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The Baltic fisheries are in distress. In the Central Baltic, fisheries management is challenged by reduced cod stock productivity, and altered species
interactions. Here, we use an age-structured, ecological–economic multispecies model, which includes latest biological and economic knowl-
edge, to advance our understanding of optimal fisheries management and related trade-offs between user groups under such altered conditions.
We contribute to the scientific discussion (i) by showing that the economic importance and optimal stock size of cod largely decreased under
prevailing conditions, while clupeids increased in importance. (ii) We challenge the current MSY management objective in a multispecies setting
(MMSY) and suggest that an economic multispecies management objective (MMEY) might be more useful for setting future management tar-
gets. (iii) We identify new trade-offs and synergies by including a consumer perspective: There is a win–win situation for ecological conservation,
and profits in the fishery, while fishery management faces trade-offs between these two on the one hand, and consumer surplus on the other
hand. (iv) Finally, we suggest an easy to implement new management approach, called robust management, which is capable of better dealing
with variability and time-trends in recruitment, as observed for cod, in order to safeguard the Central Baltic fishery resources.

Keywords: Baltic cod, bio-economic model, profits, herring, sprat, MSY, MEY.

Introduction
The Baltic Sea is one of the largest brackish water bodies in the
World with a century-long history of fishing (MacKenzie et al.,
2011). Environmental conditions changed rapidly over the last
decades, including a temperature increase of > 2◦C over the last 50
years (Lehmann et al., 2011). The Baltic Sea is characterized by a low
biodiversity (HELCOM, 2018b) and a low number of key species for
the fishery: cod, herring, and sprat. In the Baltic Sea, cod has tradi-
tionally been divided into two stocks: the central stock east of Born-
holm island (SD 25 and eastwards) and the western stock from west
of Bornholm to the Sound and Danish Belts (SD 22–24; Figure 1).
Recently, SD 24 has been identified as a mixing area of both stocks.

They are assessed and managed separately. Historically, the central
stock, which we address here, was larger in size and distribution,
and contributed more to the total Baltic cod harvest. It largely over-
laps with a herring stock, which is assessed for SD 25–29 and 32,
excluding a distinct Gulf of Riga population. The sprat population
is assessed for the whole Baltic Sea, i.e. SD 22–32. However, it has its
main distribution range east of Bornholm, thereby showing a large
overlap to the Central Baltic cod and herring populations. We are
addressing these three stocks in our multispecies model.

These three populations show pronounced interactions (Voss
et al., 2014a,b) with cod being a major predator on adult sprat
and juvenile herring (Lewy and Vinther, 2004; Teschner et al.,
2010). The Baltic fish stocks are strongly impacted by changes in

C© The Author(s) 2021. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an
Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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Figure 1. Map of the Baltic with the main basins and ICES sub-divisions. Bornholm island is located on the border between SD  and SD .

environmental forcing, directly via changes in stock productivity
(Bartolino et al., 2014; Voss et al., 2019; Köster et al., 2009; Margon-
ski et al., 2010) and indirectly by changes in food-web structure and
functioning., e.g. by introduction of new species on various trophic
levels (Ojaveer et al., 2017). A regime-shift from a cod-dominated
to a clupeid-dominated system has been documented for the late

1980s (Möllmann et al., 2009), when the cod stock collapsed due
to a combination of too high fishing mortality and environmentally
driven recruitment failure (Eero et al., 2015). It stayed on a low level
afterwards (Figure 2), but still showed high economic importance.

Recent investigations suggest that cod stock productivity even
continued to decline (ICES, 2019a). Despite low and declining fish-

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/79/1/169/6479779 by D
TU

 Library user on 24 January 2022



Robust, ecological–economic multispecies management of Central Baltic fishery resources 

Figure 2. Stocks of cod (panel a), herring (panel b), and sprat (panel c) in the Central Baltic –. Spawning stock biomass (SSB) and
recruitment trends (panel d). Recruitment is displayed as average over an increasing number of years, starting in  (cod: ) and going
back in time. Herring and sprat numbers (age ) in billions (), cod numbers (age ) in ten thousands (). Data from ICES (a, b, c for
SSB) and (a for R).

ing mortality, the spawning stock biomass (SSB) continuously de-
clined since 2015 and was estimated to be below Blim since 2016.
Recruitment (R) has been declining since 2012, and in 2017 was
estimated to be the lowest in the time series. Due to technical prob-
lems and unresolved ecological changes no analytical cod assess-
ment could be performed from 2014 to 2019.

In 2019, a new assessment method was established to success-
fully estimate cod stock numbers at age and trends in stock dynam-
ics, including mortality, growth, and fecundity. Vital rates changed
considerably, especially natural mortality increased and growth de-
creased. Many reasons have been attributed to changes in these pa-
rameters, among which changes in prey distribution, notably her-
ring and sprat (Eero et al., 2015; ICES, 2020). In 2019, the changed
distribution of these two species was taken into account in assess-
ments and new predation mortality estimates of cod on the two
species became available (ICES, 2019b).

Currently (2021), the cod stock is outside safe biological limits.
The fishery management objectives include a rebuilding of the cod
stock and scientific advice was zero catch since the year 2020 (ICES,
2019c). However, the changed perception of mortality (ICES, 2020)
and growth (Neuenfeldt et al., 2020) render recovery to former
stock size improbable. The stocks of herring and sprat seemed to
profit from environmental change and reduced predation pressure
from cod due to low cod stock size until ca. 2017, but showed de-
clining stock size in the latest years (Figure 2).

Results from an ecological–economic multispecies optimization
model, linking stock dynamics of all three species, and based on

data from 2013, suggested to rebuild the cod stock to high levels, in
order to gain optimal profits from the fishery (Voss et al., 2014a).
Under this scenario, the sprat stock would need to be protected in
order to stay within safe biological limits, as it suffered from high
predation pressure of cod (Voss et al., 2014b).

Management of the Central Baltic fish stocks is challenging and
uses a range of measures. Setting annual total allowable catches
(TACs) is, however, the major regulation. Fishing mortality esti-
mates corresponding to MSY (FMSY) are applied in short-term stock
forecasts to determine harvest potential. These short-term forecasts
usually involve the assumption of mean recruitment strength—in
the case of Central Baltic cod a mean over the past 5 years is used
(ICES, 2019a).

It has been shown that MSY is a difficult concept to use in Baltic
multispecies fisheries, i.e. if multispecies MSY (MMSY) is used as
objective in optimization models (Voss et al., 2017; Tahvonen et al.,
2018). Multispecies maximum sustainable yield (MMSY) needs to
be accompanied by further constraints, including economic con-
siderations. It might actually be much easier and more transparent
to use an ecologically constraint maximum multispecies economic
yield (MMEY) approach (Voss et al., 2014a) to safeguard the stocks
as well as a viable fishery. The strong variability in recruitment suc-
cess in combination with the poor condition of the cod stock be-
ing at the edge of permanent collapse, call for changes in the man-
agement procedure. Decisions on long-term goals as well as setting
annual quota should be robust against annual fluctuations in stock
productivity, and should reflect the changed population parameters
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Table 1. Management scenarios (objectives) –.

Scenario  Multispecies Maximum Economic Yield (MMEY)—unconstrained
Scenario  Multispecies Maximum Sustainable Yield (MMSY)—unconstrained
Scenario  MMSY respecting minimum biomass reference points (MMSY Blim)
Scenario  MMSY respecting minimum biomass reference points and yielding non-negative profits (MMSY Blim econ)
Scenario  MMEY respecting minimum biomass reference points (MMEY Blim)
Scenario  MMEY using robust management (see below—MMEY robust)

Table 2. Recruitment (R) levels used in short- to medium-term simulation.

Recruitment level  Average R over  years
(–)

Recruitment level  (ICES standard) Average R over  years (–)
Recruitment level  Average R over  years (–)
Recruitment level  Lowest R from last  years

of cod. Robustness in this context can be defined as “the property
of being strong and healthy in constitution. When it is transposed
into a system, it refers to the ability of tolerating perturbations that
might affect the system’s functional body” (Wieland a Wallenburg,
2012). In the case of the Central Baltic Sea, quota setting should ac-
count for a potentially low recruitment, instead of assuming mean
recruitment, and still respecting safe biological limits of the stocks.
This approach would be appropriate for a conservative manager
who seeks to achieve the best results if the worst happens.

Here, we combine new ecological information, together with
state-of-the-art economic cost functions, in an age-structured
ecological–economic multi-species optimization model to deter-
mine optimal management of the three species system (cod, her-
ring, and sprat). We advance the scientific discussion in three ma-
jor areas. First, we investigate whether a decreasing cod stock pro-
ductivity will, in combination with (potentially) increasing clupeid
production, lead to a “Brave New Baltic,” dominated in ecological
as well as economic terms by small pelagics? For the first time, we
compare long-term outcomes (i.e. reference values of SSB, harvest,
and fishing mortality) of optimal management for old (beginning of
the decade, i.e. 2013) vs. recent (2019) stock productivities and food
web interactions. Second, we quantify the economic consequences
and emerging trade-offs of different management objectives. Here,
we take a more holistic view and include consumer benefits from
fishing, additional to just fishery profits in our analysis. The “con-
sumer surplus” is quantified in Euros and can be directly compared
to profits in the fishery so that trade-offs can be calculated. It is a
measure of the additional benefit that consumers receive because
the price that they are paying on the market for fish is less than what
they were willing to pay. It depends on prices, hence on supply, and
ultimately on management. Third, we address the idea of a (more)
robust management, and discuss an easy to implement new man-
agement approach, which is capable of better dealing with variabil-
ity and time-trends in recruitment, as observed for cod.

Material and methods
Ecological–economic modelling
We developed and applied a coupled three-species, age-structured
ecological–economic model, which is taking most recent biological,
e.g. predation rates, as well as economic information into account.
We perform a thought experiment to investigate the effects of differ-

ent management scenarios, reflecting different strategic long-term
management objectives (Table 1), and varying recruitment levels
(Table 2)

Our model is an update of the ecological-economic multispecies
model of Voss et al. (2014a, b), using new ecological as well as eco-
nomic parametrization. It builds on the fisheries economic mod-
ule of a single-species age-structured fishery model for Baltic cod
developed by Tahvonen et al. (2018), and expands it to include
interactions with herring and sprat stocks. We use the subscript
i ∈ {C, S, H}for the cod (C), sprat (S), and herring (H) fisheries. For
all three fisheries we consider total economic surplus, i.e. the sum of
consumer surplus and producer surplus (fishing profits). We spec-
ify iso-elastic inverse demand functions

pi(t ) = p̄iHi(t )−ηi , (1)

with pi > 0, meaning that the price pit of species i in year t decreases
with the quantity of fish Hit supplied to the market (i.e. the catch
from that species in the given year) with an elasticity ηi > 0. This
assumes that the price is the same for all age (and thus size) groups.
While in practice price differences due to size and quality exist es-
pecially in the cod fishery, quantifying consumer surplus requires
the estimation of a full demand function. No empirical estimate for
a size-differentiated demand function exists, and estimating such a
function lies outside the scope of this paper.

We further specify harvesting cost functions as

Ci(Hi(t ), Xi(t ), t ) = ci(t )Xi(t )−χi Hi(t ), (2)

where we allow for a time trend in the cost parameter with ci(t ) =
ci0 exp(φit ). The variable Xi(t ) is the efficient biomass of species i in
year t. It is obtained as

Xi(t ) =
8∑

age s=1

wi(s)qi(s, t )xi(s, t ), (3)

where wi(s) is the weight of an individual fish of species i at age s,
xi(s, t) is the number of fish in stock of species i and age s in year
t, and qi(s, t) is the “catchability” of that species at age s. Given that
fishing gear is size-selective, it depends on the age of the fish, and
may vary over time as gear selectivity changes, for example due to
changing mesh sizes.

For estimating the economic model parameters, we use the
method developed by Tahvonen et al. (2018). To this end, we con-
sider the profit margin πi(t ), i.e. the profit of harvesting species i as
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Table 3. Estimated parameter values for demand and cost functions.

Parameter

p̄i ηi ci0 χi

Cod . . . .
Herring . . . .
Sprat . . . .

a percentage of revenues for that species. Using the specification of
harvesting cost function, this gives

πi(t ) = pi(t )Hi(t ) − ci0 exp(φit )Xi(t )−χi Hi(t )
pi(t )Hi(t )

. (4)

Rearranging, taking logs, and adding an error term εit , we obtain
the following equation that can be estimated using data on catches,
efficient biomass, and prices:

ln((1 − πi(t ))pi(t )) = ln(ci0) − χi ln(Xi(t )) + φit + εit . (5)

Using the specification of an iso-elastic inverse demand function,
we further get

ln(Hi(t )) = ln
(

(1 − πi(t )) p̄i

ci0

) 1
ηi + χi

ηi
ln(Xi(t )) − φi

ηi
t + ξit .

(6)

For cod, we use the estimates of Tahvonen et al. (2018), specified
in Table 3. For herring and sprat, we use πi(t ) = 0, as these fish-
eries have been hardly profitable in the past (Quaas et al., 2012),
data from ICES (2019a) on landings, age-specific fishing mortali-
ties, and stock sizes, and time series of prices (sprat: 2002, herring:
1988–2019) from the annual (until 2003) and monthly (since 2003)
reports of the German Federal Office for Agriculture and Food. Ap-
plying ordinary least squares, we obtain for sprat (point estimates
and standard errors in brackets)

ln(HS(t )) = − 1.87
(0.79)

+ 1.16
(0.12)

ln(XS(t )) + 0.022
(0.0043)

t, (7)

ln(pS(t )) = 3.27
(1.67)

− 0.70
(0.25)

ln(XS(t )) + 0.046
(0.0091)

t. (8)

Whereas for sprat, autocorrelation is not an issue, a Durbin–Watson
test for the corresponding regression for herring shows significant
autocorrelation p = 0.025, DW= 1.38. We, therefore, control for
lags when estimating the price equation. This yields the following
point estimates and standard errors in brackets

:
ln(HH (t )) = − 2.17

(1.57)
+ 0.63

(0.14)
ln(XH (t )) + 0.014

(0.0043)
t, (9)

ln(pH (t )) = − 2.59
(1.20)

− 0.21
(0.26)

ln(XH (t )) + 0.39
(0.29)

ln(XH (t + 1))

+ 0.56
(0.13)

ln(pH (t + 1)). (10)

In the case of MMEY management (scenarios 1, 5, and 6), the
objective is to maximize the intertemporal welfare, as the sum of
consumer surplus (gross consumer benefit minus expenditure) and
profits (revenues minus harvesting costs). The objective thus is to
maximize the present value of the differences between gross con-

sumer benefit and harvesting costs for all species:

max
∞∑

time t=0

∑
species i

(
1

1 + r

)t( pi

1 − ηi
Hi(t )1−ηi − ciXi(t )−χi Hi(t )

)
.

(11)

We use an interest rate of r = 1% per year.
In the case of MMSY management (scenarios 2–4), the objective

is to maximize the smoothed yield:

max
∞∑

time t=0

⎛
⎝ ∑

species i

Hi(t )

⎞
⎠

1−ω

, (12)

where ω = 0.5 is a parameter that captures an aversion against yield
fluctuations over time.

The constraints to the optimization are that fishing mortali-
ties must be non-negativeFi(t ) ≥ 0, the given initial stock numbers
xi(s, 0) for all three species in all age groups s = 1, . . . , 8, and the
age-structured multi-species population dynamics, i.e.

xi(1, t + 1) = ϕi,

xi(s, t + 1) = αi(s − 1, ssbC(t ))(1 − qi(s)(1 − exp(−Fi(t ))))

× xi(s − 1, t ) for s = 2, . . . 7,

xi(8, t + 1) = αi(7, ssbC(t ))(1 − qi(s)(1 − exp(−Fi(t ))))

× xi(7, t ) + αi(8, ssbC(t ))(1 − qi(8))

× (1 − exp(−Fi(t ))))xi(8, t ). (13)

In particular, we consider different scenarios for the recruitment
ϕi of the different species (Table 2). For numerical values see Sup-
plementary Table S1.

Age-specific natural survival rates are derived from natural mor-
talities as

αC(s, ssbC(t )) = exp(−MC(s)),

αS(s, ssbC(t )) = exp (−MS1(s) − MS2(s) ssbC(t )) ,

αH (s, ssbC(t )) = exp (−MH1(s) − MH2(s) ssbC(t )) . (14)

They depend on cod predation for herring and sprat populations,
which increases with the size of the cod stock. As indicator for stock
abundance, we use SSB

ssbi(t ) =
8∑

age s=1

wi(s) γi(s) xi(s, t ), (15)

of species i, which depends on the weights wi(s), maturities γ i(s),
and stock numbers xi(s, t) at age s and in year t. Estimates for pre-
dation mortalities are based on the 2019 key-run (ICES, 2019b) of
a stochastic multi-species model (SMS: Lewy and Vinther, 2004).
Age-specific weights wi(s) and maturities γi(s) are taken from the
ICES (2019a) assessment reports for the three stocks, using the val-
ues from 2018. All biological input data is reported in Supplemen-
tary Table S2.

Age-specific catchabilities qi(s) were estimated based on mean
age-specific fishing mortalities for the years 2002–2019 as reported
in ICES (2019a) with qi(amax) = 1 for the age class amax with high-
est mortality by normalization.

For scenarios 3 and 5, we include the additional constraints that
the SSBs do not fall below the limit biomass estimated by ICES

ssbi(t ) ≥ Xi,lim for all t ≥ ti,min, (16)
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Figure 3. Long-term multispecies management outcomes based on data from  (MMEY; left panel) vs. data from  (MMEY,
middle panel) and MMSY (right panel). Harvest and SSB in ‘ tons.

where we set ti,min ≥ 0 to the earliest point in time when the con-
straint can be met for species i, and that profits are non-negative,

pi(t )Hi(t ) − ciXi(t )−χi Hi(t ) ≥ 0. (17)

Numerical optimization
In order to determine the optimal management, while respecting
any given constraints in the management scenarios, we solved the
optimization problem numerically. For this, the dynamic optimiza-
tion was performed using the interior-point algorithm of the Kni-
tro (version 12.1) optimization software with AMPL (A Modelling
Language for Mathematical Programming, AMPL Optimization
Inc, Mountain View, CA, Albuquerque, NM)."

Long-term multispecies management outcomes
We apply the model to calculate optimal management outcomes
for two different objectives: (i) multispecies maximum sustain-
able yield (MMSY) and (ii) multispecies maximum economic yield
(MMEY). We stepwise add additional constraints on minimum
stock size, i.e. respecting Blim for all species, and profitability, i.e.
not allowing for negative profits. We compare the steady state val-
ues to MMEY estimates from 2014, when the model was still using
previous predation rates as well as stock dynamics. Steady states are
usually reached after ca. 5 years, we report values from year 10 into
the simulations.

Robust management
ICES’ stock assessment currently uses 5-years average of recruit-
ment in its short-term forecast. This has also been applied in above
simulations so far. We now investigate, how management targets
and actual advice would change, if (i) the time-span for calculating
mean recruitment is varied and (ii) a robust management would be
applied. Robust management in our case only referred to recruit-
ment variability. It implied that we used the lowest recruitment ob-
served over the last 20 years for calculating next year’s stock size
and the according quotas, instead of using mean R. However, actual
stock development was driven by mean R, i.e. we always applied a
pessimistic, or rather conservative, assumption for next year’s stock
development. This approach is consistent with the “maximin” man-

agement criterion under uncertainty, where the rule involves se-
lecting the alternative that maximizes the minimum pay-off achiev-
able, i.e. the payoff under the worst conditions. The decision maker
choses the alternative that on the one hand minimizes his losses,
but on the other hand loses out on the opportunity of making big
profits. The decision is therefore precautionary, as it is ruled by the
worst possible case, and robust in the sense that it also works well
under adverse conditions, in our case the lowest observed recruit-
ment.

Results
Long-term multispecies management outcomes under
changed biology
The changed biological input data, especially altered predation rates
and cod stock productivity, have a significant effect: The optimal
cod biomass level decreased by a factor of 10. Optimal cod har-
vest is reduced to 1/5 of the 2014 level (Figure 3). Under the new
cod productivity assumptions, the outcome of either multispecies
MEY or multispecies MSY are almost identical for cod. The opti-
mal stock size would be about 62.000–66.000 tons, with an annual
harvest of 43.000–44.000 tons. This relatively high harvest to SSB
ratio reflects the increased natural mortality rates of cod. Both clu-
peid species show higher stock sizes under the 2020 MMEY con-
ditions as compared to 2014. Trade-offs between management ob-
jectives are obvious for the 2020 comparison: MMSY yields higher
harvest and higher fishing effort, but MMEY results in higher
stock sizes. Both objectives, however, do not realize a cod stock
size above Blim(96.550 tons; ICES, 2019c). Therefore, further con-
straints in setting management objectives are needed. Potentially,
the current value of Blim needs to be adapted to the new ecological
situation.

Changing the exploitation pattern of cod
Changes in fishing techniques, e.g. adaptation of the mesh size,
might alter the exploitation pattern of cod. To study how this would
affect our results, we included mesh size of a trawl net for the cod
fishery as choice variable in the optimization model, using the ap-
proach of Tahvonen et al. (2018). Optimization of the mesh size to
increase cod fishery profits resulted in higher fishing mortality for
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Figure 4. Age-specific changes in cod fishing mortality after optimization for cod fishery profits as compared to the standard run.

Table 4. Fishery profits, SSB, and harvest for the standard MMEY run and after changing the exploitation pattern of cod to maximize cod profits
(MMEYmesh).

Profit SSB Harvest

MMEY MMEYmesh MMEY MMEYmesh MMEY MMEYmesh

Cod . . . . . .
Herring . .    
Sprat . .    

the younger age-classes to compensate for high natural mortality,
while for age-classes 3–8 F would decrease (Figure 4).

Fishery profits would increase, especially for cod, by ca. 10 mil-
lion € per year. SSB of cod as well as harvest would, however, be
lower (Table 4).

Fishery profits under different management objectives
In 2014, fishery profits were mainly coming from the cod fishery,
if MMEY was applied as objective. Profits in the fishery for clu-
peids were small (Figure 5). Using the same management objec-
tive with updated biological data yielded lower total profits (118
million € (2014) vs. 79 million € (2020)). The relative importance
of clupeids, especially sprat, increased. However, even under the
altered stock productivity, cod stayed the most profitable single
fishery. As optimization resulted in cod SSB below the current
level of Blim, we included a constraint on minimum stock size in
the optimization. Surprisingly, the fishery profits increased from
a total of 79–88 million € per year when setting an additional
constraint.

Going for a pure MMSY objective, i.e. without further con-
straints, would lead to a highly loss-making fishery. To reach
this goal, the fishery would have to be subsidized by 55 mil-
lion € per year (Figure 3). As observed for MMEY, setting a
side condition on minimum acceptable stock size according to
Blim (MMSY Blim), reduces the losses in the fishery to 43 mil-
lion €. Including the constraint of minimum profitability as an
additional constraint, i.e. no loss-making (MMSY Blim econ),
yielded positive profits of 59 million € annually (50% of 2014
profits).

These increases in fishery profits when setting ecological–
economic constraints can be explained as we optimize for total wel-
fare. Total welfare has a broader, societal viewpoint, as it includes
the consumer benefits from fishing, additional to the fishery prof-
its. The consumer benefits are economically measured as consumer
surplus, which measures, in monetary terms, the total surplus that
consumers get because the market price they have to pay is less than
the maximum that many of them would be willing to pay. If the
price for fish falls due to an increase in supply, the consumer sur-
plus increases, whereas it decreases if supply shrinks and thus the
market price for fish rises. The consumer surplus depends on sup-
ply and hence on the management of the fishery. Under constrained
optimization, total welfare decreased (Table 5). This decrease in
welfare occurred together with a redistribution between producer
surplus (i.e. fishery profits) and consumer surplus: fishery prof-
its increased when applying additional optimization constraints,
while consumer surplus decreased. Therefore, the fishery faces a
trade-off between consumer benefits on the one hand and ecolog-
ical and economic performance of the fishery on the other hand
(i.e. compliance with minimum stock size and minimum fishery
profits).

The reductions in consumer surplus under constrained opti-
mization do not proportionally translate to changes in fishery prof-
its (see Supplementary Figure S1). In most cases, the fisheries
will gain profits, but not always. However, in our simulations the
cod fishery always gains and, except for changing from MMSY to
MMSY Blim econ scenario, increase in profits is also highest for cod.
Herring and sprat fisheries lose profits under some scenarios, so
that management faces several levels of trade-offs: a consumer to
producer surplus trade-off, and a consumer surplus to ecological
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Figure 5. Annual profits of cod, herring, and sprat fisheries under different management objectives and constraints. MMEY in  (left),
compared to  estimates: unconstrained MMEY, MMEY respecting Blim, unconstrained MMSY, MMSY respecting Blim, as well as MMSY
respecting Blim and non-negative profits.

Table 5. Distribution of total welfare to consumer and producer surplus (million € per year). For a detailed description of the management
outcome under “MMEY robust” see next chapter.

Total welfare Producer surplus Consumer surplus

MMEY . . .
MMEY robust . . .
MMEY Blim . . .
MMSY . − . .
MMSY Blim . − . .
MMSY Blim econ . . .

goals trade-off (as implementing minimum stock sizes reduces con-
sumer surplus). Even within the fishery, we find trade-offs between
the species. However, we also find a win–win constellation, as ac-
cepting Blim levels in the management increases ecological perfor-
mance as well as total profitability of the fisheries.

Robust management
We now explore the potential need and associated costs of a more
robust management, i.e. of taking recruitment fluctuations into
account more explicitly. First, we explore the effect of using mean
recruitment, averaged over variable time periods. The standard pro-
cedure at ICES currently uses a 5-year average. In a second step, we
simulate robust management: the simulations use the MMEY objec-
tive, while assuming low recruitment in the next year for calculat-
ing optimal F and associated harvest. Stock dynamics are, however,
driven by mean recruitment, i.e. management acts more conserva-
tive and robust against eventual recruitment failure (i.e. lower than
expected R).

Long-term effects of variable mean recruitment
ICES is using the mean recruitment of the last 5 years for short- and
medium-term forecast and the associated suggestion of quotas and
reference levels. Varying the timespan of averaging has a strong im-
pact, especially if we observe a time-trend in recruitment as for cod
(c.f. Figure 1). Long-term harvest, SSB, and profit for cod decrease,
if we use a shorter time-span (see Supplementary Figure S2). How-
ever, also for herring and sprat changes of +/− 20% can be found.

Short-time effects of variable mean recruitment
Short-term effects on optimal harvest, i.e. on suggested quotas, dif-
fer in dependance of the assumed time period for recruitment av-
eraging. The constrained MMSY-objective, including non-negative
profits and ecological stock size limits (MMSY Blim econ), calls for
fishery closures in cod (Figure 6). If mean recruitment over 5 years
is assumed, a cod fishery closure of 3 years would be recommended.
If a 3-year average is used, which results in lower mean recruitment,
a 5-year closure would be needed. Only if the mean of last 10 years
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Figure 6. Short-term effects. Trajectories of cod harvest for the first  years, if different mean recruitment is assumed. Constrained MMSY
management and MMEY management.

for cod recruitment is used, a slight increase in harvest would be
possible. It has to be noted that under MMEY management the fish-
ery would not be closed. In no case, substantial increase in harvest
levels is expected.

Robust management: doing the best, while assuming the worst
Applying robust management, i.e. assuming conservative estimates
for next year’s recruitment levels, reduces the optimal future harvest
(−1.4 to −9.1%), optimal fishing mortality F (−0.1 to −6.2%), and
consumer surplus (−0.5 to −6.2%; Figure 7). Reductions are high-
est for herring (harvest and consumer surplus) and cod (F). Such
a robust management approach would, on the other hand, lead to
higher stock sizes and increased profits to the fishery. All deviations
are < 10%. A robust management strategy would, therefore, benefit

the ecological status as well as the economic situation of the fishery,
while taking into account uncertainty in recruitment levels.

Brave new Baltic?
The assumed Baltic cod recruitment for the 2019 year-class was ex-
tremely poor, being the lowest value in the whole time-series (ICES,
2019a). If we apply such low cod recruitment in our multispecies
model, the optimal cod stock size would be reduced by > 70% as
compared to the already low estimate based on a 5-year recruitment
average (Figure 8). Even under optimal management, the cod stock
would not recover and the fishery would stay closed. This would
indeed result in a clupeid-dominated, Brave New Baltic.
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Figure 7. Results of robust MMEY management as compared to standard MMEY management.

Figure 8. Changes in long-term management outcomes for profit
(black), SSB (grey), profit (dark grey), and F, if lowest cod recruitment
in the time-series () is assumed. All for MMEY management.

Discussion
Here, we used updated ecological and economic data to investigate
fisheries management outcomes for the Central Baltic Sea. Espe-
cially the recently documented changes in cod stock dynamics had
large effects on biological reference points (optimal stock size) man-
agement recommendations (fishing mortality and harvest quanti-
ties) as well as economic performance (fishery profits and consumer
surplus) of the multispecies fishery.

Ecological–economic multispecies models, as used in this study,
have been shown to be useful to study trade-offs between different
management objectives (Voss et al., 2014a, b). Only by including the
economic dimension, a balanced resource use, their equitable dis-
tribution and conservation, i.e. the “triple bottom line in fisheries
management” (Halpern et al., 2013) can be addressed. The iden-
tification of trade-offs as well as potential synergies among multi-
ple ecosystem goods and services is a central issue in ecosystem-
based management (EBM; McLeod and Leslie, 2009) and it is ur-

gently needed to progress Baltic fisheries management into this di-
rection. Our case study further confirms that EBM approaches to
fisheries require model systems that account for up-to-date stock
biology information, and multispecies trophic interactions, beyond
having the ability to link ecology and economy (Lindegren et al.,
2009; Kellner et al., 2011).

Changes in biology and model limitations
The changes in Baltic cod stock productivity, their potential causes,
and consequences have been intensively discussed on expert level
(e.g. ICES Baltic Fisheries Assessment Working Group (WGBFAS),
Workshops on Scoping for Integrated Baltic Cod Assessment (WK-
SIBCA), and the Benchmark on Baltic Cod Stocks (WKBALT-
COD), but still some “key questions where answers are urgently
needed to understand the present stock status and provide scien-
tifically solid support for cod management in the Baltic Sea” (Eero
et al., 2015) are left unanswered. There is, however, a large proba-
bility that Eastern Baltic cod productivity is decoupled from SSB,
because a new bottleneck has occurred at the transition of the ju-
venile cod from purely benthic diet to pelagic foraging (Neuenfeldt
et al., 2020). The low conditioned cod are probably unable to for-
age on sprat, either because they did not have available sufficient
amounts of benthic food (Neuenfeldt et al., 2020), or are unable to
maintain supportive food rations due to decreased activity in hy-
poxic water (Brander, 2020). If the juvenile cod are limited by ben-
thic food, density-dependence will additionally decrease cod con-
dition at high productivity of the spawning stock.

Our modelling study included the changed perceptions on cod
growth rate, natural mortality, fecundity, and recruitment, as well
as altered species interaction with herring and sprat.

There is, however, considerable room for improvement concern-
ing our model framework: e.g. we disregarded environmental influ-
ences (Köster et al., 2009), and density-dependent growth (Casini et
al., 2011; Gårdmark et al., 2013). As in ICES short-term forecasts,
we used deterministic recruitment levels, while this in real life is
highly stochastic. The literature suggests an only limited effect of
stochastic uncertainty for optimal management of natural resources
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for the Baltic cod fishery (Kapaun and Quaas, 2013; Tahvonen et al.,
2018; Voss and Quaas, 2021). Future work should analyse which
further information is most needed for informed decision-making
to best support sustainable fisheries management.

New management objectives?
Current management is based on a multi-annual plan (EU, 2016),
which includes cod, herring, and sprat. The plan offers some flex-
ibility, as fishing mortality ranges are defined, which are centered
around FMSY estimates. For cod, however, FMSY is currently not de-
fined and the basis for the scientific advice is the precautionary ap-
proach (ICES, 2021). Our results suggest that fisheries management
in the Central Baltic, in a multispecies context and respecting eco-
nomic objectives, should head for MMEY instead of using MMSY
to define objectives. MMEY seems closer to the ideas of EBM, as
the economic dimension is explicitly included in formulating the
management objectives. While both concepts (MMSY and MMEY)
needed to include side conditions in order to reach the triple bottom
line of fisheries management, MMEY only had to be complemented
by one side condition, i.e. setting a minimum stock size for cod. This
might contribute to foster stakeholder discussions, as the approach
is transparent and offers to include fishers’ economic concerns. In
this context, it has to be noted, that MMEY management (in con-
trast to MMSY management and to current ICES’ advice) did not
result in a fishery closure for cod. Changing the minimum stock size
of cod in our simulations from Blim to the more precautionary BPA
(precautionary approach) did not change the results qualitatively.
For both management objectives, our results suggest a drastically
reduced optimal stock size of cod and low sustainable cod catches.
This is in line with the observed changes in cod stock biology. Still,
in most scenarios cod is estimated to stay the economically domi-
nant species. Under optimal management, the “Brave New Baltic,”
which is dominated by clupeids in ecological as well as economic
terms did not materialize. The total producer profits reduced to 67%
of the estimates from 2014, but still a viable fishery seems possible,
if the fishery would be managed in an optimal way.

Synergies and trade-offs
So far, fishery management often fails to adequately address is-
sues of socio-economic equity (Loomis and Ditton, 1993; Lam and
Pitcher, 2012). This is a problem, as management that neglects the
fair distribution of benefits that ecosystems provide causes low ac-
ceptance and compliance (Loomis and Ditton, 1993; Lam and Cal-
cari, 2012; Lam and Pitcher, 2012). Our model framework offers
the opportunity for a more holistic analysis by including producer
as well as consumer benefits. By doing so, we discovered a win–
win situation between producer surplus (the fishery) and respect-
ing minimum stock size limits. Environmentalists, concerned about
the conservation status of cod, and the fishing industry, concerned
about conservation of a viable fishery and its cultural heritage, both
benefit from rebuilding the cod stock. This result is caused either by
increasing cod prices due to lower supply if quotas are set more re-
strictive, or by decreasing costs for the cod fishery due to the stock
effect (which implies that unit operating costs will be sensitive to
the size of the exploited fish stock; Hannesson, 2007) or a combi-
nation of both. The consumer only pays for the stock conservation,
if prices increase. Which effect is dominant can, however, not be
resolved by our model.

The increase in fishery profits, when the side condition of min-
imum stock size of cod is introduced, does not affect all fisheries
in the same way. Actually, it is only the cod fishery, which substan-
tially gains in profits. The herring and the sprat fishery face reduced
profits, what opens up a fairness discussion within the fishery pro-
duction sector (e.g. Voss et al., 2014a). This might be a problem, as
in the Baltic not all fishers hold quota on all fished species, and not
all countries fishing in the Baltic have the same proportional share
of cod, herring, and sprat quota. So, some fishers/countries would
win, while others might lose (Voss et al., 2014b). A potential solu-
tion would be the implementation of transfer payments that com-
pensate the herring and sprat fishery for forgone potential profits.
In practice, such transfer payments may, however, lead to sustained
over-capacity in the fishery and have been criticized (Voss et al.,
2014a).

Robust management
Among the changes influencing a fish stock’s dynamics, variation
in recruitment is probably the most prominent example. Recruit-
ment levels are often reported on a standard basis by the assessment
organization, e.g. ICES Working Groups, and much valuable work
has been done to identify environmental influences on recruitment
(Köster et al., 2009; Voss et al., 2019). In fisheries management, as-
sumptions on recruitment are a central element of long-term ob-
jective setting, short-term forecasts, and ultimately scientific advice
on harvest rates and quantities. Needless to say, recruitment is also a
key variable in our ecological–economic fisheries model. Currently,
ICES uses an average of the last 5 years in its short-term forecast for
Central Baltic cod. We simulated, how the results change, if we ap-
ply an average of 10 years, 3 years, and 1 year, or use the concept of
“robust management” for all species. While this takes into account
the large natural variability in herring and sprat recruitment, it also
reflects the, on average, decreasing recruitment in cod. It became
obvious that under decreasing recruitment the importance of cod
more and more decreased, up to a point where the fishery is finally
dominated in ecological as well as economic terms by clupeids, a
state we termed “Brave New Baltic.” Robust management would act
more conservative by setting lower catch limits, and thereby slow
down or prevent this process. As observed for introducing mini-
mum biomass limits (see above), introduction of a robust manage-
ment did not harm the fishery profits. All three fisheries included in
our multispecies model gained profits as compared to the standard
MMEY management, while standing stocks were larger at the same
time. Therefore, we suggest to further investigate the concept and
potential future application of a robust management strategy in the
Central Baltic Sea. Especially under changing environmental con-
ditions due to climate change in combination with hard-to-predict
ecological changes, such an approach might meet the needs of eco-
logical and economic conservation.
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