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Abstract

A detailed description is given of MULTSPEC, which is an area, age and length
structured multispecies simulation model for the species capdiahdtus villosu3, her-
ring (Clupea harengus cod Gadus morhup harp sealPhoca groenlandicaand minke
whale Balaenoptera acutorostra)an the Barents Sea. In the model, both harp seals and
minke whale, and cod, prey on capelin, herring and cod, and in addition, herring prey on
capelin larvae. Cod is the most important predator. Information on food preferences and
food requirements obtained from the Norwegian research program on marine mammals is
used to quantify the predation by marine mammals on fish. The sensitivity of the model to
the stock sizes and food preferences of harp seals and minke whales is investigated, to-
gether with the sensitivity to the food preferences of cod. A tentative conclusion on likely
effects of an increasing whale stock is that the herring stock will be most heavily affected.
An increasing harp seal stock will most heavily affect the capelin and cod stock. The
model is more sensitive to changes in the food preferences of cod than to changes in food
preferences or stock sizes of marine mammals.
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Introduction development of these stocks in the sense that they
have a dominating effect on the rest of the ecosys-
The MULTSPEC project has as its aim to im-tem, and that the state of the total ecosystem to a
prove the scientific basis for management of thdarge extent will be "revealed" through the state of
main stocks of fish and marine mammals in thethese three stocks. The reader is referred to some
Barents Sea by taking into account multi-speciegurther comments on the modelling philosophy and
interactions. Our approach is basically an extensiomhe underlying cod-herring-capelin system in
of Beverton and Holt's (1957) single species modelUlltang (1995).
modelling predation mortality as a separate com-
ponent of natural mortality and making individual Of the top predators, only the stocks of harp
growth dependent of the amount of available foodseals Phoca groenlandich and minke whales
The present study is not an attempt to model al(Balaenoptera acutorostrajaare currently included
parts of the ecological system of the Barents Seaas modelled populations. These two stocks were se-
The model is directed towards the biological sysdected because of their known importance as preda-
tem consisting of the stocks of Northeast Arctic codtors on fish (see e.g. Haugt al., 1996; Nilssen,
(Gadus morhup Norwegian spring-spawning her- 1995; Nordgyet al., 1995a, 1995b), and also be-
ring (Clupea harengusand Barents Sea capelin cause they have a long history of exploitation and
(Mallotus villosu$ and parts of the biological and can be expected to be the target of regulated ex-
physical environment having a direct and signifi- ploitation in the future. In a management context,
cant effect on the development of these stocks. Imhere are a number of possible purposes for includ-
the future, more fish species may be added to thing marine mammals in a multispecies model. Dis-
model. However, both total fish production in theregarding for the moment the scientific limitations
Norwegian-Barents Sea area (including Norwegiarof what is possible at present to predict with the
coastal waters), and also other aspects of the totahodel, a selection of possible purposes can be listed
ecosystem, are believed to be closely linked to thas follows:
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1) To investigate strategies for optimising the to-harp seal and minke whal&he characteristics of
tal yield of harvested marine mammals and fishthe model are presented here, while details on model
resources. structure and assumed functional relationships are

iven in Appendix 1.
2) To estimate and predict marine mammals' ef-g PP

fects on harvested fish resources in order to
improve the quality of management advice on
the latter.

The stocks which are included in MULTSPEC
are represented by tree structures where each branch
in each level defines a sub-population. A level may
3) To predict effects on marine mammal stocks bybe divided by migration route, area, sex, age or

varying exploitation strategies on their (har-length. How many levels a modelled species is rep-

vested) prey stocks. resented by varies somewhat. All stocks are age-

structured, and calculations on survival and

The strategy aimed at here is to gradually im-mortalities are done on age groups or subdivisions
plement a multi-species approach to the managedf age-groups. The area division used in the model
ment (Ulltang, 1995). With respect to marine mam-is shown in Fig. 1. Depending on the time of the
mals, emphasis has been on purpose (2). In thgear, a large portion of the minke whale stock may
present study, MULTSPEC is used as a simulatio®e distributed outside the Barents Sea. Therefore,
model to deal with some more limited aspects of2n ‘area 0" has been included in addition to the seven
purpose (1), namely: areas defined in the Barents Sea.

) toinvestigate long-term effects on the cod- The model includes discontinuous processes

h_errmg-ca_pelm system of different stock like reproduction, which are handled on a yearly
sizes of minke whales and harp seals basis, and continuous processes like predation and
if) toinvestigate how sensitive such effects arenatural mortality, which occur at each time step.
to food preference parameters of minkeThe ordering of these processes is as fol-
whales and harp seals lows: Migration — Fishing — Predation — Growth.
iii) to compare the importance of minke whales The time step used in these simulations is one
and harp seals as predators relative to th&onth.

main fish predator in the ecosystem, namely
cod. The Norwegian spring-spawning herring stock

is included by running MULTSPEC together with
Under i), runs were included where one or bothHERMOD, a single species model for the herring

of the marine mammal stocks were suddenly totallystock (Dommasnes and Hiis Hauge, MS 1994). The
removed from the system as an attempt to furtheHERMOD areas include the Norwegian Sea, the
illustrate their role as predators. Norwegian coast and the Barents Sea. While the

herring is immature it stays mainly either in the

For the fish stocks, recruitment functions andBarents Sea or in coastal areas. In the Barents Sea,

values of natural mortality covering other sourcesgrowth and natural mortality are taken care of by
than predation from the modelled species cannot bMULTSPEC while HERMOD simulates all other
taken from earlier single species assessments b@focesses. This is carried out by running the two
have to be evaluated within the multispecies modemodels together like a zipper, the models waiting
itself. In the simulations, functions and values havefor each other’s output files before starting the
been chosen which give results in broad agreemerfimulations each time step.
with historical stock dynamics as estimated in sin-
gle species models, but further estimation work in ~ Seatemperature is included in the equations for
the multispecies model is required. Where approgrowth and maximal food consumption by fish. It
priate, possible significant effects on the results?/so enters the equation for cod stomach evacua-
arising from errors in the assumed relationships aréion rate (Bogstad and Tjelmeland, 1992). We use
discussed. climatological data adjusted by the yearly variations

in the Kola section.

Materials and Methods
The plankton supply for capelin and herring is
given by a bell shaped (with respect to time of year)
The MULTSPEC is an area-structured simula-function. Cod is modelled to prey upon capelin,
tion model which includes capelimerring cod, herring, cod and other food.

Model structure
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Fig. 1. Geographical scope and area division of MULTSPEC.

Some processes are modelled similarly for twoing on length only. The fishing mortalities assumed
or all three fish species. Individual growth (in both correspond to a relatively modest fishery. The natu-
length and weight) of capelin, cod and herringral mortalities have their basis in ICES working
within the MULTSPEC areas is made dependent omgroup reports (e.g. Anon., MS 1995a, b), but have
the size of the fish, the feeding level and temperabeen adjusted downward to compensate for the
ture. Outside the MULTSPEC areas, the growth ofpredation mortalities generated by the modelled
herring is expressed by a linear function, dependspecies which are calculated separately (all
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mortalities are given as instantaneous mortality = The migration parameters for capelin are the
coefficients). same for all age groups, but they differ between im-
mature and mature capelin. The migration param-

A Beverton-Holt function is used to express theeters for mature capelin are set so that all the ma-
spawning stock biomass-recruitment relationshipture capelin will be in areas 2 and 3 at 1 April, when
for capelin and for cod. For herring, a depensatoryPawning takes place. In October the capelin stock
spawning stock-recruitment curve is used (Ulltang,s divided into a mature and an immature part by a
1980) with the inflection point at a spawning !ength dependent function.
biomass of 2.5 million tons (Fig. 2). In order to
model the fluctuations in strength of herring year- The herring switch migration pattern several
classes, strong recruitment is implemented twdimes during its life time. For this reason, six dif-
years in a row every eight years by increasing théerent sets of migration parameters are imple-
parameter for maximum recruitment. The numbemented. The parameters are set so that the spawn-
of herring that mature is determined by a functioning areas are placed along the Norwegian coast from
which is length-dependent only. Karmgy to Vestfjorden. The 0-group then drifts

north and into the Barents Sea where it stays for

For all species, migration between areas is imabout two years before the herring heads west and

p|emented using migration matrices which are Vari,SOUth to coastal areas. Here it Stays until it matures.

able by month, and for fish by age group, but con-The mature stock migrates to the Norwegian Sea
stant from year to year: after spawning. There is an option in the program

which makes it possible to choose a migration pat-
tern for the mature stock similar to the one observed
wheres is stock (cod, harp seal, minke whale) orin the 1950s. This option is not used in the current
substock (mature/immature capelin, six 'life stagespaper.

of herring (see below)},is time (month number),

a is age,mis number of areasNy,, is an m- The migration parameters for cod are set so that
dimensional vector, containing the number of fishthe larvae drifts into the Barents Sea and the cod
of (sub)stocks at timet of agea for each area, and then moves westwards as it becomes older. There
Mg IS anm by m migration matrix, where the is also a migration southwards to the coast in the
matrix elementam;; indicate the proportion of the months October—March, and a migration to the
(sub)stocksin area at timet which migrate to area north and east in the months April-September. In
j during this time step. particular, the migration parameters are set so that
a part of the age groups 6 and 7 and all cod of age
8+, will be in area 1 (Lofoten/Vesteralen) by 1 April,
when spawning takes place. All cod in area 1 at
1 April is assumed to be mature.

Nst+1,a=MstaNst a

s The sub-models for harp seals and minke
whales are basically area-structured one-species
5 models. Interactions with the fish species are lim-
ited to the effects of mammal predation on fish.
‘r Tentative formulations of how the fluctuations of
prey stocks are likely to affect the behaviour and
condition of the sea mammal populations have been
made, but are not included in the present paper.

Recruitment (biflion individuals)

L In October—January, the entire minke whale

stock is found outside the model areas 1-7 (Nor-

0 M T I S S S B wegian catch statistics, unpubl. data). The model
0 1000 20003000 4000 5000 6000 7000 provides for a northward- and eastward migration

Spawning stock biomass {000 tons) . .

during spring and early summer, and a reversed

Fig. 2. Spawning stock-recruitment relationship usedmigration during late summer and autumn. The July
for herring. distribution is calculated from the findings of the
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July 1989 sighting survey (Jien, 1991). The distri- In the reference run, the catches of marine
bution in the other months is interpolated betweermammals are set so that the marine mammal popula-
the July distribution and the October—January distions stay approximately constant.

tribution, based on information from incidental

sightings and catch statistics. The fraction of the  Different natural mortality parameters apply for

stock present in the model areas 1-7 never excee@ge group 0 and older animals (see Appendix 2).
55%.

) Initial stock data
The harp seal stock spends late winter and

spring in coastal areas (mainly 3 and 5), and mi- The initial stock data for capelin used in the
grates northward during summer and autumn (Hauguns are taken from the joint Norwegian-Russian
et al, 1994). In this context the White Sea is re-acoustic survey in September—October 1993 (Anon.,
garded as belonging to area 5. MS 1994Db). These data give the number of fish by
area, sex, age and length, and also the mean weight
The distribution patterns resulting from the for each length group. The cod stock numbers by
migration procedures are shown in Tables 1 (hargige and size-at-age at 1 January 1994 were avail-
seals) and 2 (minke whales). The tables specify thable (Anon., MS 1995a). The numbers of 1-and
fraction of the population present in a given area ap-year old cod have been calculated by back-cal-
a given time. culating the prognosticated number at age 3 by a
yearly natural mortalityM = 0.2, as was done by
Recruitment takes place once a year, duringviehl (1989) and Bogstad and Mehl (1992) when
January in the whale model, and during March incalculating the cod stock's consumption of various
the seal model. The sex ratio of newly borns is asprey species. (A fluctuating and generally consid-
sumed to be 1:1. erably higher value o for 1- and 2-year old cod
due to cod cannibalism was found from Anon., MS
At present the weight is treated as a function1997). The area distribution of immature cod is
of age (in whole years) only. The weight-at-age isbased on data from the Norwegian winter survey in
thus not affected by prey abundance. the Barents Sea and the autumn Svalbard survey,
and it is assumed that all the mature cod are in area
The computation of predation by sea mammalsl in January. The size distribution has been calcu-
is based upon their energy requirement. The moddhted from the weights in the stock at 1 January
assumes that the normal energy requirement of aftaken from Anon., MS 1995a), as described by
individual during a time step is either a function of Bogstad and Tjelmeland (MS 1990, 1992). The her-
the predator's weight alone (whales present in theing stock number-at-age at 1 January 1994 is taken
Barents Sea only in summer) or a function of weight{from Anon., MS 1995b), and the area distribution
and month (seals). and length-at-age is calculated based on data from

TABLE 1. Area distribution (fraction of total stock present) of harp seals by

month.

Month Areal Area2 Area3 Aread4 Area5 Area6 Area7
1 0.00 0.00 0.20 0.00 0.80 0.00 0.00
2 0.00 0.00 0.30 0.10 0.60 0.00 0.00
3 0.00 0.00 0.25 0.00 0.75 0.00 0.00
4 0.00 0.00 0.25 0.00 0.75 0.00 0.00
5 0.00 0.00 0.00 0.00 0.75 0.25 0.00
6 0.00 0.00 0.00 0.00 0.30 0.50 0.20
7 0.00 0.00 0.00 0.00 0.20 0.50 0.30
8 0.00 0.00 0.00 0.00 0.00 0.20 0.80
9 0.00 0.00 0.00 0.00 0.00 0.10 0.90

10 0.00 0.00 0.00 0.00 0.10 0.00 0.90
11 0.00 0.00 0.10 0.05 0.15 0.00 0.70

12 0.00 0.00 0.30 0.10 0.60 0.00 0.00
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TABLE 2. Area distribution (fraction of total stock present) of minke whales by month.

Month Area 0 Areal Area2 Area3 Aread4d Areab Area6 Area7?
1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.92 0.04 0.04 0.00 0.00 0.00 0.00 0.00
3 0.74 0.04 0.05 0.12 0.00 0.00 0.06 0.00
4 0.60 0.04 0.05 0.18 0.03 0.00 0.11 0.00
5 0.49 0.04 0.05 0.21 0.03 0.03 0.13 0.02
6 0.45 0.05 0.07 0.19 0.02 0.05 0.14 0.03
7 0.45 0.05 0.07 0.22 0.02 0.02 0.16 0.02
8 0.56 0.06 0.10 0.13 0.05 0.00 0.10 0.00
9 0.82 0.05 0.11 0.00 0.03 0.00 0.00 0.00

10 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

several Norwegian surveys (all described in Anon.agreement with the expected high mortality suffered
MS 1995h). by young seals during the 'seal invasions' to the
Norwegian coast in the 1980s, especially the years
The acoustic estimate of the capelin stock onlyl986—88 (Haug and Nilssen, 1995)he pup pro-
provides abundance estimates for 1 year and oldefuction in 1989-90 was assumed to be at the 1991
capelin. In order to obtain an initial value of thelevel. The number of 1 and 2 year old seals in 1991
number of 0-group capelin, it was decided to startvas calculated by subtracting pup catches from the
MULTSPEC in October 1992, with capelin stock production and correcting for later natural mortal-
data from the 1992 autumn survey (Anon., MsSity and catches of 1 year old seals. This gave a to-
1993) and cod stock data for January 1992 (givefhal population of 1 year and older seals of 537 000
in Anon., MS 1995a), prognosticated forward inat 1 March 1991. The harp seal stock size at
time from January to October. The herring stockl October 1993 was then calculated by projecting
data in October 1992 was calculated by runnindhe stock at 1 March 1991, forward in time correct-
HERMOD as a single species model from Januar)}ng for catches and natural mortality. The number
to October 1992, using the stock number andf pups produced in 1992 and later has been calcu-
weight-at-age estimate at 1 January 1992 (given itated from the model reproductivity parameters.
Anon., MS 1995b) as initial value. The model was
then run to January 1993, when it was updated with ~ The age distribution of minke whales is taken
data for the herring and cod stock abundance andom historical single-species simulations of this
weight-at-age at 1 January 1993. In April 1993, codstock. This has been scaled to an initial population
capelin and herring spawn, so that the 1993 yeartotaling 80 000 whales in 1990 (Schwedsral.,
class for these species is generated. The capeli?91), and then projected forward in time, correct-
stock in the model was updated with 1993 capelidng for catches and natural mortality. The estimate
survey data in October 1993, and finally, the modePf 80 000 whales is under revision.
was updated with cod stock data in January 1994. Results
The harp seal population at age 0 and at age Beference run
and older at 1 March 1991, was calculated from a A reference run (Run 1) was chosen for the
pup production estimate of 142 000 (Russian aeria§imulation using the parameter values given
survey reported in Anon., MS 1994a), age compoin Appendix B for fish, seals and whales. A period
sition data from samples of Norwegian catches, anéf 20 years was used for all runs. A summary table
reproductivity parameters given in Appendix B. of the stock sizes, catches and consumption figures
This resulted in a population of 3 year and olderin the reference run is given in Table 3. Figure 3
seals of 377 000, with a very low number of 3-5shows the development (in biomass) of capelin,

year old seals and also reduced numbers of 6-9 yeabd and herring (in the Barents Sea and of the to-
old seals compared to older age groups. This is iflal herring stock).
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The variation in the biomass of cod, herring andto those of minke whales, except for the preference
capelin was generally within the range observed fofor other food which was set higher for harp seals.
the period where stock estimates were available. . . .

The herring spawning biomass, which is not show ffects of varying stock size of minke _Whales and
in Table 3, reached a peak of 9.5 million tons in arp seals, and food preferences of minke whales,
1998 and 1999, and this was at the same level Jgarp seals and cod
estimated by VPA for the 1950s (Dragesuatdl., The effects of varying stock size of minke
1980). The strong decrease in capelin stock whewhales and harp seals were studied by completely
the strong 1999-2000 and 2007-2008 year classéemoving both stocks of marine mammals from the
of herring enter the Barents Sea, illustrated clearlgcosystem (Run 2), removing only minke whales
the assumed herring-capelin dynamics, and the indRun 3), removing harp seals only (Run 4), or al-
fluence of capelin on the cod stock can also be seet¢rnatively assuming no whale catch (Run 5), no
relatively clearly. The total consumption by cod andseal catch (Run 6) or no marine mammal catch (Run
the fraction of capelin, herring and cod in the diet7), the latter three runs leading to an increase in
of cod seemed reasonable when compared to thene or both of the marine mammal populations.
results of Mehl (1989) and Bogstad and MehlEffects of varying food preferences for marine
(1992). The minke whale's food preferences werégnammals were studied by doubling the suitability
set at levels which gave results consistent with th@f cod for whales (Run 8) and by doubling the suit-
general pattern in the whale diet as reported in Haugbility of herring for seals (Run 9). Run 8 was cho-
et al. 1996). The biomass of capelin, herring, codsen since cod is a key species being both a heavy
and other food consumed by minke whales duringeredator and a prey in the simulated system, while
1993 and 1994 broken down by areas and monthBun 9 was chosen in order to get an indication of
was shown in Bogstadt al. (MS 1995) and com- to what extent seal consumption of herring is lim-
pared with the diet reported in Haeg al. (1996). ited by lack of geographical overlap. The effects of
The food preferences of harp seals were set equakrying food preferences for cod were studied by
reducing suitability of herring for cod by 50% (Run
10). The results of the simulations are summarised
in Table 4.

14000

When comparing the effect of changing the suit-

e ability of herring for seals and the effect of chang-

12000 - & . ing the suitability of herring for cod, it was impor-
R R A S tant to note the relationship between available food
? * ‘\.,«‘*‘\ and cod. For marine mammals, the total consump-

10000 ‘ "¢  tion (in energy terms) was constant and thus not

$ ‘--0--HERA (TOTAL) affecte_d by the c_han_g_es in suitability, While for cod,

8000 1 - - # - -HER. (BAR.SEA) changing the suitability of a prey species changed
:_"_'_gggﬂ'” ‘ the total amount consumed because the feeding

level was changed.
6000

Biomass (000 tons)

The main effects of varying stock sizes of harp
seals and minke whales may be summarised as fol-
lows:

4000

The herring stock increased as predation from
% marine mammals decreased (Runs 2-4) and de-
creased as predation from marine mammals in-
Ry ) creased (Runs 5-7). With suitabilities as in the
ol ™, me® 8 reference run, the herring stock was much more
1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 sensitive to changes in the minke whale stock (Runs
vear 3 and 5) than to changes in the harp seal stock (Runs
Fig. 3. Development in biomass of capelin, cod, her-4 @nd 6). This is illustrated in Fig. 4 comparing Runs
ring in the Barents Sea and the total herring3 and 4 to the reference run. The quantity of her-
stock in the reference run (Run 1). ring consumed in the Barents Sea by whales and

2000
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Fig. 4. Development in biomass of capelin, cod and herring for Run 1 (reference run),
Run 3 (no minke whales) and Run 4 (no harp seals).

seals was moderate or negligible compared to theod stock. The effect on capelin of changes in these
total herring stock biomass (Table 4). The reasorstocks generally was in the opposite direction of
why the herring stock was so sensitive to changesffects from changes in marine mammal predation
in the whale stock was that predation reduced then capelin. This resulted in an increase or decrease
number of recruits to the mature stock by an amounin the capelin stock when the minke whale stock
which was not negligible, and this had both an im-increased (Run 5) or decreased (Run 3). Since her-
mediate effect on the total stock and a long-ternring was less sensitive to changes in the harp seal
effect through the spawning stock-recruitment re-stock than to changes in the minke whale stock, and
lationship. since predation on capelin from harp seals was high,
an increase (Run 6) or decrease (Run 4) in the harp
The development in the capelin stock wasseal stock led to a decrease or increase in the capelin
mainly determined by changes in the herring andtock.
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The effects on the cod stock from changes in  Run 10 was included to illustrate how sensi-
the marine mammal stocks were more difficult totive the whole system is to changes in assumed food
summarise in few words. Generally, the cod stoclkpreferences of cod. Decreasing the suitability of
increased or decreased when marine mammal stockserring as food for cod had much larger effects than
decreased or increased, as intuitively expected. Fathanging some of the marine mammal preferences
example, if the seal population was not exploited(Runs 8 and 9) and even more dramatic effects than
and was allowed to increase (Run 6), the mean arremoving both marine mammal stocks from the sys-
nual cod catch decreased by 33 000 tons over thtem (Fig. 6). The herring stock increased above his-
simulation period (Table 4), and the catch in thetoric levels, with resulting detrimental effects on
last year was 112 000 tons lower than in the referthe capelin stock. Also the cod stock decreased due
ence run. This would be a substantial loss to théo low capelin stock.
fishery taking into account the high value of cod.

However, be_cau_se of the strong cod-cz_apelin_int_erac- Discussion and Conclusions

tions, resulting in a tendency of cyclic variations

in the two stocks with a time lag between the two  The role of marine mammals in the ecosystems
stock trajectories, the changes in the cod stock magan not be described by any single, or indeed any
in some years be in the opposite direction than exfinite number of features. All we can do is to de-
pected when compared to the reference run. For exscribe and possibly quantify some effects of the
ample, removing the two mammal stocks (Run 2 mammals' presence on parts of the ecosystem. This
led to a reduced cod stock in two years (2008-2009)aper considers effects of predation. Predation is
due to reduced capelin stock. at least in theory quantifiable and is also consid-

. . . ered to be of potentially high importance with re-
One interesting feature which reflects the com-gpect to effects on long-term fishery yield. How-

plexity of the system was that there would be largegyer, even when restricting the considerations to
gains on average in the cod fishery by removingyreqation, drastic simplifications have to be made

fact that whales eat more cod than seals do in thgatyre. For example, the concept of constant food
reference run. The explanation lies in the herringsyitabilities is such a simplification.

capelin-cod dynamics: Removing whales have a
large effect on the herring stock, leading to strongly
reduced capelin stock and thereby reduced cogeri
growth.

Yodzis (1994) discussed the influence of dif-
ng biological assumptions as to predator inter-
ference on the forms of two-species predator-prey

Figure 5 showed the results of increasing thénodels, and the importance of these issues for the
suitability of cod for whales (Run 8), or increasinge_ffeclts_ of marine mammalsllor} flsh_erlels. In the
the suitability of herring for seals (Run 9), keepingSlmu ations, a marine mammal's unctional response
all other parameters as in the reference run. Thigthe total number of prey individuals consumed per

figure again illustrated the complexity of the sys-unit area per u_nit_ time by an individual predator

tem. Initially, a higher suitability of cod for whales (Yodzis, 1_994)) IS mdependent_ of the predator _StOCk
led to a lower cod biomass and higher capelin an&mOI also in terms of total weight con_sumed inde-
herring biomasses. Herring biomass continued tgendent of the prey stocks. The marine mammals

increase compared to the reference run throughoJ?ed until their energy requirement is satisfied, and

the whole simulation period. Because of the detri-then stop. This may of course lead to pathological

mental effect this had on capelin recruitment, cape[eSUItS If the total biomass of the prey stocks (the

lin biomass got slightly below its reference run vaI-three f_'Sh species and other food) IS approaching
ues in some years (years 2004 and 2010-2012). 1Pr g_ettmg below the total energy requirement of th_e
creases in herring and capelin biomasses led in turfyarine mammals. However: this never occurred in
to a higher cod biomass in some years (years ZOOOtDe simulations. There was in all months and areas,
2002 and 2008-2010). A higher suitability of & large excess of food.

herring for seals led to a decrease in the herring

stock and an increase in the capelin stock, while

the cod stock increased marginally. Even with a  The predator consumption of each prey species
higher suitability, herring is the prey species ofis in the simulations a function of relative prey stock
which the harp seals eat in smallest quantity due tsize and the assumed suitabilities. The model for-
low geographical overlap. mulation does not take into account the possibility
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Fig. 5. Development in biomass of capelin, cod and herring for Run 1 (reference run),

Run 8 (high suitability of cod for whales) and Run 9 (high suitability of herring
for seals).

of a specialist feeding behaviour where the predaactions at the fish level are crucial for the end re-
tor tries to maintain its daily ration of a preferredsult for each fish species.
prey species irrespective of its abundance, or a
highly opportunistic behaviour where the predator A critical scientific question is whether the
switches over to the more abundant prey to a largesimulations give predictions which can be used for
extent than results from using constant suitabilitiestesting basic model assumptions of species inter-
Effects of both possibilities in a marine mammal-actions and especially the effects of marine mam-
fish context are discussed by Beverton (1985). mal predation. Almost needless to say, the predicted
stock sizes for any given year, say year 2000, in
The main conclusion from the simulations in any run can not be used for such testing because
relation to Yodzis (1994) discussion is that simplewe know with almost certainty that such a predic-
two-species models (e.g. a whale-capelin model}ion is wrong. Of an infinite number of possibili-
could lead to highly erroneous results, since interties with respect to for example herring recruitment,
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Fig. 6. Development in biomass of capelin, cod and herring for Run 1 (reference run),
Run 2 (no marine mammals) and Run 10 (low suitability of herring for cod).

we have chosen one scenario. The underlying stoclef the model with respect to the effects of the ma-
recruitment curves for the fish stocks have not beenine mammal predation.

tested, and there will in any case be a large

stochastic variation around the curves. The same is However, the MULTSPEC model can be used
true for individual growth. Neither can the esti- for making a different type of predictions for test-
mated difference in future development of the fishing purposes. From a set of estimated initial condi-
stocks between, for example a run with a stabldgions the model can make short-term predictions on
whale stock, and a run with an increasing whaledetails such as size- and species-composition of
stock be tested against observations for evaluatingtomach content of an individual in a given area,
the model. The predictions in, say the reference ruand such predictions can be tested against observa-
and Run 5 (no whale catch), do not show featuresions. This has been utilised in estimation of for
that differ to the extent that any realised future deexample predation parameters in a cod-capelin sys-
velopment will falsify assumptions on whale pre-tem (see e.g. Bogstad and Tjelmeland, 1992;
dation. The simulations thus give us no future test§jelmeland and Bogstad, 1993). In principle, stom-
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ach content data for seals and whales can be usd¢bat the stomach content data do not properly re-
in a similar way, but methodological problems ex-flect the predation by cod on herring because cod
ist in estimating food preference parameters fromn the pelagic layers are under-represented in the
the available data (see e.g. Skaial.,1998). stomach samples. Quantitatively, the largest uncer-

tainty is probably connected to the herring-capelin

In the MULTSPEC project, the main emphasisinteractions. Historical time series of herring and
has been placed on modelling the population dycapelin recruitment support the hypothesis that
namics of the three selected fish species, the inteRfesence of strong year-classes of herring in the
action between them and the predation from thdarents Sea have a detrimental effect on capelin
minke whales and harp seals. There are other apdgcruitment (Hamre, 1991), and sampling of her-
predators (other marine mammals and birds), anding stomachs has confirmed that young herring
there are other fish which could influence the defeed extensively on capelin larvae (Huse and
velopment of the three modelled species. Howeverforesen, 1995). However, the modelled predation
our modelling philosophy is based on the assumpnheeds further evaluation.
tion that main features of the dynamics of the

Barents Sea ecosystem at the fish level are captured Concerning herring, it should be recognised that
by including the selected species. only part of the minke whale-herring interactions

are at present taken into account. The mature com-

Both errors in the marine mammal total food Ponent of the herring stock has its main spawning
composition and food preferences and inaccurat@nd feeding area south of the MULTSPEC area and
modelling of the interactions at the fish level couldin the Norwegian Sea. The effect of this predation
significantly affect the estimated effects of the could notbe included in the present study. The cou-
mammal predation. Extensive investigations toPling of MULTSPEC to the herring model
estimate the minke whale and harp seal total foodlERMOD should be regarded as a first step towards
consumption have been conducted (Blix andextending the MULTSPEC model itself to the Nor-
Folkow, 1995; Nordgyet al., 1995 a,b), and the wegian Sea and thereby making it possible to study
available estimates are probably among the bediredation processes in that area.
compared with estimates for marine mammal stocks
in other parts of the world. This does not preclude In the simulations, strong herring recruitment
that errors still may be considerable due to methhas been assumed to occur at regular intervals.
odological difficulties in estimation. Concerning Strong herring year-classes seem to be connected
food preferences, the stomach sampling of the&vith warm periods in the Barents Sea, and strong
minke whale stock during 1992-94 (Haeyg al., cod and herring year-classes have shown a tendency
1996) has shown a high proportion of fish in thet0 appear in the same years (Seetersdal and Loeng,
diet (except for the Bear Island-Spitsbergen ared 987). In further simulations this should be taken
where krill dominated in 1993-94), with a large into account, since this could significantly affect
contribution of herring from Norwegian coastal ar- the dynamics of the whole system. The model al-
eas. For harp seals, larger uncertainties exist withPWs for stochasticity in recruitment (although still

regard to the proportion of commercially importantUsing & spawning stock-recruitment relationship)
fish species in the diet. for all fish species, and the effects of this should

be investigated by carrying out a large number of

Of the interactions at the fish level, the cod-Simulations. A 20-year run requires about 80 min-
capelin interactions have been most extensivelytes of computer time (on a HP 9000/755), which
studied (see e.g. Bogstad and Tjelmeland, 1992limits large-scale stochastic simulations somewhat.
Tjelmeland and Bogstad, 1993), and the model
calculation of cod consumption of capelin is in gen- Constant migration patterns have been assumed
eral agreement with direct calculation from stom-in the simulations, and the sensitivity to variations
ach sampling data (Anon., MS 1996). The cod conin migration patterns has not been tested. It is, how-
sumption of herring in 1993-94 in the simulation ever, obvious that the model results will depend
runs is high compared to direct calculations fromheavily on the degree of overlap between the spe-
stomach content data. However, it has been showaies, and the proper modelling of migration is
by regression techniques that cod may generate equally important for estimating a predator's pref-
very high mortality on 0-group herring in years with erences given a certain menu card in a local area.
low capelin stock (Barros, 1995), and it is possibleModels of migration and food preferences have to
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be combined. If for example part of the minke whalepredation pressure on the capelin and herring. This
stock actively searches for herring or krill over largecould possibly increase the total gain from reduced
areas, the model should reflect this. If some minkeninke whale predation and also contribute to avoid-
whales go for herring, they may not be in theing a situation where substantial gains in one fish-
Barents Sea in years when there is no herring imery are achieved at the expense of losses in other
that area. For capelin and cod, we know that theréisheries. For estimating the potential gains of such
have been large changes in the geographical distren adaptive strategy, simulations should be carried
butions, and there is a connection between temperaut where fishing mortality on each stock next year
ture changes and changes in migration pattern. is decided upon by using decision rules where ex-
pected stock development of all three fish species
In the simulations, adjustments have been madever the coming years is taken into account.
to values of natural mortality for the fish stocks
compared to traditional values in single stock as- A tentative conclusion on the likely effects of
sessments, to take into account the mortalities geran increasing whale stock on important fish stocks
erated by main predators which are now explicitlyis that the herring stock will be most heavily af-
calculated. These adjustments have been kept ufiected. All effects demonstrated on herring in the
changed in all simulations. Runs 2—4 therefore d@resent simulations will be substantially enlarged
not simulate a situation where marine mammals areshen minke whale's predation on sub-adult and
not taken into account in the assessments, but a sitadult herring in Norwegian coastal waters south of
ation where they are actually removed. The mairthe MULTSPEC area and in the Norwegian Sea is
purpose of including Runs 2-4 was to see how théncluded. How sensitive this conclusion is to model
model behaved under a wide range of marine mamformulations and parameter values can only be thor-
mal abundances, taking zero abundance as one exughly investigated by more extensive simulations.
treme. The results were as expected compared witHowever, if it is accepted that minke whales are
results of those runs where marine mammals wereavy predators on herring and that the main fea-
allowed to increase above their present level, givtures of the cod-herring-capelin interactions have
ing effects in the opposite direction. The size ofpeen captured, the conclusion could only be
effects illustrates the importance of marine mam-changed by much stronger compensatory mecha-
mals, but compared to Run 10 it also illustrates thahisms in the population dynamics of the herring
cod is the key predator on fish in the Barents Seatock, e.g. much slower individual growth at high
system. It is important to include marine mammalsstock sizes and a dome-shaped stock-recruitment
in a multispecies model, but proper modelling ofcurve. Probably only the latter could drastically
cod predation should still have the highest priority.change the results, but there is no support for such
It is also important to study how important cod isa stock-recruitment relationship for this stock (for
as food item for marine mammals (see Run 8). a discussion of stock-recruitment relationship for
this and some other herring stocks in the northeast
When no marine mammals are caught, the stoclutlantic, see Ulltang (1980)). An increasing harp
size in year 2012 will be 1.1 million harp seals andseal stock will most heavily affect the capelin and
144 000 minke whales, respectively. Although thiscod stock. The magnitude of these effects in the
is not above historical stock levels, density-dependpresent study may been an under-estimate due to

ent effects on growth etc. may to some extent slowhe assumed large proportion of other food in the
down the estimated stock increase. The aim of thgiet of harp seals.

simulations was not, however, to estimate how fast
the stocks would increase under a zero catch re- Acknowledgements
gime, but to estimate the effect of such increases
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Appendix 1: Model Structure

The parameter files specifying the values used in the present simulations are given in Appendix B.

Notation used in this appendix aneis predator species, is sex,a is age (years)A is aream is month,N is
number of fish (millions) and mammaM/ is individual weight (kg)B is biomass (thousand tons), ahds tempera-
ture (C).

Temperature

The following positions are used to represent areas 1-7008Q, 1200'E; 7030' N, 2000'E; 700'N, 3400'E;
72°30'N, 2000'E; 7200'N, 4500'E; 7430'N, 2200'E; 7600'N, 4C00'E. Adepth of 100 mis used. The adjustment to the
yearly variation is done in the following way:

T(year, m, positio) = T,(m, position) + T,(year, m) — T,(m) (1)

where, T, (m, positior) is temperature from climatology (Ottersen and Adlandsvik, 1993)year,n) is tempera-
ture in Kola section (Bochkov, 1982 and PINRO, Murmansk, pers. comm.T a(rd) is temperature from climatol-
ogy at Kola section.

The temperature in the years after 1994 has been set equal to the temperature from the climatology.

Plankton
The plankton supply for capelin and herring is given by the following function:
(PZ(A)—’[)Z
—4In2——F~+—
FA =P, (Ae P3® (2)
whereF is the plankton abundance in grams dry weight per square mesetime (month number (1-12)p,(A) is
the maximum plankton abundance in are@4(A) is the time for maximum plankton abundance in area A, By(@)

is duration of the time period when the plankton abundance exceeds half the maximum abundance in area
A.

The value ofP, is set to 15.0 g dry weight per?mwhich is somewhat higher than the values given by Skjoldal
et al.(1992).
Capelin

The capelin stock is divided into 6 age groups (0-5), 50 length groups of 0.5 cm (0-25 cm) and 2 sexes. In
addition, the stock is divided into a mature and an immature part.

Proportion of maturing stock (Forberg and Tjelmeland, 1985) is calculated as:

1
AC1@9%(Cqa 9-1) (3)

m(l)=
1+

wherem(l) is proportion of stock maturing at lengthC,(a,s) is change in maturation with length whea C,(a,s),
C,(a,9 is fish length at 50% maturity, referred to as "length-at-maturity”, and the valugsasfdC, are taken from
Tjelmeland and Bogstad (1993).

Spawning stock biomass — recruitment relationship:

Ciy+B

R(B)= (4)

whereR is recruitment-at-age 0 in JunB,is Spawning stock biomasg, ; is maximum recruitment (number of
larvae in June), an@,, is the value oB giving half of maximum recruitment.

This relationship is applied for each of the areas 2 and 3, where spawning takes place. Feeding level (Andersen
and Ursin, 1977):
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¢
C3+‘P

S (@@= (5)

wheregis relative food abundance (plankton biomass divided by capelin biomass{, anthe value ofp when a
capelin consumes half of maximum.

Individual growth:

% = C4 () SOf(@) (C6T + C7) ©
dw
Ezcs(S)ch(s)(f((P)_Clo) CuT+Cyp) @

The parameter€,, C., CgandCyare sex-dependent.

We assume that fishing is carried out only on mature capelin in the period October—March. The fishing mortality
of mature capelin is the same in all areas and months, and for all age-groups, sizes and sexes.

It is assumed that the only natural mortality is predation mortality generated by the species included in the
model. The 0-3 group herring are predators on 0-group capelin, and may significantly hamper the capelin recruit-
ment (Huse and Toresen, 1995). This is accounted for by introducing an additional predation mortality on 0-group
capelin in each area:

Mo, cap = C15 Ng, her + C16 N1 her + C17 No her + C18 N3 her (8)

whereN is the number of herring of age We assume that all capelin die after spawning.

a,her
Herring
The herring stock is divided into 16 age groups (0-15+) and 42 length groups of 1.0 cm (4-45 cm). It is not
divided by sex.
Feeding level inside the MULTSPEC areas (Andersen and Ursin, 1977):

¢
H;+o

f(@= 9)

wheregis relative food abundance (plankton biomass divided by herring biomassH asdhe value ofpwhen a
herring consumes half of maximum.
Individual growth inside the MULTSPEC areas:
dl

a:H4|H5f((P)(H6T+H7) (10)

d
d—\iv:HBWH9(f((p)—Hlo) (Hy T+H) (11)

Growth outside the MULTSPEC areas:
f:ngl'i‘ng (12)
whereH,, andH, 4 are constant for all age-groups.

The function that determines the number of each age gadbpt matures is dependent on length only:

m@H=— > (13)
a 1+e™1tH2-D)

where m, (/) is number that matures at age H,is fish length at 50% maturity, referred as "length-at-maturity”,
H,is change in maturation whérs H,, N, is number of herring at age andl is mean length at age
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Spawning takes place in March, and the resulting number of larvae is calculated by:

(=HygH17) _H16B-H17)
RB)=H; (1-€® e )

whereR is recruitment in JuneB is spawning stock biomassi,; is maximum recruitment, an#l,, is inflection
point.

(14)

We assume that fishing is carried out only during September, October, February and March. The yearly fishing
mortality is set to 0.15 and is the same in all areas. The herring starts recruiting to the fishery at 25 cm length and is
fully recruited at 35 cm length.

In order to account for predation by other predators, we assume that there is a natural mortality of 0.02 per
month in the MULTSPEC areas in addition to the mortality generated by predation by cod, harp seals and minke
whales. Outside the MULTSPEC areas natural mortality is set to 0.23 per year, which is the natural mortality used for
age 3 and older herring in the ICES stock assessments (Anon., MS 1995b).

Cod

The cod stock is divided into 11 age groups (0—10+) and 20 5 cm length groups (0—100 cm).

Spawning stock biomass — recruitment relationship:

R(B) =

(15)

whereR is recruitment at age 0 in Jurigjs spawning stock biomas6, ; is maximum recruitment (number of larvae
in June), andG,, is the value oB giving half of maximum recruitment.

The value 6 000 million for the maximum recruitme@t,, should be seen in relation to the maximum recruit-
ment at age 3 for the year-classes 1966 and onwards (Anon., MS 1995a) which is 1 818 million fish (the 1970 year-
class). The second strongest year-class is the 1969 year-class (1 015 million). The value of the spawning stock
biomass giving half of maximum recruitme, ,, has been set to 150 000 tons, which is close to the lowest level in
the period from 1946 onwards.

Feeding level concept (Andersen and Ursin, 1977):

(L, A) = AL 4) 16

where G;is the value of the food densifywhen a cod eats half of maximum consumption,
Q(L, A) =2 e, [Wprey, I, L, A) + otherfood (4, a) ,
o(prey, |, L, A)=Sprey, |, L) N(prey, |, A) W(prey, |, A) / areasize (A)
and: S(prey, |, L) is suitability of prey of length as food for cod of length,
N(prey, I, A) is number of prey groupin areaA,
W(prey, |, A) is individual weight of prey groupin areaA, and
otherfood (A, a) = Go3 (4) + aG,3(0)
and: area size(A): size of area\ (naut. mile3).

The amount of prey (capelin, herring and cod) of ledgthten per unit time by a cod of lendths given by (the
size- and temperature-dependency in this formula is taken from Jobling (1988)).
Qprey, 1, L, A)

Reoa(prev, I, L, A) = H o0 f(QL, A))W (17

3 Gyol2
where  H_ = G,,(1)e®104T 0000112y 2 ), and

cod

H.,qis maximum food uptake (size and temperature dependent).
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The values forG; and G,,(1) and for other food are the same as those estimated at the last meeting of the
Multispecies Assessment Working Group (Anon., MS 1996) for cod preying on mature capelin, using mainly the
same methodology as in Bogstad and Tjelmeland (MS 1990, 1992). The vabjg(bf given by (Anon., MS 1996)
has been multiplied bg-> for use in the work presented here, due to a reordering of the equation. The suitability
S(prey, I, L) for some values off andL for each prey is given in Appendix B. The suitability fet. combinations
which are not given in these tables, is found by linear interpolation. The suitabilities of different sizes of capelin,
herring and cod as prey for different sizes of cod as predator are based on studies of the diet of North-East Arctic cod
(Mehl, 1989; Bogstaét al, 1994). The amount of other food has been set equal in all areas, but decreasing with cod
age. Because the herring in area 1 stays in the Tysfjord/Ofotfjord area for some months in late autumn and early
winter, where it is not available as food for Northeast Arctic cod, we assume that in Area 1 there is predation by cod
on herring only in February, March and April.

Individual growth of cod:

&= 695 1(@GeT + G (18)

aw G
TG RO~ GG TG ) (19)

The parameters describing the relationship between growth and tempe@{u@s, G,; andG,,, have the same
values as for capelin. The values®f, G;, G, G, andG,, are the same as those used in the studies of cod growth
(Anon., MS 1996), where it was shown that MULTSPEC could reproduce the observed changes in growth quite well.

The fishing patteriG,,(a) is the same as the one estimated for 1993 by the ICES Arctic Fisheries Working Group
at its 1994 meeting (Anon., MS 1995a). The fishing mortaBiy is set so that the yearly fishing mortality becomes
0.46 (mean over ages 5-10, unweighted). This corresponfig tpwhich is used by ICES as a biological reference
point for this stock (Anon., MS 1995a). The fishing mortality is the same for all months and areas. No length selec-
tivity of the catch within an age group is included, giving the same weight at age in the catch as in the stock, and
consequently the catch in weight corresponding to a given fishing mortality becomes too low.

The ICES Arctic Fisheries Working Group uses a natural mortality of 0.2 per year (0.0167 per month) for cod.
When predation from mammals is calculated by the model and is no longer included in the natural mortality, a lower
value should be used. We have chosen 0.012 per month.

Sea Mammals

The minke whale stock is divided into 2 sexes and 21 age groups (0-20+). The harp seal stock is divided into 17
age-groups (0-16+) assuming a sex ratio of 1:1 in stock and catch. At present, the migration procedures for sea
mammals make no distinction with respect to sex or age-group.

In the following equations, the indgxdenotes marine mammal stocks (harp seal or minke whale).

The number of 0-year olds of sexecruited to the stocg is given as:

amax

_1 5
Np,AsO_E Rp,aNp.Afemalesa (20)

a=1

whereR  is reproductivity for females ageof stockp; and equals the fraction of age groapecruited to the
breeding stock, multiplied by a fertility parameter specifying the average number of recruits born by a mature fe-
male, 0.95 for whales (Christensen, 1981) and 0.94 for seals (Betvaln, 1981).

For seals, the fractions recruited to the breeding stock are the ones found by Kjedtyais(1995) for the
period 1990-93. For whales, a knife-edge maturation at age 7 is applied (Christensen, 1981). Recruitment takes
place at 1 January for minke whales and at 1 March for harp seals.

For whales, the length at agés:

i =8.33(1 _6—0.169(a+4.3)) (21)

a, males
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/ =9.07(1 _e—0A142(a+4.3)) (22)

a, females
Length-weight relationship (Folkow and Blix, 1992):
W(l) = 8.148 3163 (23)

This gives the following formulas for the weight in kg at age at 1 July (used as a representative weight for the part of
the year when the minke whales stays in the Barents Sea):

W mates = 6654 (1—€~ 0.169(a + 4.8)) 3163 (24)
W, femaies = 8709 (1—€” 0.142(a +4.8))3.163 (25)

According to Innest al. (1981) the average weight of a normally growing harp seal is set to:

1.458¢— 0-384(a +0.5)

W, =129.9¢ (26)

Catches of minke whales are subtracted from the population of age 1 and older whales present in MULTSPEC
areas in June. For harp seals different catch rates are applied on pups (0 years old) and age 1 and older seals. The
catches are subtracted in March, after the breeding season. The values of natural mortality used for marine mammals
correspond to those used in single-species assessment by ICES (for harp seals) and IWC (for minke whales).

The normal energy requirement) (of a predatop in monthm is set to:
E =p W, . At (27)

P, S, a,m p.m' p,s,a

wherePF{ m IS average rate of energy consumption of the spgziasmonthm (W/kg), andAt is number of seconds
in monthm.

The consumption is distributed over the various prey populations, including exogenous "other food", in propor-
tion to the mass density of the prey weighted by its suitability for the predator. Provided that the time step is suffi-
ciently short, the consumption of each prey will be small compared to prey stock size, and we set the con€umption
from a predatop on prey speciesin an area to:

e Sp,iBi
p.sami~ —psam !
28, B,

]

C (28)

where Sp,i is suitability of preyi to predatom, B, is biomass of prey, andn; is energy content of preiy

As for minke whales, Blix and Folkow (1995) have estimated the daily energy expenditure or field metabolic
rate to 80 kJ per kper day. Nordgyet al. (1995a) estimate the gross energy intake of the entire whale population
during the summer to 8.8410'2kJ, of which the field metabolic rate accounts for x8D'2kJ (the last value is
calculated using the information in Table 1 in Nord#yal. (1995a)). When multiplying the field metabolic rate by
this ratio between gross energy intake and field metabolic rate, we get a gross energy intake of 125 kJ per kg per day
or 1.45 W per kg.

The energy consumption rate parameter for harp seal is an array with one value for each month. The average
gross energy intake of harp seals is set to 343 kJ ppekdayor 3.97 W per kgccording to Lageet al. (1994), who
carried out an experiment where the harp seals were fed capelin. The monthly values have been set so that the yearly
average becomes equal to this value, and so that most of the feeding takes place in the months from July to Septem-
ber, as it is known that the harp seals improve in condition from June to September (Nilssen, 1995).

The energy content of the various prey species is taken from Natdaly(1995b). For cod, the value for polar
cod is used, while for other food, the value @nustaceais used.
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Appendix 2: Parameter Files

These are parts of parameter files used by MULTSPEC and HERMOD.

Oceanographic parameters

Effective area size (nautical miRs

Area 1 Area 2 Area 3 Area 4 Areab Area 6 Area7

14000.0 21000.0 50000.0 34000.0 90000.0 60000.0 90000.0

Food availability for plankton feeders (wher-'e is maximum plankton abundance, g pet, R, is time for
maximum plankton abundance (month), aRgis duratlon of high plankton abundance (months)).

Area 1 2 3 4 5 6 7
P, 15.0 15.0 15.0 15.0 15.0 15.0 15.0
P, 6.5 6.5 7.0 7.0 80 8.0 8.0
P, 4.0 4.0 40 4.0 40 4.0 4.0

Capelin parameters

Maturing (whereC, determines steepness of maturation curve @pid length where 50% are mature.)

Age 2 3 4

Sex Female Male Female Male Female Male

C, 0.60 0.60 0.60 0.60 0.60 0.60
C, 13.65 14.04 13.65 14.04 13.65 14.04

Feeding level

C; 1.20 Feeding level half value relative food abundance (plankton biomass/plankton feeder
biomass)

Growth

4 0.285 0.305 Maximum length change (female/male)
-0.10 -0.10 Length dependence of length change (female/male)

ol

1.00 Temperature dependence of length change

(=)

C

C

C

C 1.90 Temperature offset of length change

Cg 0.0133 0.0142 Maximum weight change (female/male)
C

C

C

C

~

0.6700 0.6700 Weight dependence of weight change (female/male)
0.00 Feeding level offset of weight change
11 1.00 Temperature dependence of weight change
12 1.90 Temperature offset of weight change

Larval production

C,; 12000000.0  Maximum recruitment
Cis 30.0 Value of spawning biomass giving half of maximum recruitment
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Larval death rates

C,s; 0.00001 Larvae mortality induced by 0-group herring
C,¢ 0.00006 Larvae mortality induced by 1-group herring
C,; 0.00006 Larvae mortality induced by 2-group herring
C,s 0.00006 Larvae mortality induced by 3-group herring

Fishing mortality

C 0.00 for immature 0.10 for mature

21
Herring parameters

Feeding level

H, 0.20 Feeding level half value relative food abundance (plankton biomass/plankton feeder
biomass)
Growth
H, 0.23 Maximum length change
H, -0.10 Length dependence of length change
Hg 1.00 Temperature dependence of length change
H, 1.90 Temperature offset of length change
Hy  0.011 Maximum weight change
Hy 0.67 Weight dependence of weight change
H,, 0.00 Feeding level offset of weight change
H,, 1.00 Temperature dependence of weight change
H,, 1.90 Temperature offset of weight change

Natural mortality

H 0.01

20

HERMOD parameters

H, 31.2 Length where 50% are mature
H, 0.55 Determines steepness of maturation curve
H,c 8000.0 (low value) Maximum recruitment
H,c 100000.0 (high value) Maximum of maximum recruitment
Hio 0.0005 recruitment parameter
H,, 2500.0 Inflection point for spawning stock-recruitment relationship, 1 000 tons
Hig 0.39 growth parameter
Hig 14.31 growth parameter
Cod parameters
Feeding level
G, 0.0054 Feeding level half value (1000 ton per naut. Mjles
Growth
G, 0.860 Maximum length change
G, -0.300 Length dependence of length change
G, 1.00 Temperature dependence of length change
G, 1.90 Temperature offset of length change
G, 0.018 Maximum weight change
G, 0.480 Weight dependence of weight change
G 0.03 Feeding level offset of weight change
G, 1.00 Temperature dependence of weight change
G,, 1.90 Temperature offset of weight change
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Larvae production
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G,; 6000.0 Maximum recruitment
14 200.0 Value of spawning biomass giving half of maximum recruitment
Natural mortality
G, 0.012
Fishing mortality
G, 0.089
Feeding
G,,(1) 0.27 Maximum feeding per cod (kg per month)
G,,(2) 0.802 Maximum feeding per cod, body weight dependency (exponent)
G,4(0) -0.0005 Other food, 1 000 tons per naut. rhikge dependence
G,,(1-7) 0.007 0.007 0.007 0.007 0.007 0.007 0.007

Fishing pattern

G32

(age 0-10)

Other food, 1 000 tons per naut. nfilby area

0.000 0.000 0.000 0.016 0.102 0.377 0.749 0.511 0.327 0.299 0.328

Suitability of capelin for cod

Capelin Cod length

length 10 cm 20 cm 30 cm 40 cm 50 cm
5cm 0.10 0.50 1.00 1.00 1.00
10 cm 0.00 0.10 1.00 1.00 1.00
15 cm 0.00 0.00 1.00 1.00 1.00
20 cm 0.00 0.00 1.00 1.00 1.00
Suitability of herring for cod

Herring Cod length

length 12 cm 25 cm 40 cm 55 cm 70 cm
5cm 0.00 0.20 0.20 0.20 0.20
15 cm 0.00 0.00 0.20 0.20 0.20
25cm 0.00 0.00 0.00 0.20 0.20
35cm 0.00 0.00 0.00 0.00 0.20
Suitability of cod for cod

Cod (prey) Cod length

length 15 cm 30 cm 40 cm 50 cm 70 cm
5cm 0.00 0.05 0.15 0.25 0.25
15 cm 0.00 0.00 0.08 0.25 0.25
25cm 0.00 0.00 0.00 0.13 0.25
40 cm 0.00 0.00 0.00 0.00 0.00

Marine Mammal Parameters

ncap
nher
ncod

6.9
7.1
5.3

energy content of capelin (kJ per g)
energy content of herring (kJ per g)
energy content of cod (kJ per g)



Harp seal parameters

Minke whale

0.025
0.0083
21.5
1.8

P

seal,m

R

seal,a

5.0

seal,oth,A

nseal,oth

1.0

seal,cap "
seal,her

seal,cod ~*

n n n n

seal,oth ="
param eters

0.0583
0.0075
2.7

P

wha,m

R

wha,a

nwha,oth
wha,oth,A

SWha\,cap

SWha\,her

SWha\,cod

SWha\,oth
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instantaneous natural mortality per month, age = 0

instantaneous natural mortality per month, age > 0

% caught, age = 0

% caught, age > 0

1.985 1.985 1.985 1.985 1.985 1.985 9.425 9.425 9.425 1.985 1.985 1.985
energy requirement, W per kg, month 1-12

000000.01880.0846 0.1504 0.3478 0.564 0.6768 0.8742 0.94 0.94 0.94 0.94
0.94 reproductivity, age 0-16

energy content of other food, kJ per g

0.02 0.02 0.02 0.02 0.02 0.02 0.02

other food density, 1 000 tons per naut. rhideea 1-7

suitability of capelin as prey

suitability of herring as prey

suitability of cod as prey

suitability of other food

instantaneous natural mortality per month, age = 0

instantaneous natural mortality per month, age > 0

% caught, age > 0
1.451.451.451.451.451.451.451.451.451.451.451.45
energy requirement, W per kg, month 1-12
00000000.950.950.950.950.950.950.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
reproductivity, age 0-20
5.0 energy content of other food, kJ per g
0.03 0.03 0.03 0.03 0.03 0.03 0.03 other food density, 1 000 tons per nadt. mile
area 1-7

1.0 suitability of capelin as prey

1.0 suitability of herring as prey

0.2 suitability of cod as prey

0.1 suitability of other food
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