential cannibals.
will be considered in the range from 0 to 10%.In Stefansson and Steinarsson (1993) it is shown
Sightings surveys give estimates of total abundancehat there is a good relationship between the indi-
at a given point in time, and it is quite natural toces of abundance from the 0-group survey in Au-
use the depletion level at that time poiRf/K, as  gust and the 1-group survey in March of the fol-
a parameter, rather than the carrying capacity itselflowing year. There are also indications that there is

a poorer relationship between the abundance of 1-

Humpback and fin whale The dynamics of the group in March and age 2-group in March of the
humpback and fin whale are taken to be exactly théollowing year. There is, however, a very good re-
same as for the minke whale, with different valuedationship between the 2-group survey index and
of some of the population-size parameters. In addithe 3-group recruitment estimate from VPA
tion to the model assumptions listed above, theréStefansson, MS 1992).
are indications that the current and historical in-
crease in the humpback stock size can be of the or- Bogstadet al. (1994) also found that the possi-
der of 10% (Katona and Beard, 1990; Mitchell, ble cannibalism seemed mainly to occur by older,
1975). As there has not been any whaling operatioinmature cod on the youngest after the 0-group
aimed at humpback whales for several decades, thgUrvey. The above further indicates that this mor-
stock should be well above MSYL and hence MSYRtality is most likely to occur in the 1-group stage
should be no less than the observed 10% increas@nd not thereafter.

For this reason, it is of interest to investigate the

effect of assuming MSYR 10% in addition to other In all, this indicates that a plausible model of

alternatives. the recruitment process is to generate 1-group stock
abundance by:

Cod population dynamics N, =a ' SeS/K

Danielssonet al. (1998) considered only cod g4 to reduce these according to natural mortality
of age 3 and older. In this model, recruitment wasye to cannibalism on the 1-group by:

taken to occur according to the Ricker model, but
modified to account for potential cannibalism or
competition by immature juveniles. In order to ac-

commodate predation on pre-recruits, the aggjere, the revised constant,is increased from in
range has been extended down to age 1 (i.e. 1 Janyrger to account for natural mortality other than
ary of the year after the year of birth). cannibalism during the 1-group stage, , is used
. . ) o to denote this natural mortality at the 1'-gr0up stage
Initial stock size and recruitmentThe initial 514 is set at 0.2 in simulations without marine mam-

stock size and recruitment up to and including the,51s as is the base natural mortality, ,on all
1994 year-class are determined from catches-at-aggner age groupsa. al

in numbers, survey and CPUE data as described in
Anon. (MS 1995b), with uncertainty attached as
described in Danielssoat al. (1998).

-M
- 1,1a-¢J
N,=N,e e ¢

For all age groups of cod, the natural mortality
is also connected to the possible predation by apex

. . predators. Thus, the total natural mortality is writ-
Natural mortality and recruitment of

ten as:
cod. Danielssoret al. (1998) described the stock-
recruitment relationship with a function of the form M, = Ma,l+ Z Mzrzd
initially developed by Pope and Woolner (MS 1981) pred

and similar to the one used by Bogsttdl. (1993).

pred
The functional form is given by

The mortality, M™% generated by each preda-
tor is produced in the model by taking a base in-
R=0 SeS/K g<J duced mortality and scaling it with the relative size
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of the apex predator population in the present year Capelin natural mortality Danielssonet al
to the reference period. For simulations with ma-(1998) assumed natural mortality for capelin to oc-
rine mammals, the mortality in the reference yearcur during a 12-month period before recruitment to
is defined by fixingM,=0.2 and settingM_ , for the fishery. Natural mortality during the fishing sea-
each predator such to obtain the estimated consumgon (September—March) has been estimated to have
tion. Thus a doubling in predator population sizebeen on average 0.035 per month (Vilhjalmsson,
will double the natural mortality inflicted by the 1994) for recent years. No other estimates of natu-
predator. The other side of the coin is that a doutal mortality are available and hence this estimate
bling of the cod stock will double the estimatedhas been used for other time periods as well.
consumption of cod by the predators.
Natural mortality and increases in weight-at-

Although some odontocete cetaceans have bee?de have been found to roughly cancel during the
found to eat gadoids in Icelandic waters (Sigurwinter months when the fishery takes place
jonsson and Vikingsson, 1997; Martin and Clarke (Vilhjalmsson, 1994) and therefore the winter natu-
1986; Vikingsson and Sigurjénsson, MS 1996) ral mortality is omitted from the computations and
these are not included in the present model. Thughanges in mean weight-at-age are also omitted.

only minke whales are included as direct predators
of cod. In earlier projections, Danielsson &l. (1998)

simply scaled the estimated value of winter natural

In addition to the above dynamics, Steinarssommortality according to changes in the size of the
and Stefansson (MS 1991) found relationships bespawning stock biomass of cod and applied the
tween the abundance of capelin and the measncaled value to an assumed 12-month pre-recruit
weight-at-age of cod. Thus, a reduction in theperiod. This is equivalent to assuming that cod is
biomass of capelin, from fishing or predation, isthe overwhelming cause of natural mortality for
likely to have an effect on the harvest of cod throughcapelin and that the influence of the cod is exerted
a reduction in the mean weight-at-age. This effecbefore the fishing commences.
is regularly included in assessments (Anon., MS
1995b), has been included in other medium-term  The present paper changes this assumption of
predictions and the effect will be included here innatural mortality scaling and replaces it with a
order to investigate the potential indirect effect ofmodel where the capelin natural mortality is com-

capelin predation on the cod harvest. posed of a component for each of the predators, cod,
) _ _ minke whale, fin whale and humpback whale, re-
Capelin population dynamics spectively. Thus, the total amount consumed by all

Apart from natural mortality, the same dynam-these predators is taken as the full source of natu-
ics are used for capelin as in Danielssanal.  ral mortality just prior to fishing. Adding up the
(1998). The model is a simplistic description of thetotal amount consumed and adding this amount to
capelin stock, where the generated number ofhe average abundance at the start of the fishery
1-group recruits in yeat-1 enter the fishery as yields an estimate of the total abundance of capelin
2-group in autumn of yedrto spawn and die at age available prior to predation or fishing. Since the
3 in yeart+1. model is a single year-class model, this is also the

initial recruitment. The induced natural mortalities

Capelin recruitment. As in Danielssoret al.  now correspond a simple log-ratio of the prior-to-
(1998), capelin recruitment is taken to be cyclicposterior abundance, i.e. the log-ratio of the recruit-
(with an unknown period in stochastic simulations)ment to the biomass at the start of the fishery is an
to simulate the stock crashes observed in the pasistimate of the total pre-recruit natural mortality
decades (Vilhjalmsson, 1994). The actual level ofand this is separated into components according to
recruitment is based on the average value ofihe point estimate of consumption by each preda-
1 August, derived from acoustic measurementor.

(Vilhjalmsson, 1994) and base level consumption . .

estimates by the various predators as described b&hfimp population dynamics

low. Thus one obtains a recruitment biomass level The shrimp population dynamics are taken un-
along with a biomass level at the start of the fish-modified from Danielssoret al. (1998). Notably,
ery. All predation is assumed to take place betweeronsumption of shrimp by apex predators is ignored
these two time points. in the simulations presented. Thus, shrimp biomass
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changes from one year to the next through the pregnd the remaining 40% planktonic krill. Judging
vious biomass plus recruitment minus catch androm visual observations, capelin appears to be the
consumption by cod, in a simple additive biomassjominant fish prey of the humpback whale in Ice-
model. landic waters (Marine Research Institute, Iceland,
unpubl. information). Assuming that the fish
The cod consumption is based on a model esticomponent of the humpback whale diet consists en-
mated in Stefanssoet al, (MS 1994a), where the tjrely of capelin, the annual consumption of capelin is
biomass of shrimp is reduced by an amount proground 119 000 tons, which is the value applied here.
portional to the biomass of immature cod. The an-

nual recruitment (in biomass) of shrimp is given as  Minke whale. Using relative frequencies of
a function also of the immature cod biomass, sincgdentified food items in minke whales stomachs

a negative relationship has been found between thgigurjonsson and Galan, MS 1990), capelin com-

two (Stefanssowt al, MS 1994a). prises 27.7% of the diet in Icelandic coastal wa-
ters. Two alternative estimates of the capelin con-

Relating Available Numerical sumption by minke whales are available; i.e. one
Data to the Model th_at_only refe_rs to the Icelandic coastal waters

] within the continental slope and amounts to 576 000
Consumption tons, and the other amounting to 608 000 tons, that

Assumptions regarding the amount and type ofalso covers the waters along the East Greenland
food taken by each of the whales species involvedoast, that is, the main area of the Icelandic capelin
are based on Sigurjénsson and Vikingsson (19973tock. The latter will be used here since it this is
estimates of consumption by area and species udased on a more extensive description of the areal
ing their 'method A' in all cases. The basic inputsdistribution of the two species.
in their calculations are estimates of absolute abun-
dance (based on systematic sightings surveys), es- The minke whale is apparently the only one of
timated migratory cycle for each species, average¢he species of whales here considered that consumes
weight of individual whales, estimated energy re-significant amounts of cod. Approximately 6.1% (by
guirement per individual and the food consumptionfrequency) of the animals sampled in the coastal
as found by direct sampling or by other meanswaters around Iceland was large teleost fish spe-
Based on these findings, the capelin consumptiories (Sigurjénsson and Galan, MS 1990). Since cod
of the humpbacks, fin and minke whales and thds by far the largest stock of large teleosts occupy-
cod consumption of the minke whales is as outlinedng the shelf areas around Iceland, the following
below. calculations will be based on the assumption that a

large proportion of this consumption by the minke

Humpback whale During the winter capelin whale consists of cod. Taking only the shelf area,
fishery north of Iceland, humpback whales are fre-6.1% of Sigurjénsson and Vikingsson (1997) esti-
guently reported around fishing vessels takingmate of 2 081 000 tons gives approximately 127 000
capelin (Sigurjonsson and Gunnlaugsson, 1990)tons. If this is all to be cod, the natural mortality
Also, the humpback whale is frequently sightedon cod induced by minke whales is more than that
close to the capelin concentrations off the north-usually assumed to affect the cod stock, Me=
western clockwise to the eastern coasts of Icelan@.2, and there are certainly more natural causes of
during the summer season, e.g. during the 19950d deaths than merely consumption by minke
sightings surveys (June—August), where major conwhales. As a base case, therefore, it will be as-
centrations occurred in this area (Marine ResearcBumed that half of the large teleost fishes consumed
Institute, Iceland, unpubl. information). The north- by minke whales are cod. This implies a base-case
erly areas are juvenile grounds for capelin, but theeonsumption of some 60 000 tons of cod by the
adult capelin also occupies this area during theminke whale and a natural mortality of about 0.1
spawning migration from Jan Mayen to the south-inflicted by the minke whale. Thus, the total natu-
ern coast of Iceland (VilhjAimsson, 1994). In ab-ral mortality ofM = 0.2 is split into two equal parts,
sence of stomach samples and in light of these olene due to consumption by minke whales at their
servations and observations from other areascurrent (1995) population size and one part due to
Sigurjénsson and Vikingsson (1997) assumed thadther natural causes. If the size of the stock of
60% of the humpback diet around Iceland is fishminke whales increases then the corresponding
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natural mortality inflicted on cod will be assumed the consumption of capelin by cod in specific
to increase when this consumption is included inmonths have been in a range which may correspond
the model. Of course when marine mammals aréo an annual consumption in the range 0.5-
not included in the model, theM = 0.2 will be 1.0 million tons (Magnusson and Palsson, 1989). It
assumed for cod throughout the simulations. Thuss not clear how this consumption should be sepa-
the difference between these two runs will merelyrated into capelin pre-recruits, the fishable stock
be due to the simulated change in the whale stockand dying post-spawners. For the base model, a
from the base stock size. value of 500 000 tons will be used for the consump-
tion of prerecruit capelin by cod, and an alterna-
The effect of this on the cod stock and fisherytive assumption of 1 million tons will also be con-
will depend on what age groups of cod the minkesidered.
whale is assumed to prefer. The base-case assump-
tion used here is that the minke whale has a uni- Using the base-case numbers, the above indi-
form selection pattern for cod age 1 and older. Theates that the total consumption of capelin by the
actual scaling multiplier is set so that the amountmodeled predators may have been about 1.3 mil-
consumed by the minke whale in the model in 1994ion tons per annum in recent years. Since the av-
is close to the estimated value, implying an inducecdrage capelin adult biomass in autumn during 1983—
M value of 0.11. An alternative scenario is also93 was estimated at around 1.4 million tons
considered, where the minke whale selects oldefVilhjalmsson, 1994), this implies that the total
cod, not selecting age groups 1-3, fully selectingpiomass before the consumption by predators in the
all ages 5 and older but 1/2 of full selection on agenodel may have been about 2.7 million tons, im-
group 4, inducingM = 0.16 on older fish, i.e. most plying a natural mortality of about 0.054 per month.
of the totalM of 0.20. This natural mortality can then be separated into
mortality induced by the various predators by us-
There is considerable uncertainty surroundinging the relative consumption by each one. The re-
this consumption estimate (Sigurjonsson andsults are detailed in Table 1.
Vikingsson, 1997) and in base-case stochastic
simulations it will be assumed that the actual con- It should be noted that this particular approxi-
sumption of cod by minke whales inflicts a naturalmation in respect to the real world, lumps several
mortality between zero and twice the base numbeprocesses into one. In particular, the consumption
of 0.1. is converted to a base-case natural mortality in a
fashion which is equivalent to assuming that the
Fin whale. The total consumption of capelin consumption of capelin by its predators occurs in
by fin whales in the main capelin area as definedautumn, just before the start of the fishing season,
above is some 63 000 tons annually, assumingput after the main growth period of capelin. Fur-
Sigurjonsson and Vikingsson (1997) estimate ofthermore, the modeling approach of scaling natu-
2.4% capelin in the fin whale diet. That figure will ral mortality with the size of the predator stock will
be used as a base-case assumption in this modelid course imply that a doubling of the predator stock
exercise. However, as discussed by Sigurjénssoduring a simulation doubles the natural mortality
and Vikingsson (1997), the sampling in Iceland tookof the prey, but not the amount consumed. Simi-
place west and southwest of Iceland, wherdarly, a doubling of the prey stock size doubles the
euphausiid crustaceans are abundant and duringpbnsumption by each predator.
only part of the year. Since fin whales often take . :
fish as an important second prey choice in othe}DOpUIatlon dynamics parameters
North Atlantic areas (Sigurjonsson, 1995) and as The parameters controlling the base-case popu-
main prey in others (capelin comprised 80-90% oflation dynamics of the apex predators are given in
the diet in Newfoundland (Mitchell, 1975)), one al- Table 2 where bounds and CVs are also given for
ternative hypothesis that some 30% of the fin whalesome of the parameters. For stochastic simulations,
diet consists of capelin will be considered here. Thighe bounds are used by assuming a uniform distri-
would correspond to an annual consumption ofbution of the associated parameter, and the CV is
about 780 000 tons of capelin. used as a standard error in a lognormal distribu-
tion. In this table, K is determined from the initial
Cod. The cod stock is a considerable capelinstock size in 1995 (Sigurjénsson and Vikingsson,
predator (Péalsson, 1983) and typical estimates 0£997) along with the depletion level. Thus, bounds
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TABLE 1. (a) Consumption of capelin by modeled predators with corresponding induced natural mor-
tality in base-case and consumption assumed in alternative models. (b) Development of
biomass in a typical year.

Base-case Consumption Induced Mortality  Alternative Consumption
Predator species ('000 tons) per Month ('000 tons)
Minke 608 0.026 576
Fin 63 0.003 784
Humpback 119 0.005
Cod 500 0.021 1.000
Total consumed 1290 0.054

Biomass development

Recruiting biomass 2 690
Consumption 1290
Pre-fishing biomass 1400
Typical catch 1 000
Residual SSB 400

TABLE 2. Input parameter values in base-case. Also given are bolrdd ¢wer,C = Center,U =
Upper) for stochastic simulations.

MSYL MSY Ro N95 Depletion

A T z % L C u K n CVv L C U
Minke 138 5 239 60 0 5 10 103043 72130 0.15 04 0.7 1
Fin 1.38 8 239 60 0 5 10 27046 18932 0.16 04 0.7 1

Humpback 1.38 4 2.39 60 0 5 10 2 566 1796 0.18 0.4 0.7 1

on the depletion level imply bounds on the maxi-simulations. Following work described in
mum stock size. Baldurssonet al. (1996) and Danielssont al.
(1998), a catch control law was adopted for cod in
The initial state of the stock (before 1995) in|celandic waters. The adopted catch control law is
the model is set constant (as in the N95—columnsfo catch 25% of the biomass of cod of age 4 and
so that the recruitment function can be initiated withg|der. In addition, a run-in period with a minimum
the time lag according to the age-at-maturily,( catch was used in practise (but not in the
starting in 1995. simulations) and an upper bound of 450 000 tons is
formally placed on the catches. No formal catch
) ] ) ~control law is in place for shrimp, but the modeled
In order to simulate population trajectories, catch control law for shrimp is to harvest the sus-
some assumptions have to be made about the copginaple yield. As there is at present no harvest of

duct of fishing into the future. For some of the marine mammals, the simulations do not include
stocks considered there is a documented rule degyy such catches.

scribing how catches are taken from the stocks (cod
and capelin), whereas for others there is no fixed Results and Discussion
rule and for some there isde factorule.

Harvesting strategies

Initial simulations and sensitivity analyses

The currently implemented catch control law Four scenarios with respect to the consumption
for capelin is to attempt to leave 400 000 tons forof capelin and cod by whales are considered for the
spawning and this rule is therefore used in thgurpose of initial analyses:
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Cod consumption

Predation by apex predators Included Omitted
Capelin Included A (Base-case model) B
consumption Omitted C D

Scenario Aincludes all the various apex preda= L: Increased MSYR to 10% for humpback whales
tion components, described above as the "basg . \iinke whale selection pattern for cod bent
case", whereas scenario D mimics the analyses in towards older fish
Danielssoret al., (1998) albeit with slight modifi-

cations in parameter valués lieu of assessment The simulation can be conducted as a determin-
results given in Anon. (MS 1995b) and Anon. istic simulation where the model is computed for-
(1995¢c). ward in time without stochasticity and all variables

are simply set to their expected value. Results re-
Starting dates for different pieces of the simu-garding cod catches from two such simulations are
lation vary a bit, since a run-in period is requiredshown in Fig. 1 which depicts the trend in yield in
for the Pella-Tomlinson model, whereas the mosthe two particularly interesting cases, A and D. This
recently available 1995 cod assessment of Anonfigure contrasts the expected catches when the
(1995b) is used as a starting point for the codvhales are included at base-case levels with the
simulations, and hence the years prior to 1995 arexpected catches when the apex predators are com-
run-in years for cod, used to produce recruitmenpletely omitted from the model.
and cannibalism. Starting in 1996 all parts of the
model are true simulations. Similar results for the spawning stock biomass
(SSB) are shown in Fig. 2. Itis seen that the curves
Deviations B—D from the base-case model A areare at lower levels in scenario A, which is reason-
implemented simply by omitting completely the able given that the minke whale is assumed to con-
corresponding facet of the model. Thus, when consume considerable amounts of cod per annum and
sumption of capelin by apex predators is omittedthat the minke whale stock is expected to increase
this leads to a revision of recruitment and alloca-during the forthcoming decades since it is below
tion of all prerecruit natural mortality to cod only. carrying capacity K) in the model. The implica-
tion of this is that a prediction made while omit-
In addition to these simulations, further devia-ting the apex predators will be too optimistic, so
tions were considered: that if (D) is used as a model bub)(is closer to
reality, then the long-term utilization of the cod

* E: Asinbase-case simulation, except fin whalesstock will result in lower catches than predicted.
consume some 780 000 tons of capelin

« F: As in base-case simulation, except cod con- In particular, the evaluations in Danielssen
sume 1 million tons of pre-recruit capelin ~ al. (1998) which were used as a basis for the choice
of a management procedure for cod, may indicate
level (uniform in range 0.6-0.8 rather thanlqng-term CatChe.S of cod which are over 20% too
0.4-1.0) high. Natqrally this follows from th_e increased to-
tal mortality on the cod stock, which leads to an
« H: More accurate abundance data (CV half of*equilibrium" at a lower stock size and lower pro-

 G: More accurate knowledge on the depletion

base-run) ductivity than in D. This particular effect is illus-
« I: More accurate estimates of MSYR (0.04-trated in Fig. 3. The "equilibrium” cod catch as a
0.06 in place of 0-0.1) function of cod biomass is computed by projecting

the system forward using a fixed fishing mortality

Ifor cod and computing an average at the end of the

time period (there is no true fixed equilibrium due

to the cycles in the capelin stock). The catch con-

+ K: Exact knowledge of minke stomach content trol law for cod is also shown (straight line), as is
data on cod (fixed at 3% rather than uniformthe predicted path from the 1993 level towards
from O to 6%) "equilibrium".

« J. Exact knowledge of apex stomach conten
data on capelin (CV on inflicted M set to 0.01
in place of 0.25)
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Fig. 1. Trends in cod catches in base case scenario (A) with marine mammals
(solid line) and alternative scenario (D) without marine mammals (dashed

line).
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Fig. 2. Trends in cod spawning stock biomass in base case scenario (A) with
marine mammals (solid line) and alternative scenario (D) without marine
mammals (dashed line).

Figure 4 also shows the "equilibrium" curve for terministic projections without taking uncertainty
scenario A. It is seen how the catch control law in-nto account.
tersects the "equilibrium" curve at a lower catch
and stock level in scenario Athan in D. Itis clearly Alternatively, simulations can be conducted in
seen from the above, how predictions based on a stochastic fashion by selecting a set of random
model excluding the whale stocks may lead to a biagalues from the distributions assigned to each
in the expected catch levels. The extent of the biasncertain variable. The stochastic simulations are
depends on the assumptions of the model. Some abnducted by running 100 such simulations. Al-
these assumptions are based on detailed knowledgihough it would be possible to encompass all the
whereas others have considerable uncertainty atincertainty and variation listed in the various sce-
tached to them. Thus, alternative scenarios can h®arios into one stochastic simulation, some of these
argued, which will increase the difference betweernvariations can better be considered using com-
the "equilibrium" curves or make them closer. Thispletely alternative models. Some of the more im-
is a basic problem which is inherent in making deportant output values are contrasted in Table 3.
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Since the model exhibits some cyclic behavior, an  Since the present model includes shrimp as cod
average of several years (2016-2023) is used foprey, but this prey does not occur also as a prey to
comparisons. the whales, the effect of incorporating whales in
the model is to increase future catches of shrimp,
It is seen that the major factor affecting the re-as is to be expected. This is illustrated in Fig. 5.
sult on cod yield is the predation by minke on cod
(A versusB). It is also seen that assuming increased  An important additional concern is the effect
consumption of capelin by fin whale (Mersusg)  of the uncertainty in the whale stocks on the vari-
has the effect of decreasing the predicted capeliance in predictions. It is seen that the variability in
catch. The range from 0 to maximum fin whale con-apex predation is reflected as an increase in the
sumption of capelin (wersusk) corresponds to a standard error of cod yield from 32 to 85 or by over
reduction of the capelin catch by some 100 000 ton250%. The CV in cod yield thus changes from below
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Fig. 3. Catch control law for cod (solid, straight) as a function of the biomass of

cod, age 4 and older, "equilibrium" curve and projected trajectory (thin)
under scenario D.
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Fig. 4. Catch control law for cod (solid, straight) as a function of the biomass of

cod, age 4 and older, A (low) and D (high) "equilibrium" curves and pro-
jected (thin) trajectory under A.
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TABLE 3. Resulting average cod biomass, cod catches and capelin catches in final simulation years. Statistics
(average and standard deviation) are based on 100 simulations.

Cod biomass Cod catch Capelin catch

Average Std.d. Average Std.d. Average Std. d. Notes
A 1064 358 262 87 641 179 Base case
B 1381 148 339 32 587 167 No predation on cod
C 1116 336 274 80 701 155 No apex predation on capelin
D 1406 156 344 31 645 154 No apex predation
E 1049 330 259 82 612 183 Increase consumption of capelin by fin whale
F 1072 303 266 75 637 160 Increase consumption of capelin by cod
G 1079 267 267 67 658 157 More accurate information on depletion
H 1064 327 263 80 649 158 More accurate survey data
I 995 343 247 86 636 155 More accurate informationM8YR
J 1061 404 259 96 646 158 No error in apex stomach content data on capelin
K 1076 300 266 73 647 150 No error in minke cod stomach data
L 1069 346 263 83 645 151 IncreasMBYRby humpback
M 1131 233 280 59 647 159 Move minke sel. Pattern to older cod

Cod catch (‘000 tons)

10 4
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1997<
1999
2001 4
2003:
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2007
2009
2011
2013
2015:
2017
2019
2021
2023

Fig. 5. Development of shrimp catches in base case scenario (A) with marine
mammals (solid line) and alternative scenario (D) without marine mam-
mals (dashed line).

10% to some 30%. This effect is depicted in Figs. 6/ield from the base cas@)to the case when marine
and 7 which summarize the probability distributionmammals are not included. The standard deviation
of future catches in terms of 5%, 25%, 50%, 75%only exhibits a minor increase, however. Naturally,
and 95% percentiles along with 5 sample trajectothere is a considerable compensation in this model
ries. It is seen that the median catch is lower in Figsystem since the reduced consumption of cod by
6, and although the upper bound is the same, themarine mammals leads to an increased consump-
lower bound is lower, reflecting the increased vari-tion of capelin by cod.
ance in the results due to the uncertainty in the
whale consumption. The variation and uncertainty described above
can be considered from several viewpoints. One
As for capelin, it is seen that the sort of varia-issue is clearly the effect of different assumptions
tion encountered when considering the whale stocksoncerning the whales on future levels of fish
is a relatively minor change in expected capelincatches and this is e.g. reflected directly in



368 J. Northw. Atl. Fish. Sci., Vol. 22, 1997

450
400 1
350 1
300 1
250 1
2001

150 1

Cod catch ('000 tons)

100 4

50 1

2001
2003
2005
2007
2009
2011 |
2013
2015
2017
2019
2021

Fig. 6. Trend in cod catch in scenario A (base case; all predation set at base lev-
els. Percentiles (5%, 25%, 50%, 75% and 95%) shown as thick lines. Sam-
ple time trajectories shown as thin lines.
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Fig. 7. Trend in cod catch in scenario D (alternative scenario; all marine mam-
mals omitted). Percentiles (5%, 25%, 50%, 75% and 95%) shown as thick
lines. Sample time trajectories shown as thin lines.

comparisons between the averages obtained in sce- In terms of the state of knowledge and impor-

narios A and D. This can therefore be thought of asance of knowledge, it is seen that knowledge of

a sensitivity test: how the future cod catch changeshe depletion level and of whether or not the minke

as a function of the consumption by minke whaleswhales consumes cod are the main factors affect-

etc. ing the variability in the medium-term prediction
Another issue is how the uncertainty in theof cod yield.

whale parameters is reflected as increased uncer-

tainty in future prediction of fish catches. This is Summary

reflected in how the standard error in predictions

changes as a result of changes in standard errors of Available data on the behavior and consumption

whale parameters. This issue can be thought of asda cetaceans off Iceland indicate that these animals

guestion of what knowledge is important in orderinclude cod and capelin as a part of their diet. The

to reduce prediction variability. present study has shown how this consumption can
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affect the results of predictions of future yields fromeffects of such variations on the present assump-
the two fish stocks and the shrimp stock. tions would be an interesting area of future work.

The point estimate of the effect of marine mam-  The effects on the shrimp stock are of the sec-
mals on cod catches is a reduction by some 75 000nd order, i.e. an increase in marine mammals
tons, or over 20% and corresponding results argvould be predicted to lead to lower cod biomass,
obtained for the capelin catches. There is considermgain leading to increased shrimp biomass. This
able uncertainty associated with these numberstype of effect is even more uncertain than the di-
however. The major components of this uncertaintyrect effects, many of which can be measured. Fur-
are the potential increase in the whale stocks fronthermore, it is quite possible that alternative mod-
their current size, and the diet of these predatorsels, even with minor deviations from the assump-
In particular, the assumed diet of minke and humptions used here, may provide considerably differ-
back whales is based on very limited data. Simi-ent results in these second-order effects.
larly, the estimates of absolute abundance of the
marine mammals will affect the total predation and Interpretation of the results in this paper needs
this directly affects the estimate of the fraction ofto be done with some care. The main focus has
natural mortality to be allotted to marine mammalsbeen on the difference between the case when
rather than to other natural causes. Any revisionsvhales are not included in the models and when they
of these numbers will thus affect the point estimateare included. Within the present model and in the
of the influence on future harvests and must thereease of increasing whale populations, this is equiva-
fore be treated with some caution. lent to comparing the effect of the increase to pre-

dictions when the whale populations remain at a

The uncertainty in the marine mammal param-constant level.
eters are seen to have a considerable effect towards
increasing the uncertainty in future catch predic- The plotted biomass and catch trends tend to
tions for the fish catches. Thus, not only are futureexhibit cyclic behavior. This sort of behavior comes
catches expected to become lower than if marin@bout in several different ways, ranging from the
mammals are not included in the model, but thedirect effect of cyclic recruitment in the capelin
level of these catches also becomes more uncertaiatock (affecting cod growth), through the Ricker

form of the stock and recruitment curve for cod to

The predictions incorporate consumption bythe predator-prey interactions where an increase in
predators by assuming the predation mortality tathe cod stock will lead to a reduction in the capelin
be scaleable. Thus an increase in a marine manstock, which again leads to reduced cod growth. The
mal stock or the cod stock will influence the preyexistence of these model cycles invites some fur-
through a corresponding multiplicative increase inther investigation, particularly in order to elucidate
the natural mortality of the prey. The problem with whether they may appear in nature as well as in the
the current approach is obviously that a fixedmodels.
number of predators will consume an increasing and
possibly unrealistic amount of prey as the prey  Despite all the uncertainties outlined above, this
abundance increase. Alternative models might inexercise indicates that cetaceans may have consid-
clude the predators catching a constant amount afrable effect on the yield of fish resources. Further
prey, leading to increased prey mortality at low preyresearch, aimed at reducing this uncertainty is there-
abundance. A problem with this particular alterna-fore of great importance. In particular, studies on
tive is that it becomes unrealistic to assume that #ghe diet of minke whales are needed to further elu-
predator attempts to fill its diet of the prey at verycidate the effects on the cod stock.
low prey levels. In the present simulations the cod
is only a small portion of the diet_ of the ma_rine References
mammals and hence even a doubling of the size of
the cod stock will not lead to excessive cOnSUMPALLEN, K. R. 1980. Conservation and management of
tion by the marine mammals. There are some indi- whales. Washington Sea Grant, Seattle, 110 p.
cations that predation of capelin by cod may fol-ANON. MS 1991. Report of the ICES Multispecies
low a more complex relationship than the one used Assessment Working GroupCES C. M. Dog No.
here (Magnusson and Palsson, 1991). Testing the Assess: 7.



370

BOGSTAD, B., G. R. LILLY, S. MEHL, O. K.

MS 1994. Report of the ICES Multispecies As-
sessment Working GroudgCES C. M. Doc, No.
Assess: 9.

MS 1995a. Nytjastofnar sjavar 1994/95
Aflahorfur fiskveidiario 1995/96 (State of marine
stocks in Icelandic waters 1994/95, prospects for the
quota year 1994/96), Marine Research Institute
Tech. Rep., No. 43.

J. Northw. Atl. Fish. Sci., Vol. 22, 1997

Can. Soc. Zool. Ann. Meet123-133.

PALSSON, O. K. 1983. The feeding habits of demersal

fish species in Icelandic waterRit Fiskideildar,
7(1): 1-60.

1994. A review of the tropic interactions of cod
stocks in the North Atlanticln: Cod and Climate
Change. J. Jakobssat al. (eds.)ICES Mar. Sci.
Symp, 198 553-575.

MS 1995b. Report of the North-Western Work- PALSSON, O. K. and G. STEFANSSON. (eds.) MS

ing Group.ICES C. M. Doc, No. Assess: 19.

MS 1995c. Reports of the ICES Advisory Com-
mittee on Fishery Management, 1998CES Coop.
Res. Rep.

MS 1995d. Report of the ICES Multispecies
Assessment Working GroupCES C. M. Doc No.
Assess: 3.

G. STEFANSSON. (1996). On the rational utiliza-
tion of the Icelandic cod stockCES J. Mar. Sci
53: 643-658.

PALSSON, and G. STEFANSSON. 1994. Cannibal-
ism and year-class strength in Atlantic c@@adus
morhug in Arcto-boreal ecosystems (Barents Sea,
Iceland and Eastern Newfoundlandh: Cod and
Climate Change. J. Jakobssatnal. (eds.)ICES Mar.
Sci. Symp 198 576-599.

BOGSTAD, B., K. H. HAUGE and O. ULLTANG. 1997.

A multispecies model for fish a marine mammals in
the Barents Seal. Northw. Atl. Fish. Scj 22:
317-341 (this issue).

DANIELSSON, A., G. STEFANSSON, F. M. BAL-

DURSSON, and K. THORARINSSON. 1998. Utili-
sation of the Icelandic cod stock in a multispecies
context. Marine Resource Economid®, (in press).

KATONA, S. K. and J. A. BEARD. 1990. Population size,

migrations and substock structure of the humpback
whale Megaptera novaeangligein the western
North Atlantic OceanRep. Int. Whal. CommSpe-
cial Issue,12: 295-305.

MAGNUSSON, K. G. and G. STEFANSSON. 1988. A

feedback strategy to regulate catches from a whale
stock. Rep. Int. Whal. Comm.Special Issue,

1997. Bormicon. A boreal migration and consump-
tion model. Marine Research Institute Tech. Rep.,
No. 58.

POPE, J. and L. WOOLNER, MS 1981. A simple inves-

tigation into the effects of predation on recruitment
to some North Sea fish stocK€ES C.M. Doc.No.
G:14.

BALDURSSON, F. M., A. DANIELSSON, and SIGURJONSSON, J. 1995. On the life history and

autecology of North Atlantic rorqual$n: Whales,
seals, fish and man. A. Schytte-Blix, L. Wallée and
0. Ulltang (eds.) Elsevier Science B.V., p. 425-441.

SIGURJONSSON, J. and A. GALAN. MS 1990. Infor-

mation on stomach contents of minke whales in Ice-
landic waters. Scientific Committee of the IWC,
Paper SC/42/NHMi28, 6 p.

SIGURJONSSON, J. and Th. GUNNLAUGSSON. 1990.

Recent trends in abundance of blugalaenoptera
musculu$ and humpback whalesMegaptera
novaeangliag off west and southwest Iceland with
a note on occurrence of other cetacean speRieg.
Int. Whal. Comm.40: 537-551.

SIGURJONSSON, J. and G. A. VIKINGSSON. 1997.

Estimation of food consumption by cetaceans in Ice-
landic and adjacent waterk.Northw. Atl. Fish. Scij
22: 271-287 (this issue).

STEFANSSON, G. MS 1992. Notes on the stock-dynam-

ics and assessments of the Icelandic ¢G&ES C. M.
Doc., No. G:71.

STEFANSSON, G., U. SKULADOTTIR, and G. PETURS-

SON. MS 1994. The use of a stock production type
model in evaluating the offshor@dndalus borealis
stock of North Icelandic waters, including the pre-
dation of northern shrimp by cotiCES C.M. Doc,

No. K:25.

11: 171. STEFANSSON, G. and B. £ STEINARSSON. 1993. Um
MAGNUSSON, K. G. and O. K. PALSSON. 1989. nylioun porsks. ZAgir. (in lcelandic).

Trophic ecological relationships of Icelandic cod. STEINARSSON, B. £. and G. STEFANSSON. MS 1991.

ICES Rapp. Proc.-Verb188 206-224. An attempt to explain cod growth variabilitfCES
MAGNUSSON, K. G. and O. K. PALSSON. 1991. C.M. Doc, No. G:42.

Predator-prey interactions of cod and capelin in Ice-VILHJALMSSON, H. 1994. The Icelandic capelin stock-

landic watersICES Mar. Sci. Sympl193 153-170. Capelin,Mallotus villosus(Muller) in the Iceland—
MARTIN, A. R. and M. R. CLARKE. 1986. The diet of Greenland-Jan Mayen are®it Fiskideildar,

sperm whalegPhyseter macrocephalysaptured 12(1): 1-281.

between Iceland and Greenladd Mar. Biol. Assoc ~ VIKINGSSON, G. Aand J. SIGURJONSSON. MS 1996.

U.K., 66: 779-790. Feeding studies on the harbour porpoiBédqcoena
MITCHELL, E. 1975. Trophic relationships and compe- phocoena in Icelandic coastal waterdCES C.M.

tition for food in Northwest Atlantic whale®roc. Doc., No. N:7, 19 p.




	Abstract
	Introduction
	Methods
	Relating Available Numerical Data to the Model
	Results and Discussion
	Summary
	References

	link: 


