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ABSTRACT: The eastern Baltic cod fishery, as many fisheries worldwide, is experiencing a major crisis. The combination of current environmental conditions, fishing mortality rates, and stock size indicates that this fishery is not sustainable. In order to rebuild the population and sustain the fishery in
the future, it is essential to define a biologically appropriate exploitation level. In this paper, we take
a decision-theoretical approach and use risk analysis to compare different management actions in
terms of fishing mortality rates, and predict stock size in a short, medium and long-term perspective.
We consider alternative hypotheses about the stock biomass in 1999 and analyse the risk of stock
decline below three thresholds: quasi-extinction (Bext , defined by us), the safe biological limit, and the
precautionary approach limit as defined by the International Council for the Exploration of the Sea
(ICES). Results show that the current fishing mortality implies a tremendous risk of driving the Baltic
cod stock below Bext (1000 t) within 10 yr. This result is robust to alternative assumptions about model
structure as well as to the magnitude of environmental stochasticity. Hence, we consider a substantial reduction of the fishing mortality to be the only way of avoiding the far-reaching ecological and
socio-economic consequences of continued exploitation at current levels.
KEY WORDS: Risk analysis · Stochastic population dynamics · Time series analysis · Gadus morhua ·
Baltic Sea
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INTRODUCTION
Worldwide overfishing has raised concerns that
extraordinary reductions in abundance may significantly increase the probability of (commercial) extinction of both exploited and incidentally harvested fish
populations (Hutchings 2000). The spectacular collapse of enormous fish stocks such as North Sea herring Clupea harengus (Saville & Baily 1980) — recently
recovered — and Northern cod Gadus morhua off
Newfoundland and Labrador (Hutchings & Myers
1994, Myers et al. 1997) has puzzled scientists and
frustrated marine resources managers. The North Sea
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cod fishery is considered to be on the verge of collapse
(Cook et al. 1997) and recently (February 2001) the
fishery has been partially closed due to the lowest level
of cod abundance ever reached in the last century
(ICES 2001a).
Yet another cod stock — the eastern Baltic cod — is
currently getting much attention due to documented
recruitment failures and the consequent decrease in
stock size in recent years (Vallin et al. 1999, Cardinale
& Arrhenius 2000, Hjerne & Hansson 2001, Köster et
al. 2001). From the mid 1980s, the eastern stock (ICES
subdivisions 25 to 32) has declined dramatically and
recruitment has been at low levels since 1989 (ICES
1999, Kuikka et al. 1999). Cod is the dominant piscivore in the Baltic Sea and one of its the most valuable
commercial species (Bagge et al. 1994). Since 1974,
ICES has been giving advice to IBSFC (The International Baltic Sea Fishery Commission) and its contract-
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ing parties in the major Baltic cod fisheries (ICES
1999). The stock is managed by a TAC (total allowable
catch) policy, where the TAC is set annually for the
entire Baltic comprising both the western and the eastern stock (ICES 1999). However, the Baltic cod fishery
is experiencing a major crisis (Cardinale & Arrhenius
2000, Hjerne & Hansson 2001). The combination of
current environmental conditions, fishing mortality
rates and stock size suggests that the Baltic cod fishery
is not sustainable (Kuikka et al. 1999).
Much effort has been put into understanding recruitment dynamics (e.g. Köster et al. 2001). It has been
widely accepted that favorable abiotic conditions are a
crucial prerequisite for strong recruitment of Baltic
cod (e.g. Sparholt 1996, Jarre-Teichmann et al. 2000,
MacKenzie et al. 2000, Vallin & Nissling 2000). Successful spawning of the Baltic cod, defined as successful development from egg to hatching, is restricted to
the Bornholm, Gdansk and Gotland basin below the
halocline, occurring at 50 to 80 m depth (Nissling &
Westin 1991). Egg buoyancy is affected by low salinity
levels (Thorsen et al. 1996) and it is regarded as a
major limiting factor for successful spawning of Baltic
cod, since maintenance of low specific gravity is crucial in avoiding stressful oxygen conditions in deep
water layers (Nissling & Vallin 1996).
In order to rebuild the Baltic cod stock and sustain
the fishery in the future, it is essential to define an
exploitation level appropriate to these management
objectives. From a management perspective, it is crucial to analyse the response of the stock to different
management actions in face of uncertainty. Risk analysis offers this possibility (Cordue & Francis 1994,
Kuikka et al. 1999, Schnute et al. 2000) and is a suitable tool to define an appropriate exploitation level.
Most risk analyses have focussed on parameter uncertainty (e.g. Walters & Ludwig 1994), whereas structural
uncertainty (model choice) may be more important
(e.g. Punt & Hilborn 1997, Kuikka et al. 1999, Patterson
1999). The framework of risk analysis should not be
confused with the estimation of extinction risk per se.
The true extinction risk can never be known and all
estimates are doomed to be very uncertain due to the
small amount of data (Dennis et al. 1991), neglect of
catastrophes not observed in available data (Ludwig
1996, 1998), model uncertainty (Burnham & Anderson
1998) and uncertainty about the relative importance of
observation and process error in explaining the deviations between the fitted model and the data (Hilborn &
Walters 1992, Hilborn & Mangel 1997, Quinn & Deriso
1999). Estimates of extinction risks may therefore be
more reliable for short-term than for long-term projections (Fieberg & Ellner 2000).
In this paper, we were not interested in estimating
risk per se, but rather in determining fishing mortality

rates that prevent the stock biomass from falling below
the suggested thresholds. We present a risk assessment based on the analyses of commercial catch data
as well as catch rate data from experimental trawl survey for cod that is independent of the commercial fisheries. Such data have recently been used for estimating historical trend, exploitation rate and surplus
production (Hilborn 2001). We are aware of the fact
that modern fishery stock assessment often relies on a
number of different data sources and often uses agestructured models. However, we are interested in the
model predictions yielded by analysing univariate
trawl survey data and using models that are adjusted
to the information content in the data. By focussing on
survey data we avoid all problems related to the reliability of VPA (Walters & Maguire 1996) and reveal the
information contained in a data source used in Baltic
cod stock assessment, even though neglecting the age
structure is likely to produce overoptimistic results
because small fish only contribute to recruitment
during extraordinarily good environmental conditions
(Cardinale & Arrhenius 2000).
The decision-theoretical approach taken here differs
somewhat from that of stock assessments and projections performed annually by ICES. We used 2 alternative biomass models and introduced stochasticity
either as process or observation error. For different
hypotheses about stock size in 1999, we compared different management actions in terms of fishing mortality rates, and predicted stock size in a short, medium
and long-term perspective. We analysed the probability of stock reduction below 3 thresholds: quasiextinction (defined by us), the safe biological limit, and
the precautionary approach limit as defined by ICES
(ICES 1999). Our approach and its result are compared
to previous work by ICES (see ‘Discussion’).

MATERIALS AND METHODS
Data collection. We analysed fishery dependent
data (commercial catch in 103 t) and independent data
(trawl survey) published in the ICES annual stock
assessment reports (ICES 1999). The survey data (in
t h–1) were collected during the cod experimental trawl
survey for cod by the Swedish RV ‘Argos’ (see Fig. 1 for
the area covered by the survey). Sampling took
place during daylight hours in February-March and
October-November from 1980 to 1999 using a GOV
(Grande Ouverture Vertical) trawl (Cardinale 2000) of
20 mm stretched mesh size in the cod-end. Standard
fishing speed was 4 knots and each haul lasted 30 min
(actual sampling time). Depth of sampling ranged from
30 to 125 m. The analysis was based on catch and sampling data from ICES subdivisions 25 to 32.
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1999, Fromentin et al. 2001). We use 2 versions of
Eq. (1), including (d 2 ≠ 0) or excluding (d 2 = 0) delayed
density dependence. However, the estimate of d 2 was
approximately equal to zero and Akaike’s information
criterion corrected for small sample size (Burnham &
Anderson 1998) was in favour of the model having only
direct density dependence (AIC difference = 3.5).
Furthermore, our results were not affected by having
the model include or exclude delayed density dependence, and we computed the results based on the
latter.
The relationship between the survey index It and the
actual biomass is assumed to be linear such that:
I t = qBt

Fig. 1. The spatial location of the samples (black circles)
collected during experimental trawl surveys for cod Gadus
morhua with the Swedish RV ‘Argos’ in February-March and
October-November, 1980 to 1999

Model. In a risk analysis, one or several models must
be specified. One important feature is the model structure or complexity (Hilborn & Mangel 1997). Simple
models with few parameters are often preferable (Walters & Ludwig 1985), but the optimal complexity in risk
analysis models is not yet clear (Hilborn & Mangel
1997, Pascual et al. 1997). Offspring survival, fecundity
and fish growth rates vary significantly from year to
year in the Baltic cod, depending on both hydrographic
conditions, spatial location and species interactions
(Köster et al. 2001), and this may cause a biomass
model to be incapable of describing the population
dynamics in detail. On the other hand, inclusion and
estimation of additional parameters will increase the
uncertainty of each estimate. Therefore, we used a
simple biomass model to reduce the uncertainty in the
functional relationships:
Bt +1 = Bt e(r − d1Bt − d2Bt −1) − Ct

(1)

where Bt and Ct are, respectively, the stock biomass
and the commercial catch (in 103 t) in year t; r is the
maximum per capita growth rate; and d1 and d2 are the
strength of direct and delayed density dependence,
respectively.
Delayed density dependence can occur due to a
number of processes (see Royama 1992) and has
recently been demonstrated in Skagerrak populations
of Atlantic cod (Bjørnstad et al. 1999, Stenseth et al.

(2)

where q is the catchability, to convert the survey index
into stock biomass in 103 t.
Stochasticity can enter models as process error and/
or observation error. Stochasticity is an inherent property of ecological systems (Lundberg et al. 2000) and
no sampling procedure is free of error. Hence, both
sources of uncertainty are probably present in our data
sets. As we cannot deal with both process and observation error simultaneously without having an estimate of the ratio between them (Hilborn & Walters
1992), we made the extreme assumptions of having
only process and only observation error, and compared
the outcomes. Both process and observation errors
were assumed to be log-normally distributed and uncorrelated. Hence, the stochastic versions of the model,
excluding delayed density dependence, are:
Bt +1 = (Bt e(r −d1Bt ) − Ct ) e(ut σu −0.5σu )

(3)

I t = qBt e(wt σw −0.5σw )

(4)

2

2

where σu and σw are the standard deviation of process
uncertainty and observation uncertainty, respectively
(e.g. Hilborn & Mangel 1997).
Risk analysis. A risk (or decision) analysis involves
the following steps (Punt & Hilborn 1997): (1) identification of alternative hypotheses, (2) determination of
the relative weight of evidence in support of each
hypothesis, (3) identification of alternative management actions, and (4) evaluation of the distribution
and expected value of each performance measure for
different management actions and hypotheses. Finally,
the results are presented to decision-makers.
In most fisheries the estimated biomass is an uncertain entity, and we therefore considered five different
hypotheses on cod biomass in 1999, ranging from
100 000 to 300 000 t in steps of 50 000 t. The probability of each hypothesis was given by the relative likelihood. More explicitly, a penalty function was added to
the negative log-likelihood, forcing the estimated bio-
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mass in 1999 to be close to the target for each of the
hypotheses. Hence, we minimised:
F (r ,q ,d1 ) =

pred
hypothesis
− B1999
)
∑ Lt + c (B1999

2

(5)

t

where Lt is the negative log-likelihood for year t, and c
scales the magnitude of the penalty function, i.e. the
squared deviation between the predicted and target
biomass in 1999; for details see Hilborn & Mangel
(1997, p 254–255). We calculated the total likelihood
for each hypothesis and divided it by the sum of likelihoods over all admitted hypotheses on stock biomass
in 1999. This ‘relative probability’ is proportional to
Bayes’ posterior probability when choosing a uniform
prior (Walters & Ludwig 1994).
We assumed 11 different management actions in
terms of fishing mortality ranging from 0 to 1 in steps of
0.1. For each hypothesis of the biomass and for each
management action we ran the model (using the corresponding parameter estimates) during 5 (short term),
10 (medium term) and 30 yr (long term). When running
the Monte Carlo simulations, we assumed lognormal
noise (as in the estimation procedure) and let the standard deviation of the noise be either 0.1 or 0.2. The
reason why we cannot use the estimated standard
deviation of the error is that the estimation was built on
the assumption of having only process (or observation)
error. Hence, the estimates will contain the noise from
both sources of uncertainty and exceed the true value.
For each combination of hypotheses and management actions, we ran 10 000 iterations. We calculated
the proportion of the iterations when the stock biomass
ended up below Bext = 1000 t, Blim = 160 000 t and Bpa =
240 000 t at the end of the specified time span. Strictly
speaking, one cannot talk about commercial extinction
without explicitly considering economic factors. However, we consider it rather unlikely that commercial exploitation would be allowed if the stock drops below
Bext. ICES defines Blim as the biomass below which the
stock is outside the safe biological limit (ICES 1999).
The uppermost limit, Bpa (= the precautionary approach
limit), is the biomass below which action should be
taken (ICES 1999). Finally, according to the most recent
assessment (ICES 2001b), the spawning stock biomass
in 1999 may have been as low as 75 000 t, far below previous assessment of 116 000 tons (ICES 2000), and we
repeated the risk calculations assuming that this was
the true biomass in 1999.

RESULTS
It is unclear to what extent deviations between models and data derive from process error and observation
error. The model assuming process error predicts stock

dynamics that correspond to the observed stock fluctuations in the 1990s reasonably well, whereas the model
assuming observation error gives predictions that average out these fluctuations (Fig. 2A). Furthermore, the
relative probability of the hypotheses about stock
biomass in 1999 depends on these assumptions. The
uncertainty in spawning stock biomass (SSB, Fig. 2B)
was caused by a very strong correlation between the
estimates of r and q, and the estimates of biomass are
much higher than those of ICES. However, when considering alternative hypotheses about stock biomass in
1999 between 100 000 and 300 000 t, the expected marginal risk of ending up below a critical biomass limit
after 5, 10 or 30 yr, is only marginally influenced by the
assumptions about the source of uncertainty and about
the standard deviation (0.1 or 0.2) of the noise (Fig. 3).
Hence, despite the uncertainty about current cod biomass, the results are rather robust. Also, exploitation
according to Fpa — the fishing mortality above which
management actions should be taken, which is set at
0.6 — is very unlikely to let the stock recover; the biomass will therefore not exceed the precautionary
approach limit or the safe biological limit at any time in
the future. The average fishing mortality in the last 2
decades (0.9) is indeed very likely to push the population below Bext within 10 yr.
In Table 1, we present full decision tables for the
probability of a biomass lower than Blim (160 000 t) after
5 yr, assuming either process or observation error (the
other decision tables can be requested from N.J.) Note
that the risk of falling below Blim increases with increasing biomass in 1999, due to negative correlation
between r and the biomass in 1999 in the estimates of
the relative probability of each hypothesis. If the biomass is low, the stock will be close to the threshold, but
will also have a high r-value which can sustain a
higher fishing mortality than a low r-value would.
Hence, there will be a trade-off between stock size and
population growth rate in the statistical estimation procedure (Fig. 2C). In Fig. 3, the expected marginal value
(EMV) of each fishing mortality in terms of risk is plotted for different time spans (5, 10 and 30 yr), assumptions on stochasticity (process error or observation
error), and reference points (Bext, Blim and Bpa). The calculation of EMV is explained in Table 1, and all the
decision tables are summarised in Fig. 3. For instance,
Table 1A has a column with expected marginal values
below Blim after 5 yr when process error is assumed,
and these values correspond to one of the curves (solid
with ❋) in Fig. 3C.
Forcing the predicted biomass in 1999 to be 75 000 t,
as indicated by the most recent assessment (ICES
2001b), we obtained similar results to those based above
on the assumption of observation error (Fig. 3D–F).
Assuming process error instead, the model is not able
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Fig. 2. Gadus morhua. (A) Abundance index (circles) from the Swedish trawl survey 1989–1999 and best fit of the model
Bt +1 = Bt e (r – d1Bt) – Ct , assuming a linear relationship between survey index and biomass (I t = qBt); where Ct is the commercial catch
at time t, r is the intrinsic growth rate and d1 is the strength of direct density dependence. Solid line: assuming process error; dotted line: assuming observation error (lognormal error distribution with standard deviation σ). (B) Relative probability of stock biomass in 1999, assuming either process (solid line and s) or observation error (dotted line and +). Maximum likelihood estimates
assuming process (or observation) error are: r = 0.097 (0.19), d1 = –3.5 × 10– 5 (–2.6 × 10–11), q = 0.12 (0.40), and σ = 0.28 (0.24).
(C) Estimate of r, assuming process (s) or observation (+) error for different hypotheses about biomass in 1999. SSB = spawning
stock biomass

to capture the decreasing biomass trend indicated by
the data, and the risk of ending up below any of the
biomass thresholds is zero even for a fishing mortality
F = 1 (not shown).

DISCUSSION
Two major uncertainties in fishery management —
including the eastern Baltic cod fishery — are the size
or biomass of the exploited stock, and to what extent
deviations between models and data are explained by
stochasticity inherent to the system (process error) and
uncertain observations (observation error). The latter
is of course a far more general problem relevant to all
quantitative sciences. We have dealt with both issues
here and shown that much of the uncertainty about
current stock size derives from the strong correlation
between the catchability of the survey (q) and maximum per capita growth rate r, a common problem in
fisheries data analyses (Quinn & Deriso 1999). The

intrinsic growth rate is a key parameter in our model
and the risk of quasi-extinction is inversely related to r.
We have shown that the assumptions regarding process or observation error become increasingly important when current stock biomass is at the lower end of
the biomass span 100 000 to 300 000 t (Fig. 2C), which
appears to be the case according to the most recent
stock assessment (ICES 2001b). Hence, the 2 sources of
uncertainty (stock biomass and source of deviations
between model and data) are intertwined. The risk
evaluation accounts for this uncertainty by considering
a range of different hypotheses on stock size in 1999 —
yielding different estimates of the intrinsic growth rate
(r) — as well as by testing the 2 extreme assumptions of
process error and observation error.
The average commercial fishing mortality has been
0.9, i.e. higher than recommended by ICES, between
the start of the Swedish experimental trawl survey in
1980 and the year 1998. According to our study, a fishing mortality of 0.9 implies a tremendous risk of driving the eastern Baltic cod stock below Bext (= 1000 t)
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Fig. 3. Gadus morhua. Expected marginal risk of attaining stock sizes below Bext = 1000 t, Blim = 160 000 t and Bpa = 240 000 t after
5 yr (lines with ❋), 10 yr (lines with S) and 30 yr (lines with N), as a function of fishing mortality. Parameter estimates based on
the assumption of log-normal process error (solid lines) or observation error (dotted lines). The standard deviation of the noise in
Monte Carlo simulations was 0.1. Panels D–F: assumption of a biomass of 75 000 t in 1999, and observation error only

within 10 yr. This result is independent of the magnitude of the noise, the assumption on process or observation error, or whether the model includes delayed
density dependence or not . In addition, the so-called
Fpa — the fishing mortality above which management
action should be taken, which is currently set at 0.6
(ICES 2001b) — will lead to a stock biomass below Bext
within 30 yr. Hence, our results reinforce the conclusions reached by ICES and buttress its repeated advice
to reduce fishing mortality considerably to rebuild the
stock. In fact, the most recent advice from ICES was
that no fishery for Baltic cod should be permitted during 2002 (ICES 2001b).
The approach taken in this paper is different from
(but complementary to) the Virtual Population Analysis (VPA) and stock projections carried out annually by
ICES. A description and comparison of VPA and catchage assessment is presented in Quinn & Deriso (1999),
and we will merely highlight some of the differences

between our approach and that of ICES. ICES’ main
tool for assessing the state of the stock is VPA tuned by
the XSA (extended survivors analysis) method (Darby
& Flatman 1994). ICES estimates fishing mortality and
numbers at age in the stock by using international
catch-at-age and weight-at-age data, an assumed
value of natural mortality (Z = 0.2), and survey data
(including the data analysed in this paper) to estimate
terminal stock size (see Darby & Flatman 1994). Hence,
ICES uses age-structured models and relies on both
commercial catch data and independent surveys,
whereas we have used biomass models without age
structure and estimated the parameters by fitting the
models to survey and catch data. ICES therefore uses
more information, and the age-structured VPA model
permits comparisons between age-selective fishing
strategies. On the other hand, we have made fewer
assumptions and used a simple model structure, and
this should enhance the robustness of our conclusions.
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& Arrhenius 2000). Hence, neglecting
age structure, as was done in this
study, could produce overoptimistic results and the real situation could be
even more severe than indicated here.
Moreover, the recent decline in the
Baltic cod biomass has been accompanied by an increase in population variability (Jonzén et al. 2001). Small popEMV
ulation size, poor recruitment, strong
fishing pressure, truncated population
structure, and high population variability are strong indicators of immi298
nent commercial extinction (Jonzén et
al. 2001). However, because we have
0.00
estimated the intrinsic growth rate
0.08
from data collected during a period of
0.70
0.98
poor recruitment, one could also argue
1.00
that our estimates of future biomass are
1.00
too pessimistic if recruitment improves
1.00
in the future. There is of course no
1.00
guarantee that this will happen, considering the complex interactions between age structure and environmen262
tal conditions underlying recruitment.
In this paper we have focussed
0.04
solely on fishing mortality. However,
0.91
1.00
an important realization in the last
years is that fisheries management can
benefit from an increased understanding of environmental impact on populations (Beamish
& Mahnken 1999). Nevertheless, we should be aware
that fishing mortality is often, if not always, the main
reason why fish stocks collapse (Hutchings & Myers
1994), and recovery may be a surprisingly slow process
(Hutchings 2000). Furthermore, fishing mortality is the
only variable possible to control in the short run, and as
such it must be adapted to fluctuating environmental
conditions. Future studies should be directed towards
the recovery process. A theoretical understanding of
the empirical patterns presented by Hutchings (2000)
may change our perception of risk at low densities.
Predictions of recovery rate will always be uncertain,
especially at very low density, where assumptions about
process and observation error are critical (see Fig. 2C).
We think, however, that our study highlights three important points. First, the conclusions reached by ICES,
which constitute the basis of the advice given to the IBSFC (The International Baltic Sea Fishery Commission)
and its contracting parties in the major Baltic cod fisheries, can be achieved by an alternative approach that
may be easier to grasp for people who are not familiar
with the methods and terminology of modern fish stock
assessment. Second, our approach is not affected by the
age-reading problems that are currently causing uncer-

Table 1. Gadus morhua. Decision table showing the probability of obtaining a
stock biomass below Blim (160 000 t) after 5 yr (starting in 1999) at different fishing mortalities in the face of uncertainty about actual biomass in 1999. Parameter values used are estimations assuming (A) process error or (B) observation error. The noise in the Monte Carlo simulations was log-normal with σ = 0.1. EMV:
expected marginal value of each fishing mortality f, calculated according to
EMV(f ) = ΣP(Bi)P(f ), where P(Bi) is the probability of a given biomass in 1999,
and P(f ) is the probability of obtaining a stock biomass below Blim after 5 yr given
Bi and f. Values in parentheses: probability of the corresponding hypothesis
Fishing
mortality

Alternative hypotheses about biomass 1999 (103 t)

(A) Assumption of process error

≤ 0.2
≤ 0.3
≤ 0.4
≤ 0.5
≤ 0.6
≤ 0.7
≤ 0.8
≥ 0.9

100
(0.00)

150
(0.03)

200
(0.15)

250
(0.37)

300
(0.45)

0.00
0.00
0.00
0.00
0.03
0.63
0.99
1.00

0.00
0.00
0.02
0.53
0.99
1.00
1.00
1.00

0.00
0.00
0.34
0.96
1.00
1.00
1.00
1.00

0.00
0.05
0.70
1.00
1.00
1.00
1.00
1.00

0.00
0.13
0.86
1.00
1.00
1.00
1.00
1.00

(B) Assumption of observation error

≤ 0.2
≤ 0.3
≥ 0.4

100
(0.00)

150
(0.00)

200
(0.02)

250
(0.00)

300
(0.97)

0.66
1.00
1.00

0.03
0.89
1.00

0.01
0.80
1.00

0.20
0.99
1.00

0.04
0.92
1.00

An important discussion in the management of Baltic
cod is selectivity and, hence, the mesh sizes in the fishery (Kuikka et al. 1999). This type of management
cannot be analysed in our model due to the lack of
age/size structure. However, young spawners do not
contribute much to the actual recruitment unless environmental conditions are very beneficial for egg development (Cardinale & Arrhenius 2000). Increasing the
mesh size would not solve the problem of loosing large
and experienced spawners. Hence, we agree with
ICES that mesh regulations alone are unlikely to let
the stock return to safe biological limits (ICES 2001b)
and the focus should be on the overall fishing mortality.
Historical data from ICES have clearly shown that recruitment of the Baltic cod has been low since the end
of the 1980s due to to severe environmental conditions,
and a substantially modified population age-structure
due to high and selective fishing mortality (Cardinale &
Arrhenius 2000). Size-at-maturity has also decreased
since the end of the 1980’s, probably due to a combination of low population biomass and stressful environmental conditions (Cardinale & Modin 1999). It implies
that younger and smaller fish are able to reproduce although their contribution to recruitment is often negligible due to the low buoyancy of the eggs (Cardinale
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tainty with regard to the stock assessment (ICES 2001b).
In fact, by using a simple model structure supported by
the information in data, we make sure that our estimates
are robust. Third, a decision-theoretical framework, as
adopted here and elsewhere (e.g. Kuikka et al. 1999),
can handle uncertainty and bridge the gap between ecological research and scientific advice.
Spectacular stock collapses and recent commercial
extinctions should provide politicians, policy-makers,
industry and fisheries managers with core evidence
that it no longer makes sense to attribute collapses of
marine resources to vaguely understood environmental causes (Hutchings & Myers 1994). If it is urgent to
intertwine stock assessment to ecosystem processes
(Cardinale & Arrhenius 2000), it is even more important to immediately reduce fishing pressure (this
paper). We have used a different approach compared
to ICES, but we arrive at similar results, reinforcing the
message: Current fishing mortality will most likely
lead to a reduction of the eastern Baltic cod stock far
below any historical levels. Though the route to extinction is poorly understood (Ripa & Lundberg 2000), the
Baltic cod has most likely started the journey.
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