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Catch-at-age data are a crucial input to many stock assessments, so errors in age
determination could have an adverse effect on the quality of the stock assessment and on the
scientific advice based on that assessment. The results of simulation studies presented in
this study are intended to quantify the effects of age-reading errors on the perception of
stock trends and short-term management advice. The study is based on Eastern Baltic cod,
in which problems with consistent interpretation of otolith structures result in the catch-at-
age data being particularly problematic. The results indicate a clear distinction between the
performance of the assessment, and the performance of catch forecasts and advice based on
that assessment. The ageing error affected the absolute level of estimates of fishing
mortality and spawning stock biomass from stock assessments, although overall trends are
similar, and general conclusions about the state of the stock are likely to be broadly correct.
Greater problems arose in catch forecasts and advice, for which ageing error led to
discrepancies between the required and the effective fishing mortality, and a general
tendency for ageing error to lead to advice on Total Allowable Catch that would be too
optimistic and, therefore, less effective for stock conservation.
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Introduction

Catch-at-age data are a crucial input to the age-based
assessments routinely used for many stocks in the North
Atlantic. As a result, problems in age determination for a
particular stock may cause problems for the assessment and
management of that stock. Further, problems attributable to
age-reading errors are not restricted just to catch-at-age data,
because incorrect age reading is also likely to lead to errors
in the estimation of other input data, including catch and
stock weights at age, maturity at age, and any age-structured
catch-per-unit-effort (cpue) indices. Hence, age-reading
problems may influence virtually all the assessment inputs.

As a case study for the implications of age-reading
problems for assessment and advice, this study uses the cod
(Gadus morhua) stock of the Eastern Baltic. This stock has
a long history of age-reading problems and hence makes a
useful example. Simulation approaches based on the Baltic
cod case are used in this work to investigate how age-
reading errors influence both the results of stock assess-
ments and the fishery management advice based on those
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assessments. The results are discussed in general terms and
in terms of the specific consequences for the assessment
and management of the stock.

Age-determination problems in the Eastern
Baltic cod stock

The stock of cod in the Eastern Baltic (ICES subdivisions
25-32) has long had problems associated with age reading,
problems addressed to a certain extent by ICES study
groups. In the report of a recent meeting (ICES, 2000b), the
Study Group on Baltic Cod Age Reading reviewed the
history of age-reading problems for the stock. They noted
that the first meeting on the subject took place in 1972, and
commented, “After many successive meetings there are
still systematic differences between age readers in the
Baltic Sea.” The problem is discussed in detail in ICES
(2000b), but broadly speaking, there is a difference in
interpretation between readers from eastern and western
countries around the Baltic, with eastern readers tending
to allocate an older age to a given fish than their western
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counterparts. There is no clear agreement on whether either
of the two interpretations represents the true age of the fish.
There are also problems with consistency of interpretation
between readers from the same institute.

The Eastern Baltic cod stock is assessed annually by the
ICES Baltic Fisheries Assessment Working Group. Recent
assessments used Extended Survivors Analysis (XSA;
Darby and Flatman, 1994), an age-based sequential
population analysis model. The assessment is then carried
forward into a deterministic short-term catch forecast, and
management advice is formulated on the basis of the
assessment and the catch forecast. The primary manage-
ment tool is an annual Total Allowable Catch (TAC) based
on the management advice and the short-term catch
forecast. The approaches used in this study to simulate
the stock assessment and advice process are based on those
used for Eastern Baltic cod and many other ICES stocks.

Methods
Simulation approach

The approach used to investigate the effects of age-reading
problems is essentially a subset of the management
procedure approach as described, for instance, by Kell
et al. (1999). An operating model is developed to describe
essential elements of the fish population and of the fishery
exploiting it. This operating model is used to generate
assessment data subject to measurement error (in this case
age-reading errors), which are then used in stock-assess-
ment models, for which performance measures are
generated. The operating model is run repeatedly to provide
a number of different realizations of the dynamics of
the simulated stock, and the performance measures are
summarized over all the runs to evaluate the effects of
the data problems on assessment performance.

In the current study, it is not the intention to evaluate the
assessment model or the management approach, only to
evaluate how one specific data problem will affect the stock
assessment and the management advice. For this reason, the
approach used is rather simpler than that used by Kell ez al.
(1999), with, for instance, no feedback to the underlying
system. For similar reasons, the “true” system state in this
study is represented by an assessment based on data without
error. This is then used as a control against which the effects
of age-reading errors can be evaluated.

Operating model

The operating model used in the simulations consists of two
components, one representing the dynamics of the fish
population, and the other the fishing fleets. The population
model is parameterized such that the fish stock has broadly
similar dynamics to that of Eastern Baltic cod in terms of
growth rate and variability, stock and recruitment, size at
age, etc. The fleet model is rather simpler, with two nations
each with two fleets, and the effort in each fleet varying

randomly. The intention in this study was not to provide a
realistic representation of fleet development, but merely to
ensure variability in fishing mortality and exploitation
pattern, and in the proportion of the catch taken by each
nation. The nature of the variation also ensures a wide
range of outcomes in terms of the final state of the stock in
each realization. The operating model is described in detail
in the Appendix, but to summarize, the population data are
generated using stochastic variation in recruitment, and
growth and fleet efforts, and each realization uses a different
starting population.

Age-reading errors and assessment data

The output data from the operating model include the true
catches at age and length for each fleet/season combination.
These can be used to calculate the true age—length keys
(ALKs) for the catches, which can then be distorted to take
account of age-reading errors. The approach used to distort
the age readings follows that of Bradford (1991), matrices
of ageing errors being used to represent the age-reading
discrepancies. However, these matrices were applied in
this study to the ALKs rather than directly to the age
compositions. This allowed the latter to be estimated from
the true length compositions. The approach used was,
therefore, as outlined below.

If the age-error matrix is AEM, then AEM(i,j) is the
proportion of fish of true age i allocated to age j. Similarly,
ALK(l,a) is the true proportion of fish of length I that are of
age a. To estimate the ALK that would result given the age-
reading errors represented by AEM, ALK, each individual
element, ALK'(l,a) is given by

SYALK(L i) - AEM(a, )
ALK (1a) = 20 M
ST 'SY ALK(Li) - AEM(a, i)

a=A0i=A0

where AO—An is the age range of fish present in the catches,
and the denominator is used to ensure that the elements at
each length sum to one.

It is assumed in this study that the age-reading errors
differ by nation, and hence the two “nations” used in the
simulations are analogous to the two age-reading ““schools”
found among age readers of Baltic cod (ICES, 2000b). It
has not been possible to estimate ageing-error matrices that
correspond exactly to the Baltic cod case study. Although
the Study Group on Baltic Cod Age Reading has done some
comparative reading studies of otoliths (ICES, 2000b), it is
not possible to use their data in this study, partly because
too few comparative readings were made of otoliths from
the relevant subdivisions, and partly because the true ages
of the otolith samples are not known. Therefore, to
investigate the possible scope of the problem, investiga-
tions have assumed that one nation’s age readings are
unbiased but made with some error, and that the other
nation’s readings are subject to either systematic under- or
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systematic over-ageing, as well as error. In addition, a run
was made where the readings by both the nations were
unbiased and subject only to noise. Although this situation
does not apply to Baltic cod, it does allow investigation of
the relative contributions of the noise and bias components
to the overall problem. The ageing-error matrices assume
that no catches are misallocated as 0-group because, in
practice, it seems unlikely that there would be any
significant allocation of fish to ages below the ones at
which recruitment to the fishery is thought to occur. The
ageing-error matrices used are given in Table 1, and the

Table 1. Ageing-error matrices used in the simulations.

Allocated age
True

age 1 2 3 4 5 6 7 8 9 10

M1, control, no age-reading error

1 1 0 0 0 0 0 0 0 0 0
2 0 1 0 0 0 0 0 0 0 0
30 0 1 0 0 0 0 0 0 0
4 0 0 0 1 0 0 0 0 0 0
5 0 0 0 0 1 0 0 0 0 0
6 0 0 0 0 0 1 0 0 0 0
7 0 0 0 0 0 0 1 0 0 0
8 0 0 0 0 0 0 0 1 0 0
9 0 0 0 0 0 0 0 0 1 0
10 0 0 0 0 0 0 0 0 0 1
M2, noise-only, unbiased (from Bradford, 1991)
1 095 0.05 0 0 0 0 0 0 0 0
2 00509 0050 0 0 0 0 0 0
3 0.03 0.07 0.85 0.05 0 0 0 0 0 0
4 0 0.03 0.07 0.85 0.05 0 0 0 0 0
5 0 0 0.03 0.1 0.8 0.07 0 0 0 0
6 0 0 0 0.03 0.1 0.8 0.07 0 0 0
7 0 0 0 0 0.03 0.15 0.75 0.07 0 0
8 0 0 0 0 0 0.03 0.15 0.75 0.07 0
9 0 0 0 0 0 0 0.08 0.15 0.7 0.07
10 0 0 0 0 0 0 0 0.1 02 0.7
M3, systematic under-ageing (adapted from Bradford, 1991)
1 1 0 0 0 0 0 0 0 0 0
2 095 0.05 0 0 0 0 0 0 0 0
3 005 09 0050 0 0 0 0 0 0
4 0.03 0.07 0.85 0.05 0 0 0 0 0 0
5 0 0.03 0.07 0.85 0.05 0 0 0 0 0
6 0 0 0.03 0.1 0.8 0.07 0 0 0 0
7 0 0 0 0.03 0.1 0.8 0.07 0 0 0
8 0 0 0 0 0.03 0.15 0.75 0.07 0 0
9 0 0 0 0 0 0.03 0.15 0.75 0.07 0
10 0 0 0 0 0 0 0.08 0.15 0.7 0.07
M4, systematic over-ageing (adapted from Bradford, 1991)
1 0.05 09 0050 0 0 0 0 0 0
2 0.03 0.07 0.85 0.05 0 0 0 0 0 0
30 0.03 0.07 0.85 0.05 0 0 0 0 0
4 0 0 0.03 0.1 0.8 0.07 0 0 0 0
5 0 0 0 0.03 0.1 0.8 0.07 0 0 0
6 0 0 0 0 0.03 0.15 0.75 0.07 0 0
7 0 0 0 0 0 0.03 0.15 0.75 0.07 0
8 0 0 0 0 0 0 0.08 0.15 0.7 0.07
9 0 0 0 0 0 0 0 0.1 02 0.7
10 0 0 0 0 0 0 0 0 0 1

ageing-error scenarios are summarized in Table 2. In the
absence of consensus on the consistent interpretation of
Baltic cod otoliths, it is not clear which of these scenarios
is closer to reality, but in practice they are likely to
oversimplify the problem, both in the assumption that one
nation’s readings are essentially correct, and also in the
assumption that the nature of the national age-determina-
tion errors has been consistent through time.

In practice, the total catch-at-age data used in a stock
assessment are estimated by summing the catch data across
all the national fleets, and catch weights at age are
estimated in an analogous manner, using a mean across
fleets, weighted by the numbers caught at age in each fleet.
Hence, to estimate assessment data in the current study, the
length compositions of the total catch for each fleet and
season were first allocated to age using the distorted
national ALKs, and the catches were then aggregated
across the fleet and season to give annual catch-at-age data.
The same data, disaggregated by fleet, were also used
together with the fleet effort data as cpue series for tuning,
so the tuning data also reflected national ageing errors. A
similar approach was used for catch weights at age, where
the mean length at each age was estimated from the true
length composition and the distorted ALK for each fleet/
season. This was converted to a weight at age using a fixed
length—weight relationship, and an overall mean weight at
age is estimated from the weighted average of the fleet/
season estimates using the estimated catch for that fleet/
season as weighting factor.

The extent to which the estimates of maturity at age and
stock weight at age may be influenced by age-reading error
is dependent on the source of the data. If fixed values are
assumed for these biological parameters, then age deter-
mination may not be a problem, but if values are estimated
from data from an international research vessel survey, then
the age-reading errors may be similar to those in the catch
data, owing to combining data across different age-reading
“schools”. For the purposes of the current study, it has
been assumed that unbiased samples of the numbers and
maturity at length in the population are available, as from
an international survey. Further, it is assumed that the
samples are divided equally between the two nations, so
that national estimates of stock weight and maturity at age
are obtained from combining the true length data with

Table 2. Details of ageing-error scenarios used to generate
assessment data and results.

Ageing-error matrix used for:

Ageing-error scenario Nation A Nation B
C, control M1 M1
N, noise-only M2 M2
O, over-ageing M2 M4

U, under-ageing M2 M3
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ALKs distorted according to the national age-reading
characteristics, as previously described. The national
estimates are then combined to give overall mean estimates
analogous to the catch-weight-at-age data.

Performance measures for stock assessment
and short-term forecasts

In order to define performance measures for stock assess-
ments, it is necessary to define what the stock assessment
is required to do. In this study, the primary concern is with
the use of the stock assessment as the basis for scientific
advice on fishery management, so it is on this basis that
the performance measures are defined.

In formulating management advice, a stock assessment is
first used to identify the current state of the stock in relation
to defined management objectives. For many stocks in the
ICES area, management objectives are defined in terms of
precautionary reference points, with management intended
to maintain spawning biomass above a defined precau-
tionary level (known as Bpa, where the subscript PA stands
for Precautionary Approach; ICES, 2000a), and to maintain
fishing mortality below the defined precautionary level Fp,.
In many cases, ICES has also proposed limit reference
points that are the values associated with unknown stock
dynamics or possible stock collapse. Therefore, the first
stage in formulating management advice is to categorize
the current state of the stock with respect to precautionary
reference points. For this reason, this study has used the
ability to categorize correctly the state of the stock with
respect to precautionary reference points as a simple and
pragmatic performance measure for stock assessments. By
comparing the categorization with the “true” categoriza-
tion (from a control assessment using data with no age-
reading errors), and enumerating the proportion of
simulations in which the state of the stock is misallocated,
the effects of age-reading errors on this aspect of assess-
ment performance can be evaluated.

Once the state of the stock has been determined, the next
stage of the process is to specify management advice based
on the state of stock categorization. There will typically be
some correspondence between the stock categorization and
the advice, i.e. the advice will be different depending on
whether the stock is categorized as being above or below
Bpa, or whether fishing mortality is categorized as being
above or below Fp,. Further, in a TAC-based system,
although the advice may be phrased in terms of a relative
change in F or fishing effort required to achieve the
management objectives, it will still be necessary to translate
this into an absolute catch in order that a TAC may be set.
This process can be represented by first using a simple rule
to derive the advice, which is expressed in terms of the
advised relative change in fishing mortality (or fishing
effort; see subsequent discussion). This effort multiplier is
then used in a conventional deterministic catch forecast to
derive a total catch that can be used as a TAC.

In the present study, the term ““effort” is used in relative
terms, and is taken to be directly proportional to fishing
mortality. It is useful to distinguish between “advised”
effort, “effective” effort, and “required” effort. Here, the
relative effort resulting from the use of the advice rule with
an assessment with age-reading problems is defined as the
advised effort. This value is then used in a catch forecast
based on the same assessment to obtain a catch corre-
sponding to the advised effort. The effort that will actually
result from taking that catch from the true population is
then defined as the effective effort. The required effort is
then the relative effort that results from applying the advice
rule to the true population, and is estimated using the
control assessment.

To measure the performance of a catch forecast, the key
point is whether the specified catch will achieve the
required effort. Hence, in the current study, the deviation
between the effective and the required effort multipliers is
used as a measure of performance of the forecasts. This
measure is referred to as the effort deviation in subsequent
discussion.

Assessment runs and precautionary
reference points

All stock assessment runs used XSA (Darby and Flatman,
1994) as the catch-at-age model, reflecting current practice
in the assessment of Eastern Baltic cod (ICES, 2001b). All
default model settings were accepted. This assumption was
made for convenience, but in practice, the model settings
used in the assessment given in ICES (2001b) correspond
closely with these defaults. The assessments were tuned
with age-structured cpue data from the four simulated
fishing fleets (two gears for each of the two nations).
Precautionary reference points were estimated separately
for each ageing-error scenario, based on the assumption
that the ageing errors were a long-term problem that
influenced all aspects of the assessment, including the
estimation of reference points. The assessment run used to
estimate reference points in each case omitted the five most
recent years of data. This represents the situation where
precautionary reference points were introduced five years
before the present and were based on the assessment data
available at that time. For each run, both precautionary and
limit values were set for both fishing mortality (F) and
spawning stock biomass (SSB). In addition, “extreme”
values were set for both indicators, to allow additional
resolution in cases where limit reference points were
substantially exceeded. Fishing mortality reference points
were based on the use of F,.q (Jacobsen, 1993) as Fp,, with
other reference points obtained by adjusting Fpp by a fixed
multiplier. Similarly, biomass reference points were
estimated by taking the lowest observed spawning stock
(Bioss) as the limit SSB, By;,,, and were adjusted by a fixed
multiplier to obtain the other biomass reference points. This
procedure is summarized in Table 3. The use of F .4 and
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Table 3. Rules used for deriving precautionary reference points.
Bioss 1s the lowest observed spawning stock in the time-series, and
Fiea 1s defined by Jacobsen (1993). Note also that 0.77 is the
reciprocal of 1.3.

Parameter PA Limit Extreme

Fishing Fpa="Fmea Flim= 1.3 X Fined Fextreme = 1.3 X Fiimy
mortality

SSB Bpa = 1.3 X Bioss Biim = Bioss Bextreme = 0.77 X Biggs

Bioss as reference points in this study reflects their use as
the basis of precautionary reference points defined for many
ICES stocks (ICES, 2001a), and also means that ageing
error in the assessment is incorporated in the reference
points.

To estimate the current state of the stock, an assessment
run was made using the full time-series of data. “Current”
SSB was taken as the estimated SSB in the final year of
the assessment run, and current F was estimated by first
averaging the fishing mortalities at age over the last three
years of the assessment run to estimate the current
exploitation pattern (also used in the calculation of F.q)
and then calculating an average fishing mortality (over ages
3—7) for this exploitation pattern.

Management advice and short-term forecasts

Once the current state of the stock has been established, a
simple rule is used to derive advice based on the state of
stock categorization. If current SSB is above Bp, then the
advice would be to reduce F to Fpa unless F is already
below Fpyu, in which case the advice would be to maintain
current F. At lower SSBs, there is a reduction in the
maximum advised F according to the rule illustrated in
Figure 1. At levels of SSB below By, the rule used here is

Fextrame

Mean Fishing Mortality

Bextreme SSB Biim Bpa

Figure 1. Diagrammatic representation of reference points and
advice rules used in the simulations. The advised F is dependent on
the current SSB and is indicated by the bold line. If current F is
below this level, then the advice would be to maintain current F,
i.e. an effort multiplier of 1.

to advise an arbitrary low level of fishing mortality. In
practice, this value might be set to zero, but here the rule
specifies an advised F of no more than 0.2Fp, under these
circumstances.

To find the catch corresponding to the advised F, a
conventional short-term catch forecast is used. It is
assumed that the assessment is performed in year t, using
data up to, and including, year t— 1, in order to provide
advice for the fishery in year t+ 1. In this case, the as-
sessment provides estimates of the population numbers at
the start of year t, so assumptions about fishing mortality
and recruitment during year t are required to project the
population numbers forward to the start of year t+ 1. The
exploitation pattern during year t is here assumed to be
the mean over the years t—3 to t — 1, and an effort multi-
plier of 1.0 is assumed. Recruitment during year t
and subsequent years is taken as the geometric mean over
years t — 10 to t — 1. Weights at age in the catch are taken
as the means over years t—3 to t— 1. The catch cor-
responding to the advised effort is then obtained by
projecting the population numbers at the start of year
t+ 1, using Fs at age estimated by multiplying the recent
mean exploitation pattern by the advised effort multiplier.
Using these Fs and the population numbers in the con-
ventional catch equation gives the estimated catches at age.
These are then multiplied by the estimated weights at age,
then summed across ages to give the estimated catch.

Once the advised catch has been estimated, the next stage
is to derive the effective effort multiplier. This is done using
a catch forecast based on the control assessment in reverse,
i.e. setting a catch to estimate the effort multiplier, rather
than vice versa. The performance measure used is then the
effort deviation, defined as the difference between the
effective and the required effort multipliers. Used in this
way, a positive value means that assessment problems
would lead to a higher F than required, and thus less
conservative management, whereas a negative value
indicates a lower F than required, i.e. an unnecessarily
restrictive TAC.

Simulation algorithm

The individual components of the simulations are described
in detail in the preceding discussion, but the overall
procedure is described as:
For each stock realization from the operating model,
e generate assessment data for the required ageing-error
scenario (N years),
run assessment using first (N — 5) years of data,
calculate PA reference points,
run assessment using all N years of data,
determine current (year N) state of stock with respect
to PA reference points,
e derive advised effort multiplier from advice rule,
e find catch corresponding to advised effort from short-
term forecast,
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e find effective effort corresponding to advised catch
from control forecast.

The performance measures for each realization are
derived from a comparison of the estimated state of the
stock with the state of stock in the control run, and from
the difference between the effective and the required ef-
fort multipliers. This study used 100 realizations, each of 30
years duration. For each of these, data were generated
representing the four ageing-error scenarios given in Table 2.

Results

As this is a simulation study, interpretation of results has
focussed on identifying the general trends and features of
the results rather than the detail of individual cases. Further,
as some results may be dependent on the specific
assumptions and parameters used to describe growth,
mortality, and size selection, emphasis has been placed
on understanding why the results have occurred rather than
on the results themselves. In this way, it is hoped that the
study will have wider application than just the Baltic cod
example that prompted it.

Stock trends

Preliminary examination of the stock trends resulting from
the three ageing-error scenarios indicated that the general
result was for SSB and mean F to show similar trends in
each of the scenarios, but with different absolute values,
although the differences in general were not large (Figure 2).
It was not the intention of the study to analyse the
differences fully, but in order to give a coarse summary of
the relative differences, a pairwise comparison of the trends
was made for each of the 100 realizations. The comparison
involved calculating the difference between the values for
each year for a pair of scenarios. A comparison was
classified as showing a consistent difference in level
between two scenarios if 80% or more of the differences
(24+ years out of 30) showed the same sign. The results
from these comparisons are summarized in Table 4. There
was a general tendency for age-reading errors to lead to
lower estimates of SSB, because in some 60% of cases the
control estimate was consistently higher (on the criteria
used in this study) than that resulting from runs where
under- or over-ageing error was applied to the data. For the
noise-only ageing scenario, the estimated SSB was

SSB Mean F (ages 3-7) Recruily

120 12 200
100 : 1

80 - = g2 f N 08 1ee

60 - 06 - 100 -

40 04

20 02 50

0 0 0

0 10 20 20 0 10 20 30 0 10 20 30

B0
&0
40
20

Figure 2. Example stock trends from three randomly chosen realizations. The four lines on each plot are the assessment results from runs
using the control data (solid thick line), and runs where ageing error is applied as noise-only (solid thin line), under-ageing (dashed line),
and over-ageing (dotted line). Each row gives the plots for a different realization. For reasons of clarity, the y-axis scales used for SSB and

recruitment plots differ between realizations.
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Table 4. Results of pairwise comparisons of trends in SSB and F
from different ageing-error scenarios. The numbers give the
number of realizations (out of 100) in which the given result was
obtained. The results are given as follows: A <B: results from
ageing-error scenario A are consistently less than those from B;
A > B: results from ageing-error scenario A are consistently greater
than those from B; A ~B: no consistent difference obtained. To
give an example, the table shows that estimates of SSB obtained
from assessments using data with under-ageing applied were
consistently lower than those from the control run in 57 out of 100
realizations. The criterion used to define a consistent difference in
level is given in the text.

Comparison SSB Mean F(3-7)
Under-ageing (U) vs. control (C)

U<cC 57 99

U~C 35 1

Uu>cC 8 0
Over-ageing (O) vs. control (C)

o<C 63 100

Oo~C 24 0

o0>C 13 0
Over-ageing (O) vs. under-ageing (U)

Oo<U 41 90

O~U 22 10

Oo>U 37 0
Noise only (N) vs. control (C)

N<C 95 100

N~C 5 0

N>C 0 0
Noise only (N) vs. under-ageing (U)

N<U 36 0

N~U 25 65

N>U 39 35
Noise only (N) vs. over-ageing (O)

N<O 33 0

N~O 23 1

N>0O 34 99

consistently lower than the control estimate in 95% of the
realizations. There are no consistent differences between
the results for over-ageing, under-ageing, and noise only.
For fishing mortality, it is striking that in all cases, age-
reading error led to consistently lower estimates of mean F.
In addition, in most cases, under-ageing and noise only led
to a higher estimate of mean F than over-ageing.
Recruitment trends are not considered in the previously
mentioned analysis because the differences in trend are

more complex than those for SSB and F. The main effect of
age-reading error is to distribute catches from 1-year class
into neighbouring year classes. As a result, estimates of
year-class strength (related to the accumulated catch of a
given year class) are smoothed so that the recruitment time-
series shows less extreme values, with increased autocorre-
lation. With the age-reading biases investigated in the
current study, there is also a tendency for the apparent
recruitment to be offset by 1 year relative to the true
recruitment, the direction of the offset being dependent on
whether the bias is under- or over-ageing.

State of stock

To summarize the effects of age-reading error on the stock
assessment performance measure used in this study (i.e. the
ability of the assessment to allocate the stock to the correct
category with respect to precautionary reference points),
the first concern is with the true categorization for each
realization, and then with the extent and the nature of any
incorrect categorizations that may result from age-reading
errors. Table 5 summarizes the final state of stock cate-
gorization for the control run, i.e. the correct allocations for
each of the 100 realizations. For each of the other two
ageing-error scenarios, Table 6 summarizes the cases where
the ageing error resulted in incorrect categorization of the
state of stock, and Figure 3 indicates the magnitude and
direction of these misallocations.

The results shown in Table 5 indicate that the random
variation incorporated in the simulations resulted in a
reasonably wide spread of outcomes across the possible
categories. The higher frequency of outcomes around the
leading diagonal of the table reflects the interdependence of
fishing mortality and SSB, i.e. a high F tends to lead to a
low SSB. The misallocations summarized in Table 6
indicate that, in 69—75% of cases, the state of the stock was
correctly categorized despite the ageing error. Where the
categorization was incorrect, this was more likely to be due
to F than SSB being misallocated, with only a few
realizations being misallocated on both indicators. The
results were similar for all ageing-error scenarios. Figure 3
also indicates that most realizations were correctly
allocated despite age-reading error, but that misallocations
attributable to under-ageing mostly took the form of a
slightly over-optimistic categorization of fishing mortality

Table 5. Final state of stock categorization with respect to PA reference points for control runs. Each cell indicates the number of

realizations allocated to the category (out of 100).

State F<Fpa Fpa <F <Fijim Fiim <F <Fextreme F < Fextreme Total
SSB > Bpa 14 12 7 0 33
Bpa > SSB > Bjin, 0 10 7 1 18
Biim > SSB > Bextreme 0 1 18 2 21
SSB > Bextreme 0 0 14 14 28
Total 14 23 46 17 100
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Table 6. The number of realizations (out of 100) in which the
terminal state of the stock was misallocated with respect to
precautionary reference points.

Misallocation on:

SSB Mean F SSB and
Ageing-error scenario only only mean F Total
Noise only 8 18 1 27
Under-ageing 10 18 3 31
Over-ageing 9 12 4 25

(i.e. F indicated to be below Fp, when it was actually above
Fpa, but below Fy,). Correspondingly, over-ageing was
most likely to lead to F being allocated to the next most
pessimistic category. There was also a slight tendency for
over-ageing to lead to an over-optimistic categorization of
SSB. The results for the noise-only scenario were inter-
mediate, with only a slight tendency for over-optimistic
categorization of F. In all the cases, the misallocations were
relatively small, leading only to allocation into an adjacent
category.

Catch forecasts

The effort deviations for each ageing-error scenario are
summarized by the true SSB and F categories in Figure 4.
When summarized by SSB category, the highest deviations
tended to be at SSBs above Bpa, with a general tendency
for the deviations to be smaller at lower stock sizes. When
summarized by F category, the highest deviations were
when F was between Fp, and Fy;,, and then tended to
decrease in magnitude with increasing F. In all cases, there
was a general tendency for the largest deviations to be
positive, and in the most extreme cases, the result is an
effective level of effort almost twice that required.

The ageing errors investigated can be considered to
introduce a bias to the forecast if the mean of the effort
deviations for a particular category is significantly different
from zero. Paired sample t-tests were performed for each
ageing-error scenario to compare the effective and required
effort multipliers. As Figure 4 indicated different trends
within each F and SSB category, the t-tests were run
separately for data in each category. The results are
summarized in Table 7. These indicate that, in some cases,
the age-reading error led to bias in the forecasts, and in
most cases, the bias was in a positive direction, i.e. the
effective effort was consistently higher than the required
effort.

Detailed examination of some assessment and projection
runs indicated that the highest absolute values for effort
deviation were present in cases where the ageing error
resulted in failure to detect recent recruitment adequately.
For example, in some cases, the most recent year classes
were very weak, but this was not reflected in the estimated
stock numbers, so the resultant catch forecasts were highly

over-optimistic. This also happened in the other direction:
in some cases, a recent strong year class was not detected.
For smaller absolute effort deviations, the effects were
much more complex and arose from a combination of
estimated stock numbers, fishing mortalities, and weights
and maturities at age all contributing to varying extents.
The advice rule also contributes some error in this respect
because it is notable that the highest absolute effort
deviations were at Fs between Fp, and Fj;,, when the
advice rule led to an F proportional to the SSB rather than a
fixed value.

Discussion and conclusions

Most age-based stock assessments assume that fish ages are
measured without error, although this assumption is rarely
met (Beamish and McFarlane, 1983; Richards et al., 1992).
Although there is extensive literature on the methods of age
determination and their associated sources of error (e.g.
Campana, 2001), there appear to be relatively few studies
of the effects of these errors when catch-at-age data are
used in a stock assessment. Indeed, Restrepo and Powers
(1990) note that the problem of biases in age-based stock
assessments attributable to systematic errors in ageing has
been largely ignored in the literature. However, some
progress was made by Lai and Gunderson (1987) and Tyler
et al. (1989), who investigated the effects of age-reading
problems on yield estimates, although those studies
estimated yield by estimating growth parameters and then
using them in a yield-per-recruit model, rather than using a
catch-at-age analysis. Coggins and Quinn (1998) also
investigated the effects of age-reading errors on yield
estimates, and that study did use a catch-at-age analysis,
with sustained yield estimates derived from an equilibrium
approach. Bradford (1991) considered the effects of ageing
error on estimates of recruitment from a catch-at-age
analysis, but his study was concerned with the use of the
estimates in the study of environmental effects on recruit-
ment rather than in a fishery management context. Rivard
(1989) considered the effects of ageing error on the
estimation of recruitment as part of an overview of the
source of error in catch-at-age analyses, and Restrepo and
Powers (1990) used a simulation approach to investigate
the effect that different methods of handling the plus-group
have on results of a catch-at-age analysis in the presence of
ageing errors.

The current study incorporates substantially more com-
plexity than the studies summarized in preceding discussion
because it attempts to represent the problems that may be
found for stock assessment data in an international fishery
where data are compiled across several national sources. In
particular, the use of different ageing-error matrices for
different nations, the variation in the proportion of the catch
taken by each nation varying with time, and the incorpo-
ration of ageing error in the estimation of maturity at age
and cpue data, are complexities that are not considered in
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Figure 3. The extent and direction of misallocation for realizations, where the terminal state of the stock was incorrectly categorized with
respect to precautionary reference points attributable to age-reading error. The x-axis indicates the deviation from the true category, so a
deviation of 0 indicates that a realization has been allocated to the correct category, whereas a deviation of —1 indicates that a realization
has been misallocated by one category in the optimistic direction, i.e. lower F or higher SSB. The columns refer to misallocations by SSB
and F separately, and the rows refer to the different ageing-error scenarios.

the studies summarized previously. In addition, apart from
describing the effects of ageing error on stock assessment
results, this study emphasizes the practical implications of
the effects on fisheries management advice.

One general result of the current study is that age-reading
error tends to lead to estimates of F and SSB that show
similar trends to the true values, but that differ in level. A

similar result was found by Reeves (2001). For SSB, there is
no clear tendency for ageing bias to lead to values
consistently higher or lower than true ones. This is probably
because SSB is estimated from the sum of products of
numbers at age, maturity at age, and stock weight at age;
estimates of all these quantities are affected to varying
extents and directions by age-reading error. For instance,
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Figure 4. Effort deviations from individual realizations. The effort deviations are given for each ageing scenario (solid symbols, noise
only; hollow symbols, under-ageing; grey symbols, over-ageing). They are summarized separately by the true SSB and F category for each

realization.

under-ageing will tend to lead to lower estimates of
recruitment (through higher F at younger ages and, there-
fore, faster convergence of the recruitment estimates), but
with higher stock weights and faster maturity at the younger
ages. Therefore, these effects will cancel each other out to
some extent, resulting in a lack of a consistent bias.

In contrast to the ageing scenarios that included bias, the
noise-only scenario led to estimates of SSB consistently
lower than the control estimates, although the differences

were not large. The effect of applying unbiased ageing error
is to smooth differences in, for example, weight at age and
maturity across ages, such that the estimated weights at age
are slightly higher than the true weights at younger ages, but
lower at the older ages. In the case investigated in this study,
the net result of these effects has been SSB estimates slightly
lower than the control estimates throughout. This result may
be rather case-specific, and it seems likely that the result
would be different under other assumptions about growth or
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Table 7. Results of paired sample t-tests comparing required and
effective effort multipliers from simulations for three age-reading
scenarios (see Table 2). Results are summarized separately by true
SSB category and true F category, as follows: ns, no significant
difference; +/—, significant difference in positive or negative
direction (e.g. + implies effective effort significantly greater than
required effort); the number of symbols implies the degree of
significance of the t-statistic, i.e. + is 0.0l <p <0.05; ++ is
0.05 <p <0.01; +++ is p < 0.01.

Ageing-error scenario

Category Noise only Under-ageing Over-ageing

Spawning stock biomass

SSB > Bpa +++ ns ns
Bpa > SSB > B, ns ++ ns
Biim > SSB > Bextreme ns +++ +++
SSB > Bextreme — +++ ns
Fishing mortality

F <Fpa ns ns ns
Fpa <F <Fiim ++ ns ns
Flim S F< chlrcmc +++ +++ +++
F S Fextreme ns ns ns

maturity. In general, all the results concerning SSB within
this study will, to some extent, be driven by these
assumptions, whereas the conclusions about F are likely to
be less sensitive to the choice of biological parameters and
should, therefore, be of more general application.

In contrast to SSB, ageing error resulted in a highly
consistent tendency to underestimate the true mean fishing
mortality. To an extent, this reflects the use of a simple
mean over a fixed age range to represent overall annual
fishing mortality. This is standard practice in, for example,
ICES stocks (Darby and Flatman, 1994), with the age range
intended to summarize the age classes most important in
the catches. As such, catches from age classes within this
age range are likely to dominate the catches, so mis-
allocation of catches from these age classes into other age
classes as a consequence of ageing error is likely to exceed
misallocation in the other direction. This effect leads to
lower estimates of F at age within these age classes, and
hence a lower estimate of mean F. If the ageing error leads
to a net allocation of catches from older age classes into
younger ones, as in the under-ageing example used in this
study, this leads to a tendency for an increase in the
estimated accumulated F exerted on a cohort. This results
from increased estimates of catch, and hence fishing
mortality, on younger ages, so proportionately less of the
cohort is lost to natural mortality. This effect accounts for
the reason why under-ageing tends to result in a higher
estimated mean F than over-ageing.

Any stock assessment model is conditioned on a number
of assumptions, such as assuming a constant, known natural
mortality (Quinn and Deriso, 1999; Patterson et al., 2001).
One consequence of this is that it is more appropriate to
regard population trends from an assessment model as

relative trends rather than absolute values. As such, the
differences in level resulting from the ageing errors will not
necessarily cause problems in the use of the assessment.
Indeed, according to one of the performance criteria used in
the present study, the ageing errors did not prove to be
especially problematic, because the state of stock of around
70% of the realizations was correctly allocated despite the
ageing error applied. These misallocations tended to be
linked to F rather than to SSB. This is probably because the
ageing error led to consistent underestimation of F, whereas
there was no consistent bias in estimation of SSB.

Two measures of assessment performance were used in
this study. The first was simply the ability of the assessment
to categorize correctly the state of the stock with respect to
precautionary reference points. The second was a measure
of the ability of the assessment and the forecast to provide
catch advice to achieve management objectives. This
provides an integrated measure of the performance of the
whole assessment/forecast/advice process. The results of
the study indicate a clear distinction between the perfor-
mance of the assessment, and the performance of catch
forecasts and advice based on it. Considering first the stock
assessment, the age-reading errors applied here do not
cause serious problems for the assessment. In general,
estimated stock trends are similar, and in most cases, the
current state of the stock with respect to precautionary
reference points is correctly allocated. However, when the
assessment is carried forward into a catch forecast, these
small discrepancies become more problematic. The ob-
served effort deviations are such that a TAC set to achieve a
specified fishing mortality is most likely to lead to a higher
fishing mortality. In some cases, this discrepancy may be
quite large. This result was obtained with ageing error as
the only source of error in the assessment. In practice, as
noted by Van Beek and Pastoors (1999) in their evaluation
of ICES catch forecasts for a number of stocks, other
problems, such as sampling coverage, discarding, and
misreporting, will also add further error to the data, so it is
likely that the effort deviations noted in this study will be
underestimates of the effect such problems will have in
practice. Even so, the contrast between relatively small
problems in the stock assessment and the more substantial
discrepancies that result in the catch forecast may go some
way towards explaining the results observed by Van Beek
and Pastoors (1999).

The three different ageing-error scenarios investigated in
this study led to rather similar results; there was no clear
distinction between the results from the noise-only scenario
and those where bias was also included. This may imply
that many of the problems attributable to age reading noted
in this study result primarily from the noise component,
with the bias component adding relatively little. However,
this would imply that, for the assessment results, it might
be more important to ensure consistency (i.e. precision) in
age reading than for the age readings to be correct (i.e.
unbiased). This is counter-intuitive, and further work would
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be required to elucidate the relative contributions of
precision and bias in age reading to assessment problems.

This study was based on data for Eastern Baltic cod, so it
is appropriate to review the current assessment for that
stock in the light of the findings from this study. The
current assessment indicates that the stock is at a very low
level, with SSB well below By, and F above Fy;,, (ICES,
2001b). The results of this study indicate that conclusions
about the general state of the stock are robust to the age-
reading problems, so notwithstanding other possible data
problems, the conclusion that the stock is in a very poor
state is likely to be correct.

The results of the current study indicate that the estimate
of mean F from the current assessment is likely to be an
underestimate of true fishing mortality. Historically, assess-
ment of the adjacent cod stock in the Western Baltic (ICES
subdivisions 22—24) has shown rather higher estimates of
fishing mortality than that in the Eastern Baltic (average
mean F of ages 3—6 over the period 1991-2000 is 1.25 in the
Western Baltic, 0.82 in the Eastern Baltic; ICES, 2001b),
even though the fisheries in the two areas are similar, with
many vessels fishing in both areas. The otoliths of cod in
the Western Baltic are considered to be more straightfor-
ward to interpret than those of cod in the Eastern Baltic
(H. Mosegaard, pers. comm.), and there is likely to be more
consistency in age reading because most age determination
is done by readers from Western Baltic nations, so there is
less influence of the different age-reading schools. As a
result, it seems likely that at least part of the East/West
discrepancy in apparent fishing mortality is due to the age-
reading problems of the Eastern Baltic stock.

While the broad conclusions about the state of the
Eastern Baltic cod stock seem likely to be correct despite
the ageing errors present in the data, it is desirable to
correct the data problems if at all possible. The failure to
achieve this despite almost 30 years of study (ICES, 2000b)
suggests that it is not possible to do this through
interpreting the otolith ring structure. More objective
approaches, such as otolith weight (Boehlert, 1985) may
offer a way to make progress. However, the results from the
current study indicate that it will not be sufficient just to
introduce an improved and consistent method for age
determination without correcting the entire past data. If this
is not done then the assessment will indicate an increase in
fishing mortality, and probably also a change of uncertain
direction in SSB corresponding to the change in age-
determination methodology, rather than any real change in
the stock. Correcting all past data, including survey indices,
maturity at age, and weight at age, as well as catch at age,
would be a substantial task, but this should lead to
considerable improvements in understanding the stock
dynamics.

This study concentrated on the use of stock assessments
as the basis of management advice, and as a result, has
placed particular emphasis on how age reading affects the
relative perception of SSB and F, reflecting their use in

describing the current state of the stock for management
purposes. The effects of ageing error on recruitment
estimates have only been mentioned briefly in this study,
but as demonstrated by Rivard (1989) and Bradford (1991),
they are rather more complex than just a change of level.
The relationship between spawning stock and recruitment
in Eastern Baltic cod has been a fruitful area for research
studies, many of which have used either the assessment data
or the results in some form (Sparholt, 1996; Cardinale and
Arrhenius, 2000; Jarre-Teichman et al., 2000). In relation
to such studies, Bradford (1991) notes that “recruitment
researchers should consider correcting their catch-at-age
matrix for ageing errors to determine the robustness of their
conclusions to this source of error”. While it would not be
straightforward, this comment seems particularly relevant in
the case of Eastern Baltic cod.
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Appendix: Details of the
operating model

All simulations were run on a seasonal basis, dividing the
year into four quarters. Population numbers at age were
modelled using traditional age-based equations with
appropriate modifications for season. Numbers at age in
the population were allocated across length classes using
the growth model subsequently described. Gear selectivity
and maturity were modelled as length-based processes. The
individual components of the model are also described in
the following discussion. The parameter values used in the
population models were intended to simulate a population
that is broadly similar in its dynamics to the Eastern Baltic
cod stock, and are not intended to provide an exact
representation of this stock. The parameter values used are
given in Table Al.

Natural mortality

Natural mortality is assumed to be constant for all ages and
years, with a value of 0.2 per year being assumed. The
proportion of natural mortality occurring in each season is
assumed to be equal (i.e. 0.05 per quarter-year).

Recruitment

Recruitment is generated from a Ricker stock—recruitment
model with log—normal error, ie. In (recruits) =
In(SSB) + (o — (BSSB)) + ¢, where ¢ is a random error
term, ~N(0,5sg). Spawning is assumed to take place at the
start of the year, and fish to recruit to the population at
age 1.

Maturity

A fixed maturity at length ogive is assumed for all years. If
the proportion of fish mature at length 1 is PM,, then the
maturity ogive can be described by the model

1

PM, = (M5, 1/(MR/2)) 1 | (A1)
where, LM, is the length at which 50% of fish are mature,
and MR is (LM;5—LM,s), and hence describes the
steepness of the maturity ogive. The parameters used were
based on fitting a curve of this form to maturity-at-length
data for female cod in the Eastern Baltic from a Danish
survey in 2000.

Growth

Length at age is modelled using the approach of Schnute
and Fournier (1980). Thus, if a; and a,, are the minimum and
maximum ages of fish in the population, and the mean
lengths at these ages are given by l,; and l,,, respectively,
then the mean length at age a; in year y is given by
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Table Al. Parameter values used in the operating model.
Natural mortality

M 0.2 per year
Stock—recruitment relationship

o 0.2

B 0.0000002

OSSR 0.4
Maturity

LMs, 30.92 cm

MR 5.85cm
Growth

ap 1

a, 10

Lai 10cm

Lan 100 cm

Sa1 2.5cm

San 25cm

K 0.95

Na 20000

Ns 100000

Da —0.05

Dg 0.05

oG 0.01

Weight at age
A

0.000009
B 3
Gear selectivity
Trawl alsg 35cm
Trawl aSR 4cm
Trawl bls, 150 cm
Trawl aSR 50cm
Gillnet alsq 40 cm
Gillnet aSR 4cm
Gillnet blsq 60 cm
Gillnet aSR 4cm
Effort
Ei, 1.0
OE 0.1
Fishing mortality
F} 0.275
1k
1ai.y = lal + (lan - la]) ( P ) (Az)

(1—k)
where c is a subscript indicating the year class spawned in
year (y—a), and k. is a parameter representing the growth
rate of cohort c. Similarly, if the standard deviations of
length at ages a; and a, are S,; and S,,, then the standard
deviation of length at age a; in year y is given by

Sai.y = Sal + (San - Sal) (A3)

Following Jones (1983) and Cook et al. (1999), growth
rate is assumed to be cohort-specific. Here, growth rate is
assumed to be density-dependent, with smaller year classes
growing at a faster rate than larger ones. However, the
effect is assumed only to take place over a limited range of
year-class sizes, such that above and below specified such
sizes, there is no additional variation in growth rate. If
cohort ¢ was spawned in year y, then its growth rate is
estimated as

k.= (1+8,)K (A4)

where K is an overall average for the growth rate
parameter. If N, ., is the number of recruits in year class
c atage 1, N, and N are the minimum and maximum year-
class strengths over which density-dependence operates,
and D, and Dg are the corresponding bounds on 9, then J,
is calculated as follows:

If (N;y11 <N,), then 8, =D, +¢
If (Ny >Ny > Ng), then

8 = ((Da — Dy)/(Na — Ng))(Nyyor — Ny) + Dy + ¢
If (N;,11 > Ng), then §, =Dy +¢ (A5)

Note that ¢ is a random error term ~N(0,05), and also that
an increase in k. implies a decrease in growth rate.

Weight at age

Lengths are converted to weights using a fixed relationship
of the form Weight = A x Length®.

Gear selectivity

The availability of fish to the fishery is assumed to be
determined only by their size distribution in relation to the
selectivity characteristics of the gears in use by the fishing
fleets. For each fleet, the relative selectivity at length 1, Sy, is
described by a curve of the form

1
(3(Cso—1)/(@SR)) 4 1) (3(0-blso)/(0SR) 1 T)

This is a combination of an ascending ogive, described by
the parameters alsy and aSR as in a conventional selection
curve for a towed gear, and a descending ogive described
by the parameters bls, and bSR, which describes the
“deselection” or less efficient capture of larger fish (Hoydal
et al., 1982; Cook and Reeves, 1996). The parameters als,
and aSR are only approximately equivalent to the length at
50% selection and the selection range of a conventional
trawl selection ogive, unless there is no overlap between the
selection and deselection sections of the curve. However, in
cases of limited overlap, the approximation is sufficiently
close that estimates from selectivity trials could be used to
parameterize the model. For the current study, it has been
assumed that each of the two nations has two fleets, and that
these correspond to a trawl fleet and a gillnet fleet, so
parameter values have been assumed that approximate to
these gear types. It has been assumed that the selectivity for
a given gear type remains fixed with time and does not vary
between nations. In use, the selectivity curve is rescaled by
dividing throughout by its maximum value, in order that the
maximum selectivity at length is 1.0.
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Fleet effort

To model the relative effort by each fleet, effort is assumed
to vary according to an unbiased random walk model, so
the effort by fleet i in year y, E;,, is given by
Ei.y = Ei‘y—l + d (A7)
where d is a random term ~N(0,cg). All fleets are assumed
to have the same starting value for effort, E; ;, and effort is

assumed to be distributed evenly across seasons within a
year.

Fishing mortality

The numbers at age in a given year and season are allocated
to length according to the growth model given above. The
proportions of each age class at each length, p,;, are then
obtained by dividing the numbers of age a at length | by the
total number at age a in the relevant year/season. This is
then used together with a nominal starting value for fishing
mortality, along with the effort and selectivity curve of a

given fleet, to obtain the fishing mortality for that fleet/
season, F,y 4;. Thus,

1=Ly

Fayai = Eiyq - Fi - Z PasyqSti

=L,

(A8)

where a, y, q, and i index age, year, season, and fleet
respectively; F{' is the nominal starting value for fishing
mortality for fleet i, and L; are L, are the minimum and
maximum lengths of fish encountered in the population.

Starting populations

The starting population for each realization is generated
by first assuming fixed values for recruitment, growth rate,
and fleet effort. These are used to generate an equilibrium
population corresponding to these conditions. The popula-
tion is then projected forward for a,, years using the stochastic
variation in growth, fishing mortality, and recruitment de-
tailed in the preceding discussion in order to generate initial
population numbers for the realization. This approach means
that every realization has a different starting population.
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