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Abstract

For Northeast Arctic cod (Gadus morhua), there is much knowledge available concerning the
main population dynamics processes (growth, maturation, fecundity, recruitment, natural
mortality, fishing mortality). This knowledge is incorporated into a biologically detailed age-
length structured population model. The model contains four population groups:
EggsandLarvae, 0-group, immatures (age 1-10) and matures (age 4-12+). Recruitment to
EggsandLarvae is modelled as a function of the number of mature fish and their population
characteristics (length and weight), giving a fully closed life cycle. The model is implemented
using the Gadget framework for population models, and the details of the implementation are
described here. Results of fitting the population model to observations are presented. The
utility of such a model in the assessment of current stock status and the exploration of harvest
control rules is discussed.

1. Introduction

At IMR, Bergen, Norway, work on the Fleksibest model for Northeast Arctic cod has been
going on for some years (Froysa et al., 2002; ICES, 2004b). This is a biologically-detailed
age-and-length structured model, where mortality, growth and maturation are modelled as
functions of length and weight, and possibly age. The cod stock is divided into mature and
immature components. In order to incorporate more of the biological knowledge available for
this stock, the model is being extended to include a closed life-cycle. This WD outlines how
this can be done using the Gadget model framework (Anon., 2003a;
http://www.hafro.is/gadget). Such a model will be able to incorporate research presented to
SGPRISM (ICES, 2002) and SGGROMAT (ICES, 2003a; 2004a) in recent years, and provide
a framework to incorporate future developments into an existing population model.

In this paper we first describe the division of cod into population groups, and how the
movement between population groups takes place. Then we describe the model structure
(time step, length groups, age groups, which kind of mortality applies to each population
group, spawning time etc.) This is followed by a review of the equations describing the
population dynamics processes maturation, fecundity, mortality and growth. Finally we
present results of fitting the model to the available data.

This paper shows how the Gadget framework can be used to incorporate such models, using
Northeast Arctic cod as an example. A discussion of how and why more biological knowledge
should be included in stock assessment is given by Ulltang (1996).

2. Model structure

Figure 1 illustrates the division into population groups. All individuals within a single
population group share the same equations governing their biological processes.
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Figure 1. Movement between population groups in closed life-cycle model for Northeast
Arctic cod

Time step: quarter (could be changed to month later)
Time period: 1985-2004, last time step in model is quarter 1 in 2004.

3. Population group descriptions

Movement of fish between population groups is either by the Move or the Maturation
function. Move means that all individuals move to the new stock at a specific time, while a
Maturation function allows the transition between population groups to be based on age
and/or length.

3.1 Eggsandlarvae

Spawned at end of quarter 1 (31 March). Hatched in quarter 2.

Age: 0

Length group width: 0.5 cm

Length range: 1-15 cm

Mortality: Very high, year-dependent residual natural mortality in quarter 2, otherwise no
mortality.

Moves: to 0-group at 30 June (end of quarter 2)

Length distribution (mean length, standard deviation) given.

Growth: None. Mean length and standard deviation are model parameters (these are in reality
the corresponding parameters for 0-group).

Except for the mortality, this stock is a dummy stock to which nothing happens. It is
introduced to allow for a delay between spawning and time of recruitment as 0-group fish.
Having Eggsandlarvae as a separate stock also allows for the effects of larval drift in future
multi-area models.



3.2 0-group

Age: 0

Length group width: 0.5cm

Length range: 1-20cm

Mortality: Cannibalism (quarter 4 only), residual natural mortality (possibly year-dependent)
Moves: to immatures at end of quarter 4 (December 31)

Growth: See section 4.4

3.3 Immature

Age range: 1-10

Length group width: 1 cm

Length range: 5-105 cm

Mortality: Fishing, Cannibalism, residual

Predator: Cannibal on immatures and 0-group

Growth: See section 4.4

Maturation function: See section 4.1. Applied at end of quarter 4 (31 December). Immature
fish mature into mature fish

3.4 Mature

Age range: 4-12+

Length group width: 1 cm

Length range: 45-135cm

Mortality: Fishing, Cannibalism, spawning, residual

Predator: Cannibal on immatures and 0-group

Growth: See section 4.4

Spawning time: 31 March (end of quarter 1)

Spawning mortality: None

Spawning weight loss: Not modelled in this version since we do not directly model growth in
weight, but read weight at length for each population group in each time step (Section 4.4)

4. Equation describing population dynamics processes
Symbols used:

t: time

y: year, = [t/4]+1, where [] denotes the integer part of the argument
g: quarter, = mod(t,4)+1

i, J: length groups

Lo: Minimum length of length group 1 (smallest length group)

AL: width of length groups

Lmax. number of length groups

li: mean length of fish in length group i, I, = L, + (i —%)AL, i1=1, Lmax

a: age
u, v: population group
U: number of population groups



Ny(t): vector of length Liyax , number of fish in population group u at time t
N(u,i,t): number of fish in i-th length group of population group u at time t
W(u,i,t): mean weight of fish in i-th length group of population group u at time t
f: fleet index

p: survey index

T: temperature (°C)

For simplicity, the model description given here assumes that Lo, AL and L.y are the same for
all population groups, although this is not the case for the population groups described in
Section 3, and will usually not been the case. The Gadget software permits differing
population groups to have different length groups, providing that the finer length groups are
exact subdivisions of the larger ones.

We consider a model where survival, growth, maturation and recruitment only depend on the
length and weight of the fish, but not on the age. Thus the index for age can be omitted in the
description, and the state variables can be described by the vectors Ny(t). The model is
structured by age and length groups, but the age of the fish is only taken into account when
comparing the model to observations (Section 5). It is possible to extend this within the
Gadget framework to model age-dependant processes if this is deemed necessary.

During a time step, mortality is applied before growth. Following Frgysa et al. (2002), the

connection between stock abundance before and after mortality and growth takes place can be
written as

@ _
and
(2) _ @

where Sy(t) and Gy(t) are Linax X Lmax matrices which describe survival and growth,
respectively.

During a time step where only survival and growth takes place, we have:
N, (t+1)=N,t
N, ) =N,70) 5

For a more general matrix description of such models, including maturation and recruitment,
see Frgysa et al. (2002).

4.1 Maturation

We use equation (4) to describe the probability of an immature fish becoming mature,
assuming that this remains constant throughout the model period. Maturation is assumed to
occur at the end of the year (quarter 4).

1 (4)
Wa,i,!
Wref (Ii)

P (ai,t)=
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The first term in the exponential function gives the length dependence of the maturation. If we
assume the two other terms to be zero, Iso denotes the length at which 50% of the fish will
become mature, while o denotes the rate of change of maturation when I= Isq. Similarly, aso
denotes the age at which 50% of the fish will become mature, while 8 denotes the rate of
change of maturation when a= asp. Setting 6 to zero removes the influence of age on
maturation. The last term is more complicated. It describes how the maturation depends on
the condition of the fish. The probability of maturing will be increased for a fish heavier than
the average suggested by the length-weight relationship, and reduced for one with a weight
below the length-weight relationship. Ksp, the ratio between actual weight at length and
reference weight at length for which this last term is equal to zero, is normally set to 1.0. A
describes how strongly maturation depends on the length-weight relationship. If the weight is
equal to the reference weight for that length, this last term will be equal to zero.

The proportion maturing described by equation (4) is the same as the reaction norm (see e.g.
Heino et al., 2002), defined as the maturation probability of immature fish given that they
have reached a certain age and size. We assume that maturation does not depend on age, i.e.
6=0, aso is then irrelevant.

The reference weight parameters are obtained externally to the model. The following length
(cm)- weight (kg) relationship has been obtained by pooling all available data for 50-140 cm
fish in the period 1946-2001 (ICES, 2003a).

W.., (1) = 0.00000811°" (5)

If 2 =1.2, and Ksp =1, a change in condition factor of 20% from the reference value will give
approximately an 8 cm change in length at 50% maturation, which fits with the data for
proportion mature in Icelandic cod (ICES, 2003a). Very low values for the proportion mature
at length have also been observed for Northeast Arctic cod in years with low weight-at-length
(Marshall et al., 1998).

4.2 Fecundity

The main reason for modelling fecundity is that the correlation between total egg production,
TEP, and recruitment at age 3 for Northeast Arctic cod is stronger than the correlation
between spawning stock biomass and recruitment (Marshall et al. 2003). In addition, Marshall
et al. (2000) found that for NEA cod, the correlation between total lipid energy in year y and
recruitment to age 3 for spawning year y+1 is stronger than the corresponding relationship
between spawning stock biomass and recruitment.

Bogstad (2003) suggested the following formulation of TEP for use in Gadget:

TEP(t) = Z N(v,a,i,t)Fec, ,; = ;(Z N(v,a,i,t).“W(v,a,i,t)” (6)

where the subscript v denotes mature female fish. TEP is thus dependent on numbers, length
and weight of mature females.



ICES (2003b) give the following equation for fecundity (million eggs) for fish in length group
i of Northeast Arctic cod:

Fec;, = 4.179-1071,***Kn; *** (7)
where Kn;; is the relative condition factor, given by

Wb
h _Wref (I|) (8)

and the reference weight Wi(l;) is given by
W (1) = cli® (9)

For pre-spawning females, the following length (cm)-weight (kg) relationship has been
established (ICES, 2003a):

W.; (I) = 0.00000491°* (10)

The difference between the length-weight relationship for pre-spawning females (10) and the
overall length-weight relationship (5) may be due to biological difference (the build-up of
gonads may affect the length-weight relationship). However, (10) is based on a much smaller
data set and a much shorter time series than (5), which also may be the reason for the
difference. More work is required to identify the major reason for this difference.

Inserting (8) and (10) into (7), this gives

W (i,t)**

0.0000049%*° |i2-16~3.18 (11)

Fec,, =4.179-10771>%

or
Fec;, =1230071,>**W (i,t)**° (12)

which can be used in equation (6), assuming the fecundity of female fish to be independent of
age, i.e. Fec,;,, = Fec; . Fora100cm, 10 kg cod this gives a fecundity of 3.57 million eggs.

Assuming a 1:1 sex ratio, equation (12) can be written
Fec;, = 615491, W (i,t)**° (13)
when the mature stock is not divided by sex.

4.3 Mortality

The number caught by fishing and eaten by cannibalism during each time step is calculated as
described in sections 4.3.1 and 4.3.2, while spawning mortality and residual natural mortality



are modelled as rates. The number of fish after mortality has taken place during a time step,
N*(u,i,t), is then given by:

Nl(u, i,t) = (N(U, i,t) —C(U,i,t) — D(u,i,t))e*Ml(U,i,t)fMS(u,i,t) (14)

where C is the number caught by fishing, D is the number eaten due to cannibalism, M1 is
residual natural mortality and M3 is spawning mortality.

4.3.1 Fishing mortality
The catch in biomass by each fleet f of fish length group i and population group u during a
time step is assumed to be proportional to the biomass of available prey in that group, and the

fishing effort. The biomass of available prey of length group i and population group u for fleet
fat time t is given by

B, (U,i,t) = N(u,i,th)W (u,i,t)Z , (I,) (15)

where Zx (1) (0<E<1) is the length-dependent suitability function (selection curve) for
population group u and fleet f. A typical suitability function is

—_ 1
Ziu)= 427, (10 )
14e (e

(16)

The biomass of fish in length group i of population group u caught by fleet f during time step
t, H(f,u,i,t), is then given by

H(f,u,i,t) = (1)B; (u,i,t) = ONU,LOW(U,1,0)E ,(I;) (17)
and the number of fish caught is given by

H(f,u,it)

C(f,u,it)= Wi

(18)

The total modelled catch in numbers by all fleets is then given by:
N

C(u,i,t) = ZC(f ,u,1,t) (19)
f=1

where Nt is the number of fleets.
For Northeast Arctic cod, we estimate the yearly effort, and assume that the quarterly

distribution of the effort within a year is the same as the quarterly distribution of the reported
catch in tonnes, i.e.

¢ () =¢; (y)gf,q,y (20)

where



H(ay) (21)

0 =
2 H(@y)
q=1

f.a.y

and H¢(q,y) is the reported catch in tonnes by fleet f in quarter g and year y.
4.3.2 Cannibalism mortality

Cannibalism is an important source of mortality for young Northeast Arctic cod. The spatial
and temporal variation in cod cannibalism, as well as the predator length- prey length
distribution, is described by Bogstad et al. (1994). The consumption by cod is modelled using
the same predation model as in MULTSPEC (Bogstad et al. 1997). First the consumption in
biomass per predator and time step is calculated. The total consumption per time step is then
calculated by multiplying by the number of predators and summing over all predator groups.
We consider two prey sources: cod and other food (largely capelin (Mallotus villosus)).

Let Dmax(L,T) be the maximum consumption rate (kg/time step) by a cod of length L when the
temperature is T:

Do (L T) = x5(T)L” (22)

The temperature-dependence ¢(T) is assumed to be the same as in Bogstad et al. (1997), and
the exponent J is set to 2.4 (Bogstad et al. (1997) use W8, which is equivalent to L** if
W=constant*L?). The consumption per predator in population group v and length group j per
time step is given by the maximum consumption multiplied by a fraction y(v,j,t) (equation
26). This fraction is called the feeding level and denotes the fraction of the maximum
consumption that the predator is consuming.

D(V, J,1) = Doy (L, TO)w (v, 1,1) (23)

The seasonal variation in overlap between large (predator) cod and small (prey) cod is strong
and should be taken into account even in a model without explicit spatial structure. The
mature cod migrates to the Lofoten area to spawn in March-April (Godg 1989), and does not
prey on immature cod during this period. We assume that cannibalism by mature cod does not
occur during the first quarter. Similarly, 0-group is not subject to major predation by older cod
until it has settled to the bottom. This takes place in autumn (Nakken 1994), and thus we
assume 0-group to be subject to cannibalism only in the fourth quarter.

We thus assume that the preference of a prey for a predator can be split into a time(overlap)-
dependent part and a size-dependent part. Define the biomass of prey group u, length group i
suitable for predator group v, length group j as

@(v, j,u,i,t) ==(l;, L;)OU,v,t)N(u,i,t)W (u,i,t) (24)

Here | denotes prey length and L predator length. We use the model for the size-dependent
suitability Z(1,L) (0<E<1) given by Bogstad (2002):

=(I,L) =0 if InTL£Oand



(ins-p)?

E(ILL)=pe ™ ifO<InTL£ p, and

(in7-p,)?

E(LL)=pe ™ if InTL> P, (25)

with parameter values po=0, p1=1.12, p,=0.015, p3=0.228. (As far as | remember from the
2004 AFWG meeting we actually tried to estimate p1, p2 and ps!)

The overlap factor ®(u,v,t) is set equal to 1, except for the following cases:
O(immature,mature,q)=0 when g=1, and ®(0-group,immature,q)= ®(0-group,mature,q)=0
when g=3.

The feeding level w(v,j,t) (equation 26) denotes the fraction of the maximum consumption
that the predator is consuming:

i1 U
D> DV, j,u,it)
w(v, j,t) = ST (26)
H}/2 + uzzl:db(v, j,u,i,t) + otherfood (t)

Il
N

The “half feeding value’ Hyy; is the prey density required to allow the predator to consume
prey at half the maximum consumption level. We do not model food shortage here, so the
‘half feeding value’ Hy, is set to zero.

Capelin is the main prey item for cod (Bogstad and Mehl 1997). Here we model it as an
externally defined other food. Because the variation in capelin abundance is very large (from
0.1 to 7.3 million tonnes in the period 1985-2003, ICES 2003b), we allow for less variation in
the abundance of other food than the variation in capelin abundance by setting

otherfood (t) = vCapelin(t) + y (27)

where Capelin(t) is the capelin biomass at time t. The constant v describes the suitability of
capelin for cod, while the constant y is a measure of the other, non-capelin, food sources
available to the cod, and may be estimated within the model. The calculation of capelin
biomass at time t is described in Section 5.3. Note that predation by cod does not influence the
capelin abundance in this model formulation.

The biomass of cod in population group u and length group i eaten by cod in population group
v and length group j is then given by:

N(V’ J!t) Dmax(Lj ,T(t))l/l(V, j,t)(I)(V, j,U,i,t)

D> (v, j,u,i,t)+ otherfood (t)

i=1 u=l

B(v, j,u,i,t) = (28)

The number of cod in population group u and length group i eaten by cod in population group
v and length group j is then given by:



B(v, j,u,i,t)

D(v, j,u,i,t) = WD)

(29)
and the total number of cod in population group u and length group i eaten by cod is given by

D(u,i,t) = i LiD(v, J.u,i,t) (30)

v=l j=i+l

The formulation given by equations (22-30) is a modification of the cannibalism equation
given in Frgysa et al. (2002).

4.3.3 Spawning mortality
The spawning mortality M3 is at present set to zero.
4.3.4 Residual natural mortality

For each population group, the residual natural mortality is assumed to be variable only by
year, i.e.

M1(u,i,t) = M1(u, y) (31)

This yearly factor will be estimated for Eggsandlarvae and possibly for 0-group. For
immature and mature fish, both female and male, we set M1=0.2 year™, i.e. no year-
dependant effect.

4.4 Growth

4.4.1 Mean growth in length:

The mean length growth can be calculated by equation (32)
dl
E(u,t) =k(u,t)1*(32)

where q is often set to 0, i.e. linear growth.

Within the Gadget framework it is possible to use other formulations, such as the von
Bertalanffy equation, to describe the growth.

In this version of the model, we assume that the growth rate does not vary through the year,

i.e. k(u,t)=k(u,y). The year and stock factor k(u,y) can thus be written in a separable way for
immature and mature fish:

k(u,y) =k (y)k, (u) (33)

where kp(immature)=1, ky(mature)<1.

10



4.4.2 Implementing mean growth in length

After the mean growth for each length group is calculated, the length distributions are updated
according to the calculated mean growth. This is done allowing a certain proportions of the
fish to grow 0,1,2... length groups (no fish are allowed to shrink). Let

1 dl
Hyi (t)=Ea(th'|i) (34)

be the mean growth of fishes in population group u and length group i measured in number of
length groups and gjj(u,t) be the proportion of fishes in length group i growing to length group
J. How g;j(u,t) are selected affects the spread of the length distributions but the following two
equations must always be satisfied:

ijxgij (u,t) =1 (35)
and
PRCEDNIEDENERNED

(35) ensures that the number of fish is conserved by the growth process, while (36) gives the
correct mean growth. The number of fish in each length group after growth has taken place is
given by

J

N®(u, j,t) = ZN“)(u,i,t)gij (u,t) (37)

I=]-r
As in Bjornsson and Sigurdsson (2003), the proportions are selected from a beta-binomial
distribution, i.e. a binomial distribution f(r,g) where r is the maximum number of length
groups that a fish can grow in one time interval and the probability g comes from a beta
distribution, described by parameters o and  (Stefansson 2001; ICES 2003c). As in all
discrete probability distributions equation (35) is automatically satisfied. The mean of this
distribution is given by:

s =% S (G iyg, (u) (38)

au,i + ﬁu j=i
If 1, and By is given, a i can be calculated. By, which should be estimated, will affect the
spread of the length distribution.

4.4.3 Modelling growth in weight

The variation in weight at length has been large for Northeast Arctic cod. The ratio between
the minimum and maximum weight at length (yearly averages) is between 0.65 and 0.80 for
pre-spawning females in the 50-90 cm range (Marshall et al. 1998), and variation in the
length-weight relationship should thus be modelled. In this paper, we will, however, use the
parameters in the maturation function based on this relationship. When this model is extended
to multispecies, one may attempt to model growth in weight.

5. Data sources
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The data sources available are survey data, commercial catch data and stomach content data.
For a description of parameter estimation and objective functions used for fitting such a
model to data, see e.g. Fraysa et al. (2002) or Bjornsson and Sigurdsson (2003). The model is
currently run from 1985 to 2004, with most attention being paid to the period after 1990.

5.1 Survey data
5.1.1 Joint Barents Sea winter survey (bottom trawl and acoustics)

A combined acoustic survey and bottom trawl survey for demersal fish in the Barents Sea has
been carried out by Norway in January-March (mostly in February) since 1981. Since 2000, it
has been a joint Norwegian-Russian survey. The survey methodology, which has changed
somewhat over time, is described by Jakobsen et al. (1997). The time series has been
corrected for some of those changes. It should be noted that the survey conducted in 1993 and
later years covered a larger area compared to previous years. In 1991 and 1992, the number of
young cod (particularly 1- and 2-year old fish) was probably underestimated, as cod of these
ages were distributed at the edge of the old survey area. This change in survey coverage is not
corrected for. Also note that the change from 35 to 22 mm mesh size in the cod-end in 1994 is
not corrected for in the time series. This mainly affects fish <20 cm. A trawl with 80mm
mesh size is used. It is thus likely that the changes mostly affect the estimates of small, young
cod. In order to deal with these difficulties data on one and two year old fish prior to 1994
have been excluded from the model.

From this survey, both acoustic and bottom trawl indices of abundance by age and length
group are calculated. The survey mainly covers immature fish.

5.1.2 Lofoten acoustic survey on spawners

Since 1985, an acoustic survey has been carried out on the main spawning grounds in the
Lofoten area in March/April. A description of the survey, sampling effort and details of the
estimation procedure can be found in Korsbrekke (1997). Due to the introduction of new
acoustic equipment in 1990, the time series should be split in two parts: 1985-1989 and 1990-
present.

5.1.3 Russian autumn survey

The Russian autumn bottom trawl survey (November-December) is described by Lepesevich
and Shevelev (1997). This survey covers the entire distribution of the cod stock, and has been
carried out since 1982. A trawl with 125 mm mesh size and a 12 mm inner mesh size is used.
The catchability of small fish (< 40cm) will thus be much lower than for the Norwegian
surveys. This survey provides indices of abundance for all age groups from 0 upwards. (Age 0
indices are at present not available by length). Acoustic indices from this survey are also
available, but were excluded from the assessment of cod several years ago because the indices
were noisy and the methodology was changed.

Data from this survey in 1994 seem to be an outlier and have been excluded in Fleksibest
runs. We exclude them also here. They show up as outliers in the diagnostics of the XSA
model (ICES, 2004b).

5.1.4 International 0-group survey

An international 0-group survey has been carried out in the Barents Sea and adjacent waters
annually since 1965. These joint Russian-Norwegian investigations (up to 1976 also British)
investigations have taken place in late August and early September, with only a few days
variation from year to year. The abundance of 0-group fish is found by fishing regularly with
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midwater trawl. From 1980, a standard trawling procedure recommended by ICES has been
used (Anon. 1983). The data in the annual survey reports (e.g. Anon. 2003b) are reported as a
logarithmic abundance index and a length distribution (0.5cm wide length groups).

5.1.5. Age/length/time range of survey data used

Table 1 gives a suggestion for which age, length and time range to use for the surveys in the
first version of the model. The population groups that each survey covers are also given.

Survey Qu | Year range | Age Length Length Stock covered

art range range group width

er
Joint winter 1 1981-1993 | 3-9 5-90 cm 5cm Immature
bottom trawl - 1
Joint winter 1 1994-2004 | 1-9 5-90 cm 5cm Immature
bottom trawl - 2
Joint winter 1 1981-1993 | 3-9 5-90 cm 5cm Immature
acoustic -1
Joint winter 1 1994-2004 | 1-9 5-90 cm 5cm Immature
acoustic - 2
Lofoten acoustic - | 1 1985-1989 | 5-12+ 55-110cm | 5cm Mature
1
Lofoten acoustic - | 1 1990-2004 | 5-12+ 55-110cm | 5cm Mature
2
Russian bottom 4 1982-1993 | 1-8 6-106 cm 5cm Immature and
trawl and 1995- Mature

2003

International O- 3 1965-2003 | 0 1-15cm 0.5cm 0-group
group

Table 1. Year, age and length range covered by each survey, as well as population

groups covered.

The maturity stage and sex is recorded for all fish which are age-determined (1 fish per 5 cm
length group in the Joint winter survey, somewhat different routines in the Lofoten and
Russian surveys). Thus it is possible to calculate length distributions on 1 cm resolution of
immature and mature male and female fish separately for these surveys, while age-length keys
should only be calculated by 5 cm length groups.

5.2 Commercial catch data

The catch in numbers at age and length (5 cm length groups) by quarter are available from the
following six main fleets, which make up more than 95% of the total catch in all years:
Danish seine, handline, longline, gillnet (all these are Norwegian fleets), Norwegian trawl,
Russian trawl. In our model runs, we have combined all the fleets except gillnet into one.
Thus, we compare observations and model results for the two fleets combinedfleet and gillnet.

As with the survey data, maturity and sex is determined for all fish, which are aged, and thus
the catch may be calculated divided on maturity stage and sex.
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5.3 Capelin abundance data

The capelin stock is measured by an acoustic survey in September-October (Gjgseter et al.
1998; Anon. 2003b). The abundance of capelin at other times of the year should also be
calculated. The capelin stock fluctuates strongly from one year to the next (e. g. an increase
from 0.8 to 5.8 million tonnes from 1989 to 1990). This rapid fluctuation means that, for
example, using the survey estimate from autumn for the entire calendar year is not an
appropriate approach.

At present we calculate the capelin abundance in each quarter based on the stock data in ICES
(2003b) as follows:

1. quarter: biomass at 1 January biomass - winter fishing

2. (quarter: biomass at 1 August x 0.75,

3. quarter: biomass at 1 August

4. quarter: biomass at 1 January in year y+1.

6. Overview of model parameters
6.1 Parameters to be estimated by the model

Initial stock abundance: One parameter per age group, giving the number of fish by age group
in the initial year. (May fix abundance of ages 7 and older in starting year). The abundance of
cohorts spawned in the starting year or later is fit by the annual variation in natural mortality
of Eggsandlarvae. For each age group, the proportion immature/mature fish and the sex ratio
in the first year could either be estimated or taken from survey data.

Length distribution: mean length and standard deviation of mean length (immature and
mature fish) for each age group in the starting year. Mean length and standard deviation of
mean length of Eggsandlarvae/0-group.

Fishing: For each fleet, a time-dependent fishing effort &, (y) (one parameter per year) and a

length-dependent selection curve (two parameters).

Cannibalism mortality: Maximum consumption (cannibalism level) x in equation (22) and the
suitability of cod (po in equation 25), and the suitability of capelin and the abundance of other
food (equation 27).

Residual natural mortality: One parameter per year for Eggsandlarvae and possibly also for
0-group.

Growth: yearly factors ki(y), one set for 0-group and one for all immature/mature fish, mature
growth/immature growth ratio (ko(mature)), one spread parameter (p,) for 0-group and one for
all immature/mature fish.

Maturation: assume no age dependence (6=0), estimate Iso, a, A, and knsp.

Survey parameters: Parameters in the functions gi(p,u,l;) and gz(p,u,t), 1-3 per survey,
depending on whether length-dependence is allowed for or not.
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6.2 Parameters fixed externally to the model

The following parameters are fixed externally to the model, using available biological
knowledge.

Fishing: Quarterly distribution of fishing effort, based on quarterly distribution of catch in
tonnes (6, in equations (20) and (21)).

Residual natural mortality (for immature and mature fish, AFWG has for many years used
M=0.2year )

Size dependence of cannibalism (could also be estimated)
Fecundity parameters (equation 13).
7. Parameter estimation

When comparing observations to model results, the Pearson objective function was used
(Froysa et al., 2002).

7.1 Relating survey data to stock abundance

The relationship between the modeled survey index | for survey p, I(p,u,i,a,t), and the
population number N(u,a,i,t) can be described by:

I(p,u,a,i,t) ==, (I)a(p,u,t)N(u,a,i,t) (39)

where Ep  (I) (0<E<1) describes the length selectivity for survey p, analogously to the length
selectivity for commercial catch, see equations 15-17. q(p,u,t) describes the time dependence,
and is here set to constant.

Denote the observed survey index by 1(p,u,i,a,t). The objective function for this survey is then
given by

3 f(p,u,i,a,t)—I(p,u,i,a,t)
Lp_; I(p,u,i,a,t)® +& (40)

For the catch data, the comparison was made on a yearly basis. Denote the observed catch by
C(f,u,i,a,y). The objective function is then given by:

B é(f,u,i,a,y)—C(f,u,i,a,y)
Lf_i;y C(f,u,i,ay)’ +e (41)

(Both (40) and (41) need to be adapted to the case where a survey or a fleet catch several
population groups)

The total objective function is then given by:
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Ly =wa|_f +pr|_p(42)
f p

, Where the weighting factors w, and w; were set so that the total contribution to the objective
function from survey data and from catch data was approximately equal, and each survey
gives an approximately equal contribution.

7.2 Estimation procedure

Parameters are estimated using a two-stage optimisation process, combining Simulated
Annealing and a Hooke&Jeeves stepwise estimation procedure. The optimisation begins with
Simulated Annealing, which rapidly moves the parameter estimate to a region of possible
solutions. Optimisation then switches to the “hill climbing” approach of Hooke&Jeeves,
which provides a rapid method of converging to a nearby solution. The optimisation
procedure was iterated until successive solutions are identical (ICES 2004c).

8. Model use

A detailed, biologically-based, population model as described here provides a framework for
exploring the effect of including detailed process models in a population model. This can be
useful both from the point of view of improving the population model, and to test and develop
various process sub-models. Because the Fleksibest model has been run for Northeast Arctic
Cod at an ICES assessment working group (Arctic Fisheries Working Group), a considerable
amount of effort has been put into ensuring that the modelled population has a realistic size
and structure.

A biologically detailed cod model as described above may improve the assessment of present
and past stock size and allow for better predictions. The inclusion of 0-group and extension of
the immature stock down to age 1 should help the assessment by allowing the estimation of
the abundance of all age groups in the stock, which can not be done by the present Fleksibest
model.

Using an age-and-length based model instead of an age-structured model will in itself result in
a revision of the reference points, as the effect of size-dependent mortality on size at age is
modelled. Here the work of Kvamme and Frgysa (2004), who studied the influence of length-
dependent selectivity curves on stock development using Fleksibest, could be utilised.

9. Results

The closed life cycle model described in this paper produces a stable, biologically realistic,
simulation of the Northeast Arctic Cod. The numbers of the spawning stock and the 3+ cod
(Figure 2) and the biomass of spawning and 3+ fish (Figure 3) are shown for the duration of
the simulation. The equivalent biomass and number predictions from the Arctic Fisheries
Working Group XSA assessment (ICES 2004b) are shown for comparison. Both models use
essentially the same data sets.
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Both models show the same population trends, and have similar sized stocks in both numbers
and biomass. Total and spawning stock biomass and numbers are high for most of the 1990s
under both models, declining to a low in 1999 and 2000, followed by a rise in the present
decade. It can be seen that the two models are in good agreement for biomass (Figure 3), with
the exception that the current model suggests that the high stock levels in the mid 1990s
resulted in an even higher spawning stock biomass than that predicted by the XSA. The
models are also in reasonably good agreement for stock numbers through time (Figure 2).

However the model presented here predicts fewer immature fish after around 1994 than is the
case with the XSA. The recent rise in stock numbers is also markedly less pronounced than
under the XSA, although the biomasses predicted by the two models is in close agreement in
recent years. The total number of fish by age for both models is shown in Figure 4. The
discrepancy post 1994 can be seen to be largely due to the current model predicting fewer
younger fish, and slightly larger numbers of older fish than the XSA analysis. Thus, although
the overall biomasses are similar in the two models, the underlying stock dynamics are
slightly different.

The point at which stock numbers diverge in the two models is around 1994, which is the time
of an improvement in the Barents Sea Winter Survey (section 5.1.1). After this date the data
collected on the smallest fish are considerably improved. It might therefore be reasonable to
suppose that the results in the present model, which explicitly considers these smaller fish, are
more realistic during this latter part of the simulation period.

The numbers of age 1 and 2 fish are also shown. There is relatively little data available on
small (less than 3 years old) fish prior to 1994 (Table 1), making it difficult for the model to
assign mortalities from predation to these age groups. Post 1994 the absence of stomach
content data in the estimation procedure makes modelling cannibalism length selectivity
difficult. Cannibalism of small cod by larger cod is a major source of juvenile mortality. The
results for 1 and 2 year old cod should therefore be considered preliminary until the stomach
content data has been included.

The model presented here thus produces a realistic simulation of the Northeast Arctic Cod.
The model results are broadly similar to those of the XSA model, though with differences in
the simulated stock dynamics.

10. Further work
10.1 Including cannibalism data

The cod stomach content data were taken from the joint PINRO-IMR stomach content
database. The procedure for sampling and analysis of the stomachs is described by Mehl and
Yaragina (1992). The Gadget model calculates consumption, while the observations reflect
stomach content at a particular point in time. In order to make a comparison between model
results and observations, it is necessary to convert between these two entities (ICES, 2003c).
At present, we do this by using the method described by Bogstad and Mehl (1997). This uses
the evacuation rate model of dos Santos and Jobling (1995) to convert from stomach content
to consumption. It should be noted that the evacuation rate is temperature-dependent.

Data on consumption of cod by cod (cannibalism) are at present available by predator age
group and prey length group for each half-year for the period 1984-2003, but it is possible to
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prepare the data by predator length groups as well as prey length groups, and on a finer time
scale. Including such data in the model would improve the ability to distinguish between
mortality on one and two year old fish.

10.2 Including data on first time/repeat spawners

Data from the Lofoten survey split on first-time and repeat spawners could be utilised in the
estimation of maturation parameters. The mature stock would then need to be split into two-
stocks: First-time spawners and repeat spawners. Splitting the survey in this way gives better
possibility for determining the proportion of maturing fish, and not only the proportion of
mature fish.

10.3 Division by sex

Due to differences in growth and maturation, male and female fish could in the future be
modelled separately. One would then have to split both immature and mature fish into males
and females, and assume a 1:1 sex ratio of 0-group when they move into immature fish.

The difference in maturation between male and female Northeast Arctic cod is described by
Ajiad et al. (1999). They found the length at 50% maturity to be about 65 cm for males and 75
cm for females, i.e. a difference of about 10 cm. The growth rate of immature fish is
approximately the same for both sexes, but males mature at a smaller size. However, their
analysis considered the proportion mature at age/length and not the proportion maturing,
which is needed to determine the parameters in equation (4). Iso will be sex-dependent, while
the other parameters in (4) could initially be assumed to be the same for both sexes.

In a model where fish are divided by sex, equation (12) could be used to model fecundity
instead of equation (13).

The proportion of females by length group increases with increasing length (Marshall et al.
1998), and this could be interpreted as indirect evidence of sex differences in growth and/or
mortality rates. The sex ratio seems to be close to 1:1 for fish < 90 cm. The results of
Beverton et al. (1994) indicate that spawning mortality might be the main component of
natural mortality among the mature cod. Jakobsen and Ajiad (1999) found that the data on sex
ratio in survey and commercial catch data indicate a higher natural mortality in mature males
than in mature females. The difference is close to 0.05 year™. A first approximation could be
to set the spawning mortality M3 to be 0.05 year™ for males and 0.0 for females, with the sex-
independent component of spawning mortality continuing to be modelled as part of M1.

It is unclear whether the division into female and male fish will improve the assessment of the
present stock size. However, this division should help the study of reference points by
allowing for a more realistic fecundity-recruitment relationship.

10.4 Relating growth in length to external factors

Individual growth of Northeast Arctic cod has been shown to be dependent both on capelin
abundance (Mehl and Sunnana 1991), and temperature (Michalsen et al. 1998).
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Loeng et al. (1995) found that both mean length during the 0-group survey and growth rate in
the period between the early juvenile survey and the 0-group survey are positively correlated
with temperature. Several papers studying growth of juvenile (age 0-3) cod have recently
been published (Ottersen et al. 2002; Helle et al. 2002; Dalpadado and Bogstad 2004). These
papers have related length growth and length-at-age of NEA cod to various biotic and abiotic
factors such as cod abundance, cod length at a younger age, food abundance (capelin,
zooplankton), temperature and inflow.

Temperature data from several hydrographic sections in the Barents Sea are available. The
most frequently used when correlating biological variables to oceanographic conditions is the
Kola section (Tereshchenko 1996). A positive relationship has been found between mean
individual growth and temperature, see e.g. Jargensen (1992). The ambient temperature for
each age group of cod has also been calculated and related to cod growth (Michalsen et al.
1998). It was found that the mean individual growth was highest for year classes experiencing
high temperatures. It is possible to include the effects of temperature on growth within a
Gadget model.

The diet of age 1 and younger cod (< 20 cm) mainly consists of invertebrates. The diet
changes by cod size, so that cod of age 3 and older (> 30 cm) mainly prey on fish, with
capelin as the most important prey species (Bogstad and Mehl 1997). The annual variation in
growth rate may thus differ between age 0-2 cod and older cod.

10.5 Other surveys which could be used

The Norwegian bottom trawl survey in the Svalbard and Barents Sea area in
August/September is described by Aglen (1999). The Svalbard area has been covered by a
bottom trawl survey at this time of the year since 1981, while the Barents Sea has been
covered each year since 1995. Since 1995, acoustic abundance indices are available both for
the Svalbard area and the Barents Sea. The spatial coverage of the Barents Sea area has,
however, been very variable. The methodology used in this survey is essentially the same as
in the Joint Barents Sea winter survey.

Indices of abundance of early juvenile cod (age 0) from surveys in June-July are available for

the period 1978-1991 (Helle et al., 2000; Helle and Pennington 1999). Mean length and length
distributions from this survey are also available. This survey could be used in future studies of
the dynamics in the first half-year of life, we do not plan to include it here.

10.6 Multi-species modelling

Cod are a major predator on small fish in the Barents Sea. The ability to model 1 and 2 year-
old cod is important in constructing a multi-species model for the Barents Sea. Modelling cod
predation on small fish (both cod and non-cod) using the relative proportions of prey species
found in cod stomachs requires that all the major prey components be considered. The work
presented here on modelling 1 and 2 year-old cod may thus provide an initial step towards
extending the cod model to include other species.
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Figure 2. Number of fish of age 3+ (a) and in the spawning stock (b), in million fish. Solid
line indicates the closed life cycle model described here, dotted line is the 2004 AFWG XSA
assessment.
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Figure 3. Total biomass fish of age 3+ (a) and in the spawning stock (b), in tonnes. Solid line

indicates the closed life cycle model described here, dotted line is the 2004 AFWG XSA
assessment.
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Figure 4. Total number of fish by age, in million fish. Solid line indicates the closed life cycle
model described here, dotted line is the 2004 AFWG XSA assessment.
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