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Abstract

MULTSPEC is an area-structured multispecies simulation model for the species
capelin, herring, cod, harp seal and minke whale in the Barents Sea. Information
on food preferences and food requirements obtained from the Norwegian research
programume on marine mammals is used to quantify the predation by marine mam-
mals on fish. The importance of harp seals and minke whales as predators relative -
to the main fish predator in the ecosystem, cod, is discussed. The se_nsitivity_qu the
model to‘ the food preferences and stock sizes of harp seals and minke whales is
investigated.

1 Introduction

In Bogstad er al. (MS 1992}. resuits of some simulation studies with a multispecies model for .the
Barents Sea (MULTSPEC) were given with ;he aim of study.ing‘the sensitivity of the model to
assumptions on food preferences and stock sizes of minke whales and harp seals. At that time,
hen’ing.(Clupea harengus) was not included-in MULTSPEC as a sgparate species, and results of

the scientific whaling operations conducted in 1992-1994 were not available.

The present paper gives results of new simﬁlation stu'dics with herring included. When choosilng
food preference par;meters for minke whales and harp seals, results of the diet studies .reported in
Haug er al. (MS 1995}, Skaug et al. (MS 1995} alnd Nilssen ( 19955 h#ve been‘used for setting

likely ranges of parameter values. Also new data on total energy requirements of seals and whales
have been utilized when setting the parameters determining total coﬁsumpti;:)r;. No fine tuning of
the model parameters to the new data has been aimed at. The main aim of the papei' is to demon-

strate the model’s behaviour when herring as an important prey item is included and study the
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sensitivity of the model to food preference parameters and stock sizes of minke whales and harp
seals. Also, the relative importance of harp seals and minke whales as predators relative to the

main fish predator in the ecosystem, cod, is discussed.

A preliminary version of this paper (Bogstad et al. MS 1995) was presented at the TWC meeting
in May 1995. The most important change in the model since that paper was written is that cod
now may prey on all stock components of herring in the MULTSPEC area. Also, some of the
parameters for cod and capelin have been changed based on parameter estimations presented at
the last meeting of the ICES Multispecies Assessment Working Group (Anotn., MS 1995¢).
MULTSPEC has so far mainly been used for estimating predation mortatities of mature capelin
generated by cod (Bogstad and Tjelmeland MS 1990, 1992). Basic philosophy and modelling
approach is described in Ulltang (1995). In Bogstad et al. (MS 1992) a description of model struc-
ture and basic equations determining the population dynamics of each species included were

given. The present paper includes an updated description of the model.

2 Model structure

The multispecies model for the Barents Sea (MULTSPEC) is an area-structured simulation mode]
which includes the species capelin (Mallotus villosus), herring (Clupea harengus), cod (Gadus

morhua), harp seal (Phoca groenlandica) and minke whale (Balanoptera acutorosirata).

The stocks which are included in MULTSPEC are represented by tree structures where each level
denotes sub-populations distributed over a given dimension, which may be area, sex, age or

length. The area division used in the model is shown in Figure 1.

As the minke whale stock, depending upon the time of the year, to a large extent is distributed out-
side the Barents Sea, we have included an “area 0’ in addition to the seven areas in the Barents
Sea. The model comprises discontinuous processes like reproduction, which is handled on a
yearly basis, and continuous processes like predation and natural mortality, which are performed
for each time step. The ordering of these processes is as follows: Migration - Fishing- Predation -

Growth. The time step vsed in these simulations is one month.

The bastc units in the model are;

« Number of fish and larvae: Millions.

« Weight of individual fish and mammals: kg
+ Temperature: deg C




+ Time : month
+ Length of individual fish : cm

‘We use the subscripts A for area, s for sex (1: female, 2: male), and a for age. W deriotes individ- i

ual weight, 1 individual length and N stock size ini numbers.

The main changes in the MULTSPEC model since the paper by Bogstad ez al. (MS 1992) was

written are:

1. Herfing is inctuded, as MULTSPEC can now be linked to the single-species medel HERMOD

(Dommasnes and Hiis Hauge, MS 1994).

2. 0-group dynamics for fish is now/modelled. Especially important here is the predation by |

young herring on 0-group éapelin.,

3. Changes have been made in the equations describing growth and food requirements for harp

seals and minke whales.
4. A new temperature model has been implemented.

The parameter files are given in Appendix.

3 Oceanography

" Sea tenperature is included in the equations for growth and maximal food consumption by fish. It

also enters the equation for cod stomach evacuation rate {Bogstad and Tjelmeland, 1992), and
will certainly be included in energetics models for marine mamimals. Temperature may also prove .

to be important in a future development of migration models.

We use climatological data (Ottersen and Adlandsvik, 1993), adjusted by the yearly variations in

the Kola section (Bochkov, 1982 and PINRO, Murmansk, pers. comm.). The following positions

are used to represent areas 1-7:
6800N, 1200 E; 7030N, 2000E; 7100N, 3400E; 7230N, 2000E; 7200N, 4500E;

7430N, 2200E; 7600N, 4000E

A depth of 100m is used. The adjustment to the yearly variation is done in the following way:
T(year, month, position)= T(pdsition } from climatology + T{year, month)} from Kola section -
T(month) from climatology at Kola section. The temperature in the years after 1994-has been set

equal to the temperature from the climatology.
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The plankton parameters are here denoted by P (Ppl in the parameter file). The food supply for

capelin and herring is given by the following function:

i

-nt
= " a2

F(aq) = B (A) xe 1@ : CEQ)

where

F: the plankton abundance in grams dry weight per square meter,

L time (month number (1-12))

PyuA) the maximum plankton abundance in area A

PaA) the time for maximum plankton abundance in area A .

PyA). Dration of the time period when the plankton abundance exceeds half the maximum abundance 1n

area A o : :

The value of P, is set to 15.0 grams dry weight per square meter, which is somewhat higher than

. .

the values given by Skjoldal er al. (1992). '

5 Capelin

The capelin parameters are here denoted by C; (Pcp in the Eia.riimetcr file). The capelin stock is =
divided into 6 age groups (0-53, 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.

The migration parameters for capelin'are the same for all age groups, but they differ between
immature and mature capelin. The migration parameters for mature capelin are set so that all the
mature capelin will be in arcas 2 and 3 at April-l, when spawning takes place. In October the
capelin stock is divided into a mature and an immature part by the following function (Forberg -

and Tjeimeland, 1985): . - . . ) . \

- g B ’ ] .
m(ly = 1+e4C|(u,.i)x{C2(a,.r)-l) 7(E02)
Here:

mii} Proporﬁonﬂnf stock maturing at lengih
Cyas): Change in maturation with length when 1 = Co{a.s)
Cyfas):  Fish length at 50% maturity, referred to as “length at maturity”

The values of C; and C; are taken from Tjelmeland and Bogstad (1993).

"

The following spawning stock biomass - recruitment relationship for,capelin is.used (Beverton

and Holt, 1957):

X B

R(B) = (EQ 3
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where
4
R: recruitment at age 0 in June
‘ B: Spawning stock biomass
Cyy Maximum recruitment {(number of larvae in June)
Cis The value of B giving half of maximum recruitment.

This relationship is applied for each of the areas 2 and 3, where spawning‘.takcs place.

The spawning stock- recruitment relationship given by Hamre and Tjelmeland (MS 1982) is of |
the same form, but applied to recruitment at age 2 in September for the whole stock (no area dis-
sribution). They give the values 440 million for C|3 and 450 lhous'and tonnes for Cy4 . This rela-
tionship was calculated based on a single-species model, and can thus not be assumed to be valid
in a multispecies context. The values of C;4 and C,4 are adjusted so that we get a reasonable
development of the capelin stock. Cy4 was set to 30 thousand tonnes, as it has been observed that
good capelin year classes (e.g. the 1989 year class) can be produced by relatively small spawning

stocks.

The feeding level (Andersen and Ursin, 1977) is defined in the following way:

= L] EQ 4
Fid) T - (eG4
where
& Relative food abundance (planktor biomass divided by capelin biomass)
Cy The value of ¢ when a capelin consumes half of maximum.

The individual growth is made dependent on the size of the fish, the feeding level, and the temper-
ature:

;ij = C () XIS XF(8) X (C X T+Cy) Eas
W o sy x W
T 2(s) % X () = Coo} x (CyxT+Cpy) (EQs)

The parameters C, and Cg are sex-dependent, because the growth of male capelin is faster than
the growth of f-emale capelin. The parameters le, and C|y have been set to 1.0, and the parameters
C,and Cy, to 1.9, resulting in no growth when the temperature T in the sea is equal to -1.9 C
(freezing). The growth in length is implemented so llhat a fish in a given length group will grow

into the next length group with a probability proportional to the growth.

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. A monthly fishing mortality of 0.10 is used (all mortalities are given as instanta-



neous mortality coefficients),, which corresponds to a relatively modest fishery. -

For capelin, it is assumed that there is no other natural mortality than predation mortality gener-
ated by the spécies inéluded in the model, 0-3 group herring are predators on 0-group capelin, and
may signiﬁcanﬂ}} hamper the ca'pel'ﬁi recrﬁitmen't, {Huse dnd Toresen, MS 1994). This is

accounted for by introdicing an additiona! predation mortality on 0-group capelin in each area:

Mﬂra(l = Cis X Hy't Clg X Hy+ Cyx Hy+ Cgx iy
where H; is the number of herring of age 1. We assume that all capelin die after spawning.

6 Herring

The Norwegian Spring -Spawning Herring Steck is included by running MULTSPEC together
with HERMOD, a single species model for the herring stock (Dommasnes and Hiis Hauge, MS
1994). The HERMOD areas include the Norwegian Sea, the Norwegian Coast and the Barents
Sea. While the herring is immature it staysl nﬁiniy Ci[ht;.l' m t.ﬁe Barénts Se;a' or m coaétgil areas. In
the Barents Sea growth and natural mortality are taken care of by MULTSPEC while HERMOD

stmulates all other processes.

The herring parameters are denoted by H (Phe in the parameter ﬁle).

The herring stock is divided into 6 stock components, 16 age groups {0-15+) and 42 length groups
of 1.0 cm (4-45 cm). It is not divided by sex. The reason for dividing the stock into stock compe-

nents s the complexily of the migration patterns within the stock.

Six different sets of migration parameters are implemented, each L;orrespondin £ 10 a stock compo-
nent. The parameters are set so that the spawning areas are placed along the Norwégian coast
from Karmay to Ofotfjord. The 0-group then drifts north to the Barenlts Sea where it stays for
about two years hefore the herring heads west -md soul.l-1 to coastal arc;:s. Here it stays uatil it
matures. The mature stock migrates 10'thc Norwegian Seg after spawnin.g, Aﬁ additional parame-

ter makes it possible to choose another migration pattern for the mature stock. This parameter




describes the pattern of the mature stock in the 1950s. The reason for this additional option is that

parts of the stock tend to readopt this old migration pattern. This option is not used in the current

paper.

The function that determines the number of each age group that matures is dependent on length

only:

n{a)
Hyx (H —mila]) ”
1+e¢

m(a,l) =

where;

mia,ly:  Number that matures at age a.

H;: Fish-length at 50% maturity, referred as “length ar maturity”™.
My Change in maturation when { = A,

nfaj; ~  Number of herring at age @

mi{a): Mean length at age a.

Spawning takes place in March, and the resulting number of larvae is calculated from the biomass

of the spawning“smck at that time.

R(B) = H3[1—e

{01737 £6.0005) (8 - 250y
(r -t )
), {EQ7)
where
R Recruitment in June.
B: Spawning stock biomass.
Hy Maximum recruitment.

This is a depensatory stock-recrnitment curve (Ulltang, 1980) with inflection point at B = 2.5 mil-
lion tonnes. In order to model the fluctuations in the recruitment, #, is set higher two succeeding

years every 8 years,

Inside the MULTSPEC areas the growth function for herring is the same as for capelin. Outside

the MULTSPEC a.reas the growth is expressed as follows!

dl
i Hil+H.

H, and A are.constant for all age groups.
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 to recruit to

the fishery at 25 ¢m 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/month in the MULTSPEC areas'in addition to the mortality generated by predation by cod,
harp seals and minke wha.]eé. Outside the MULTSPEC areas nalm:a] mortality is set to 0.23/ year:
which is the nawral mortality used for age 3 and older herming in the ICES stock assessments

(Anon., MS 1995b).

7 Cod

The cod parameters are denoted by G.

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

The migration parameters for cod are set so that the larvae drift into the Barents Sea, and the cod
then moves westwards as it becomes older. There is also a migration southwards to the coast in

the months October-March, and a migration to the north and east in the months April-September.
In particular, the migration.pa.rameters are set so that a part of the age groups 6 and 7 and all cod
of age 8+, will be in arca [ (Lofoten/ Vesterdlen) by April 1, when spawning takes place. All cod

found in area 1 at April [, is assumed to be mature.

The spawning stock biomass - recruitment relationship used is of the same form as for capelin:

{EQ 8}

The value 6000 million for the maximym recruitment G at age 0 {in June) should be seen in
relation to the maximum recruttment at age 3 for the year classes 1966 and onwards {Anon.,
1995a) which is 1818 million fish (the 1970 vear class). The second strongest year class is the
1969 year class {1015 million). G4 the value of the spawning stock biomass giving ha]f of maxi-
mum recruitment, has been set to 150 thousand tonnes, which 1s close 1o the lowest level in the

period from 1946 onwards.

The feeding level concept (Andersen and Ursin, 1977) is defined in the following‘way for cod:



- ${L)
fg(Ly) = ORTNG) | (EG 9}

where ¢¢£) is the total food abundance (cépcljn + herring + cod + other food, 1000 tonnes pcr.
square nautical mile) and Gs(1) is the vatue of .¢ (L) when a cod eats half of maximum consump-

tion. The amount of prey (capelin, herring and cod) of length | eaten per unit time by a cod of

length L is given by:

¢ (L L, prey)

o (L) (EG 10}

Roafl Loprey) = H  xf{§(L)) x
where H_,q is the maximum food uptake and ¢ (4, £) is the availability of prey of length | as food

for cod of length L.

H_oq is made size- and ternperature dependent:

3

- Gy (2
H,py = Gu (1) x 01047 O.DmIIIXT’mez:!( ¥ (€Q 11)

and ¢ (£, £) is defined by:

o(LLY = SILLY xN (D xW(D ' {EQ 12)

The size- and temperature dependency in this formula is taken from Jobling (1988). The values ‘
for G3(1) and Gy(1) and for other food are the same as those estimated at the Jast meeting of the
Multispecies Assessment Working Group (Anon., M3 1995c¢) for cod preying on mature capelin,
using mainly the same methodology as in Bogstad and Tjelmeland {MS 1990, 1992). The suitabil-
ity S¢|,L) is implemented as a piecewise linear function. 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, Bogstad er al. (1994)). The amount of other food has
been set equal in ail areas, but decreasing with cod age. Because the herring in area 1 stays in the

Tysfjord/QOfotfjord 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.
The growth of cod is modelled in the same way as the growth of capelin.

di
= G x % x f(d) x (Ggx T+G) (EQ 13)

dWw
o= Gy W (f(8) =G ) x (G, xT+G,y) {EQ14)

. A
The parameters describing the relationship between growth and temperature, Gg, G, Gy and.
1

G, have the same values as for cape‘,jlin. The values for G, G5, Gy and Gy, are the same as those
]

f .
used in the studies of cod growth prc%ented in Anon. (1995c), where it was shown that MULT-

SPEC could reproduce the observed galanges in growth quite well.
o ; i
ke
b
il

i
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The fishing pattern (Gy,(a)) is the same as the onc‘ estimgted fo.r 1993 by Fhe ICES A;ctic Fi_shcr-
ies Working Group at its 1994 meeting (Anon., MS 1995a}. The fishing mortality (Gyp) is set 5o
that the yearly ﬁshiﬁg mortality t;ecomcs 0.46 (mean over ages 5 f 0 unweightcd)._Ti'ljs corre-
spondsllo Frned » which is used by ICES as a biological refc:rencf: point fér this stock (Anon., MS
1995a). The fishing mortality ‘is the same for all months and areas. No length selectivity ;)f the
catch within an age group 1s 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 1s no longer

included in the natural mortality, & lower value should be used. We have chosen 0.012 per month.

8 Sea Mammals

The submodels for harp seals and minke whales arr; basically area-structured one-species models.

Int;zractions -with the fish species are limited to the effects of mamumal predation on the fish stocks.

Tcntati‘ve formulations o‘f how the fluctuations of prey stc;cks are likely to affect the behaviour and
. conditi'on of the sea marﬁﬁal po;iulations have bgen n;ade, but are not included in the present

paper.

The minke whale and harp seal parameters have prefixes pmi and pha, respectively. See Appendix

for details on.parameters..

4 .

The minke whale stock is divided into 8 areas, MULTSPEC areas 1 - 7 and an area (O (see Intro-

duction), 2 sexes and 21 age groups (0-20+).
The harp seal stock is divided into 7 areas and 17 age groups (0-16+),

At present, the migration procedures for sea mammals make no distinction with respect to sex or

age group. C ] . oy

"The minke whale stock spends most of the time south of the model areas i - 7. The model pro-
vides for a northward migration during spring and early summer, and a southward migration dur-
ing late summer and autumn. The distribution 1s an e:élrapo]ation from the findings of the July
1989 sighting S;JI'VC}’ {Bien, 1991 ) ;l"hc' fraction of the stock present in the medel areas -7 never

exceeds 55%.

The harp seal stock spends late winter and spring in coastal areas (mainly 3 and 5), and migrates
northward during summer and autymn {Haug et al. 1994). In this context the White Sea is

regarded as belonging to area 5.
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The distribution patterns resuiting from the migration procedures are shown in Tables 1 and 2.
The tables specify the fraction of the population being present in a given area at a given month.
The migration parameters have been chesen so as to give this distribution. The pattern for minke
whales is the same as used in Bogstad ef al. (MS 1992), while the migration pattern for harp seals

has been somewhat adjusted.

Recruitruent takes place once a year, during January in the whale model, and during March in the
seal model. Equal numbers of males and females are born. The number of 0-year olds of sex s

recruited to the stock is given as:

P mas

X ERaXNA.Lu

AN, 0 =

B —

where &, =(P_repro) =reproductivity for females age a; equals the fraction of age groups a
recruited to the breeding stock, multiplied by a fertility parameter specifying the average number

of recruits bom by a mature female (0.95 for whales and 0.94 for seals).

The weight of sea mammals is an essential variable for computing their food consumption. At

present the weight is treated as a function of age in whole years only. The weight at age for minke

whales is calculated using a von Bertalanffy function for length at age from Christensen (1981),

combined with a length-weight relationship obtained by Folkow and Blix (1992). The length at

age function is

Lr = 833([ _em.IW(r+43))

for males and ’

L, =907(1 - 3—0,142(r+4..3))

for females, and the length-weight relationship is

w - granrt'®,

This gives the following formulas for the weight at age at July | (used as a representative weight ’

for the part of the year when the minke whales siays in the Barents Sea):
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ovagy. 3163
W = 6654 (1 24D

for males and

0142 (a+48), 303

W =8709(1-¢ }

for females.

According to Innes'ef al. {1981} the average weight of a normally growing harp seal is set to

_ 1458 x o1 M43 (asD5)

W= 1299%e {EQ 15)

For both seals and whales, the model has a tentative formulation for how the condition factor

depends on the food supply, but this feature has not been included in the runs presented in this

paper.

Catches of minke whales are subiracted from the population of age 1 and older whales present in

MULTSPEC areas in june.

For harp seals the distinction is made between pups (0 years old) and age 1 and older seals. The

catches are subtracted in March, after the breeding season.
In the reference run, the’catches are set so that the populations stay approximately constant.
Different natural mortality parameters apply for age group 0 and older animals (see Appendix).

The computation of predation by sea mammals is based upon their energy requirement. The
model assumes that the normal energy requirement of an individual during a time step of length
At is either a function of the predator’s weight alone (whales present only in summer) or a func-
tion of weight and month (seals). The normal energy requirement of a predator subpopulation

N, ., during a time step of duration At is set to

g

(EQ 16}
1"4‘-. . .

.= N’A’_“uxl‘ﬂx Wx A

where P, is a parameter expressing the average rz;lc of energy consumption of the species at the
time, This consumption is distributed over the various prey populations, including exogenous
“‘other food™, in proportion to the mass density of the pre'y weight'ed by its suitability for the pred-
ator. Provided that the time step is sufficiently short, the consumption of each prey will be small
compared to prey stock size, and we set the consumption from the predator subpopulation ¥} _

on prey species i in area A (0
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i s B
Cloa = BpoaX g - E@m -
PILTAT N
i .
where

Sor suitability of prey i to predator p

B a biomass of prey { in area A

n;: energy density of prey ¢

As for whales, Blix and Folkow (1995) have es-timatcd the daily energy expenditure or field meta-
bolic rate to to 80 kJ kg™ day ™. Nord;a'y eral. (1995a) estimate the gross energy intake of the
entire whale population during the su@er to 8.64 10'2 kJ, of which the ﬁeld metabolic rate
accounts for 5.51 1012 k.- Taking this ratio between gross energy intake and field metabolic rate

into account, we get a gross energy intake of 125 &J kg™! day ! or 1.45 W kg™

The energy consumption rate parameter for seal, pha_ereq, is an array with ane value for each
month, The average gross energy intake is 343 kJ kg'1 day" or3.97 W kg'!, according to Nordgy
et al. (1995b). 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 from July to September.

9 Running the model

9.1 Initiation.

The initial data foé capelin vsed in the runs reported on in this paper are data from the joint Nor-
wegian-Russian acoustic survey in Seprember-October 1993 (Anon., MS 1994). These data give
the number of fish by area, sex, age and length, and also the mean weight for each length group.
The cod stock numbers by age and size a¥ age at January 1, 1994 are taken from the ICES Arctic
Fisheries Working Group report (Anon., MS 1995a). The numbers of 1-and 2-year old fish have
been calculated by back-calculating the progrosticated number at age 3 by‘ & yearly natural mor-
tality M=0.2 (this is probably too low, but has been used by Mehl (1989) and Bogstad and Mehl
{1992) when calculating the cod stock’s consumption of various prey species). The area distribu-
tion of immature fish is based on data from the Norwegian winter survey in the Barents Sea and
the autumn Svalbard survey, and it is assumed that all the mature fish are in area 1 in January. The
size distribution has been calculateq from the weights in the stock at January 1 taken from the

working group report, as described by Bogstad and Tjelmeland (MS 1990, 1992).

The model was started in October 1992, with capelin data from the 1992 autumn survey (Anon.,

MS 1993) and cod data for January 1993 from the working group report (Anon., MS 195:!5&1),
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prognosticated forward in time from January to October. The model was then run to January
1993, when it was updated with 1993 cod data. In April 1993, cod and capelin spawn, so that a
1993 year class is generated. The capelin stock in the mode! was updated with 1993 capelin sur-

vey data in October 1993.

The herring stock number at age is taken from the assessment made by the ICES Adanto-Scan-
dian Herring and Capelin Working Group (Anon., MS 1995b), and the area distribution and
length at age is calculated based on data from several Norwegian surveys (all described in Anon.,

MS 1995b).

The harp séal population at age 0 and at age 3 and older at Marqh 1, 1991, was calculated from a
pup production estimate of 142 000 (Russian acrial survey ), age composition data from samples
of Norwegian catches, and reproductivity parameters given in Appendix. This resulted in a popu-
lation of 3 };ear and older seals of 377 000, with a very low number of 3-5 year old seals and also
reduced numbers of 6-9 year old seals compared to older age groups. This is in agreement with

the exbectcd high mort_ality suffered by young seals during the *seal invasions’ to the Norwegian

coast in the 1980s, especially the years 1986-1988.

The pup production in 1989-1990 was assumed to be at the 1991 level. The number of 1 and y)
year old seals in 1991 was calculated by subtracting pup catches from the prdduction and correct-
ing for later natural mortality and catches qf 1 year old seals. This gave a total population of 1
year and older seals of 537 000 at March 1, 1991. The harp seal stock size at October |, }993 was
then calculated by projecting the stock at March 1, 1991, forward in time correcting for catches
énd natural mortality. The number of pups produced in 1992 and later has been calculated from
the model reproductivity rates. The total harp seal stock nun}ber at the start of the simulatio;ls is

about 50% larger than in the simulations carried out by Bogstad er af. (MS 1992).

As n Bogstad ef al. (MS 1092], the minke whale population has been scaled Lo ainitial popula-
tion totalling 80000 whales in 1990, and then projected forward in time correcting for catches and -
natural mortality. The number of calves produced in 1992 and later has been calculated from the

model reproductivity parameters.

10 Results

10.1 Reference run.
As reference run (run 1) was chosen the simulation using the parameter values given in the

parameter files in the Appendix for fish, seals and whales. A pcriiod of 20 years was used for all
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runs. A sumimary table of the stock sizes, catches and consumption figures in the reference run is
given in Table 3. In Figure 2 is plotted biomass development of immature c:ipelin, cod, herring in

the Barents Sea and total herring stock.

Differences between results of the present reference run and the reference run in Bogstad et al,
{MS 1995) are mainly due to that predation by cod on maturing and adult herring in MULTSPEC
area 1 now is taken account of and that the recruitment function for herring has been changed.
Further, a fishing mﬁrtality of 0.15 has now been applied on the herring stock compared te 0.05 1n

Bogstad er al. (MS 1995).

The vanation in the biomass of cod, herring and capelin is ge;lerally within the range observed for
the period where stock estimates are available. The herring spawning biomass, which is not
shown in Table 3, reaches a peak of about 9.4 mill. tonnes in 1998, and this is at the same level as
estimated by VPA for the 1950s (Dragesund et al. 1980). The fluctuations in stock size indicate
that the main feaiures in the herring-capelin dynamics have been captured {strong dcc;reasc in
capelin stock when the strong 1999 and 2000 year classes of herring enter the Barents Sea), and
the influence of capelin on the cod stock can also be seen relatively clearly. The total consumption
by cod and fraction of capelin, herring and cod in the diet of cod also seems reasonable when
compared to the results of Mchl (1989) and Bogstad and Mehl (1592). The total consumption of
seals and whales has been changed due to the new models for focd requirement. This gave an
increase in the total consumption by harp seals of about 50 % (equal to the increase in stockl
number) and a decrease of 25 % in the consumption by minke whales compared to the figures
given in Bogstad ez al. (MS 1992). The minke whale’s food preferences were set at levels which
gave results consistent with the general pattern in the whale diet as reported in Haug ef al. (MS
1995}. The biomass of capelin, herring, cod and other food consumed by minke whales duriné
1993 and 1994 broken down by areas and months was shown in Bogstad et al. (MS 1995) and

compared with the diet reported in Haug ez al. (MS 1995).

10.2 Effects of varying stock size of minke whales and harp seals, and food preferences of

minke whales, hérp seals and cod

The effects of varying stock size of minke whales and harp seals were studied by completely
removing both stock of marine mammals from the ecosystem (run 2), removing only minke
whales (run 3) or harp seals (run 4}, alternatively assuming no whale catch (run 5), seal catch (run

6) or marine mammal catch (run 7), the latter three runs leading to increase in one or both of the
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marine mam'malrpopulations. Effects of varying food preferences were studied by doubiing the
suitability of cod for whales (run 8) or other food for whales (run 9), doubling the suitability of
herring for seals (run 10), and finally by reducing suitability of herring for cod by SO % (run 11).

The results of the simulatiofs are given in Tables 4-13. In Table 14 some results are summarized.

Some effects were as intuitively expected, while others were not equally ebvious. For example,
removing the two mammal stocks (run 2) led as expected to a higher herring stock and in most
years a higher cod stock. However, except for the first years (1993-1997), it led 1o a lower capelin

stock which must be seen as a result of the effect an increasing herring stock has on capelin

recruitment. The reduced capelin stock led in tum to a reduced cod stock in two years (2008 -
2009). The complexity of the system is illustrated in Figure 3 whcfc results of increasing the suit-
ability of cod for whales (run 8), keeping all other parameters as in the reference rm;, are shown.
Initially, a higher suitability of cod led to a lower cod biomass-and higher capelin and herring bio-
masses. Herring biomass continued to increase compared to the reference run throughout the
whole simulation period. Because of the detrimental effect this had on cdpf:lin recruitment, cape- .
lin biomass got below its reference run vaiués in some years {years 2004 and 2010 - 2012).
Incre.ascs in herring and capeliﬁ biomasses led in turn to a higher cod biomass in some years

(years 2000 - 2002 and 2008 - 2010).
The main effects may be summarized as follows:

The herring stock increases or decreases as predation from marine mammals decreases (runs 2-4) .
or increases (runs 5-7). With suitabilities as in reference run, the herring stock is much more sen-
sitive to changes in the minke whale stock {runs 3 and 5) than to changes in the harp seal stock

(runs 4 and 6). This is illustrated in Figure 4 comparing runs 3 and 4.

The development in the capelin stock is ﬁlainly determinéd by changes in the herring and coa
stock. The effect on capelin of changes in these stocks generally goc:;‘ in the opposite directjon of
effects from changes in marine mammals predation on capelin. This results in an increase of
decrease in the capelin stock when the minke whale stock increases (run 5) or (.iecreascs (run 3}
i.e. a counterintuitive effect. Since herring is less sensitive to changes in the 'seal stock than to
changes in the minke .whal‘e stock, and since pr‘edation on capelin from seals is high, an increase
{run 6) or decrease (run 4) in the seal stock lead ;0 a decrease or increéisc in the capelin stock, i.e.

the effect intuitively expected.

The effects on the cod stock from changes in the marine mammal stocks are more difficult to sum-

marize in few words. Generally, the cod stock will increase or decrease when marine mammal
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stocks decrease or increase, as intuitively expected. For example, if the seal population is not
exploited and is allowed to increase (run 6), mean annual cod catch will decrease by 32000 tonnes
over the simulation period (Table 14), and the catch in the last year will be 112000 tonnes lower
than in the reference run. This would be a substantial loss to the fishery taking into account the
high value of cod. However, because of the strong cod-capelin interactions, resulting in a ten-
dency of cyclic variations in the two stocks with a time lag between the two stock trajectories, the
changes in the cod stock may in some years be in tht.: opposite direction than expected when com-

pared to the reference rua.

One interesting feature which again reflects the complexity of the system is that there would be
larger gains on average in the cod fishery by removing the seals than by removing the whales,
despite the fac.t that whales eat more cod than seals do in the reference run. The explanation lies in
the ‘herring-capclin—cod dynamics: Removing whales have a large effect on the herring stock,

leading to strongly reduced capelin stock and thereby reduced cod growth.

Run 11 was included for illustrating howrscnsitivc the whole system is to changes in assumed
food preferences of cod. Decreasing the svitability of herring as food for cod had much larger
effects than changing some of the marine mammal preferences (runs 8-10) and even more dra-
matic effects than removing both marine mammal stocks from the system (Figure 5). The herring
stock increased above historic levels, with resulting detrimental effects on the capelin stock. Also

the cod stock decreased due to low capelin stock.

11 Discussion and conclusions

The role of marine mammals in the ecosystems can not be described by any single, or indeed any
finite number of features. All we can do is to describe and possibly quantify some effects of the
mammals’ presence on parts of the ecosystem. This paper considers effects of predation. Preda-
tion is at least in theory quantifiable and is also considered to be of potentially high importance

with respect to effects on long term fishery yield.

However, even when restricting the considerations to predation, drastic simplifications have to be
made in the model compared to the processes going on in nature. For example, the concept of

constant food suitabilities is such a simplification.

The selection of species in the multispecies model is based on the hypothesis that total fish pro-
duction in the Barents Sea area (including Norwegian coastal waters) to a large extent is deter-
mined by the development in the stocks of North-East Arctic cod, Norwegian Spring-Spawning

herring and Barents Sea capelin. Accordingly, main emphasis has been placed on modelling the
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population dynamics of these specit?s, the interaction between them and parts of the biological
and physical environment having a direct and significant impact on their devclopment. The apex.
predators are an important part of this environment. There are other apf:x- predators than minke
whales and harp seals (other marine mammal stocks and birds) , and there are other fish stocks
which could influence the development of the three modelled species (e.g. polar cod), More spe-
cies may be added to the model later (polar cod is already formally included in the model but has
been turned off in the simulations presented because of poor knowledge of its population dynam-

ics), but itis considered very unlikely that this could reverse the directions of effects on fish yield

from increasing or decreasing stocks of minke whales and harp seals. However, the size of the

effects could be affected (in both directions).

Concerning the modelled interactions, both errors in the marine mammals® total food composition
and food preferences and inaccurate modelling of the interactions at the fish level could affect the
size of the estimated effects. Also with respect to such errors, it is considered very unlikely that
they could reverse the direction of main effects. Extensive investigations to estimate the minke
whales and harp seals’ total food consumption have béen conducted (Blix and Folkow, 1995; Nor-
degy et al., i995 a,b) , and the available estimates are probably among the best compared with esti-
mates for marine mammal stocks in other parts of the world. This does not preciude that errors
still may.bc considerable due to methodological difficulties in estimation. Concerning food pref-
erences, methodological problems exist in estilﬁatjng'[hcse from available data (see for example
Skaug ef al., MS 1995). For the minke whale stock, the stomach sampling during 1992-1994
{(Haug et al, MS 1995) has shown a high propertion of ﬁshr in the diet except for the Bear Island-
Spitsbergen area where Krill dominated in 1993-1994, and there is also some consistency between
years with respect to areas with large contribution from the modelled species. For harp seals,
larger L_mcenaimies exist with regard 1o the proponion‘of commercially important fish species in

the diet.

Of the interactions at the fish level, the cod-capelin interactions have been most extcn.sirvely stud-
ied (see e.g Bogstad and Tjelmeland, 1992; Tjelmeland and Bogstad, 1993), and the model calcu-
lation of cod‘s consumption of caf)elin is in general agreement with direct calculation from
stomach sampling data (Anon., M3 1995¢). Cod‘s consumption of herring in 1993-1994 in the

simulation runs is high compared to direct calculations from stomach content data. However, it

has been shown by regression techniques that cod may generate a very high mortality on O-group
herring in years with low capelin stock (Barros, 1995}, and it is possible that the stomach data do

not properly reflct the predation by cod on berring because cod in the pelagic layers are under-rep-
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reseqted in the Stt;mach samples. Quantitatively, the largest uncertainty is probably connected to
the herring-capelin interactions. Historical time sérics of herring and capelin recruitment support
the hypothesis that preséncé of strong year classes of hcrﬁng in the Barents Sea have a detrimen-
tal effect on caple‘in recruitment {Hamre, 1991}, and sampling of herring stomachs has confirmed
that young herring feed .extensively on capelin larvae (Huse and Toresen, MS 1994). However,

the modelled predation needs further evaluation.

The simulation results prescntcd are of a preliminary nature since too little time has been availa-
ble for experimenting with the model after herring was incirded. In addition to further studies of
herring’s predation on'capelin larvae, more work has to be done on the recruitment functions and
the suilabiiity of herring as prey for cod. Also the functions uséd for individual groth of herring

need further considerations.

Concerning herring, it should be recognized that only part of the minke whale-herring interactions
are at present taken account of. The mature component of the herring stock has its main spawning
and feeding area south of the MULT.SPEC area and in the Norwegian Sea. The effect of this pre-
dation could not be included in the present study. The coupling of MULTSPEC to the herring
model HERMOD should be regarded as a first step towards extending the MULTSPEC model
itself to the Norwegian Sea and thereby making it possible o study predation processes in that

area.

In the sim?lations, strong herring recruitment has been assumed to occur at regular intervals.
Stron.g hel;ring year classes seem to be connected with warm periods in the Barents Sea, and
strong cod and herring year classes have shown a tendency to appear in the same years (Stersdal
and Loeng, 1987). In further simulations this should be taken account of. The model allows for
stochasticity in rgcruitmem {although still using a spawning stock-recruitment relationship) for all
fish species, and the effects of this should be investigated by carrying out a farge number of simu-
lations. A 20-year run requires about 2 hours of computer time (on a HP 9000/755), which may

limit the number of simulations somewhat.

Mammal predation on cod and capelin has been assumed to be non-selective with respect to prey
size. This assumption is probably not valid and should be modified baséd on data on prey size

selection. The effects of predation on the prey stocks will depend on the size or age composition
of the consumed prey. Particularly the predation on O-group fish should be calculated by separate

suitabilities.
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Constant migration patterns have been assumed in the simulations, and the sensitivity to varia- ‘
tions in migration paiterns has not been tested. It is, however, obvious that the model results will
depend heavily on the degree of overlap between the species, and proper modelling of migration
is equally important s estimating a predator’s preferences given a certain menu card in a local
area. Models of migration and food prefercnces have to be combjned. If for example part of the
minke whale stock actively search foc herring or krill over large areas, the model shouid reflect

this, If some minke whales go for herring, they will probably not be in the Barents Sea in years

with no herring in that area. For capelin and cod, we know that there have been large changes in
the geographical distributions, and there is a connection between temperature changes and

changes in migration pattern.

In the simulatic.ms, adjustmcn-IS have been made to values of natural mortality for the fish stocks
compared to traditional values in single stock assessments to take account of that mortalities gen-
erated by main predators are now explicitely calculated. These adjustments have been kept
unchanged in all simulations. Runs 2-4 therefore do not simulate a situation where marine mam-
mals are not taken account of in the assessments, but a sitzation ;rvhcrc they are actually removed.
The main purpose of including runs 2-4 was to see how the model behaved under a wide range of
marine marmmal abundances, taking zero abundance as one extreme. The results were as expected
compared with results of those runs where marine mammals were allowed to increase above their
present level, giving effects in opposite direction. The size of effects illustrates the importance of
marine mammals, but comparedlm run 11 it also illostrates that cod is the key predator on fish in
the Barents Sea system. It is important to include marine mammals i:; a multispecies model, but

proper modelling of cod’s predation should still have the highest priority.

The ﬁsﬁing mo;ta]itics on capélin, cod and herring have been assumed constant between runs and
years and not dependent on the state of the stocks. ln practice, an adaptive management policy
will be aimed at. When for example cod is available in larger quantities due to decreased preda-
tion from minke whales, this could be taken out as fish catch instead of beiné left in the sea and
creating extra predation pressure on the capelin and herring. This could possibly intrease the total

gain from reduced minke whale predation and also contribute to avoid a situation where substan-

tial gains in one fishery were achieved at the expence of losses in other fisheries. For estimating
the potential gains of such an adaptive strategy, simulations should be carried out Where fishing
mortality on each stock next year is decided upon using decision rules where expected stock

development of all three fish species over the coming years is taken account of.
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A tentative conclusion on likely effects of an increasing whale stock on important fish stocks is

that the herring stock will be most he-avily affected . All effects demonstrated on herring in the

present simulations will be substantially enlarged when minke whale’s predation on subadult and

adult herring in Norwegian coastal waters south of the MULTSPEC a.r;:a and in the Norwegian
‘Seais included. An increasing harp seal stock will most heavily affect the capelin and cod stock.
_ The estimated size of the effects in the present study rnay be underestimated due to the assumed

large proportion of other food in seals’ diet.
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_Table 1. Distribution of harp seals
Month Areal Areal Aread Aread Area$ Aread Ares7
1 0.00 0.00 0.20 0.00 0.80 0.00 0.00
2 0.00 0.00 0,30 0.10 Q.60 0.00 0.00
3 0.00 0.00 025 0.00 0.75 0.00 0.00
4 0.00 0.00 0.25 0.00 a5 0.00 0.00
5 0.00 0.00 0.00 0.00 015 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
1o 0.00 0.00 0.00 0.00 0.10 0.00 0.90
1 0.00 0.00 0.10 0.05 015 0.00 0.70
12 0.00 0.00 030 0.10 0.60 0.00 0.00
Table 2. Distribution of minke whales
Month Areal Areal Areal Areal Aread Area$ Areal Area?
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 0.18 003 .00 o.n 0.00
"5 049 0.04 0.05 0.2 0.03 0.03 013 0.02
6 Q.45 0.05 1114 019 0.02 0.05 0.i4 0.03
7 0.45 0.05 007 022 0.02 0.02 0.16 0.02
o8 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 .00 0,00 0.00
1t 100 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
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Figure 1. Area division in Multspec.
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1 Appendix

1.1 Parameter ﬁles

Parts of parameter files used by MULTSPEC and HERMOD are given below :

MULTSPEC parameters

Oceanographic parameters

Effective area size (square nautical miles)
Areal Area2 Area3 Arcad4 Area5 Areaf Area7

14000.0 21000.0 500000 34000.0 90000.0 60000.0 90000.0

Food availability for plankton feeders. Upper line ; grammes pr square meter
Aea 1 2 3 4 5 6 7

Ppll 150 150 150 150 150 150 1540
Pz 65 65 70 70 80 80 80
Ppl3 40 40 40 40 40 40 40

Capelin parameters
Maturing
Age 2 3 4
Sex female male female male female 'm;lc

Pcpl 060 060 060 060 0.60 060
Pcp2 13.65 1404 13.65 14.04 - 13.65 14.04

Feeding leve] parameter

Pp3 120 Feeding lovel balf value relative food abundance
(platkton biomass/plankton feedet biomass) '
Growth parameters '

Pepd  0.285 (.305 Maximum length change (female/male)
PepS -0.10 -0.10 Length dependence of length change
Pepb  1.00 Temperature dependence of length change
Pcp? 150 Temperature offset of length change

Peps  0.0133 0.0142 Maximum weight change(female/male)
Pep9  0.6700 0.6700 Weight dependence of weight change
Fepl0 0.00 Feeding level offset of weight change
Pcpll 1.00 Tcmpcréture dependence of weight change
Pepl2 1.90 Temperature offset of weight change

Larval production
Pcpl3d 120000000 Maximum recruitment

Pcp14' 30.0  Value of spawning biomass giving half of maximum
recruitient ‘
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Larval death rates

Pcpls 0.00001 Larvae mortality induced by O-group herring
Pepl6 0.00006 Larvae mortality induced by 1-group herring
Pepl7 0.00006 Larvae mortality induced by 2-group herring
Pcpl$ 0.00006 Larvae mortality induced by 3-group herring
Pepl9 0.00000 Larvae mortality induced by 0-group cod

Natural mortality
Age modf
Pcp20 000 0.00

Fishing rortality
Immature mature

Pep2] 000 0.10

Initializing parameters

3
Pcp30 0.0000024  Initial condition factor(kgfcm )
Pcp31 3.30 Initial weight/length exponent
Energy content
Pcpdd 6.9 kiig
Herring parameters
Feeding level parameter
Phe3 020 Feeding leve] half value relative food abundance

(plankton biomass/plankton feeder biomass)

Growth parameters

Phed 0.23 Maximum length change

Phed -0.10 Length dependence of length change

Phe6 1.00 Temperature dependence of length change
Phe7 190 Temperature offset of length change

Pheg 0.011 Maximum weight change

Phed 0.67 Weight dependence of weight change
Phel0 0.00 Feeding leve] offset of weight change
Phell 1.00 Temperature dependence of weight change
Phel?2 1.90 Temperature offset of weight chgnge

Natural mortality
Age modf
Phe20 001 000

Fishing mortality
Phe2] 0.00
Initializing parameters
3
Phe30 0.0000024 Initial condition factor(kg/cm }
Phe3i 3.30 Initiad weight/length exponent

Energy content

Phed0 71 Wig
Cod parameters

Feeding level parameter
Age modf
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Pcd3  0.0054 0.00 Feeding level half value(1000 mnncs)’sq. nmi)
Growth parameters

Pcd4  0.860 .Maximum length change

Ped5 -0.300 - Length dependence of length change
Pcd6  1.00 Temperature dependence of length change
Ped7 190 ‘Temperatare offset of fength change

Ped8  0.018 Maximum weight change

Pcd9 0480 - Weight dependence of weight change
Pcd10  0.03 Feeding level offset of weight change
Pcdll 1.00 Temperature dependence of weight change
Pcdl2 150 Temperature offset of weight change

Larvae production

Pcd13 60000  Maximum recruitment
Pedl4  200.0  Value of spawning biomass giving half of maximum
recruitment

Larval death rates

Pcdls  0.00 I.an"ac mortality induced by (-grovp herring
Pedl6  0.00 Larvae mortality induced by 1-group herring
Pedl7  0.00 Larvae mortality induced by 2-group herring
Pedl8 0.0 Larvae mortality induced by 3-group herring
Pedi% 600  Larvae mortality induced by O-group cod

Natural mortality
Age modf

Ped20  0.012 000

Fishing mortality

Ped21  0.089
Feeding parameters
Weight modf

Ped22 121 0.802 Max feeding pr cod, kg pr month
Ped23  -0.0005 0.007 0.007 (.007 0.007 0.007 0.007 0.007
- Other food, 1000 tonnes pr sqr nmi by area and age dependence

Initializing parameters

3
Pcd30  0.000009 Tnitial condition factor(kg/em )
Pcd3l 300  Initial weight/length exponent
Fishing pattern
Ped32 0.000 0.000 0.000 0.016 0.102 0.377 0.749 0.511 0.327 0.299 (.328
Energy content
Pedd) 53 kilg

Suitability of capelin

Codlengths 100 200 300 40.0 500
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Capelin lengths Suitabilities
50 010 050 1.00 1.00 1.00
10.0 000 010 100 100 1.00
150 0.00 000 1.00 1.00 1.00
200 0.00 6.00 1.00 1.00 1.00
Suitability of herring
Cod lengths  12.0 25.0 400 550 700
Herring lengths Suitabilities
50 0.00 020 020 020 020
150 0.00 000 020 020 020

250 000 D00 000 D20 020
350 0.00 0.00 0.00 0.00 020

Suitability of cod
Cod lengths  15.0 30.0 40.0 500 70.0

Cod lengths (prey}  Suitabilities

5.0 0.00 005 015 025 025
15.0 0.00 0.00 0.08 025 025
25.0 .00 000 000 013 025
400 000 0.00 0.00 0.00 0.00

Harp seal parameters

pha_mort0 0.025 instantaneous natural mertality pr month, age = 0
pha_mort - 0.0083 instantaneous natural mortality pr month, age > 0
pha_mortl 0.3 high mortality in areas | & 2 during invations

pha_catch021.5 % default catch, age =0
pha_catch 1.8 % default caich, age >

pha_ereq 1.985 1.985 1.985 1,985 1.985 1.985 9.425 9.425 9.425 985 1.985 1.985 * energy requirement, Wikg
pha_repro 00000 0.0188 0.0846 0.1504 0.3478 0.564 0.6768 0.8742 0,94 0.94 0.94 0.94 0.94 * reproductivity
pha_eoth 5.0 energy content of other food, kJ/g .

pha_doth 0.02 0.02 0.02 0.02 0.02 0.02 (.02 * ktonnes/sq.naut.mile

pha_scap 1.0 suitability of capelin as prey

pha_sher 10 suitability of herring as prey

pha_spol 0.2 suitability of polar cod as prey

pha_scod 0.2 suitability of cod as prey
pha_soth 0.5 suitability of other food

pha_dprey 0.08  prey encrgy densety required, TVsq.nautmile

pha_flev 0.95 feeding level at normal growth

pha_equiv 50 energy/weight, klfg

Minke .whale parameters.

pmi_mon® 0.0583 instantaneous nawral mortality pr month, age =0

pmi_mort 0.0075 instantaneous natural mortality pr month, age >0

pmi_catch 2.7 % default catch

pmi_ereq 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 energy requirement, W/kg

pmi_repro 0000000095095 0.950.950.95 0.95 0.95 0.95 0.95 0.95 0.95 (.95 0.95 0.95 * reproductivity
pmi_eoth 5.0 energy content of other food, kl/g

pmi_doth 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 * ktonnes/sq.naut.mile
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pmi_scap 1.0 suitability of capelin as prey

pmi_sher 1.0 suitability of herring as prey

pmi_spol 0.2 suitability of polar cod as prey

pmi_scod 0.2 suitability of cod as prey

pmi_soth 0.1 suitability of other food

pmi_dprey 0.01 prey energy density required, T)/sq.naut.mile
pmi_flev 0.95 feeding level at normal growth

pmi_equiv 50 energy/weight, kl/g

Hermod parameters

2.2 { matchange Delermines steepness of maturation curve }
3.2 [ matlm50 Length where 50% are maturation }

80 { maxrecruitment Maximum recruitment }

100.0 { maxmaxrecruitment Maximum of maximum recryitment
0.5 | recruitparl Recruitment parameter ¥

2.5 | recruitpar2 Recruitment parametcr ]

}
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