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ABSTRACT: Cod in the Kattegat is one of the most dramatic examples of stock collapse, where
despite large management efforts, almost no signs of recovery have been observed. We investigate how multiple physical and biological factors could potentially influence recruitment and
recovery of Kattegat cod, using non-additive threshold models. In contrast to previous studies on
recruitment dynamics of Kattegat cod Gadus morhua, we found that recruitment variability may
be explained by a combination of the size of the spawning stock and external conditions (i.e. sea
surface temperature and oxygen concentrations), but only during periods of low stock size. Our
results indicate that the long-term decrease and the present poor state of the Kattegat cod stock is
likely caused by high total mortality rates and stock-size dependent effects of climate which
together are currently preventing recovery. In addition, we illustrate how only a drastic reduction
in total mortalities, primarily by limiting unintended bycatch and discards, may promote a
recovery of the stock. This knowledge is important for evaluating the success or failure of various
management measures which have been employed to recover the stock and for developing
future management strategies which can take the environmental and/or ecosystem impacts into
account.
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Despite large management efforts at regional and
local scales to enhance and stimulate population
growth, several cod Gadus morhua stocks throughout the North Atlantic remain severely depleted
(Hutchings & Reynolds 2004, Lilly et al. 2008, Hutchings et al. 2010), with only a few stocks showing signs
of recovery, e.g. the Eastern Baltic cod (Eero et al.
2012). This could be due to (1) persistent overexploitation (Shelton et al. 2006), (2) unfavourable environmental conditions (Beaugrand et al. 2003, Köster
et al. 2005), (3) eradication of spawning components

(Svedäng et al. 2010, Lindegren et al. 2013), (4) an
allee effect at low population size (Courchamp et al.
2009, Keith & Hutchings 2012), (5) trophic interactions, preventing recovery through negative feedbacks on ecosystem structure and functioning (Frank
et al. 2005, Llope et al. 2011), or a combination of all
the above. Related mechanisms and interactions, and
consequently the reasons for a lack of recovery of
many cod stocks, are generally not well understood
(Hilborn & Litzinger 2009). However, understanding
the causes of declining and continuously low stock
levels is essential for developing and implementing
effective management strategies to facilitate recov-
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ery of these commercially and ecologically important
marine resources (Lindegren et al. 2009, McLeod &
Leslie 2009).
Stock recovery has generally been found to be
more likely to occur during positive recruitment
events related to favourable productivity regimes
(Caddy & Agnew 2004, Wakeford et al. 2009, Hammer et al. 2010). Recruitment of cod populations is
usually a function of the size of the spawning stock,
and has additionally been related to a suite of different physical and biological processes, mainly associated with the effects of temperature, salinity, oxygen,
turbulence, advection, as well as food availability for
early life stages (Ottersen et al. 2001). For example,
cod recruitment in the North Sea has been explained
by biotic factors related to match-mismatch in the
timing and relative abundance of key prey species
for larvae (Beaugrand et al. 2003), while in the neighbouring Baltic Sea, abiotic factors related to salinity
and oxygen conditions have been shown to affect
recruitment success through egg and larval mortality
(Köster et al. 2005, Margonski et al. 2010). Furthermore, cod recruitment is strongly affected by climate
forcing, primarily during periods of low stock size
(Brander 2005), likely due to increased sensitivity
caused by fishing-induced demographic changes
(Ottersen et al. 2006, Anderson et al. 2008).
Cod in the Kattegat, a transition area between the
Baltic and the North Sea, represents one of the most
dramatic examples of reduction of a once-productive
local cod population. The average recruitment of
Kattegat cod is at present <10% of the level in the
early 1970s, and the spawning stock biomass (SSB)
has subsequently fallen to < 5% of the historical stock
size (ICES 2012). This drastic decline of the Kattegat
cod stock has mainly been ascribed to the effect of
intensive exploitation, whereas no significant ecosystem or environmental effects (e.g. temperature, salinity and oxygen) have hitherto been found (Cardinale
& Svedäng 2004). A large number of management
efforts have been implemented in recent years to
promote a recovery of the stock; these include development of a recovery plan (EC 2008), drastic reduction in landing quotas, various gear restrictions,
closed areas and seasons (ICES 2012) and intensified
fisheries control. Despite these efforts, the stock has
shown almost no signs of recovery (Fig. 1).
In the present paper, we investigate how multiple
abiotic and biotic factors and their synergistic effects
could potentially influence cod recruitment and
recovery in the Kattegat. Using non-additive threshold models and a data set of abiotic and biotic
variables, we explore whether threshold-dependent

external (climate-mediated) processes could explain
some of the variability and long-term trends in
Kattegat cod recruitment, in addition to the size of
the spawning stock. In particular, we investigate
whether cod recruitment is more sensitive to climate
forcing during periods of low stock size, as suggested
by Brander (2005). Furthermore, we discuss the limits
to cod recovery under different climate and mortality
scenarios, arguing that only a drastic reduction in
total mortalities may promote a recovery and sustainable exploitation of the stock.

MATERIALS AND METHODS
Ecosystem characteristics
The Kattegat is commonly regarded as a transition
area between the North and Baltic Seas, both in
terms of abiotic (i.e. hydrography and nutrients) and
biotic conditions (Andersson 1996). It is generally
shallow with an extensive shelf (~10 m depth) covering most of the western part, although a deeper
trench (> 90 m) runs along the Swedish coast in the
eastern part of the area. Hydrographic conditions are
highly variable and largely influenced by wind patterns, river run-off, sea-level variations and atmospheric pressure (Danielsson et al. 2004). The hydrodynamic regime is dominated by the southward flow
of highly saline bottom water from the North Sea
and the Baltic surface current transporting brackish
water northward (Pedersen 1993). This results in a
strong northwest-southeast salinity gradient and pronounced stratification (Gustafsson 2000). The Kattegat has experienced severe problems with eutrophication, hypoxia and seasonal fish kills (Conley et
al. 2007). However, nitrogen and phosphorus levels
have shown a decreasing trend since the mid-1980s
(Rydberg et al. 2006), causing a decline in primary
productivity, key phytoplankton and zooplankton
groups (Henriksen 2009) and associated alterations
in higher trophic levels (Lindegren et al. 2012).

Data collection
To investigate potential direct and indirect effects
of abiotic and biotic processes on cod recruitment in
the Kattegat, we selected a number of variables characterising the regional ocean-atmospheric forcing as
well as local hydrographic conditions. Selection of
variables as potential predictors for cod recruitment
in the Kattegat was based on previous knowledge of

Lindgren & Eero: Recruitment and recovery of Kattegat cod

35000

A

225

B

25000
15000

10000

1.0
15000

Z / Catch rate (%)

20000

SSB (t)

Recruitment (x103 )

1.5

0.5
5000
5000
0

C

D
2

8

5.5

6
0

SST (°C)

1
6.0

NAO

Oxygen (ml l –1)

6.5

0

4

−1

−2
2

5.0
1970

1980

1990

2000

2010

1970

1980

1990

2000

2010

Year
Fig. 1. Long-term trends in (A) cod Gadus morhua recruitment and (B) spawning stock biomass (SSB, black), mean total mortalities at Ages 3 to 5 (Z3−5) based on 2 assessment runs, i.e. estimating total removals within the model (solid grey line) or
explicitly including discards (dashed grey line), and catch ratios (landings:SSB; dotted grey line). Horizontal dotted lines
represent the precautionary and limiting stock sizes (Bpa and Blim). Atmospheric and hydrographic conditions are illustrated by
(C) mean annual bottom oxygen concentrations and (D) the NAO (black) and spring sea surface temperature (SST, gray)

recruitment processes in the entire distribution range
of Atlantic cod, the length of the time series and the
completeness of the dataset. To reflect the oceanatmospheric conditions affecting regional climate in
the area, the North Atlantic Oscillation Index (NAO)
was used. Physical conditions were represented by
spring averages (March to May) of sea surface temperature (SST) and salinity (at 40 to 80 m) during the
extended period covering spawning as well as the
pelagic egg and larval stages (Vitale et al. 2005). To
account for the effect of oxygen conditions impacting
recruitment throughout the early-life history, particularly seasonally occurring hypoxia and anoxia (Conley et al. 2007), we used the mean annual bottom
oxygen concentrations. Finally, a survey-based index

of recruitment at Age 1 (during the 1st quarter) from
the neighbouring Skagerrak (RSR) was included due
to the potential drift and migration of larvae and
juveniles into the area (Cardinale & Svedäng 2004).
All abiotic and biotic data were extracted from published reports and the databases hosted by the
Swedish Meteorological Institute (www.smhi.se) and
the International Council for the Exploration of the
Sea (ICES) (www.ices.dk). Recruitment (R), SSB and
total mortality (Z) values of Kattegat cod originated
from the most recent stock assessment (ICES 2012).
The present level of fishing mortality (F) for cod in
the Kattegat is unknown due to a pronounced difference between the catch data (landings plus discards)
and the total removals from the stock estimated
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within the model based on survey data (ICES 2012).
At present, the relative proportion of unallocated
removals due to fishing (e.g. unaccounted discards)
and biology-driven factors (e.g. migration or stock
mixing issues with neighbouring stocks, such as the
North Sea) cannot be specified. Therefore, ICES formally presents 2 assessment runs for this stock: (1)
excluding discard information and estimating total
removals within the model based on survey information and (2) using landings and discard data as total
removals from the stock in excess of assumed natural
mortality (M = 0.2). The latter approach results in
lower estimated total mortality rates compared to
the first approach, which excludes discard information (Fig. 1B). These uncertainties have relatively little influence on SSB and long-term trends in recruitment but are highly influential on the estimates of
mortality (ICES 2012). In our analyses, we used R and
SSB values from the first assessment run covering the
entire time period from 1971 to 2011, while total
mortalities by age from both runs were used during
simulations.

Statistical analysis and stock-recruitment
modelling
To account for potential threshold-dependent relationships on recruitment, we used a modified formulation of generalized additive models, the so-called
threshold generalized additive model (TGAM),
allowing for non-additive effects of the explanatory
variables below and above a certain threshold value
(Φ) estimated from the data (Ciannelli et al. 2004).
Since our aim was to investigate whether potential
climate effects are dependent on stock size (Brander
2005), we defined SSB as the threshold variable and
allowed the model to test for potential threshold values. The following non-additive model formulation
with log-transformed recruitment (R at Age 1) as the
response variable was used:

ln(Rt +1 ) = a +

) + s(V
{ s(SSB
s(SSB ) + s (V
t
t

1, t )
1, t )

+ ... + s (Vn, t ) + εt if SSB > Φ
+ ... + s(Vn, t ) + εt if SSB ≤ Φ

where a is the intercept, s is the thin plate smoothing
function (Wood 2003), SSB is the spawning stock biomass, V1….Vn is a number of selected predictors
potentially affecting cod recruitment, ε is the error
term, and t is time (in years). We applied a stepwise
backward selection routine based on the generalized
cross validation criterion (GCV) (Wood 2004) and
partial F-tests to find the best possible set of predictors. Furthermore, the degrees of freedom of the

spline smoother function (s) were constrained to 3
knots (k = 3) to allow for potential nonlinearities but
restrict flexibility during fitting. Finally, we tested
whether the final non-additive model proved significantly better than a regular GAM (fitted without
thresholds) by comparing the genuine CV, i.e. the
average squared leave-one-out prediction errors
(Ciannelli et al. 2004).

Model validation and future scenarios
To validate the predictive capabilities of the recruitment model, we hindcasted the historical recruitment levels using a standard age-structured
cohort model (i.e. age classes 1 to 6+). The model was
initialised with the estimated numbers-at-age in 1971
(ICES 2012) and run throughout the period with
observed climate predictors and Z at age from the
stock assessment run, estimating total removals
within the model. To account for uncertainty, we
added process noise to the recruitment estimates at
each time step, i.e. resampled from the residuals of
the final stock-recruitment model, and performed
1000 replicated model runs. The hindcasted recruitment estimates were then compared with the actual
observed values of cod recruitment to validate the
predictive accuracy of the model. As a preliminary
assessment of the limits to cod recovery, we simulated the cod stock dynamics over a 10 yr period
under different climate and mortality scenarios.
Hence, the age-structured model was initialised with
the most recent estimates of numbers-at-age in 2011
and projected forward given age-specific Z from the
2 assessment runs produced in ICES (2012), ranging
from 0.2 to 1.2.
To reflect the impact of favourable and unfavourable climate conditions on recruitment and stock
recovery, the final climate predictors were maintained at levels resembling the observed maximum
and minimum levels as well as the mean, 1st and 3rd
quantile of their historical distribution. Finally, we
performed 1000 stochastic runs (i.e. with added process noise resampled from the residuals of the stockrecruitment model) and calculated the probability of
stock recovery, defined as the percentage of simulations in which the SSB increased above the estimated
threshold level based on the TGAM (i.e. 7193 t, see
Table 2) and the currently recommended precautionary stock size (Bpa = 10 500 t), for each combination of
mortality and climate. All statistical analyses were
conducted using the R software version 2.5.1 (www.
r-project.org).
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Table 1. Backward model selection. The generalized cross-validation criteria (GCV), total deviance explained (DEV; %) and the significance of the partial F-test (p) are shown. The symbols > and <= denote the effects of each predictor above and less than or equal to
the threshold value (Φ) estimated during model fitting. The final model is indicated in bold. SSB: spawning stock biomass; T: temperature; SAL: salinity; O2: oxygen; R: recruitment; RSR: Skagerrak cod recruitment index. Note that the NAO was excluded during model
selection due to collinearity with sea surface temperature (e.g. Fig. 1D)
Model

GCV DEV

1. R ~ SSB(>Φ) + SSB(<=Φ) + T(>Φ) + T(<=Φ) + SAL(>Φ) + SAL(<=Φ) + O2(>Φ) + O2 (<=Φ) + RSR(>Φ) + RSR(<=Φ)
2. R ~ SSB + T(>Φ) + T(<=Φ) + SAL(>Φ) + SAL(<=Φ) + O2(>Φ) + O2(<=Φ) + RSR(>Φ) + RSR(<=Φ)
3. R ~ SSB + T(>Φ) + T(<=Φ) + SAL(>Φ) + SAL(<=Φ) + O2(>Φ) + O2(<=Φ) + RSR(<=Φ)
4. R ~ SSB + T(>Φ) + T(<=Φ) + SAL(>Φ) + SAL(<=Φ) + O2(>Φ) + O2(<=Φ)
5. R ~ SSB + T(<=Φ) + SAL(>Φ) + SAL(<=Φ) + O2(>Φ) + O2(<=Φ)
6. R ~ SSB + T(<=Φ) + SAL(<=Φ) + O2(>Φ) + O2(<=Φ)
7. R ~ SSB + T(<=Φ) + O2(>Φ) + O2(<=Φ)
8. R ~ SSB + T(<=Φ) + O2(<=Φ)

0.217
0.209
0.199
0.197
0.201
0.204
0.195
0.192

RESULTS
Backward model selection retained only cod SSB,
spring SST and annual mean oxygen concentrations
in the final model (Tables 1 & 2). The final relationship between recruitment and SSB was represented
by a non-linear increasing function across the entire
range of SSB (Fig. 2A), indicating potential density
dependence at high stock levels. The functional relationship with spring SST and bottom oxygen showed
a linear decreasing and increasing relationship,
respectively (Fig. 2B,C). However, note that the
climate effects were significant only at low stock
sizes, below an estimated threshold level of 7193 t
(Fig. 2D). The final model explains well the longterm dynamics and a decline of cod recruitment in
the Kattegat (83.2% of the total deviance explained)
but demonstrates larger inter-annual variability during the last decade (Fig. 2E) due to climate influence
once SSB drops below the estimated threshold. Nevertheless, observed recruitment levels are within the
Table 2. Final model parameters and intercept, smooth
terms, estimated spawning stock biomass (SSB) threshold (Φ;
tonnes) and total deviance explained (DEV). Results from a
sensitivity analysis when fitting the model without a (possibly) influential observation at high oxygen levels (Fig. 2C)
are shown within parentheses. edf: estimated degrees of
freedom for the model smoothing terms, where edf > 1 indicates a non-linear relationship. SST: sea surface temperature
Intercept

p-value

Threshold (Φ)

DEV (%)

9.10 (9.09)

< 0.001 (< 0.001)

7193 (7164)

83.2 (83.4)

Predictor

Regime

edf

p-value

SSB
SST
[Oxygen]

–
SSB ≤ Φ
SSB ≤ Φ

1.37 (1.45)
1.00 (1.00)
1.00 (1.00)

< 0.001 (< 0.001)
< 0.001 (< 0.001)
< 0.001 (0.003)

88.3
87.9
87.5
86.8
85.4
83.8
83.6
83.2

p

0.34
0.38
0.21
0.11
0.12
0.53
0.27

range of model uncertainty, i.e. within the prediction
intervals. Also, the hindcasted recruitment simulations (based on only initial numbers-at-age in 1971)
reasonably recreate the historical recruitment levels
throughout the period but overestimate mean recruitment levels, especially during more recent years
(Fig. 2F). Model residuals were normally distributed
and temporally uncorrelated (Fig. 3). Furthermore,
the TGAM formulation proved significantly better
than a regular GAM, as indicated by a lower genuine
CV (i.e. 0.54 compared to 0.59) and higher deviance
explained (i.e. 84.3% compared to 69.7%).
The forecasted cod stock dynamics under different
climate and mortality scenarios (i.e. by varying climate conditions over the range of their historical distribution and varying Z between 0.2 to 1.2) illustrate
a low probability of stock recovery, above the
estimated threshold of 7193 t, with increasing total
mortality rates and unfavourable climate conditions
(i.e. high SST and low oxygen concentrations)
(Fig. 4A,B). Regarding recovery above Bpa = 10 500 t,
even lower probabilities are evident with increasing
total mortality rates and unfavourable climate conditions (Fig. 4C,D). In cases where climate conditions
remain at unfavourable levels, maintaining the present total mortality rates (Z = 1) throughout the 10 yr
simulation results in a very low probability of stock
recovery above the threshold or Bpa. The simulations
using mortalities from the 2 ICES assessment runs
both indicate that only by drastically reducing Z to
≤0.3 may the stock recover above the critical threshold level at the current climatic conditions.

DISCUSSION
Many of the Atlantic cod stocks have declined dramatically in recent decades and still remain at histor-
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estimated SSB threshold (vertical line) below which the climate effects proved significant. (E) Predicted and (F) hindcasted
recruitment with 95% prediction intervals (dashed lines) based on an age-structured model initialised with observed numbers-at-age (in 1971) and forced with observed climate and estimated F-at-age (fishing mortality) throughout the period.
Observed values are shown as circles. Note that predicted values and residuals are adjusted to an average value of zero and
are therefore not directly comparable

ically low levels (Hutchings & Reynolds 2004, Lilly et
al. 2008). These collapses are largely considered to
have resulted from overfishing (Cook et al. 1997,
Myers et al. 1997); however, climate-driven declines
in productivity have in several cases also been de-

monstrated (Beaugrand et al. 2003, Stige et al. 2006).
At the same time, some stocks have partially recovered, for example the eastern Baltic cod, for which
improved recruitment production played a central
role in recovery (Eero et al. 2012). The climate effect

Sample quantiles
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generally works through changes in the physical
environment (e.g. temperature and salinity) but also
through altered food supply for early life-history
stages, eventually affecting recruitment (Ottersen et
al. 2001, Beaugrand et al. 2003, Stige et al. 2006). Our
results suggest that in addition to the effects of overexploitation, which has hitherto been considered the
main factor responsible for the decline of this population, climatic factors may influence recruitment and
the potential for recovery of the Kattegat cod. Furthermore, our findings support the theory that climate influences recruitment and stock productivity
primarily during periods of low stock size (Brander
2005) caused, for example by overfishing and fisheryinduced demographic changes (Ottersen et al. 2006,
Anderson et al. 2008).
Climate conditions in the Kattegat and Baltic
Sea are mainly influenced by large-scale circulation
patterns causing changes in temperature regimes
throughout the area, as well as periodic inflows of
high salinity and oxygen-rich water from the North
Sea (Matthäus & Franck 1992, Danielsson et al.
2004). The influence of such large-scale regional climate forcing on cod recruitment is supported by previous studies on the effects of NAO on cod stocks
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throughout the North Atlantic (Ottersen et al. 2001,
Brander & Mohn 2004), whose recruitment is generally positively affected in the western and northern
parts but negatively impacted in the eastern and
southern parts of the area (Stige et al. 2006). The reason for the opposite effects of the NAO is explained
by the different effect of temperature across the area
(Mantzouni et al. 2010): cod stocks in the northern
limit of their distribution (thermal) range are positively affected by increasing temperature (e.g. in the
Barents Sea), while further temperature increases in
the southern and warmer areas (e.g. Baltic Sea) may
negatively affect recruitment (Planque & Fredou
1999). Our results are consistent with these findings
and suggest that increasing temperatures and/or
indirect processes (e.g. those channelled through
lower trophic levels; Beaugrand et al. 2003) acting on
growth and survival of early life stages may have
impaired Kattegat cod recruitment, especially during
periods of low stock size. Furthermore, frequent periods of widespread hypoxia and anoxia may cause
high mortalities for benthic organisms as well as for
juvenile and adult fish in the Kattegat (Pihl 1994,
Kruse & Rasmussen 1995, Karlson et al. 2002). In the
Central Baltic Sea, low oxygen conditions in the deep
basins have been shown to limit recruitment of Eastern Baltic cod through increased egg and larvae mortality (Köster et al. 2005). However, direct mortality
during the pelagic egg and larval stages seems less
likely in the Kattegat, due to the higher salinity and
lower risk of egg and larvae being exposed to
hypoxia/anoxia. Therefore, reduced juvenile survival (once settled at the bottom), caused by direct
mortality and/or indirect effects through reduced
food availability and changes in benthic community
composition (Pihl 1994, Karlson et al. 2002), especially in the shallow nursery areas highly affected by
coastal eutrophication and seasonal hypoxia/anoxia,
seems a more plausible mechanism for the suggested
effect of oxygen on cod recruitment in the Kattegat.
Furthermore, since anoxia in the Kattegat may occur
over short temporal scales, i.e. as anoxic/ hypoxic
water masses may suddenly be upwelled into more
shallow nursery areas, neither mobile (fish) nor sessile (benthos) organisms may evade such habitats,
resulting in massive mortality events (‘fish kills’)
(Kruse & Rasmussen 1995).
Overfishing reduces the mean age, mean size and
geographic diversity of populations and therefore
increases the sensitivity of fish stocks to climatedriven recruitment stress (Ottersen et al. 2006,
Anderson et al. 2008). This may further impair their
resilience to withstand and buffer against environ-
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Fig. 4. Probability (P) of cod stock recovery, defined as the percentage of simulations in which the SSB increased above (A,B)
the estimated threshold level of 7193 t or (C,D) the precautionary stock size (Bpa = 10 500 t). The simulations were performed
over a 10 yr period given a combination of total mortalities (Z) and climate, ranging from unfavourable to favourable conditions
for recruitment (i.e. maximum SST and minimum oxygen concentrations and vice versa). (Present climate conditions are indicated by horizontal lines.) The Z-at-age values are based on (A,C) assessment runs excluding discards but estimating total
removals within the model as well as (B,D) runs including discards

mental change (Lindegren et al. 2010). The demographic condition (i.e. age and size distribution) of
the Kattegat cod is poor (Svedäng et al. 2002), and
several important sub-stocks have been depleted
due to intensive trawl fishing (Svedäng et al. 2010).
Decrease in the numbers of large, old and experienced spawners directly reduces the number of generations contributing to spawning and likely also
shortens the duration of the spawning period (Wright

& Trippel 2009). Consequently, the Kattegat cod,
presently at very low biomass, is likely less resilient
to various stress factors, e.g. periods of unfavourable
abiotic conditions.
Our results indicate that the long-term decrease
and the present poor state of the Kattegat cod stock is
likely due to high total mortality rates, which may not
only have caused a decrease in stock size but are
also currently preventing recovery due to threshold-
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dependent climate effects on recruitment. Fishing for
cod has been markedly reduced in recent years, as
illustrated by very low catch ratios (Fig. 1B). However, discards of juvenile cod in economically valuable Nephrops fisheries continue to be a problem
(ICES 2012). Although recent changes in management measures (e.g. gear selectivity, closed areas
and reduction in effort) have resulted in significant
reduction in fishing impact on Kattegat cod (Vinther
& Eero 2013), the current level of fishery-induced
mortality may still be too high to promote a future
recovery of the stock in the present climate. SST and
oxygen concentrations in the Kattegat are projected
to increase and decrease by ~2°C and 0.6 ml−l, respectively, during the 21st century (Meier et al.
2012). The findings of the present study suggest that
under this climate scenario, reducing total mortality
levels to ≤0.3 would be needed to allow the cod stock
to recover above the estimated threshold level or
above the Bpa (Fig. 4). Lessons learned from the
Eastern Baltic cod stock show that recovery is indeed
possible, given the correspondence between landing
quotas and fishery removals from the stock (Eero et
al. 2012). The role of biological or other uncontrollable factors in the current total mortality of Kattegat
cod estimated in ICES is unclear, which complicates
the achievement of certain mortality values for this
stock by management measures (Kraak et al. 2012).
Nevertheless, our results indicate that with the present climate conditions and stock size, the stock could
withstand almost no or only minimal fishing pressure
in order to be able to recover. To that end, the recommended target fishing mortality of 0.4 may under
current conditions prove unsustainable (EC 2008).
The incorporation of hydrographic and ecosystem
considerations can improve recruitment predictions
and consequently the estimates of future potential
stock development. Furthermore, the case of the
Kattegat cod demonstrates the importance of understanding threshold-dependent ecological processes
that influence the dynamics of fish populations when
developing sustainable ecosystem-based fisheries
management practices worldwide.
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