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The effect of including length structure in yield-per-recruit
estimates for northeast Arctic cod
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For northeast Arctic cod (Gadus morhua), traditional age-based estimates of yield per recruit (YPR) are compared with alternative,
though comparable, YPR estimates calculated using an age—length-structured model. In the age—length-structured model, growth,
fishing mortality, and natural mortality depend only on length, not on age. This model considers possible changes in size-at-age
caused by, for example, a length-selective fishery, and therefore, by comparing the different YPR estimates, the importance of consid-
ering the stock’s length structure can be evaluated. Length- and weight-at-age of stock and catches were influenced by exploitation
pattern and pressure. Such changes are not considered in traditional estimates of YPR, for which weight-at-age is fixed and strictly
speaking only representative for the current fishery. Consequently, traditional YPR estimates were somewhat higher than the age-—
length-based estimates for exploiting smaller fish than at present, and the other way round for exploiting larger fish. Both models
indicated a gain in YPR for reducing just exploitation pressure (traditional YPR, 13%; alternative model, 20%) or both reducing exploi-
tation pressure and postponing exploitation (traditional YPR, 23-31%; alternative model, 33-48%), compared with the current

fishery.
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Introduction

Estimates of yield per recruit (YPR) give information about the
yield in weight from a single recruit under different rates and pat-
terns of exploitation for a specific stock. The results depend upon
the growth in weight and the mortality experienced by a year class.
YPR estimates may advise managers about which exploitation rate
and pattern to select to utilize optimally the growth potential of
year classes and to avoid growth-overfishing (Jennings et al., 2001:
too high a fishing mortality, resulting in the catch of too many
fish before they have had a chance to utilize their growth
potential).

In the traditional way of estimating YPR, the stock is described
by numbers-at-age and mean weight-at-age. Length- and weight-at-
age usually vary within a year class. Additionally, the fishing
activity usually is length-selective, often with the relative
probability for a fish to be captured rising with increasing fish
length (e.g. logistic selection). A fishery may therefore alter the
mean length- and weight-at-age of a stock (Sund, 1911; Lee, 1912;
Ricker, 1969; Kristiansen and Svasand, 1998) by selectively
removing the largest fish from each year class, and it is therefore
important also to model the length structure of a population when
estimating YPR.

An early study of the effect of size-selective mortality was
that of Ricker (1969). He constructed an age—length-structured
model and calculated the yield and the mean size-at-age for

each age group in a hypothetical population, assuming a
fishing mortality that increased linearly with length. The main
difference from our modelling approach is that Ricker assumed
all fish of a given age to grow through the same number of
length classes in each year (a time-step). Therefore, he did not
incorporate stochastic variations in growth. The difference in
mean size-at-age between an unexploited population and a popu-
lation subject to a specific fishing mortality and length-specific
selectivity can be derived from Ricker’s work. He did not,
however, calculate YPR.

The ICES Study Group on Age—Length Structured Assessment
Models (ICES, 2005) mentions three reasons for adding length
structure to population models:

(i) when it is thought that such models better represent biologi-
cal and fishery-related processes;

(ii) when problems with age determination do not permit the
use of age-structured models or make such models less
reliable;

(iii) when age is not considered to be a good proxy for length.

A review of existing length- and age—length-structured models is
given in the report of the first meeting of that Study Group (ICES,
2003b).
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The Fleksibest model (Froysa et al., 2002) incorporated
into the Gadget modelling framework (Begley and Howell, 2004;
Begley, 2005; www.hafro.is/gadget) for age-length-structured
population models (which may be multi-area, multispecies, and/
or multi-fleet) was used for the simulations made here.

Bjornsson and Sigurdsson (2003) describe an age—length-
structured model for golden redfish (Sebastes marinus) in
Icelandic waters, using the BORMICON model (the predecessor
of Gadget). They calculated YPR in the same way as we do, by
simulating one year class with a given initial number for 40 y and
calculating the total yield. They also showed how fishing mortality
and fishing pattern influence mean length-at-age. Their study did
not, however, consider in detail how size-at-age depends on
fishing mortality and fishing pattern. Another study using an
age—length-structured model for estimating YPR (for a given
exploitation level) is Leigh and O’Neill’s (2005) work on the
Queensland/New South Wales tailor (Pomatomus saltatrix)
fishery.

Age—length-structured models may also be used to study the
effect of growth variability on YPR: Parma and Deriso (1990)
estimated YPR and F,,x of Pacific halibut (Hippoglossus
stenolepis) for a given, fixed size selectivity with a YPR model,
allowing for intrinsic and environmental variability in growth and
therefore a weight-at-age depending upon the size-selective
fishing mortality. They found that YPR increased with intrinsic
variability at moderate fishing levels, whereas the trend reversed at
higher levels. Another example of a population model that can be
structured both by size and age is the Stock Synthesis Model of
Methot (1990, 2000). This model exists in both an age-structured
version and an age-and-size-structured version that allows for
size-specific survival, and therefore considers the possible
reduction in mean size-at-age caused by size-specific fishing
mortality.

Here, we investigate the effect of including length structure in
YPR calculations for northeast Arctic (NEA) cod (Gadus morhua).
Cod is well suited for studies of fishery-induced size-selective
mortality, because its maximum age is relatively high (Nakken,
1994), and it continues to grow in length throughout life. Also,
the fishery is carried out with several gears with different size
selectivity, resulting in gradual recruitment to the fishery and
hence a strongly size-selective fishery. YPR considerations are
especially relevant, because the stock is exploited by several fleets
targeting different size classes (ICES, 2003a). The exploitation
pattern has varied historically: from 1932 to 1945, the mean age in
catches was >8 y, whereas during the last 50 y, it has been <6y
(Hylen, 2002; ICES, 2004).

For the NEA cod stock, an age—length-structured model
(Fleksibest) has been used as an auxiliary assessment model in
addition to a conventional virtual population analysis (VPA)-type
model (XSA) (ICES, 2004). The age readings are considered to be
reliable, and the reasons for adding length structure relates to
points (i) and (iii) above, because most of the processes control-
ling stock dynamics are related to size rather than age (e.g. canni-
balism and fishing mortality) and because mean size-at-age varies
considerably between years (ICES, 2005). NEA cod recruit to the
fishery at an age of 3—4 y, and the minimum allowable catchable
sizes in the Norwegian and Russian economic zones are 47 and
43 cm, respectively (Nakken, 1994). They attain first maturity at
an age of 6—12y and a length of 65—100 cm (Jergensen, 1990),
and the spawning season is in March and April (Bergstad et al.,
1987).
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Material and methods

We here compare three methods of estimating the YPR of NEA
cod: use of an age-structured population model (Beverton and
Holt, 1957) with either an annual (model 1a) or a quarterly time-
step (model 1b), and an age—length-structured population model
(Fleksibest: Froysa et al., 2002) with a quarterly time-step (model
2). In all cases, mortality is applied at the beginning of the time-
step (before growth). The choice of models was based on those
currently used to assess NEA cod. Recently, an age-structured
(VPA) model with an annual time-step has been used as the main
assessment model for NEA cod, whereas model 2 (Fleksibest),
which has an age—length structure and a quarterly time-step, has
been used as an auxiliary model (ICES, 2003a, 2004). In order to
separate the effect of the time-step from the effect of length struc-
ture, we include both models 1a and 1b.

The input data for all simulations, irrespective of model, orig-
inate from the 2003 ICES AFWG (Arctic Fisheries Working
Group) Fleksibest assessment (ICES, 2003a), either as mean
values over the time range of the assessment (1985-2003) or as
models fitted to the estimates of the assessment. This ensured
comparable results for models 1 and 2 for the historical exploita-
tion rate and pattern. Only the fishing pressure (F,) and the
exploitation pattern [S(I)] were changed between simulations
(Table 1 gives the notation) [for more details on the model /data
comparisons and estimation method used in Fleksibest/Gadget,
see Froysa et al. (2002), Begley and Howell (2004), Bogstad et al.
(2004), and Begley (2005)]. The estimated and fixed parameters
of the ICES AFWG 2003 assessment with Fleksibest are
described in ICES (2003a), and details of the data used for fitting
the model are provided by Bogstad et al. (2004). In all models,
cod was assumed to recruit at 3 y of age. The maximum age was
set to 30y (increasing the maximum age did not change the
results), and the maximum length and weight were 149.5 cm and
31.83 kg, respectively. In ICES (2003a), 135 cm was used as the
upper limit, but in our runs, this was extended to avoid significant
aggregation of fish in the highest length group at low fishing mor-
tality. All values of model parameters used in the simulations are
provided in Table 1.

We used the run closest to the current fishery in terms of
exploitation pressure (F,=0.9y ') and exploitation pattern
(aso = 6y) as a base case for comparisons of YPR.

Age-structured population model
For the age-structured model with annual time-steps, the YPR
(Beverton and Holt, 1957) estimates were calculated from:

Y Faw,  —57!
ﬁzz aWa_, ZH(M#,)(I_

where Y is the yield (kg), R the number of recruits, F, and M
the fishing (per year, i.e. y ') and natural mortalities (y '),
respectively, a the age (y), and w, the mean weight-at-age in
both catch and stock (kg) (Table 2). The ICES AFWG uses
mean weights-at-age estimated from catch samples in YPR
calculations.

The YPR estimates for the age-structured model with quarterly
time-steps were calculated in a similar manner. Instead of
summing over ages (in years), the summation was carried out
over quarter-years.
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Age - length-structured population model

YPR estimates were calculated by simulating one year class (of 580
million recruits) for 28y, i.e. from age 3 to 30. Recruits were
therefore only supplied for the initial year of the simulations, so
just a single year class was followed. A quarterly time-step was
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used, and the year class was split into an immature and a mature
sub-stock. All recruits were assumed to be immature. The age and
length ranges were 3—30 y (immature, 3—12 y; mature, 4—30y)
and 15-150 cm (immature, 15—105 cm; mature, 55—150 cm),
respectively. The width of each length group was set to 1 cm. In

Table 1. Notations and model equations. FB = Fleksibest (the age - length-structured population model of model 2).

Notation Explanation

Value or range Source

Y Yield (kg)

Model 1b: F,=qu x F,x S(I,)
Model 2:

AI/At Annual mean growth (cm y™") of sub-stock

Continued
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Table 1. Continued
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Notation Explanation

Value or range Source

k4 Growth rate (cm y~ ') of immature sub-stock

Mmsg Length with a 50% probability of maturation (cm) 76 3

1. Lower limit as in the 2003 assessment run with Fleksibest (ICES, 2003a). Upper limit was chosen to include all ages contributing to the YPR. Other age

spans (3-20 and 3-60 y) were also explored.

2. Lower limit as in the 2003 assessment run with Fleksibest (ICES, 2003a). Upper limit was chosen to include all length groups important for the stock even

when lightly exploited.
3. 2003 assessment run with Fleksibest (ICES, 2003a).

4. Mean length of the largest length group of Fleksibest, and the weight belonging to this maximum length.

5. Kvamme (2005). Also see text.

6. Fitted to the mean lengths-at-age for the period 1985-2002 (2003 first quarter) in the 2003 assessment run with Fleksibest (ICES, 2003a). Von Bertalanffy
growth model: Chapman’s method: (I, — I,) ~ I, (Chapman, 1961) — K and I, r* = 0.968; Beverton’s plot: In(ls, — I,) ~ a (Beverton, 1954) — t,,

r* = 0.998. Length/weight relationship: In(w) ~ In(c) + b*In(l), r> = 0.996. Also see text.

7. Mean for the period 1985-2002 (2003 first quarter) in the 2003 assessment run with Fleksibest (ICES, 2003a).

Gadget, the order of processes within a time-step is as follows:
fishing mortality—natural mortality—growth (Begley, 2005).

The probability of maturation for fish in length group j was
modelled as a logistic function of length (Table 1). Maturation
takes place at the end of the fourth quarter.

The length distribution was updated in each time-step, based
on the average length growth (Table 1) and using the beta-
binomial distribution to model the variability in individual
growth (for a description, see Taylor et al, 2004). Sensitivity
studies indicated that the model results were insensitive to the

Table 2. Input to the age-based estimates of YPR calculated on an
annual basis.

Mean | (cm)

Mean w (kg)

23-30 149.50 31.83

The length (/) and weight (w) are from the beginning of the year
(1 January).

value of B over a wide range of values for this parameter. One
reason for this is probably that the average number of length
groups a fish grows during one time-step is small (9.54 cm/
4 ~ 2.4 cm for immature fish). The maximum number of length
groups a cod can grow during a time-step was set at five (ICES,
2003a).

For the age—length-structured population model with quar-
terly time-steps, the YPR estimates were calculated from

2 149
Z ZZNu miFujwu(l) (1= OH))
Y uw=13m=1j=15 M+ F,;
R 149 ’ 2)
ZNIS,L]'
=15

Equation (2) is similar to Equation (1), but the catches are
summed over the 1 cm length groups j and the immature (m = 1)
and mature (m = 2) sub-stocks before they are summed over the
quarterly time-steps u. N, ,,,; is the number of fish in length group
j and sub-stock m at the beginning of time-step u. The
weight-at-length w,(I;) depends on quarter, whereas fishing mor-
tality F,,; depends on length and quarter, as for model 1b. The
number of recruits R, i.e. the number of immature fish at the
beginning of the first time-step, is given by

149

R= ZNBJJ" (3)

=15

Modelling growth, fishing mortality,

and natural mortality

As mean length- and weight-at-age in the age—length-structured
model are dependent on fishing mortality, the mean length-at-age
for the different models cannot match exactly because the mean
weight-at-age in the age-structured models is assumed to be con-
stant. We have tried to make the process models as similar as
possible, but the choice of an existing set-up for the age—
length-structured model led to the use of different equations in
the two cases. As shown below, however, the differences in the
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actual growth and mortality patterns were rather small for the
base case run (F, = 0.9 yil, asop = 6y).

Growth

In model 1a, w, for ages 4—12 were the means of the estimated
weights-at-age (1 January) for the period 1985-2003 in the 2003
assessment run with Fleksibest (ICES, 2003a). Therefore, w,
should be representative for the growth conditions and exploita-
tion level /pattern in recent years. The average F5_,, in the period
1985—-2002 was 0.69 y*1 (estimated in the Fleksibest assessment;
ICES, 2003a).

For ages 3 and 13+, the mean weight-at-age was estimated by
first estimating mean length-at-age, then the mean weight-at-age
was calculated from a length/weight relationship (see Table 1 for
parameter values). The lengths-at-age were calculated by a von
Bertalanffy growth model (von Bertalanffy, 1938; Pitcher and
Hart, 1982) fitted to the estimated mean lengths-at-age for ages
3.25-12.00 (from the 2003 Fleksibest assessment in ICES, 2003a)
in order to extrapolate to ages above 12.00 as well as age 3. A
length /weight relationship fitted to the data for fish aged 3.25—
12.00 was subsequently used to calculate the weight-at-length for
ages 3 and 12+ fish (Table 1).

In model 1b, 1, (Table 1) and I, for ages 3.25—12.00 were the
means of the estimated weight- and length-at-age per quarter for
the period 1985-2002 (and 2003 first quarter) in the 2003
assessment run with Fleksibest (ICES, 2003a). For ages 3.00
and 12.25+, the lengths-at-age and weights-at-length were calcu-
lated in the same manner as for the model with an annual
time-step.

In model 2, the annual mean growth was linear, but different
for immature and mature fish (Table 1). The growth rate was the
same for all quarters. The growth rate is lower for mature than for
immature fish, and because immature fish gradually recruit to the
mature sub-stock by a logistic maturation function of length
(Table 1), this results in a curvilinear growth pattern by age for
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the whole stock (immature + mature). The growth pattern for the
whole stock is similar to the von Bertalanffy growth pattern of the
age-structured population model.

The initial length distribution for age 3 cod in the first time-
step (u = 13) was set to a normal distribution with mean length
31.13 cm and standard deviation 4.15 cm (the mean standard
deviation for the years with a length close to 31.13 cm). A length—
weight relationship, constant between years but differing between
quarters, was used to calculate the weight for each length
group. This length/weight relationship is a mean for the period
1985-2002 (2003 first quarter) in the 2003 assessment run with
Fleksibest (ICES, 2003a).

To summarize, the growth models differ between models 1a
and 1b (von Bertalanffy) and 2 (linear growth within each sub-
stock). The estimates of mean length- and weight-at-age from the
two models for the common base case (F, = 0.9 y_l, asy =6Yy),
however, do not differ much (Figure 1).

Fishing mortality

The fishing mortality for each age/length group was modelled as a
product of an exploitation rate, F,, and an exploitation pattern,
S(I) (Table 1). In models 1b and 2, the annual fishing pressure is
distributed in quarters by ¢q,, (Table 1), and the quarterly distri-
bution is based upon the average quarterly distribution of the
catch of NEA cod by weight (Froysa et al., 2002).

For all models, a range of fishing pressures (F, between 0 and
1.4) and selection patterns were explored. A selection range of
10 cm was used for all runs. The effect of changing the selection
range has been investigated by Kvamme (2005) and found to be
much smaller than the effect of changing 5. The selection pat-
terns used had values of 5, corresponding to I, for a range of ages
x. The notation asy = x is used to describe the selection curve
with Iso = I.. The parameter I, is the mean length-at-age in the
age-structured population model (Table 2).
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Figure 1. Mean length- (/) and weight-at-age (w) used in models 1a and 1b, and the values derived from a specific run (base case:

F, =09y ', aso = 6 y) with model 2.
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Natural mortality

In ICES assessments for NEA cod (ICES, 2003a), cannibalism is
included and natural mortality M is set to 0.20y ' plus the
natural mortality induced by cannibalism (mainly on cod aged 3
and 47y). In all models here, M was set to 0.20y ' for all ages.
This was done to avoid problems of comparing age—length- and
age-structured models, because it is impossible to obtain exactly
the same M in both cases if M in the age—length-structured model
is length-dependent, whereas M in the age-structured model is
age-dependent. The natural mortality was equally distributed on
quarters.

Results

When length structure was considered, the largest fish were
removed first in the fishery and consequently mean weight-
(Table 3) and length-at-age in the stock (Figure 2) as well as mean
weight, age, and mean weight-at-age in catches (Figure 3) changed
according to exploitation pattern (asy) and intensity (F,). The
influence of the fishery increased with decreasing as,. As such
changes were not considered in traditional estimates of YPR, these
estimates were somewhat higher than the age—length-based YPR
estimates for exploiting smaller fish than at present, and the con-
verse when exploiting larger fish (Figure 4). Both models indi-
cated a gain in YPR when reducing just exploitation pressure
(traditional YPR, 13%; alternative model, 20%) or when reducing
exploitation pressure and postponing exploitation (traditional
YPR, 23—-31%; alternative model, 33—48%), compared with the
current fishery (Figure 5).

Differences between age —length- and

age-structured models

YPR estimates from the three models are compared in Figure 4
and Table 4. For comparison, the latest YPR estimates presented
in detail by ICES (2001, 2002) are also given in Table 4. Models 1b
and 2 had similar estimates of YPR because the catches were taken
throughout the year, but the Fs_;, giving maximum YPR was
lower for model 2. The estimates from the Fleksibest simulations

C. Kvamme and B. Bogstad

(model 2) were mostly lower for a5y = 5y, then for asy = 9 y they
shifted to being higher at F, values <0.6y~', and were consist-
ently higher for as, = 13 y. This may be explained by the potential
changes in population size-at-age imposed by the fishery
(Table 3). In model 2, fishing mortality is related to size, so fishing
may change size-at-age. With a logistic exploitation pattern, the
largest fish in each age class are removed first, so fishing may
lower size-at-age. Postponing fishing to older ages (e.g.
asy = 13 y) therefore seems more profitable when length structure
is included in the model. This is not taken account of in the
age-structured models (1a and 1b), where size-at-age is constant.
Model 2 therefore gave higher estimates of YPR than model 1b for
large asgs, and vice versa, lower estimates of YPR for smaller asgs.

The estimates of Fy,,, and maximum YPR were quite similar
for all three models for asy = 6 y, but were somewhat higher than
the estimates made by the ICES AFWG (ICES, 2001, 2002). The
difference may be explained by the lower natural mortality,
because simulations with model 2 using M > 0.2 y~' (including
cannibalism mortality) for the youngest age groups gave an esti-
mate of YPR about 0.2 kg lower. Our estimates were in the range
Fiax = 0.18-023y" ', and maximum YPR = 1.35-1.44 kg
(Table 4, Figure 5). Using aso = 6y provides an exploitation
pattern close to the present exploitation pattern estimated by the
AFWG.

Effects of changing selectivity

A fishery with an exploitation pattern by length described by a
logistic curve will influence length-at-age. In the simulations with
model 2, any change in length-at-age (Figure 2) was mirrored in
the proportion mature-at-age as well as the mean weight-at-age in
the catch (Table 5) and the stock (Table 3), because both are func-
tions of length. The proportions mature-at-age were little influ-
enced by the fishery for as, = 9 and 13 y, whereas for as, = 5 and
7'y there was some influence. By increasing as, from 5 to 13y, the
proportion of mature 8-year-olds rose from 63 to 71%
(F,=0.6 y_l) and from 50 to 71% (F,= 1.4 y_l). For low as,
(e.g. 5Y), fishing pressure was important for the proportion of

Table 3. Estimated mean weight-at-age (kg) in the stock (at 1 January) under different exploitation rates (F, = 0.025, 0.3, 0.6, and 1.4y~ ")
and patterns (dso = 5, 7, 9, and 13 y) obtained from the simulations with the age - length-structured population model (model 2).

Age (y) Model 1b

Model 2

No fishery

aso =7y

dso =13y

0.025 03 0.6

1.4 0.025 0.3

0.6 1.4 0.025 0.3 06 1.4 0.025 03 0.6 1.4

The emboldened mean weights-at-age differ by more than —10% from the values in the no-fishing situation. The weights-at-age of the age-structured

population model (model 1b) are included for comparison.
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Figure 2. Numbers at length for cod aged 6 and 10y (on 31 March) under different exploitation levels (F, = 0.0, 0.6, and 1.4y~ ') and
patterns in the age —length-structured population model (model 2). For technical reasons, data from 31 March are presented instead of

data from 1 January.

mature-at-age, because, for example, the mature proportion of
8-year-olds was reduced from 63 to 50% when increasing F, from
0.6to 1.4y ",

Mean weight-at-age in the catches is shown in Table 5. The high
mean weights of the youngest fish are caused by the logistic selec-
tion curve for the fishery, because for a large as, few, but consist-
ently the largest, of the youngest fish were removed. Later, when the
fish approached full exploitation [S(I) = 1.0], the mean weights-at-
age in catches were reduced as a consequence of the earlier removal
of the fastest-growing fish of the year class. The mean weights and
ages of fish in the catches as a function of fishing pressure, com-
pared between different as, values, are shown in Figure 3. For a
fishing pressure of F, = 0.6y~ ', the difference in mean weight and
age in the catches between aso =5 and 9y was about 5kg and
3.6 y, whereas it was nearly 8 kg and 3.0 y between 9 and 13 y. The
lower the as, the faster the mean weight and age in the catches
were reduced as fishing pressure increased.

The highest estimates of YPR were achieved for aso =11y
(1.72 kg, model 1b) and aso = 13y (1.81 kg, model 2) under
maximum fishing pressure (F,= 1.4y '). Reducing fishing
pressure to more moderate levels (F, = 0.6 yil), however, only
slightly lowered the maximum estimates of YPR (3—5%). The

runs with aso = 13y are difficult to evaluate, because such an
exploitation pattern is far from the current one. The population
dynamics for old/large fish, which will have a large impact on the
results, is not well known.

When YPR estimates are plotted against fishing pressure (F,)
and compared between different asgs, there is a similar pattern for
models 1b and 2 (Figure 5). However, when comparing in detail
models 1b and 2, the maximum estimates of YPR were slightly
lower (Figure 5: nearly 0.1 kg when comparing maximum YPR
within each model), the as, giving maximum YPR was 2 y lower,
and within each asy run, estimated F, ., was higher (Figure 5,
Table 4) for model 1b. A lower F, . for model 2 meant an even
lower Fs_ 19 max (Figure 6).

The estimated Fs_ ;o is affected by fishing pressure (F,),
exploitation pattern (as), and the population model, as shown in
Figure 6. Model 2 generally provided lower estimates of F5_,
than model 1b for ases up to 10—11y, whereas the estimates
of model 2 were slightly higher for asos above 11y. This can be
explained by the differences in length-at-age between the models.

The curves for asos above 8—9y (models 1b—2) were flat-
topped, so the difference in YPR between F,s of 0.6 and 1.4y "
was small (Figure 5). The most reasonable fishing strategy seemed
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Figure 3. Mean age (y) and weight (kg) in the catch (weighted by catch numbers) for a year class as a function of F, for four different
exploitation patterns (dso = 5, 7, 9, and 13 y). The results are from the simulations with the age—length-structured population model (model 2).

to be an asy of 8—11y (model 1b and 2) and a fishing pressure,
F, of 0.4-0.6y" ', which would give a YPR of 1.6—1.7 kg
(Figure 5), with estimates slightly higher (up to 0.1 kg) for model
2 than for model 1b. This is 15-20% higher than the maximum
YPR obtained with the current exploitation pattern (YPR
~1.4 kg). By including length, the optimal estimates of YPR were
achieved for a higher as, and a lower F, than when not considering
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the variability in length-at-age. This is because relaxing fishing
pressure and postponing exploitation is rewarded with a higher
size-at-age in model 2.

Discussion
Here, we quantified the effect on YPR and size-at-age
estimates using an age—length-structured population model vs. an

asp =7y
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Figure 4. Comparison of estimates of YPR of NEA cod as a function of F, for three different models. The models are: (1a) age-structured,
with an annual time-step (circles); (1b) age-structured with a quarterly time-step (squares); (2) age - length-structured with a quarterly
time-step (diamonds). (a) aso =5y, (b) dso = 7y, (c) aso = 9y, and (d) aso = 13 .
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Figure 5. YPR estimates as a function of F, from the two models with quarterly time-steps (models 1b and 2). The legend shows as, the age
experiencing a fishing mortality of 0.5F,. (a) Age-structured population (model 1b). The horizontal line shows the maximum YPR achieved

with model 2. (b) Age-length-structured population (model 2).

age-structured model for the NEA cod stock. The optimal selec-
tion pattern differed between the two models. The age—length-
structured model suggested reduced exploitation on smaller fish
and increased exploitation on larger fish, as well as reduced
fishing pressure compared with the age-structured model. The
loss of yield when F was increased above F,,, was slightly higher
when an age—length-structured model was used.

This study only considers the difference between point esti-
mates obtained from different models. We did not investigate the
uncertainty in model parameters and model results. All three
models suggested that the YPR could increase by exploiting larger
cod than at present. This is in accordance with the YPR estimates
of Ulltang (1987), calculated using an age-structured population
model. Depending on exploitation pattern, Ulltang found an F,,,
in the range 0.2-0.3y "' and an estimate of YPR in the range
1.2—1.4 kg. These values for F,,,x and YPR agree reasonably well
with our results. The highest estimates of YPR were generated by
lowering fishing pressure on juvenile cod. Ulltang (1987) con-
cluded, for the NEA cod stock, that considerable gains would have
been achieved in terms of a higher and more stable yield in the
period 1970-1983 by introducing a 150 mm (as opposed to a
120 mm) minimum trawl mesh size in addition to the total allow-
able catch regulations in the 1970s. Currently, the bottom trawlers
fishing for NEA cod in the Norwegian economic zone use
codends with 135 mm meshes (Nakken, 1994) combined with a

Table 4. Estimates of F, ., corresponding Fs_ 1o, max and YPR
(kg) for aso = 6y, using different models.

Model aso Fs_10, max YPR

ICES (2002) - 030 025 1.26

Fs_10, max IS the Fs_qo (the arithmetic mean of F for ages 5-10) giving the
maximum YPR for a given asq, and F,, .y is the corresponding F,. ICES
estimates are included for comparison.

sorting grid with a minimum bar distance of 55 mm (Kvamme,
2005).

The effect of fishery on mean size- and maturity-at-age, as esti-
mated by the age—length-structured population model, is signifi-
cant. This study shows that taking account of length can be
important even when individual growth is constant over time,
because changes in fishing pressure and gear selectivity are likely
to lead to changes in size-at-age that cannot be reflected properly
in age-based models that assume fixed weight-at-age. For
example, with a fishing pattern close to the present (asp = 7y),
mean weight- and length-at-age for ages 6-9 is reduced by
2—14% (Table 3) and 1-5%, respectively, when F, increases from
0.6 to 1.4y~ '. This range of F, corresponds approximately to the
range of F values experienced in the past 50 y. However, these
weight changes are smaller than the variation range in
weight-at-age in the stock for these age groups in the period
1946-2003 (1.5-2.8 kg for age 6, 3.7-8.9 kg for age 9). Including
length structure in a population model for this stock may help in
separating the effect of length-selective mortality from other
factors (temperature, food availability, population size, genetic
changes, etc.) that affect cod growth.

Our study assumes that the growth process is Markovian, i.e.
the growth of fish in a length class during a time-step does not
depend on how much the fish has grown in previous time-steps.
However, a stock will generally be composed of fish with different
genetic properties as far as growth is concerned, so length-
selective mortality will tend to remove the fastest-growing fish in
the cohort (Silliman, 1975; Pitcher and Hart, 1982; Law, 2000).
This would give a stronger effect on size-at-age than our results
show and could also result in a permanent change in the popu-
lation’s growth characteristics.

Here we used a fixed natural mortality of 0.2y~ '. Our analysis
could be extended by modelling cannibalism too, using the size
selectivity for cod cannibalism described by Bogstad (2002). The
age range of the analysis should then be extended to include also
ages 1 and 2, because cannibalism mortality on ages 1 and 2 cod
may be high (more than 2.0y~ ' for age 1 in some years (ICES,
2003a). The results of the YPR analysis may change significantly if
cannibalism is included. In such an extended analysis, one should
also consider that the level of cannibalism seems to depend upon
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Table 5. Estimated mean weight-at-age in the catch (throughout the year) under different exploitation rates (F, = 0.025, 0.6, and 1.4) and
patterns (aso= 5, 7, 9, and 13 y) obtained from the simulations with the age-length-structured population model (model 2).

Age (y) Model 1b

Model 2

Aso =5y

aso =7y

The underlined and emboldened weights-at-age differ by more than 4+10% and — 10%, respectively, from values with a5, = 5y and F, = 0.025y .

1

The weights-at-age of the age-structured population model (model 1b) are included for comparison.

capelin (Mallotus villosus) abundance (ICES, 2003a). Also, the
difference between an age-structured and an age—length-
structured model in terms of the effect of cannibalism could be
studied, because cannibalism is length-selective and depends on
predator as well as prey length.

The results of Beverton et al. (1994) indicate that spawning
mortality might be the main component of natural mortality
among 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 0.05y~'. The difference in maturation

1.6
F=14y"

Fs_10 7"

between male and female NEA cod is described by Ajiad et al.
(1999); the length at 50% maturity (not the proportion
maturing) was ~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
smaller. Owing to differences in mortality as well as in growth
and maturation, it could be of interest to model male and
female fish separately. The Gadget framework is well suited to
such studies.

Observed changes in size-at-age can result from density-
dependent or environmental factors influencing growth rate, as

aso (¥)

Figure 6. The annual arithmetic mean fishing mortality for ages 5-10, Fs_1q, plotted against aso, for F, = 0.4, 0.6, and 1.4y~ ' and models

1b and 2.
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well as size-selective mortality. Here we used a fixed annual
growth rate throughout the simulation period. The study could,
however, be extended by introducing density-dependent growth.
This phenomenon would tend to give higher size-at-age at high
fishing mortalities because the stock size would then be lower.
ICES (2004) found weight-at-age for cod aged 6—9 to be density-
dependent. Marshall ef al. (2004) investigated the development in
length- and weight-at-age in NEA cod from 1947 on and found an
increase in mean length-at-age for the oldest cod; for example, the
length of age 12 cod increased from about 95 cm in 1947 to
110 cm (1980-present). This could be the result of long-term
increases in fishing mortality, either favouring survival of large
cod that swim faster and have a higher probability of escapement
or resulting in reduced intra-specific competition for food
(density-dependence).

Sinclair et al. (2002a) studied the relative importance of size-
selective mortality, density-dependence, and temperature on
growth of Atlantic cod in the southern Gulf of St Lawrence,
Canada. They found that the strongest effect was variation in size-
selective mortality, followed by a negative effect of population
density and a weak positive effect of ambient temperature. Size-
selective mortality may change between periods. For instance, for
cod in the Gulf of St Lawrence, size selection changed from favour-
ing fast growth in the 1970s to favouring slow growth in the late
1980s and 1990s (Hanson and Chouinard, 1992; Sinclair et al.,
2002b). Changes in length-at-age for female Pacific hake
(Merluccius productus) from Georgia Strait, British Columbia, were
studied by Welch and McFarlane (1990). They found a decline in
the maximum size attained and argued that it most likely resulted
from selective removal of the largest fish from the population
rather than environmental or density-dependent factors.

All models given here can be extended by including a stock-
recruitment relationship as well as density-dependence, and
studies of the maximum sustainable yield (MSY) for different
fishing mortalities and selection patterns could then be made. The
effect of including density-dependence in YPR studies has been
investigated, e.g. by Shin and Rochet (1998), who found a more
optimistic estimate of YPR for North Sea Downs herring (Clupea
harengus) when the observed negative relation between herring
abundance and growth was incorporated, compared with the
classic YPR estimates with constant weight-at-age; the use of con-
stant growth would overestimate the positive effects of reducing
fishing effort. An age-structured model of that type for NEA cod
already exists (ICES, 2004), and studies of MSY with such a model
are in progress (Kovalev and Bogstad, 2005). The age—length-
structured cod model described by Bogstad et al. (2004) could be
extended to be compatible with the age-structured model, so a
comparison of MSY between age and age—length models could be
made, similar to the comparison of YPR given here.

Using a length-structured model and length-dependent selec-
tivity ensures consistency between size-at-age in the stock, in the
catch, and in the maturity ogive. The inability to match these may
be a problem in age-structured models, so age—length-structured
models may be required. The importance of including length
structure will depend on the shape of the function describing
mean growth, the method used for modelling individual
variability in growth (Parma and Deriso, 1990), and the exploita-
tion pattern. A general study comparing the importance of
considering length structure between stocks with different life
histories, e.g. concerning growth pattern, could therefore be
valuable.
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