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ABSTRACT: The Baltic Sea ecosystem is hypothesized to have undergone a regime shift during the
last 3 decades, altering its functioning and the composition of its zooplankton and fish communities.
The new stable state has been considered as 'cod hostile' due to reduced spawning success in cod, as
well as increased predation on and declining food sources for cod larvae. Nonetheless, the eastern
Baltic cod stock has recently recovered after more than 2 decades of low biomass and productivity.
The recovery was mainly driven by a sudden reduction in fishing mortality and occurred in the
absence of any exceptionally large year classes. The recovery of the cod stock during a 'cod-hostile'
ecological regime indicates that fisheries are the main regulator of cod population dynamics in the

Baltic Sea.
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Introduction

Understanding the effects of fishing and climate on
marine ecosystem dynamics is of central importance
for the management of exploited resources (Brander
2007). Top-down and bottom-up forces usually operate
in concert and their relative strength varies in response
to alterations linked to external perturbations (Wilmers
et al. 2006). Changes in ecosystem functioning can
eventually result in alternative stable states, as shown
by theoretical (Scheffer & Carpenter 2003) and obser-
vational studies (Daskalov et al. 2007). These regime
shifts are defined as transformations from one stable
ecosystem configuration to a new stable state that is
difficult to reverse (Scheffer & Carpenter 2003).

Such a shift—triggered by climate-induced hydro-
graphic changes (Méllmann et al. 2008, Osterblom et
al. 2010 and references therein) —has been described
for the Baltic Sea ecosystem, with a reorganization due
to altered trophic relationships between its major com-
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ponents (Moéllmann et al. 2009). In the Baltic, the
regime shift should also explain most of the recent
dynamics of the open sea fish community (MacKenzie
et al. 2007). Overfishing and eutrophication have been
identified as additional drivers along with the pre-
dominant effects of altered climate forcing (Osterblom
et al. 2010 and references therein).

Baltic regime shift

Reorganization of the Baltic ecosystem has changed
its zooplankton and fish communities (MacKenzie et
al. 2007, Casini et al. 2009). Sprat Sprattus sprattus and
warm water copepods Acartia spp. now dominate the
open water of the Baltic Sea (MacKenzie et al. 2007),
while herring Clupea harengus and the main top
predator, cod Gadus morhua, have declined (ICES
2010). A large sprat stock may exert high predation
pressure on cod eggs (Koster & Moéllmann 2000, Moll-
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mann et al. 2008), and together with reduced abun-
dance of key zooplankton species for cod larvae (e.g.
Pseudocalanus acuspes) and unfavorable conditions
for spawning (MacKenzie et al. 2000, Koster et al.
2005), negatively affects the recruitment of cod (Moll-
mann et al. 2008).
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Fig. 1. Changes in the historical main spawning areas of cod Gadus morhua in

the western Baltic, eastern Baltic and Danish Belt Sea (redrawn from Bagge et

al. 1994). (a) Cod spawning in the Gotland Deep and Gdansk Deep as it was

depicted in the 1980s; (b) cod reproduction still occurs in the Bornholm Deep, but
it is negligible nowadays in the Gotland and Gdansk Deeps

This new stable state has been termed as ‘cod hos-
tile' (e.g. Méllmann et al. 2008, 2009, Lindegren et al.
2010). Such a ‘'new’ state may have been stabilized by
a negative feedback loop (i.e. hysteresis effects sensu
Lindegren et al. 2010; see also Mollmann & Koster
2002, Scheffer & Carpenter 2003, Casini et al. 2009). In

this context, an ecosystem approach
involving drastic and possibly haz-
ardous interventions (Suding et al.
2004) is considered necessary to re-
store the Baltic Sea ecosystem and
bring it back to its 'original’ configura-
tion (ICES 2008, Diekmann & Moll-
mann 2010, Osterblom et al. 2010 and
references therein).

However, there are other factors
that may have led to a permanent
change of the Baltic Sea fish commu-
nity. The most important is likely to be
the change of the population structure
in eastern Baltic cod, a stock that has
historically spawned at 3 known loca-
tions: the Bornholm Deep, the Gdansk
Deep and the Gotland Deep (Aro
1989; our Fig. la). After the end of
the 1980s, the Gdansk and Gotland
Deep spawning aggregations (or sub-
populations) were nearly eradicated,
in particular the Gotland Deep com-
ponent, where hardly any spawning
activity occurs at the moment (ICES
2010). The favorable conditions for
spawning and production of viable
larvae have only remained in the
Bornholm Deep, and even there a
considerable reduction in spawning
area has occurred (Hinrichsen et al.
2003).

The prime factor for this decline is
probably related to climatic variation,
as a decline in the frequency of
oceanic water inflow from the North-
east Atlantic since the 1980s (ICES
2010) has led to a significant reduc-
tion of areas with oxygenated saline
water, which is a prerequisite for suc-
cessful spawning of cod (MacKenzie
et al. 2000). The situation has been
worsened by eutrophication and
overfishing (Casini et al. 2009). From
a bottom-up perspective, a decrease
of the inflow of oxygenated saline
water can also be referred to as a
‘regime shift’, as it makes the Baltic
Sea less suitable for marine fishes.
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Structure of the Baltic cod stock

Does the concept of regime shifts clear, or blur, the
picture? There is a need to elucidate other issues
related to ecosystem changes in the Baltic Sea. To our
knowledge, no investigations have ever been con-
ducted to study the integrity of the 3 cod sub-stocks.
The 'general’ opinion at ICES working groups is that,
when the cod stock expands, depleted aggregations
will probably be refilled from neighboring ones. This
idea has never been tested and, on the contrary, there
is increasing evidence of rather strong natal homing
behaviour in cod, as shown in adjacent stocks in the
Oresund (the area between the Baltic Sea and the
Kattegat), and in the Kattegat (Sveddng et al. 2007,
2010a,b). If the Baltic cod stock components are at least
partly reproductively isolated from each other, the
pace of recovery of the whole eastern Baltic cod stock
will be hampered, even if physical conditions should
improve at all spawning locations.

Nonetheless, the Baltic cod stock has recently recov-
ered after >2 decades of low biomass and productivity.
Between 2005 and 2009, the total biomass trebled from
120 to 350 kt, and this increase was not due to an in-
crease in weight-at-age (ICES 2010). During the same
period, fishing mortality decreased from about 1 to
<0.3. According to the most recent as-
sessment (ICES 2010), relatively strong
year classes (of 2 year olds) were

formed in 2005 and between 2007 and 8
2009, although the estimates for 2008—
2009 are still considered as uncertain. 71
However, recruitment in 2005 and 2007
was not high, and at the same level as 6 -
in 1993 and 2000, i.e. below the overall
recruitment level observed during the 5 ]

1980s. We think that the recovery of the
eastern Baltic cod was mainly driven by
a sudden reduction in fishing mortality
(because the Polish fishing fleet was
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biomass of the eastern Baltic Sea cod stock is forecast
to reach levels in 2012 that are just below the maxi-
mum values in the 1920s (Eero et al. 2008) (Fig. 2). This
will obviously have positive effect on the cod fisheries
in the Baltic Sea in the medium term, as the Total
Allowable Catch will increase (ICES 2009). The long-
term level of cod yield will depend on the future aver-
age recruitment (ICES 2009). Although the sprat stock
has declined in recent years, the sprat population is
still at a high level of spawning biomass (ICES 2010).
However, if future cod recruitment increases com-
pared to the last 15 yr, the risk of long-term collapse of
the sprat stock increases at the current estimate of Fysy
for sprat (ICES 2009).

Status of the Oresund cod stock

A similar decline has never occurred in the neigh-
boring cod stock in the Oresund (Lindegren et al. 2010,
Svedédng 2010, Svedéng et al. 2010a). The Oresund has
experienced a similar hydrographically-induced regime
shift, but a corresponding trophic cascade shift has not
been observed (Lindegren et al. 2010). The Oresund
cod stock is considered to be healthy, with a size struc-
ture that resembles that of an unexploited population.

Regime shift (sensu)
Molimann et al. 2009
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just before the regime shift occurred 1

(i.e. at the end of the 1980s) (ICES
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tained due to changes in the cod popu-
lation structure, such as loss of sub-
population units. Nevertheless, if the
current fishing mortality (F) is main-
tained (F < Fysy; Fusy defined as the
fishing mortality rate that provides the
Maximum Sustainable Yield, MSY;
Hilborn & Walters 1992), the spawning
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Fig. 2. Gadus morhua. Historical trend of spawning stock biomass (SSB) of east-
ern Baltic cod, and forecast for 2011 and 2012 at different levels of fishing mortal-
ity (F). Fusy: F at Maximum Sustainable Yield; Fyp: F set using the harvest con-
trol rules of the current management plan (ICES 2010). SSB estimates from 1925
to 1944 from Eero et al. (2007), from 1946 to 1965 from Eero et al. (2008), and from
1966 on from ICES (2010). A regime shift (sensu Moéllmann et al. 2009) occurred
in 1988, which separates the ‘old' from the ‘new’ state of the Baltic ecosystem
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Estimates of fishing mortality in the Oresund stock are
generally much lower than for the adjacent Kattegat
stock (Svedang et al. 2010a). This is likely due to the
ban on trawl fishing since 1932 (Lindegren et al. 2010,
Svedédng 2010) and the fact that cod in the Oresund is
captured at much larger sizes, mainly by gill nets and
hooks, than in the Baltic Sea. In addition, eutrophica-
tion in the Oresund has been partly halted and re-
versed (Lindegren et al. 2010). The healthy status of
the Oresund cod stock also points to the crucial role
of selectivity in the exploitation of fish populations
(Froese et al. 2008), and the importance of minimizing
the risk of genetic selection (Jorgensen et al. 2009) and
preserving population and behavioral diversity (Sve-
déang et al. 2010Db).

Given that the ongoing climatic stress was accompa-
nied by higher fishing pressure, it could be argued that
hysteresis effects may also have occurred in the Ore-
sund (Lindegren et al. 2010). We think that if the envi-
ronment degrades due to climatic change leading to
hypoxia, and the fishing pressure increases, the fish
stocks in the Oresund will be seriously affected. It is,
however, a completely different matter whether such
an altered ecosystem will be locked up by hysteresis
effects, or not.

Conclusions

There are several lessons to be learned from the
recovery of the eastern Baltic cod stock and the lack of
a collapse of the Oresund cod stock, concerning the
role and nature of regime shifts in the dynamics of the
Baltic Sea over the last century. The substantial reduc-
tion in fishing mortality has triggered a rapid recovery
of the eastern Baltic cod stock, at least in the Bornholm
basin, even during a ‘cod-hostile’ ecological regime
(e.g. Lindegren et al. 2010), and before any ecosystem
management strategy was implemented. Also, the
speed of the reversal is contrary to the predictions of
the regime shift theory, as hysteresis did not stabilize
and lock up the ecosystem in the new stable state.

Furthermore, what has been historically perceived
as a 'low recruitment regime’ was falsified when the
stock was fished at the level of at or around Fysy. In
short, single species regulation still seems to be a well-
functioning approach in handling natural resources
(see also Cardinale & Svedang 2008). However, this
approach should include both temporal and spatial
aspects of stock dynamics and fleet behavior, in order
to obtain a better resolution of the relevant processes.

In summary, the fishery appears to be the main reg-
ulator of the population dynamics of cod in the Baltic,
as observed for other gadoids and similar predatory
fishes throughout the world's seas (Myers & Worm

2003). Human exploitation is probably the strongest
force shaping terrestrial and marine ecosystems over
the last centuries (Roberts 2007, Darimont et al. 2010).
Hence, by relating ecosystem perturbations to regime
shift-related changes (i.e. negative trophic loops medi-
ated by competition and predation) there is an obvious
danger of letting unclear metaphors overtrump scien-
tific endeavor for simplicity and openness to other
interpretations.
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