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Abbreviations

Chemicals:

BDE47, BDE99, BDE100, BDE153, BDE209 Different congeners of PBDE

Cd
Cs-137

DDD

DDE

DDT
DDTs
DEHP
HBCDD
HCB

Hg
PAHSs
PBDEs
Pb
PCBs

>PCBy

PCDD/Fs
Penta PBDE
PFOS

TBT

TCDD

Cadmium
Radioactive isotope of caesium

1,1-dichloro-2,2-bis(p-chlorophenyl)ethane, a breakdown product of
DDT

1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene, a breakdown product of
DDT

1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
Non-specific reference, may include DDT and metabolites
Di(2-ethylhexyl)phthalate

Hexabromocyclododecane

Hexachlorobenzene

Mercury

Polycyclic aromatic hydrocarbons

Polybrominated diphenyl ethers

Lead

Polychlorinated biphenyls

Sum of 7 PCB congeners (-28,-52, -101, -118, -138,-153 and -180) often
analysed in monitoring programmes

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
Technical mixture of PBDE, mainly consisting of BDE
Perfluorooctane sulfonate or perfluorooctanesulfonic acid

Tributyltin

2,3,7,8-Tetrachlorodibenzo-p-dioxin



Other:

CLP Regulation

EC

EQS
HELCOM
HOC
ICES

LC

NOEC
PNEC

REACH Regulation

TEQ
TGD
WED

PSU

Regulation (EC) No 1272/2008 on Classification, Labelling and
Packaging of Substances and Mixtures

Effective Concentration

Environmental Quality Standards

Helsinki Commission

Hydrophobic Organic Contaminants

International Council for the Exploration of the Sea
Lethal Concentration

No Observed Effect Concentration

Predicted No-Effect Concentration

Regulation (EC) No 1907/2006 on chemicals and their safe use;
Registration, Evaluation, Authorisation and Restriction of
Chemical substances

Toxic Equivalent

Technical Guidance Document on Risk Assessment

EU Water Framework Directive

Practical Salinity Unit (~promille)



Foreword by the Swedish Chemicals Agency

BaltSens is a project within the EU Strategy for the Baltic Sea Region (EUSBSR).
BaltSens is placed within Priority Area 3 (PA3) “To reduce the use and impact of
hazardous substances”, which is coordinated by Sweden. The project also contributes to
the Action Plan for a toxic-free everyday environment that has been launched by the
Swedish Chemicals Agency (Keml), on assignment by the Swedish Government.

Considering that the environment of the Baltic Sea is generally regarded as particularly
sensitive (see e.g. Kautsky and Andersson, 1997), Keml initiated the BaltSens project.
The project aims at finding a coherent way of taking scientific understanding of the
Baltic Sea into risk assessment guidance. A literature survey has been conducted,
collating scientific publications on the Baltic Sea environment and the living conditions
for its inhabitants. In this report, the scientific data is discussed in the context of
chemical risk assessment, and comparisons are made between the sensitivity of
ecosystems in the Baltic Sea and in truly marine environments. The purpose of this
report is not only to collate and discuss scientific progression but also to serve as a
starting point for discussions on how risk assessment of chemicals in the Baltic Sea can
be improved.

The literature survey was ordered by Keml and conducted by independent contractor
company N-research. Kerstin Magnusson and Katja Norén wrote the manuscript. The
project BaltSens is run by Keml where Per Johansson, at the Biocidal Products and
GMO Unit, is project manager.
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Summary

The Baltic Sea is one of the world’s largest brackish water bodies, and the Baltic
species live under conditions in many respects different from species in most other
aquatic environments. This may be of importance when deciding on threshold levels for
pollutants, e.g. the Environmental Quality Standards (EQSs) for hazardous compounds
given under the EU Water Framework Directive (WFD). The aim of the report is to
summarise scientific data on how sensitive the Baltic ecosystems are to pollutants. The
information is derived from peer reviewed scientific articles and reports from regulatory
authorities and independent research institutes. The conclusion is that the Baltic
ecosystems are more vulnerable than ecosystems in most other sea areas. Several
reasons for this are linked to the low salinity and the isolation from other sea areas:

Most Baltic species, both those of limnic and of marine origin, live under
constant osmotic stress in the brackish water of the Baltic Sea.

The Baltic ecosystems consist of fewer functional groups, and fewer species
within each group, and the ecosystem functions are thus less resilient than
aquatic ecosystems with a higher biodiversity.

The Baltic species are unique in the sense that the gene pools of many species
are smaller and distinctly isolated from populations of the same species in the
North Sea.

As a result of the genetic isolation, it is not evident that if Baltic species
populations would go extinct, they would be replaced through recolonisation
from populations in other areas.

Concentrations of pollutants are found to be considerably higher in the Baltic Sea than
in many other sea areas. Some important explanations to this are the following:

The Baltic Sea is not only a recipient for heavy loads of pollutants from local
sources but, due to the dominant wind directions, also for air borne pollutants
from the whole European continent. Since the temperature is low, evaporation of
pollutants from the surface of the Baltic Sea and transportation of pollutants
away from the Baltic Sea is low.

The low transparency in the water column, a result of the intense eutrophication,
limits the photodegradation of hydrophobic organic contaminants. Furthermore,
the low temperature and the hypoxic and anoxic conditions below the halocline

slow down the biodegradation rate of hydrophobic organic contaminants.

Pollutants that end up in the Baltic Sea will not be diluted to the same extent as
in other areas with better contact with the Atlantic Ocean; hence exposure
concentrations are higher for the Baltic species.

In addition to the high concentrations of hazardous compounds the Baltic Sea
ecosystems are under simultaneous pressure from other anthropogenic stressors, e.g.
eutrophication, overfishing and intense shipping.






Sammanfattning

Ostersjon &r ett av varldens storsta brackvattenhav och det utgor unika levnadsfor-
hallanden for de arter som finns dar. Detta bor beaktas nar man faststéller gransvarden
for kemikalier i miljon, t.ex. de miljokvalitetsnormer (MKN) for farliga &mnen som
stéllts upp av EU:s ramdirektiv for vatten. Syftet med denna rapport har varit att
sammanstalla ett vetenskapligt underlag som kan ligga till grund for bedémning av
Ostersjons kanslighet for kemikalier. Informationen har hamtats fran granskade
vetenskapliga publikationer och fran rapporter fran myndigheter och oberoende
forskningsinstitut. Data pekar pa att Ostersjons ekosystem sannolikt ar mer kénsliga for
miljofarliga &mnen dn ekosystem i manga andra akvatiska miljcer. Flera skal till denna
okade kanslighet ar kopplade till Ostersjons laga salthalt och dess avskildhet fran andra
havsomraden:

e De flesta Ostersjoarter, oavsett om de har limniskt eller marint ursprung, lever
under konstant osmotisk stress och maste anvanda betydande energiméangder till
osmoreglerande funktioner.

e Ostersjons ekosystem bestar av farre funktionella grupper, med farre arter i varje
grupp, an ekosystem i andra hav. Det innebdr en 6kad risk att stérningar kan
leda till stora férandringar pa funktionell niva, eftersom den funktionella
redundansen &r liten jamfort med i akvatiska ekosystem med hogre biodiversitet.

e Manga av Ostersjons arter ar genetiskt unika och har en genpool som dels &r
avsevart mindre och dels distinkt isolerad fran populationer av samma art som
lever pa andra sidan Oresund och Balthavet.

e Ett resultat av den genetiska isoleringen &r att Ostersjoarter som av nagon
anledning forsvinner inte sjalvklart kan ersattas, varken genom naturlig
aterkolonisering fran angransande akvatiska omraden eller genom
transplantation.

Koncentrationen av miljogifter ar hogre i Ostersjon 4n i manga andra havsomraden.
Nagra viktiga forklaringar till detta ar foljande:

e Ostersjon tar emot stora mangder miljofarliga amnen fran béde lokala och
regionala kéllor. Den forharskande vindriktningen &r sydlig till vastlig och det
har visats att luftburna fororeningar fran hela europeiska kontinenten
transporteras hit och deponeras pa havsytan. Eftersom temperaturen &r 1ag pa
dessa breddgrader ar avdunstningen av amnena fran ytan lag.

e Nedbrytning av organiska miljogifter begransas av flera faktorer. Ett begransat
siktdjup, ett resultat av 6vergddning, kan begransa den fotokemiska
nedbrytningen, och lag temperatur och daliga syreforhallanden pa bottnarna gor
att den mikrobiella nedbrytningen &r langsam.

e Utspadning av miljofarliga amnen i Ostersjon ar lagre an i liknande
havsomraden med béttre kontakt med Atlanten.

11



Forutom att de 4r exponerade for hdga miljogiftshalter ar Ostersjons ekosystem
samtidigt utsatta for andra stressfaktorer av antropogent ursprung, sasom eutrofiering,
Overfiske och intensiv sjofart.
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1. Introduction

The Baltic Sea is the second largest brackish water system in the world next to the
Black Sea and is often described as one of the most polluted sea areas in the world. This
statement was supported in a study where the ecological status of twelve estuaries and
coastal areas across the world were compared and the Baltic Sea, together with the
Adriatic Sea and Wadden Sea, was found to be the most degraded and most affected by
the impact of humans (Lotze et al., 2006). The Baltic Sea is surrounded by a large
catchment area, about four times as large as the sea itself, and populated by 85 million
people. It has become the recipient for a large amount of hazardous compounds deriving
from industrial, agricultural, shipping and recreational activities. In addition to the local
sources there is a substantial deposition of airborne pollutants from the European
continent.

To determine the overall quality of surface water bodies within the EU the Water Frame
Directive (WFD, 2000/60/EC) has set out strategies to assess and classify the chemical
and the ecological status. The chemical assessment is done by applying Environmental
Quality Standards (EQSS), i.e. established maximum acceptable concentrations and/or
annual concentrations for selected priority substances. If all pollutant concentrations are
below the EQSs the water body is considered to have a “good chemical status”. EQSs
are also meant to be a tool that should be used to set discharge permits to water bodies
to ensure that the threshold levels are not exceeded in recipients of chemical emissions
(European Commission, 2011). At present, EQSs are derived for 33 priority pollutants
and 8 other pollutants and presented in the EQS directive (EQSD, 2008/105/EC).
However, a proposal for an extension of the number of priority pollutants from 33 to 48
has been brought forward (Proposal for a Directive amending the WFD and EQSD
(COM(2011)876). In the proposal EQSs for biota are also included for some of the
substances.

The procedure for developing EQSs is described in the EU Technical guidance for
deriving environmental quality standards (European Commission, 2011). One part of it
involves calculations of Predicted No Effect Concentrations (PNECSs) as described in
the EU Technical guidance document on risk assessment (TGD) (European
Commission, 2003). In some cases an EQS will be identical to the PNEC, but generally
it is the result of a more in-depth analysis, which means that EQSs may be considerably
lower than PNECs. PNEC calculations are based on results from standardized toxicity
tests on organisms from three trophic levels divided by an assessment factor. The
assessment factor may differ depending on the sensitivity of the ecosystem. The
ecosystems of the Baltic Sea can be considered to be more sensitive than many others
due to the naturally low biodiversity and the physiologically demanding osmotic
conditions in the brackish water environment. This exceptional sensitivity of the Baltic
Sea is explicitly mentioned in the TGD: “There are also circumstances, however, where
the special conditions existing in a particular environment such as that existing in the
Baltic Sea, give rise to a reduced or limited species diversity and/or specific stresses
such as low or variable salinity. In such circumstances of low species diversity, adverse
impacts in individual species can have a devastating impacts on the specialised
ecosystem” (European Commission, 2003).

There are, however, more stress factors than the low species diversity and the osmotic
stress acting on the Baltic ecosystems. The combined effect of physical, hydrological
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and human factors have turned the Baltic Sea into a eutrophicated and polluted sea. The
particular vulnerability of the Baltic Sea has been recognised by the International
Maritime Organization (IMO) who has given it the status of a Particular Sensitive Sea
Area (PSSA). IMO also consider the Baltic Sea, along with the North Sea and the
English Channel, to be particularly sensitive to sulphate and therefore classified as a
SOx Emission Control Areas (SECA).

The area defined as “the Baltic Sea” may vary depending on the context, but in this
report a hydrographic perspective is used and the borders to the North Sea are
considered to be the Darss sill, 18 m deep and separating the Great Belt and the Arkona
Basin, and Drogden sill, 7 m deep and separating the Sound from the Arkona basin. The
Great Belt, the Sound, the little Belt and the Kattegat form a transition area between the
Baltic proper and the North Sea (Jakobsen, 1995) (Fig. 1).

Bothnian Bay
The Quark
Bothnian Sea
Gulf of Finland
Aland Sea
Northern Baltic Proper
Gulf of Riga
Kattegat Western Gotland Basin
Eastern Gotland Basin
fhe Sound
Great Beltrhe Soung  Bornholm Basin
Arkona Basin
Kiel Bay Gulf of Gdansk
Bay of Mecklenburg

Figure 1. According to the definition applied in this report the Baltic Sea is subdivided into the
Baltic Proper, Gulf of Riga, Gulf of Finland, the Bothnian Sea and the Bothnian Bay. The
Danish Straits form a transition area between the Baltic Sea and Kattegat.
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2. Aim of the report

The aim of this work is to describe the status of the Baltic Sea ecosystems from
different aspects and discuss whether there are scientifically based arguments
supporting the hypothesis that Baltic Sea ecosystems are more sensitive to hazardous
compounds than other aquatic ecosystems.

In section 3-5 of the report is presented a literature review on the ecological, chemical
and physical conditions specific to the Baltic Sea. In Section 6-7 this background
information is used to evaluate the sensitivity of the Baltic ecosystems to pollutants. An
attempt is also made to relate the pollutant situation in the Baltic Sea to other sea areas.

The environmental problems of the Baltic Sea have previously been reviewed by others
e.g. HELCOM, 2010a and Kautsky and Andersson, 1997. However, the present work
includes an extensive amount of references to recent scientific publications and will
hopefully be of help in taking actions for a healthier, less polluted Baltic Sea.

3. General description of the Baltic Sea

3.1. The Baltic Sea ecosystem
3.1.1. Low diversity of species and functional groups
Low species diversity

The Baltic Sea has few or perhaps even no truly endemic species. Baltic flora and fauna
consist of euryhaline species (species able to adapt to a wide range of salinities) that
have extended their natural range from the North Sea, and survivors from periods of
limnic conditions. The present connection between the Baltic Sea and the marine waters
of the North Sea through the Danish Straits is only about 8500 years old. Short periods
of inflow of saltwater to the Baltic Sea had probably occurred even earlier than this, but
then the area remained predominantly limnic. The establishment of marine flora and
fauna in the Baltic Sea occurred in the Littorina period (8000 - 4000 BP), which from an
evolutionary perspective is quite recently (Johannesson & André, 2006). The salinity
has fluctuated over the years and probably reached a maximum some 5000 years ago,
where after it has decreased (Gustafsson, 2002).

The restricted inflow of marine water has created a gradient of decreasing salinity from
the Kattegat and eastward and northward to the Bothnian Bay. From an ecological
perspective salinity gradients are the strongest naturally structuring factors for the
spatial distribution patterns of species diversity. The number of marine species
decreases along the gradient, and the number of marine benthic macrofauna species
goes from over 1600 in the open Skagerrak, to =500 in the western part of the Baltic
Sea, ~80 in the southern Baltic Proper, and less than 20 species in the Bothnian Bay.
The diversity of limnic species increases in the inner parts of the Gulf of Finland and
the Gulf of Bothnia (Remane, 1934; Bonsdorff, 2006; Zettler et al., 2007; Ojaveer et al.,
2010; Schubert et al., 2011). An extreme situation is found in the deeper parts of the
Bothnian Bay where the species number is exceptionally low, and two invertebrate
species, the isopod Saduria entomon and its prey the amphipod Monoporeia affinis,
compose 82% of the total benthic biomass (Englund et al., 2008).
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Another important structuring factor for the distribution of species in the Baltic sea is
the oxygen conditions (Villnds & Norkko, 2011). Especially benthic fauna is affected
by this and in the Baltic Sea there are large areas with hypoxic and anoxic sediment
totally free from animal life (Karlson et al., 2002; Conley et al., 2009).

Low functional group diversity

As the number of species declines so does the number of possible interactions within
the different food webs. A clear correlation is found between salinity and the number of
sublittoral macrofauna species, and as the species diversity declines, so does the
diversity of functional groups (a division of species according to the function they have
in the ecosystem, e.g. carnivores, deposit feeders or sessile suspension feeders). The
number of functional groups decreases from 18-19 in Kattegat/Skagerrak, to 8-10 in the
southern part of the Baltic Sea, and only 1-3 in the northernmost areas of the Bothnian
Bay (Bonsdorff & Pearson, 1999). The implication of this is that the overall Baltic
ecosystem functioning is maintained by fewer functional groups and fewer species
within each group than on the other side of the Sound. This makes the ecosystems less
resilient, that is, it will be less capable to resist damage and retain its functions when
exposed to changes in the environment, whether these changes are the result of human
activities or not.

High species diversity has been shown to guarantee for a more stable supply of
ecosystem goods and services in a variable environment (Hooper et al., 2005; Worm et
al., 2006). The low species abundance in the Baltic Sea increases the value of each
individual species as its properties and functions are shared with only few or even no
other species. The extinction of one single species in the Baltic Sea may therefore have
the effect that a particular function of the ecosystem disappears altogether, whereas in a
more diverse ecosystem its function would be replaced by other species with the same
function. So, in essence, the low number of functional groups and the low species
diversity are important factors contributing to the inherent sensibility of the Baltic
ecosystem compared to more diverse ones (Gamfeldt & Hillebrand, 2008; Gamfeldt et
al., 2008).

Several important ecosystem functions in the Baltic Sea are more or less totally
provided by single key species (Johannesson & André, 2006). Examples of such key
species are e.g. the macroalga Fucus vesiculosus, eelgrass (Zostera marina), blue
mussel (Mytilus edulis) and cod (Gadus morhua).

Throughout large parts of the Baltic Sea Fucus vesiculosus, with its tolerance to low
salinities, is the only species upholding the important functional group “canopy forming
macroalgae” on rocky shores. “Canopy forming macroalgae” give protection to
numerous species of fish larvae and benthic macrofauna. In a truly marine ecosystem
this function would be shared by a number of different species of macroalgae (Schubert
etal., 2011).

Blue mussels in the Baltic also have unique functions that are not provided by other
species. They are sessile suspension feeders that filter particulate matter from the water
column, and mussel banks are capable of retaining huge amounts of microalgae. Should
the blue mussels in the Baltic Sea disappear, there are no other species that could take
their place on a functional level, and a few out of many expected consequences would
be that the amount of microalgae in the water column would increase and the eider duck
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would loose its dominant food source (Bustnes, 1998).

Baltic cod is another key species, and can be used as an example of the cascading
effects the loss/reduction of one single species may have on the Baltic Sea ecosystems
(Casini et al., 2008; Casini et al., 2009). The cod populations in the Baltic Sea have
been seriously reduced, mainly as a result of overfishing. This has led to an increase in
the population of sprat, the cod’s preferred prey. Sprat feed on zooplankton, so when the
sprat populations grow larger the predation pressure on zooplankton population
increases and zooplankton populations get smaller. Zooplankton graze on microalgae,
so reduced zooplankton results in a higher production of microalgae. Degradation of
dead algae is an oxygen demanding process so this cascade of effects triggered by
reduction of the cod populations may have an effect the oxygen conditions in the
bottom water. Previously the prevailing explanation to the eutrophic state of the Baltic
Sea has been that it is the result of a bottom-up effect, where increased nutrient levels
lead to increased primary production. However, the top-down model presented by
Casini and co-workers may be considered as a complementary explanation model.

The reduction in cod population has also been suggested to have caused the reduced fat
concentration observed in chicks of the guillemot (Uria aalge)(Osterblom et al., 2006).
The explanation would be that when the sprat populations get larger as a result of less
predation by cod, there is a higher competition for zooplankton. Individual sprat gets
less food and become less fatty as the zooplankton become scarcer and fish eating birds
like the guillemot would therefore get less energy from each fish they catch. Ultimately
this could affect the fat content of guillemot chicks.

There are also indications that the decline in cod and subsequent increase in sprat
populations has greatly reduced the recruitment of pike (Esox lucius) and perch (Perca
fluviatilis), as their larvae are dependent on declining zooplankton populations
(Ljunggren et al., 2010). Reduction in the population of one single key species like the
Baltic cod in the low diverse Baltic Sea has hence had profound effects on the whole
ecosystem since no other species has been able to take over its functional role.

3.1.2. Low genetic diversity but unique adaptations
Genetic isolation and low genetic diversity

Genetic diversity is the prerequisite for adaptations of populations in a variable
environment and thus essential in order to survive stress and disturbances (Templeton et
al., 2001; Bell & Gonzalez, 2009). Baltic populations generally have a low genetic
diversity within species compared to populations of the same species in the North Sea.
Published datasets on genetic variation in marine species were compiled in a meta-
analyses to estimate the genetic difference in 29 species with populations in both the
North Sea and in the Baltic Sea (Johannesson & André, 2006). The data sets had used
different genetic markers, but all those that included populations of the same species
from both sides of the Danish Straits were included in the meta-analyses. The major
conclusions from the study were that (i) Baltic populations have generally lower genetic
diversity than North Sea/Atlantic populations, and (ii) for a majority of taxa there was a
marked differentiation in genetic variation at the Danish Straits, i.e. the border between
the North Sea and the Baltic Sea, (iii) the low diversity of Baltic populations were
independent of what taxonomic group the animals belonged to, their generation time or
their means of dispersal. There was however a difference in variation depending on
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what genetic marker that had been used. The largest difference was found in
mitochondrial DNA where Baltic populations were found to have lost up to 50% of
their genetic diversity compared to Atlantic/North Sea populations.

Low genetic within-species diversity is particularly critical for species being the only
representatives in a functional group, something that is not unusual in the Baltic
ecosystems. An example of this is the eelgrass (Zostera marina) that is the only eelgrass
species found at a depth greater than two meters in the Baltic Sea. Meadows of eelgrass
add a three dimensional complexity to otherwise bare sediments and act as an important
shelter and nursery for juvenile fish. They also host a high diversity of other associated
fauna compared to bare sediments (Bostrom & Bonsdorff, 1997; Heck Jr. et al., 2003;
Reusch et al., 2005). However, the genotypic diversity of Zostera marina in the Baltic
Sea is much lower than that of the North Sea populations. High genetic diversity in
seagrass meadows have been shown to buffer against stress events, in addition to its
coupling to higher production and higher diversity of associated fauna (Hughes &
Stachowicz, 2004; Reusch et al., 2005). In the Baltic Sea an entire seagrass meadow
was found to consist of one single clone, which means that there was no genetic
diversity at all (Reusch et al., 1999). This low genotypic diversity would make the
Baltic eelgrass meadows vulnerable to perturbation of both natural and anthropogenic
origin.

The low genetic diversity is coupled to the fact that most of the marine species found in
the Baltic Sea colonised the area 4000-8000 years ago when the salinity was much
higher than today. Since then the water salinity has become considerably lower, and
organisms “trapped” in the Baltic Sea during the period of declining salinity have either
died off or managed to adapt to the new conditions. The salinity difference between the
two sides of the Danish Straits has inhibited further inflow of “fresh” genetic material
from the North Sea to the Baltic Sea. The long period with little or no input of genes
from adjacent sea areas, in combination with a selection on adaptive traits, have made
the Baltic populations genetically isolated from the North Sea populations of the same
species (Johannesson & André, 2006). Over the years there has been an impoverishment
of the genetic material in the Baltic Sea, mainly due to genetic drift, which is especially
forceful in small populations. By genetic drift is meant that genes are lost over
generations due to random events affecting which individuals will have a successful
reproduction. This reduces the gene pool within a specific population of a species and
hence also the capacity of the population to adapt to environmental changes. In
populations with large gene pools it is more likely that certain individuals will have a
genetic composition that gives them increased tolerance to new external stress factors
that may appear. The low genetic diversity in the Baltic populations therefore severely
reduces the potential for them to withstand environmental perturbations. Even if some
individuals of the Baltic populations of today would be able to cope with environmental
changes, further reductions in already low population sizes increase the possible risk for
extinction due to genetic drift (Johannesson & André, 2006; Johannesson et al., 2011).

The genetic isolation between Baltic Sea and North Sea populations of the same species
IS so strong that it is not likely that there would be a recolonisation of North Sea species
if local Baltic populations became extinct. Efforts to transplant North Sea populations to
replace extinct Baltic ones might also be problematic, since the North Sea populations
lack the specific Baltic Sea adaptations (Johannesson & André, 2006).
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In summary, both the genetic isolation from other populations of the same species, and
the reduced genetic variation within individual species make the Baltic organisms less
capable to cope with external stressors like e.g. pollutants (Johannesson & André, 2006;
Johannesson et al., 2011).

3.1.3. Osmotic stress and local adaptations

Aquatic organisms were originally adapted to regulate the osmotic balance at either
fresh water salinities of O psu, or marine water salinity of ~30 psu and there are many
different osmoregulating strategies, particularly among marine invertebrates (Grosell et
al., 2007). Osmoregulation is an energy demanding process and energy minima, the
salinity at which the animal spend the least amount of energy, are found at different
salinities for different species. When the ambient salinity deviates from the species
optimum, extra energy is required for osmoregulation and less is available for other
physiological processes such as maintenance, growth, reproduction and coping with
external stress factors.

Most Baltic species live under osmotic stress. Along the salinity gradient, going from
around 12 psu east of the Danish Straits to 3 psu in the Bothnian Bay, both fresh and
marine organisms experience suboptimal salinities and many live at the limit of their
possible distribution. Marine and freshwater stenohaline species, with a limited capacity
to cope with variations in salinity, are more or less confined to live at the margins of the
gradient, whereas euryhaline species are more capable to handle different salinities by
shifting between different osmoregulating strategies. Over the years the Baltic species
have evolved unique local adaptations to the ambient salinity levels even though they
“pay a price” for living in brackish water, which is shown as e.g. increased metabolic
rate, lower growth rate or reduced fecundity.

Local adaptations to suboptimal salinities have been demonstrated in experimental
studies where North Sea populations of species that are also found in the Baltic, have
been transplanted to the Baltic Sea and found to have difficulties in coping with the
brackish water conditions. When both Baltic and Atlantic populations of the macroalgae
Fucus vesiculosus were cultured in water with different salinities (1.5 — 45 psu) the
Atlantic population grew better in high salinities and the Baltic population in low. But
whereas the Atlantic populations died when moved to 1.5 psu, the Baltic population had
a high survival rate in more saline water (Back et al., 1992). In another study, Baltic
blue mussels were transferred to Skagerrak, and blue mussels from Skagerrak moved to
the Baltic Sea. The salinity in the Baltic Sea area was 6-7 psu and in the Skagerrak 20-
30 psu. All transferred Baltic mussels survived and grew better in the Skagerrak than
Baltic control mussels still living in the Baltic Sea. On the other hand, 96% of the
mussels transferred from Skagerrak to the Baltic died immediately. The surviving
individuals were all very small (=<1 mm), but eventually, after several years, they grew
to the same size as the Baltic mussels but considerably smaller than control mussels in
the Skagerrak (Kautsky et al., 1990). This shows that Baltic populations are better
adapted to life in the Baltic Sea than Skagerrak populations of the same species. Even
so, the salinity conditions in the Baltic Sea are obviously suboptimal also for the Baltic
blue mussels since when they were moved to Skagerrak they grew faster and to a larger
size. Both these experiments, with Fucus vesiculosus and with blue mussel strongly
support the argument that Baltic populations are not easily replaceable by North Sea
populations of the same species.
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Also other species live under permanent osmotic stress. In an experimental study the
amphipod Idotea chelipes, a Baltic species of marine origin, was sampled from an area
with a salinity of 7 psu, and was thereafter exposed to water with salinities ranging
between 3—-30 psu. At 20 psu Idotea had its lowest metabolic rate, and at this salinity it
consumed only 25% of what it consumed at 7 psu. This shows that I. chelipes has to
spend a substantial amount of extra energy on osmoregulation when living in the
brackish water of the Baltic Sea compared to if it had lived in a more marine
environment (Lapucki & Normant, 2008). The same pattern was found for a Baltic
population of the marine amphipod Gammarus oceanicus, where the metabolic rate
decreased by 53 % when it was moved from its ambient salinity of 7 psu in the Baltic
Sea, to water with 30 psu (Normant et al., 2004).

Turbot (Scophthalmus maximus) in the Baltic Sea lives at the salinity limit of its
distribution. A number of reproductive parameters e.g. spermatozoa activity,
fertilisation rate and egg survival have been found to decrease with decreasing salinity,
and there was a significant drop at <7 psu (Nissling & Westin, 1997; Nissling &
Johansson, 2006). Cod populations in the Baltic Sea show different degrees of local
adaptations to the brackish water. In the Gdansk and Gotland Basins (10-13 psu) local
cod stocks reproduce successfully whereas individuals from the western stock cannot
reproduce in water with such low salinity (Nissling & Westin, 1997).

The list of different Baltic species experiencing osmotic stress, and how this is
displayed, may be long and includes also decreased growth rate, decreased scope for
growth, reduced body size, reduced reproduction and reduced photosynthesis (Kautsky
et al., 1990; Andersson et al., 1992; Andersson & Kautsky, 1996; Westerbom et al.,
2002; Bergstrom & Kautsky, 2005; Nygard & Ekelund, 2006; Prevodnik et al., 2007).

Effects of salinity stress are also seen on limnic organisms. Perch (Perca fluviatilis),
although being a freshwater fish, is found all along the Swedish east coast, with resident
populations reproducing at 7 psu, and migratory populations reproducing in freshwater
streams. Survival of yellow-sac and free swimming fry, and also growth rate of fry was
severely reduced in brackish water, independently of whether the fish was of a
freshwater spawning or a brackish water spawning origin. This indicates that even perch
populations that have lived in brackish water for generations have not fully adapted to
brackish water conditions (Tibblin et al., 2012). Symptoms of stress in freshwater
invertebrates at increased salinities are also observed as decreased survival and hatching
of embryos (Horrigan et al., 2007).

3.1.4. Living in the Baltic Sea - Specific sensitivity to toxicants

There is no general consensus among scientists whether or not organisms in brackish
water environments respond differently to toxicants than organisms living in marine or
freshwater environments. Theoretically there are two major ways in which they could
be affected: 1) the toxicants behave differently depending on the salinity of the water, or
2) physiological characteristics of organisms living in a brackish water environment
lead to a different response to toxicants.

In an extensive review of the relationship between salinity and toxicity of different
pollutants, tested on a variety of species, a significant increase in toxicity with
decreasing salinity was found for most metals such as Cd, Cr, Cu, Hg, Ni and Zn (Hall
etal., 1995) . This was suggested to be the result of greater bioavailability of the free
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metal ion (which is the toxic form), at lower salinity conditions. This means that with
the same total concentration of metals in the water, aquatic organisms living in low
saline environments are exposed to higher concentrations of the toxic forms than those
living in high salinities. Hall et al. also studied if the toxicity of organic pollutants
differed depending on the salinity, but with only one exception no such correlation was
found. For organophosphate insecticides there seemed to be a positive correlation so
that the substances became more toxic as the salinity increased.

Concerning physiological characteristics that may influence the toxicity, it is often
suggested that organisms that have to spend extra energy on osmoregulation should
have less energy available for coping with pollutants, since this also involves energy
demanding processes (Calow, 1991; Beyers et al., 1999). How important this effect of
osmotic stress is to Baltic organisms probably differs a lot between species, depending
on how well they cope with the reduced salinity, as was discussed in section 3.1.3. The
scientific literature on the combined effect of osmotic stress and toxicity is limited but
the few studies that are found verify that there are species-specific differences.

The toxic effect of pentachlorophenol on the amphipod Gammarus pseudolimnaeus (a
reduction in the concentration of free amino acids), was found to increase significantly
when the animals were kept under hypoosmotic conditions, whereas hyperosmotic
conditions had no effect on toxicity (Graney & Giesy, 1987).

Eggs from the marine algae Fucus vesiculosus sampled at 6 psu in the Baltic Sea were
allowed to germinate in the presence of copper at water salinities of 6, 14 and 20 psu.
Decreased germination was seen at 6 and 20 psu whereas no effect of copper was found
at 14 psu. At 14 psu F. vesiculosus was also found to have its maximum growth rate.
Thus populations living in water with 6 psu clearly live at suboptimal conditions
(Andersson & Kautsky, 1996).

One way to disentangle the effect caused by chemicals from effects caused by salinity
stress is to compare toxic response in Baltic Sea and North Sea populations at different
salinities. The few studies found indicate that Baltic populations are more sensitive than
North Sea populations.

Two gammaride species, Gammarus duebeni and G. oceanicus, were sampled from
both the Baltic Sea and the North Sea. The animals were exposed to cadmium and oil at
marine and Baltic salinities, and the toxic effect (reduced ratio between respiration and
excretion) was shown to be more pronounced in the Baltic Sea population (Tedengren et
al., 1988). In another study the toxic response to crude oil, shown as a reduced
respiration/excretion ratio, was found to be more severe in blue mussels from the Baltic
Sea than in blue mussels from the Swedish west coast at ambient salinities (Tedengren
& Kautsky, 1987). Populations of blue mussel from the Baltic Sea (adapted to 6 psu)
and the North Sea (adapted to 28 psu) acclimatized to an intermediate salinity of 15 psu
for eight days, were exposed to cadmium, and both accumulation of cadmium and the
toxic effect, measured as mortality, was significantly higher in the Baltic populations
(Tedengren et al., 1999).

When a marine clone and a Baltic brackish water clone of the red macroalga Ceramium

tenuicorne were exposed to copper in close to ambient salinities, the growth inhibition
was more pronounced in the Baltic than in the marine clone (Ytreberg et al., 2011).
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When comparing the copper sensitivity of the fish nine-spined stickleback (Pungitus
pungitus) from different sampling locations, fish from the Baltic Sea were found to have
a lower survival rate than fish from both freshwater lakes and from a marine location in
the White Sea (Waser et al., 2010).

In conclusion, there are a number of studies indicating that Baltic populations may be
significantly more sensitive to toxicants due to osmotic stress. This underlines the risk
that traditional toxicity tests performed on non-Baltic populations will seriously
underestimate the toxicity to Baltic populations.

3.1.5. Eutrophication — an important stressor on the Baltic ecosystems

In addition to the natural osmotic stress and stress from pollutants, a number of other
anthropogenic factors are known to have harmful effects on the Baltic ecosystems.
Eutrophication is one of the most important.

The inflow of freshwater from many large rivers and of saltwater from the North Sea
results in a natural stratification of the water in the Baltic Sea (see further 3.2), and
hypoxia (low oxygen concentrations) in the deepest parts of the sea has occurred also
before the time of industrialisation. However, human activities have resulted in an
increased primary production over the past decade, and after the 1950s an increasing
number of offshore sublittoral areas experience more or less constant hypoxic or even
anoxic (no free oxygen) conditions (Karlson et al., 2002; Zillén et al., 2008). Also in
coastal, more shallow areas, there has been a steady increase in episodic and seasonal
hypoxia (Conley et al., 2011). Under anoxic conditions there can be no animal life at all,
but also hypoxia imposes an increased stress on the organisms, and therefore affects
their spatial and temporal distribution patterns. In a study, data from 2001-2006 on
sublittoral macrofauna diversity in the Baltic Proper, from the Bornholm Basin to the
northern Baltic Proper, and in the Gulf of Finland, were compared to baseline data
collected between 1965 and 2006 from hundreds of sampling locations in the Baltic
(Villnds & Norkko, 2011). Compared to what would be predicted from the baseline
data, the macrofauna diversity in 2001 - 2006 was found to be severely reduced. The
abundance of many species in large areas of the Baltic Proper was so low that they were
considered to be “functionally extinct”. However, conditions in the Arkona Basin in the
southern Baltic Proper and in the Gulf of Bothnia in the north were considered to be
reasonably good. According to the authors the dramatic change in the Baltic Proper was
most likely due to eutrophication-induced organic enrichment and a subsequent oxygen
deficiency in bottom waters

The reproduction of the Baltic cod (Gadus morhua) is greatly affected by low oxygen
levels below the halocline. The Baltic cod has pelagic eggs that are neutrally buoyant at
a salinity of =14 psu (which is considerably lower than for cod from the Swedish west
coast whose eggs are neutrally buoyant at =21 psu), and 14 psu in the Baltic Sea is only
found in certain areas below the halocline. So, in periods between saltwater inflows
when oxygen levels are low, fertilized eggs risk to end up in hypoxic water where they
cannot survive (Nissling & Westin, 1997; Vallin & Nissling, 2000).

The combined effect of hypoxia and exposure to pollutants is not much studied, but that
it may have a synergistic effect was shown in two studies of the amphipod Monoporeis
affinis from the Baltic Sea. The animals were simultaneously exposed to hypoxia and
contaminated sediments and in response to that a significant increase in antioxidant
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enzymes, and lipid peroxidation status was found. When sediments were reoxygenised
animals in contaminated sediments recovered more slowly from the oxidative stress
caused by the hypoxia than control animals in pristine sediments (Gorokhova et al.,
2010; Gorokhova et al., 2012).

3.2. Physical and hydrological conditions of the Baltic Sea
3.2.1. A semi-enclosed sea

The demarcation line between the Baltic Sea and adjacent sea areas in the west may be
drawn in different ways. However, in this report we are concerned with factors that may
affect the sensitivity of the Baltic Sea to hazardous compounds, and one major factor is
the poor exchange of water between the Baltic Sea and other sea areas. We chose the

18 m deep Darss Sill and the 7 m deep Drogden Sill, two shallow areas that separate the
Danish Straits from the Arkona Basin. The Baltic Sea area is then subdivided into major
basins according to the system applied by the Swedish Meteorological and Hydrological
Institute (SMHI): the Baltic proper, Gulf of Riga, Gulf of Finland and the Gulf of
Bothnia, where the latter may be further divided into the Bothnian Sea and the Bothnian
Bay (Figure 1). All but Gulf of Finland are separated from adjacent basins by shallow
sills, and each basin has its own water exchange characteristics.

All water coming in or out of the Baltic Sea pass over the shallow Drogden and Darss
sills, which constitute a crucial barrier limiting the flow of saline water from Kattegat
into the Baltic Proper (Jakobsen, 1995). Inflow of saline water from the North Sea
produces a lateral salinity gradient throughout the whole Baltic Sea with decreasing
salinity further away from the Danish Straits. East of the Danish Straits there is a strong
vertical stratification with a salinity in the denser bottom water of around 15-20 psu, and
in the surface water around 8-9 psu (Reissmann et al., 2009).

As the saline water from the Kattegat progresses each of the basins receives deep-water
from the neighbouring basin closest to the Danish Straits, and the salinity of the deep-
water decrease in the direction away from here. Since all major basins have a positive
freshwater balance (the inflow of freshwater is larger than the inflow of saltwater) the
surface water salinity also decreases with distance from Kattegat (Stigebrandt, 2001;
Reissmann et al., 2009). The lowest salinity, around 3 psu, is found in the Bothnian
Bay. In the Gulf of Riga, Bothnian Sea and Bothnian Bay there is no halocline, and the
water column is stratified by a thermocline. The residence time of water in the Baltic
Sea, determined by the ratio between the total basin volume and the mean rate of inflow
(freshwater ~16 000 m%/s, and seawater ~4 000 m%/s), is about 32 years (Stigebrandt,
2001).

There is a strong atmospheric influence on the Baltic Sea region which may be
described by the Baltic Sea Index (BSI), and which in turn correlates well with the
North Atlantic Oscillation index (NAO). The BSI is defined as the difference of
normalized sea level pressure anomalies between the positions 53°30'N, 14°30'E
(Szcecin, Poland) and 59°30’'N, 10°30'E (Oslo, Norway). Positive values correspond to
approximately westerly winds over the Baltic Sea, whereas negative correspond to more
easterly winds (Lehmann et al., 2002). After a period of two decades with generally
negative BSI, values switched to positive in the late 1980s. This has led to a higher
frequency of westerly winds, warmer winters and more precipitation. The water
exchange is mainly driven by weather related sea level variations outside the Baltic,
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which makes the water exchange sporadic and unpredictable. During the period of
positive BSI there has only been two major inflows, in 1993 and 2003 (Stigebrandt,
2001; ICES, 2010a), and for almost 10 years virtually no high saline, oxygen-rich water
has reached the eastern basins of the Baltic Sea.

Between the surface water, which derives from rivers and precipitation, and the saline
bottom water originating from the North Sea, a halocline is formed. It is located at ~
40 m depth east of the Danish straits, and at =~ 60-80 m in the more central parts of the
Baltic Proper. If the precipitation increases, as is the case during periods of positive
BSI, the surface water gets less saline and the halocline deepens and becomes more
stabilized.

The Baltic Proper is by far the largest of the basins and has three deep areas: the
Bornholm Basin, Gdansk Deep, and Gotland Basin (with the deepest location of the
Baltic Sea, the Gotland Deep 459 m deep). The water in the deep areas is permanently
stratified and the halocline acts as a lid preventing vertical mixing. The only renewal of
deep water is through lateral advection, which requires major inflows of saline water
from the North Sea through the Danish Straits. The frequency of the inflowing events
therefore regulates the oxygen conditions in the deep water and thereby also the
presence/absence of benthic fauna.

The Gulf of Riga is a shallow sea area largely influenced by river run-off. Inflow of
deep water from the Baltic Proper is prevented by shallow sills so there is no halocline,
and also the exchange with surface water from the Baltic Proper is limited. This is one
of the most eutrophicated parts of the Baltic Sea (ICES, 2010a).

The Gulf of Finland is not separated from the Baltic Proper by any sills and stagnant
deep water may enter and have immediate effects on the salinity and oxygen conditions.
The River Neva, the largest river in the Baltic Sea discharges here and contributes with
nutrients and pollutants from a large catchment area. The stratification of the water is
not permanent but there are re-occurring events of almost anoxic conditions in the near-
bottom layers of the water (ICES, 2010a).

The Bothnian Sea is separated with sills from the Baltic Proper in the south (Aland
archipelago) and from the Bothnian Bay in the north (Northern Quark). The salinity is
3-5 psu in the surface and 7 psu at the bottom but there is no permanent halocline.
Seasonal thermoclines occur but the water column is generally well mixed. The area is
greatly influenced by the inflow of water from rivers, but the weak inflow of saline
water from the south still allows (some) marine species to survive(ICES, 2010a).

The Bothnian Bay north of the Northern Quark has a salinity of around 2 psu in the
surface and 4 psu in the bottom water. The water column below the thermocline is
generally well mixed. There is a large contribution of humic matter from rivers making
bacterial communities more important here than at other places in the Baltic Sea (ICES,
2010a).

Environmental conditions in coastal areas of the Baltic Sea are more heterogeneous than
in the open sea areas. However, data from Kvadéfjarden at the Swedish side of the
Baltic Proper shows that just like in the open sea areas in this region, the winter and
summer temperatures have increased over the last three decades. Water transparency,
measured as Secchi depth, has decreased since the early 1980s, which may be related to
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increased phytoplankton biomass. This is part of a long term trend and between 1914
and 1991 the Secchi depth has decreased by 0.05 m/year (Sandén & Hakansson, 1996).
The depth distribution of the macroalgae Fucus vesiculosus has also decreased since
1989 when the monitoring began (ICES, 2010a).

3.2.2. Stratification of the water and oxygen depleted sediments

Hypoxia in the water column or pore water of the sediments is largely determined by
1) the amount of organic matter available for biological degradation below the
pycnocline, (the sharp boundary layer between the lighter surface water and the more
dense and heavier bottom water), and 2) the physical factors that create stratification
and hence limit the circulation of water. The vertical mixing of water both across and
below the halocline is very slow, so the oxygen concentration in the bottom water is
dependent on the inflow of oxygen rich saline water from Kattegat. Also the vertical
mixing is largely dependent on the inflow of water, since the saline bottom current
entrains water from the surface layer as it moves on into the Baltic Sea. Thus, when
there is no inflow of water through the Danish Straits there is no vertical mixing
(Stigebrandt, 2001). The implication of this is that renewal of oxygen below the
halocline only takes place at the rare and infrequent occasions of inflow of oxygen rich
seawater from the North Sea and between those occasions there is only oxygen
consumption below the halocline (ICES, 2010a).

Over the last century the Baltic Sea has transformed from an oligotrophic sea into one
of the most eutrophic seas in the world (Diaz & Rosenberg, 2008). Blooms of
microalgae have become frequent, and decaying phytoplankton sedimenting to the
bottom in combination with the naturally limited mixing of water below the pycnocline
has caused severe oxygen deficiency in deep water and sediments. Large areas of the
sediments in the Baltic Proper are hypoxic (defined as <2 ml O/l in the bottom water),
and in 2007 an area of 70 000 km? in the Baltic Proper was recorded hypoxic, the
second highest value since 1970 (ICES, 2010a) . Following the inflow of saltwater in
1993 the hypoxic area was reduced to 11 050 km? but already a year later, 1994, it had
increased to approximately 55 000 km? (Conley et al., 2009; ICES, 2010a). For the last
decades most of the deep basins in the Baltic Proper have been permanently hypoxic.
Often the anoxic zone migrates up into the water column so that the basins become
connected to form one large hypoxic area. The deep basins have fairly small volumes
and areas, so if the vertical extension of hypoxia moves up from 150 m to 125 m it
triples the volume of hypoxic water. Moving the anoxic zone from 150 m to 70 m
depth, which happened in the mid 2000s, resulted in a thirteen times increase in volume
of hypoxic water and a ten times larger area of anoxic sediment (Conley et al., 2009).

Hypoxic/anoxic bottom waters are not only found at greater depths but also in more
coastal areas, mainly in the Stockholm archipelago and the northern Gulf of Finland. In
the northern part of the Baltic Sea, where the nutrient loads are lower, anoxic coastal
waters are rare. Stratification may be caused by either difference in temperature or in
salinity between surface and bottom water. In coastal areas of the Baltic it is mainly
caused by differences in temperature, whereas stratification due to salinity differences is
more important in offshore areas. However, stratification caused by salinity differences
may occur in estuarine areas where the saltier coastal water meets the freshwater from
inland (Conley et al., 2011).
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In anoxic sediments no fauna may exist, but also under hypoxic conditions the
macrobenthic community is seriously reduced, both because of the low oxygen content
and the formation of hydrogen sulphide which is toxic to many organisms (Diaz &
Rosenberg, 1995).

3.3. Integrated Ecosystem Assessment of the Baltic Sea

Data on the physical, chemical and biological environment, including all trophic levels,
biodiversity and fishery activities, were used to perform an Integrated Ecosystem
Assessment (IEA, technically a multivariate analyses). The assessment showed that
marked shifts in the ecosystems have occurred at one or several occasions in all the
Baltic Sea basins within the last two to three decades (Table 1)(ICES, 2010a).

Table 1. Summary of sudden changes, or regime shifts (RS), detected in seven investigated sub-
ecosystems of the Baltic Sea. Shifts were identified from the whole dataset from each ecosystem
using chronological clustering (significance level a=0.01, connectedness level =0.5)

”Coast” is Kvadofjarden on the Swedish side of the northern Baltic Proper. Table from (ICES, 2010b).

System Period RS1 RS2 RS3 RS4
covered
The Sound 1979-2005 1987/1988 1994/1995 2000/2001

Central Baltic Sea 1974-2007 1984/1985 1987/1988

Gulf of Riga 1973-2007 1988/1989 1997/1998

Gulf of Finland 1979-2008 1988/1989 1995/1996 2002/2003
Bothnian Sea 1979-2006 1982/1983 1988/1989

Bothnian Bay 1979-2006 1987/1988 1993/1994

Coast 1971-2008 1988/1989 1997/1998 2002/2003

The sub-ecosystems of the Baltic Sea (Table 1) are to different degrees affected by
inflow of saline water from the North Sea and fresh water from rivers, but they all
display a regime shift in the years 1987-1989. The changes seem to be the result of a
combination of natural and anthropogenic factors including climate, hydrographic
variability, overfishing and eutrophication (ICES, 2010a).
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4. Some aspects on the fate of pollutants in the
Baltic Sea

4.1. Sources of pollutants

Hydrophobic organic contaminants

The most important sources for hydrophobic organic contaminants (HOCs) to the Baltic
Sea were estimated in two studies by using the mass balance model POPCYCLING-
Baltic.

The first study included PCDD/Fs, PCBs and HCB; three groups of anthropogenic
pollutants that have been a serious threat to the Baltic ecosystem for many decades. The
emissions have decreased since the 1970s, but have not ceased. Measurement data for
air, soil and sediments were applied to the mass balance model POPCYCLING-Baltic
(Armitage et al., 2009; Swedish Environmental Protection Agency, 2009), and based on
these results, uncertainty analyses and pattern analyses, and also considering data from
other studies (Sundgvist et al., 2009a; Sundqvist et al., 2009b), it was concluded that:

e The atmosphere is the dominant external source for PCBs and HCB to the whole
Baltic, much larger than the estimated riverine inputs and known direct inputs.
The atmospheric contribution to the water column is also clearly larger than that
from the sediments, and the concentrations of these chemicals in the seawater
are essentially regulated by the concentrations in the atmosphere.

e The atmosphere is also the major external source of PCDD/Fs to the water
column and to offshore surface sediments in Bothnian Sea and the Baltic Proper.
In addition, surface sediments sampled near urbanised and industrialised areas
along the Swedish coast have a different congener pattern than air samples,
which indicates that local sources probably also contribute on a local scale. Air
sampled on a daily basis at Aspvreten, a rural field station at the shore of the
Baltic Sea, showed that the highest air concentrations of PCDD/Fs in the Baltic
Sea derive mainly from the European continent.

The second study comprised three PBDEs (BDE47 and 99, which are the dominant
congeners in the technical mixture “penta PBDE”, and BDE209), HBCDD,
nonylphenol and endosulfan (Palm Cousins, 2012). Here a closed model was used and
no sources outside the Baltic Sea region were included, hence no long-range
atmospheric transportation but only local atmospheric contributions were considered.
Also emissions at open sea, e.g. from ships, were excluded.

It was found that coastal emissions, defined as direct discharges to coastal waters, e.g.
waste water from industries or sewage treatment plants, were generally dominating over
inputs from rivers. However, for nonylphenol and endosulfan in the Baltic Proper and
Gulf of Riga, input from rivers was also important. Of the local sources to pollutants in
the open sea areas, deposition from the atmosphere seems to dominate over transport in
the water column.
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Heavy metals

Both atmospheric and land-based sources are of importance for input of heavy metals to
the Baltic Sea. Atmospheric deposition is somewhat more important for Pb (54%), and
Hg (78%), whereas rivers or direct waterborne discharges dominate for Cd (68 % of the
load) (HELCOM PLC-Group & Data Consultant SYKE, 2010)

Over the last years, emissions of Hg, Pb and Cd to the atmosphere by the HELCOM
countries have declined. The annual emission of Hg was reduced by almost 50%, and of
Pb by 90% between 1990 and 2006. Emission of Cd was reduced by 50% during this
time period, but the decline levelled out by 2000 (HELCOM, 2010b).

However, an important part of the atmospheric load derives from distant sources. It is
estimated that 60% of the cadmium, 84% of the lead and 79% of the mercury that is
deposited from the air originate from sources outside the Baltic Sea catchment area,
mainly the UK, France, Belgium and Czech Republic (Bartnicki et al. 2008, cited in
HELCOM, 2010b).

Shipping and oil pollution

The shipping in the Baltic Sea is very intense, and in 1995 it accounted for
approximately 15% of the world’s maritime traffic, based on total weight of loaded and
unloaded goods. Since the export of oil from Russia is increasing, oil tanker traffic is
also expected to grow considerably and so will the risk for oil spills. The route between
the southern Baltic Proper and the Gulf of Finland, which passes over some shallow
areas where large populations of sea ducks are overwintering, was in 2000 used by

58 500 ships a year. In 2015, the traffic is predicted to increase to 105 300 ships each
year (Rytkonen et al., 2002).

Besides the large oil spills that receive a lot of medial attention, there are several
hundred accidental and illegal oil spills detected each year by surveillance with planes
and ships (HELCOM, 2009; The Swedish Coastguard Annual Report, 2009). Most
likely there are also numerous spills that are never detected.

4.2. The importance of sediment characteristics on pollutant
fate

Most persistent pollutants, HOCs and heavy metals, have an affinity for particles and
tend to accumulate in suspended particulate matter and in sediments. Pollutant
concentrations are hence closely linked to sedimentation processes and sediment
characteristics. In areas with bottoms highly exposed to currents and wave action,
erosion areas, the sediments will consist of coarse mineral particles, whereas in less
exposed bottoms, transportation areas, fine grained material will temporarily be
deposited before it is flushed away. In accumulation areas, protected from physical
disturbance, fine-grained material, high in organic content, will settle permanently. The
organic matter serves as food for many bottom-dwelling invertebrates, and also serves
as an attractive surface for HOCs to adsorb to. Accumulation bottoms in polluted areas
will therefore both have the most extensive communities of benthic fauna and the
highest HOC concentrations. Consumption of contaminated particles is one of the most
important entrance routes for organic contaminants into aquatic food webs (Boese et al.,
1990; Gobas et al., 1993; Leppanen & Kukkonen, 1998).
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Accumulation bottoms in offshore areas of the Baltic Sea make up 30% of the seabed.
Most of them are located at depths >75 m, but in certain topographic and
hydrographically sheltered areas they may also be found at more shallow depths. The
accumulation rate of sedimenting material on accumulation bottoms of the Baltic Sea is
generally 1-4 mm per year (Swedish Environmental Protection Agency, 2009).
Degradation of organic matter is an oxygen demanding process, and when the large
amounts of plankton algae produced in the upper photic zone of the water column
sediment to the bottom, the oxygen consumption may be so high that the bottom water
becomes hypoxic or anoxic (Diaz & Rosenberg, 2008). Ecosystems in anoxic sediments
consist only of microorganisms and have no fauna. Without animals moving around in
the sediments, the settling material will form unmixed layers on the sea floor. In areas
that stay anoxic over longer time periods, the sediments will achieve a laminated
structure where the layers reflect annual deposition of sedimenting matter (Jonsson et
al., 1990).

A combination of factors makes certain areas in the Baltic Sea, especially in the central
parts of the Baltic Proper, particularly sensitive to the development of more or less
permanently anoxic conditions. These include the slow exchange of water, the
permanent stratification of the water column, both factors which prevent mixing of the
water below the halocline. In addition to this the high nutrient content leads to a high
primary production and high oxygen consumption as this organic material is degraded.
The organic matter in surface sediments doubled from 1930 to the late 1980s, and the
area with laminated sediments have expanded dramatically since the 1950s (Conley et
al., 2009). In 2009, 13% of the sea floor in the Baltic Proper was completely anoxic and
28% was hypoxic (Andersson, 2010).

The Baltic Sea is today a severely polluted sea area and since both HOCs and heavy
metals have a great affinity for particles in particular, accumulation bottoms have
become important deposits for pollutants. It is speculated whether these sediments
eventually may become “secondary sources” for pollutants no longer emitted to the
environment from primary sources.

In areas with anoxic sediments that lack fauna, sediment-associated pollutants are
largely withdrawn from the food webs. Benthic fauna has a large influence on the fate
of persistent pollutants in marine food webs, both by feeding on contaminated particles
and by bioturbating the sediments (moving around in the sediment and mixing the
sediment particles). Bioturbation not only increases the flux of dissolved contaminants
out of the sediment, but also increases the resuspension of particle-associated
contaminants (Josefsson et al., 2010). So, without sediment-living animals the flux of
pollutants from sediments to water is low for several reasons. There is no food web
transfer (no animals eat the bottom living animals that have consumed the contaminated
sediment), and the resuspension of contaminated particles, and the diffusion of
dissolved pollutants from sediment to water is low. However, if oxygen conditions in
the sediments improve, and this is one of the prioritised goals within the Sweden’s
Environmental Quality Objectives, the EU Water Frame Directive (WFD, 2000/60/EG)
and the EU Marine Strategy Framework Directive (2008/56/EG), the benthic fauna will
return and the sediment associated pollutants will become available for uptake and
incorporation in aquatic food webs (Granberg et al., 2008).

The Baltic Sea has recently been invaded by a sediment-living polychaet species,
Marenzelleria spp., which is a very efficient bioturbater. It is well adapted to survive
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low oxygen and high sulphide conditions and digs >35 cm deep burrows, which is
deeper than any indigenous species. Modelling the long-term effects of Marenzelleria
have shown that its’ bioirrigating activities may improve the oxic conditions in the
hypoxic sediments of the Baltic Proper (Norkko et al., 2012). The negative side of this
is that it may also lead to increased uptake of pollutants in benthic food webs and
release of sediment associated pollutants to the water column (Granberg et al., 2008;
Josefsson et al., 2010). It is considered possible that Marenzelleria could become a food
resource for many species, including fish. Contaminated Marenzelleria would then be
an important entrance for pollutants into both benthic and pelagic food webs.
Marenzelleria is spreading rapidly over large areas of the Baltic Sea and although it
cannot reproduce successfully at salinities <5 psu, it may colonise less saline regions by
pelagic larvae or swimming juveniles. Colonisation has been found in sediments in
shallow coastal areas and below the halocline down to at least 80 m depth. Populations
in shallow areas may be extremely dense (5 000-30 000 ind/m?, and biomasses up to
400-800 g wet weight/m?) (Hahlbeck et al., 2000; Leppakoski & Olenin, 2000;
Granberg et al., 2008).

4.3. Degradation of HOCs

HOCs in the environment are mainly degraded through photolysis and biodegradation
(=microbial degradation). Photolysis of HOCs by sunlight, particularly the UV fraction,
is the dominating degradation pathway in the atmosphere and in the upper part of the
water column (Kuivikko et al., 2007). The light penetration depth is directly linked to
the particle concentration in the water column, so the importance of photodegradation
will decrease as the concentration of particulate matter in the water increases
(Sinkkonen & Paasivirta, 2000). In the Baltic Sea, the amount of suspended particles
has increased dramatically over the past decades as a result of eutrophication, and a
corresponding drastic decrease in transparency, measured as Secchi depth in spring and
summer, has been observed (ICES, 2010a). There are no studies done on the magnitude
of the effect on pollutants degradation, but the impact may be substantial.

Biodegradation of HOCs mainly occurs in the sediment. The biodegrading processes are
generally more efficient when oxygen is available, and under the anoxic conditions
prevailing in many of the Baltic sediments the half-life of some compounds may be
very long (Table 2)(Sinkkonen & Paasivirta, 2000). Estimates of half-life of different
HOCs in natural waters and sediment are limited, and values reported for the
degradation of a specific substance may vary considerably even if studies were done in
the same matrix (air, water or sediment). This indicates that unidentified site-specific
factors probably have a major influence on the degradation process.
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Table 2. The half-life of some HOCs under aerobic and anaerobic conditions.

Substance Aerobic conditions Anaerobic conditions
PFOS (Remde & Debus, 1996) No observed degradation  No observed degradation
Activated sludge after 28 days after 60 days

PCDD/Fs (half life in sediment of the Baltic No data found 63 years

Proper proposed by Sinkkonen & Paasivirta,
2000, based on data from Kjeller & Rappe,
1995)

Sediment, 7°C

DEHP (Sternbeck et al., 2007) ref. to original 300 days 3000 days
data set not available

Sediment

Triclosan (Ying et al., 2007) 18 days > 70 days
Soil

HBCDD (Stockholm Convention on 125 days 191 days

Persistent Organic Pollutants, 2008)
Marine sediments, 12°C

4-n-nonylphenol (Ying & Kookana, 2003) 5.8 days No degradation observed
Marine sediments 20°C after 70 days®
4-t-octylphenol (Ying & Kookana, 2003) >20 days No degradation observed
Marine sediments 20°C after 70 days

Bisphenol A (Ying & Kookana, 2003) 14.5 days No degradation observed
Marine sediments 20°C after 70 days®

TBT (Dowson et al., 1996) 374 days Half-life estimated to
Estuarine sediment several decades.

The degradation rate for oil is particularly interesting in the Baltic Sea since discharges
of oil, accidental and intentional, are frequent. Microbial degradation of oil occurs both
in the water column and in the sediments. The degradation is faster under good oxygen
conditions, and it is highly temperature dependent. The low average temperature
therefore makes the Baltic Sea extra sensitive to oil spills. Much of the traffic also goes
through archipelago areas with long coast lines that are very difficult to clean if an oil
spill should occur (Lindén et al., 2006).

4.4. Hg-methylation in Baltic sediments

The high concentrations of Hg in Baltic biota is a major problem, and levels in fish from
all parts of the Baltic Sea exceed the EC recommendations for foodstuff for human
consumption (Bignert et al., 2011). Sediments are important deposits for Hg, and it is
also predominantly in the sediments that methylation of Hg takes place, from inorganic
Hg to the more bioavailable and more toxic methylated form.

Data on the proportion between inorganic and methylated Hg in the Baltic Sea is very
scarce, but the conditions in the Baltic Sea sediments favour the formation of methyl Hg
since the most important criteria are fulfilled; optimal sulphate concentrations, high

31



organic content and low oxygen levels. The most important Hg-methylation process is
carried out by bacteria and requires access to sulphate. However, in the marine
environment, where the sulphate concentration is very high, the methylation process is
not efficient, probably due to the formation of HgS complexes. The best conditions for
Hg-methylation are found in estuaries and brackish waters like the Baltic Sea, where the
availability of sulphate is low but not limiting. With sulphate availability being
optimised, high concentrations of organic matter in the sediment and anaerobic
conditions are factors closely linked to a high methylation rate. Hg methylation rates
are several orders of magnitude higher in anaerobic than in aerobic environments
(Callister & Winfrey, 1986; Ullrich et al., 2001; Lambertsson & Nilsson, 2006).

There are very few measurements on the proportion of methyl Hg in relation to total
Hg. However, organic Hg was found to constitute 80-85% (mean value) of the total Hg
concentration in five commercially valuable fish species (turbot, cod, perch, flounder
and herring) (Kwasniak et al., 2012).

4.5. Concentrations and trends of pollutants in the Baltic Sea

In this section, trends and concentrations of pollutant in biota and sediments are
presented. Data derives from various monitoring and screening programmes, and also
from research articles. Concentrations are then compared to different threshold levels
and to concentrations in other sea areas.

The implications of the pollutant situation are discussed in section 6.3, 7.1 and 7.2.

4.5.1. Temporal and spatial trends in pollutant concentrations in the Baltic
Sea

Pollutant concentrations in biota

Most data on pollutant concentrations in Baltic biota is derived from a yearly
monitoring programme carried out by the Swedish Museum of Natural History (Bignert
etal., 2011). The most extensive data set comes from Baltic herring (Clupea harengus),
which has been sampled since the early 1970s at several sampling stations along the
Swedish coast. To get an overall picture on time trends and spatial distribution of
pollutants we have selected data from herring from four stations in different parts of the
Baltic Sea: Harufjarden in the northern Bothnian Bay, Angskarsklubb in the southern
Bothnian Sea, Landsort in the northern Baltic Proper and Utlangan in the southern
Baltic Proper. Also the pollutant concentrations in eggs from common guillemot (Uria
aalge) at Stora Karlso in the Baltic Proper have been analysed for many decades. The
herring and the common guillemot comprise two distinct trophic levels, since
guillemots in the Baltic feed exclusively on herring and sprat.

Concentrations in biota of the following substances are presented in table 3: Hg, Pb, Cd,
Ni, Cr, Cu, Zn, As, Au, PCBs, DDT/DDE/DDD, HCHs, HCB, PCDD/Fs, PBDEs,
HBCDD, PAHSs and PFCs. For several of the compounds, there are time trends from the
late 1970s. Unless something else is stated data derive from sampling stations away
from point sources and is considered to represent background levels.

Concentrations of the metals Hg, Cd, Cu and Zn in Baltic herring were still in the same
range in 2009 as they were in the early 1980s.
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As might be expected, declining trends were observed for organic contaminants PCBs,
DDTs, HCHs and HCB, groups of compounds that have been banned for many decades.
However, the decline in HCB concentrations has levelled out in fish from northern
Bothnian Bay and the Baltic Proper since the mid 1990s. Also guillemot eggs from the
Baltic Proper have had the similar HCB concentrations since the mid 1990s. Efforts
have also been made to reduce the emissions of dioxin, but in spite of this, the
concentrations of PCDD/Fs, expressed as TCDD-equivalents (TEQ), have remained at
the same level since the 1980s, both in herring and in guillemot eggs from most parts of
the Baltic Sea. An exception is herring from the southern Bothnian Bay were TEQ-
concentrations 20 years ago were very high (almost 100 pg TEQ/g lipid), but since then
have declined to the same levels as in herring from the rest of the Baltic (= 25-30 pg
TEQ/g lipid).

The occurrence of PFOS in the Baltic Sea environment has received a lot of attention
the last decade. Concentrations are clearly increasing in guillemot eggs and a similar
trend, although somewhat weaker, is also seen in herring muscle.

Analyses of fish and blood samples from humans in the area around the Gulf of Gdansk
showed that individuals with a high fish intake in their diet also had higher
concentrations of all out of ten analysed perfluoroalkyl compounds, including PFOS
and PFOA, compared to other human subpopulations (Falandysz et al., 2006).
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Table 3. Background concentrations of hazardous compounds in the Baltic Sea and in the
Skagerrak/Kattegat. (DL-PCB= dioxin-like PCBs, N. = northern, S. = southern, dw=dry

weight,

ww= wet weight., Iw=lipid weight). All data except PAH is from (Bignert et al., 2011). Data on PAH is
from (Sternbeck et al., 2004); PAH concentrations below detection limit were set to 0.5 x the detection
limit. One fish with PAH concentrations >100 times higher than in other individuals was excluded.

Compound Matrix Baltic Sea Kattegat/Skagerrak
BDE-47, ng/g lw Herring N. Bothnian Bay: 4.7 (2.9-7.7) Fladen: 1.5 (1.3-1.9)
(mean, 95% CI) muscle S. Bothnian Sea: 3.5 (2.4-5.3) Véderdarna: 1.6 (1.2-2.3)
N. Baltic Proper: 4.3(3.0-6.2)
S. Baltic Proper: 13 (6.6-24)
HBCDD Herring N. Bothnian Bay: 11 (5.8-22) Fladen: 2.4 (1.7-3.4)
ng/g lw muscle S. Bothnian Sea: 3.9 (1.8-8.2) Véderdarna: 2.1 (1.3-3.2)
(mean, 95% CI) N. Baltic Proper: 14 (9.6-19)
S. Baltic Proper: 10 (6.0-17)
PFOS, ng/g ww Herring N. Bothnian Bay: 15 (10-22) Fladen: 6.2 (3.8-9.9)
(mean, 95% CI) liver S. Bothnian Sea: 7.4 (1.6-34) Véaderbarna: 3.0 (1.3-6.8)
N. Baltic Proper: 13 (6.8-24)
S. Baltic Proper: 14 (8.9-23)
PCDDI/Fs Herring Bothnian Bay: 34 (23-49) Fladen: 7.4 (5.4-10)
pg TEQ/g lw muscle Bothnian Sea: 24 (17-34)
(mean, 95% CI) S. Baltic Proper: 26 (20-33)
SPCB7 ug/g lw Herring N. Bothnian Bay: 0.16 (0.13-0.21) Fladen: 0.13 (0.11-0.15)
(mean, 95% CI) muscle S. Bothnian Sea: 0.32 (0.26-0.38)
N. Baltic Proper: 0.55 (0.45-0.66)
S. Baltic Proper: 0.48 (0.40-0.57)
HCB, ng/g Iw Herring N. Bothnian Bay: 14 (11-17) Fladen: 5 (4-6)
(mean, 95% CI) muscle S. Bothnian Sea: 9 (6-14) Véderdarna: 5 (4-7)
N. Baltic Proper: 19 (14-26)
S. Baltic Proper: 16 (11-22)
DDE (p,p’) Herring N. Bothnian Bay: 23 (17-33) Fladen: 20 (16-26)
ng/g lw muscle S. Bothnian Sea: 58 (47-72) Vaderbarna: 14 (9-20)
(mean, 95% CI) N. Baltic Proper: 170(140-220)
S. Baltic Proper: 170(140-220)
¥PAHS, ng/g lw Herring S. Baltic Proper: 76 (64-94) Fladen: 31 (16-59)
(median; range) muscle
Cd pg/g dw Herring N. Bothnian Bay: 1.2 (0.9-1.7) Fladen: 0.39 (0.33-0.47)
(mean, 95% CI) liver S. Bothnian Sea: 1.6 (1.1-2.3) Véaderdarna: 0.44 (0.36-0.54)
N. Baltic Proper: 1.6 (1.3-2.1)
S. Baltic Proper 1.8 (1.4-2.2)
Pb, ng/g dw Herring N. Bothnian Bay: 34 (20-57) Fladen: 37 (28-170)
(mean, 95% CI) liver S. Bothnian Sea: 56 (45-700) Vaderdarna: 42 (30-58)
N

. Baltic Proper: 51 (43-62)
S. Baltic Proper: 90 (73-110)
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The flame retardant “penta-PBDE”, a technical product consisting of a mixture of
primarily BDE 47, - 99, -100, -153 and -154, was banned in the EU in 2004, but
measurements of BDE-47, -99 and -100 show that the concentrations of these congeners
in guillemot eggs started to decrease already in the late 1980s-early 1990s (Bignert et
al., 2011). Concentrations of BDE-47, -99 and -153 in herring have generally been
unchanged or slightly decreasing since the sampling started in 1999. However, at the
top of the Baltic food web, in the white tailed eagle (Haliaeetus albicilla), PBDE
concentrations are still high and do not seem to decline. The concentration of BDE-47, -
99 and -100 in eggs of the white tailed eagle are 80 times higher than in guillemot eggs
(Table 4). Compared to white tailed eagles nesting in the inland of Sweden, PBDE
concentrations were 1-6 times higher in the Baltic populations. Both the populations
from inland lakes and from the Baltic Sea feed on sea birds and fish, but the PBDE
concentrations have obviously been considerably higher in the Baltic prey species
(Nordlof et al., 2010).

The concentrations of another brominated flame retardant, HBCDD, have increased in
guillemot eggs since the 1970s. Surprisingly, concentrations in egg (based on lipid
weight) were found to be higher than concentrations in the muscles of adult guillemots
that were sampled at the time of the egg formation. This may indicate a specific
accumulation of HBCDD in eggs (Lundstedt-Enkel et al., 2005). Similar to what was
found for the PBDEs, the concentrations of HBCDD were found to be higher in white
tailed sea eagle nesting by the Baltic Sea than in birds nesting in the inland of Sweden
(Table 4)(Nordlof et al., 2010).

Concentrations of HBCDD in young grey seals have also increased between 1980 and
2005 (Andersson, 2010).
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Table 4. Concentrations of XPBDE (BDE-47, -99, -100, -153, -154), PBDE 47, -99 and -100,
and of HBCDD in eggs of white-tailed sea eagle (Haliaeetus albicilla) and of guillemot. The
eagle eggs were collected between 1992 and 2005 and the guillemot eggs in 2009. All
concentrations are given as geometric mean (ng/g lipid weight) (NordI6f et al., 2010; Bignert et
al., 2011).

Eagle eggs; Eagle eggs; Eagle eggs; Eagle eggs;  Guillemot
South Bothnian Baltic Inland Swedish eqgs:
Bay Proper Swedish lakes  Lapland Baltic Proper
¥5PBDEs 4100 4300 1500 720
PBDEs 47,- 3400 3640 47
99 & -100
HBCDD 150 140 90 60 167

The concentrations of Cd, HBCDD, PFOS and HCB were fairly similar in herring from
most parts of the Baltic Sea, from the northern Bothnian Bay to the southern Baltic
Proper (Table 3)(Bignert et al., 2011). Levels of Y PCBy (seven congeners, 28, 52, 101,
118, 138, 153 and 180, often included in monitoring of PCBs) and DDE in herring were
higher in the Baltic Proper than in the Bothnian Bay and Bothnian Sea. Concentrations
of PBDE and Pb were highest in the Southern Baltic Proper (Bignert et al., 2011). The
concentrations of PBDD/Fs (expressed as WHO-TEQ) were measured in herring
sampled by the Swedish coast in the Bothnian Bay, the northern, central and southern
Bothnian Sea and in the northern Baltic Proper. Elevated concentrations were found in
the southern Bothnian Sea compared to other sampling locations (Bignert et al., 2007).

TBT concentrations in fish muscle were higher in eastern Baltic Proper and the Gulf of
Finland than in other parts of the Baltic (Lilja et al., 2009). A high ratio between TBT
and its degradation product, dibutyl tin (DBT), were found in fish in the Gulf of
Gdansk, which suggests recent emissions (Albalat et al., 2002).

Pollutant concentrations in sediment

Sediment data on persistent pollutants from the Baltic Sea are scarce and scattered.
Interpretations of the geographical distribution pattern must therefore be done with care.

The sediments of the Baltic Proper are richer in organic matter than those in the
Bothnian Sea and may therefore adsorb higher concentrations of hydrophobic organic
contaminants (HOCs). This is well illustrated by comparing pollutant concentrations
normalised to the sediment dry weight with concentrations normalised to the sediment
organic carbon content. The levels of PCDD/Fs and ZPCB;y levels were 2-3 and 4-5
times higher in the Baltic Proper than in the Bothnian Sea when based on the dry
weight, but when normalised to the organic carbon content they were fairly similar in
both basins (Swedish Environmental Protection Agency, 2009).

In a review of existing data on PCDD/Fs in Baltic sediments it was found that
concentrations along the Finnish coast of the Gulf of Finland were very high compared
to other sediments (Verta et al., 2007).
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Whereas the concentrations of PCDD/F in biota have remained high and fairly stable
since the late 1980s (Bignert et al., 2011) sediment concentrations have declined over
the past decades. By analysing sediment at different depths it is possible to get a picture
of how the concentration of persistent pollutants like the PCDD/Fs have changed over
the years. To investigate how the deposition of PCDD/Fs have changed over time,
sediment cores were sampled at six off shore stations from the Northern Bothnian Bay
to the Arkona Basin in the Southern Baltic Proper (Anteneh et al.; Assefa et al., 2012).
Sediment cores were also sampled at nine coastal stations along the Swedish coast, from
the Northern Bothnian Bay to the Southern Bothnian Sea. This coast line has a
historical record of industrial activities known to generate PCDD/Fs, and eight of the
coastal sediment cores were sampled close to known point sources It was revealed that
the highest deposition of PCDD/Fs in offshore Baltic sediments was in the period
between the mid 1980s to the mid 1990s, and that levels thereafter have decreased by
~20-50%. At the coastal stations close to point sources the time for peak concentrations
of PCDD/Fs in the sediment was between the mid 1960s and early 1980s. Thereafter
concentrations have declined by =~ 30-90%.

Also the PCB concentrations have decreased in the Bothnian Bay and the Baltic Proper
over the past 20 years. When comparing sediment data on PCB7 from 1989-1993 with
data from 2003-2007 there was a decrease by ~80% (Swedish Environmental Protection
Agency, 2009)

Extensive data sets of 2000 measurements of Hg and Cd in surface sediments from the
entire Baltic Sea, including Kattegat, were presented by HELCOM (2010). The highest
Hg concentrations were found by the Swedish coast of the Bothnian Bay, the inner part
of the Gulf of Finland, the coast south of Oland, the Bay of Pomerania and the Danish
Straits. Cd concentrations were highest in the entire Bothnian Bay, eastern Gulf of
Finland, Northern Baltic Proper, Eastern and Western Gotland Basins and the Bay of
Pomerania. Similar patterns were found in another study of metal concentrations in
surface sediment from 1993 (Albrecht et al., 2003). One of the most striking
observations from this latter study were the extremely high levels of As in the Bothnian
Bay compared to all other basins. The source was probably discharges from the large
Ronnskar smelter in Skelleftea.

Just as in biota, TBT concentrations in sediment were higher in the eastern Baltic Proper
compared to other parts of the Baltic Sea (Mehtonen et al., 2010).

4.5.2. Threshold levels and pollutant concentrations

Relating pollutant concentrations to various threshold levels is not a simple task. The
EQSs for priority pollutants and hazardous priority pollutants given by the EQS
directive (2008/105/EC) are expressed as concentrations in water, and since most
hazardous compounds have a high affinity to organic matter, their concentrations in
water are rarely analysed. A proposal to an updated list of EQS for priority pollutants
was made official 31 January 2012 (COM (2011) 876) and included suggestions to EQS
for biota for several compounds. The EQS-biota were expressed on a wet weight bases,
but in the many monitoring programmes, data is presented as pollutant concentrations
normalised to lipid weight. Also regulations on pollutants in foodstuff give
concentrations normalised to wet weight of the food. The consequence is that even
though there may be field data on a range of hazardous compounds for which there are
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different kinds of threshold values, these are often presented in a way that makes them
difficult to compare.

Data expressed in a form that could be compared to threshold levels was only available
for a limited number of compounds. Those found to exceed any of the threshold levels
are presented in Table 5. It should, however, be kept in mind that it cannot be excluded
that more compounds would exceed existing threshold values if data had been available.

Only data considered to represent general background levels, i.e. not levels at hot spots,
were used.

The following compounds were found to exceed threshold limits (Table 5): PCDD/Fs +
dioxin-like PCBs (expressed as TEQ) exceeded the EC maximum level for foodstuff;
DDE exceeded EAC value for foodstuff; “penta PBDE” (technical mixture), PFOS and
Hg exceeded the proposed EQSgiota; TBT exceeded the AA-EQS (annual average
EQS). The DDE concentrations exceeded threshold levels in the Baltic Proper but not in
the Gulf of Bothnia.
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Table 5. Comparison of a selection of hazardous compounds in the Baltic Sea with threshold

levels from EU and national authorities. Concentrations do not derive from “hot spot areas™
but may be considered as background values for the Baltic Sea. (DL-PCB= dioxin-like PCBs,
N.= northern, C. =Central, S. = southern, dw=dry weight, ww= wet weight., lw=lipid weight

Compound
References

Matrix

Concentrations biota/sediment

Threshold level

PCDD/Fs + DL-PCBs
(pg TEQ/g ww; n=4-8)
(Bignert et al., 2007)

PCDD/Fs
(pg TEQ/g ww; n=4-8)
(Bignert et al., 2007)

PBDE (congener 28, 47,
99, 100, 153, 154)
(ng/g ww; n=8)
(Sternbeck et al., 2004)

PFOS
(ng/g ww, n=10)
(Bignert et al., 2011)

DDE (p,p’)
(ng/g Iw; n=6-28
(Bignert et al., 2011)

BT
(ng/l; n=1)
(Sweco, 2008)

Hg

(ng/kg ww, n=10 for
herring, number of
analysed specimens from
other species unknown)
(Bignert et al., 2011)

Herring muscle

Herring muscle

Herring muscle

Herring liver

Herring muscle

Water

Herring muscle

Cod muscle

Perch muscle

Eelpout muscle

Bothnian Bay: 7.1 £ 1.2
N. Bothnian Sea: 7.3 £ 1.8
C. Bothnian Sea: 6.2 +1.2
S. Bothnian Sea: 9.1+ 1.1
Baltic Proper: 6.7 + 2.2

Bothnian Bay: 4.7 £ 0.85
N. Bothnian Sea: 4.8 + 1.4
C. Bothnian Sea: 4.0 £ 0.87
S. Bothnian Sea: 6.4 + 0.76
Baltic Proper: 4.2 + 1.7

N. Bothnian Bay: 0.58
S. Baltic proper: 0.77

N. Bothnian Bay: 11
S. Bothnian Sea: 7
N. Baltic Proper: 11
S. Baltic proper: 11

N. Bothnian Bay: 23 (17-33)
S. Bothnian Sea: 58 (47-72)
N. Baltic Proper: 170(140-220)
S. Baltic Proper: 170(140-220)

Bothnian Bay: 1.4
Bothnian Sea: 0.5
Northern Baltic Proper: 1.5
Southern Baltic Proper: 1.4

N. Bothnian Bay: 38
S. Bothnian Bay: 39
N. Baltic Proper: 27
S. Baltic Proper: 20

Baltic Proper: 44

The Quark: 58
Baltic Proper: 28

The Quark: 64
Baltic Proper: 63

8 pg WHO-PCDD/F-PCB
TEQ/g ww in fish (A)

4 pg WHO-PCDD/F-PCB
TEQ/g ww in fish (A)

0.0085 ng/g ww in fish (B)

9.1 ng/g ww in biota (B)

170 ng/g lw (C)
170 ng/g lw
130 ng/g Iw
160 ng/g Iw

0.2 ng/l in freshwater and
seawater (D).

20 pg/kg ww in biota(B)
50 pg/kg ww in
children’s food (E)

Sources for threshold levels:
(A): EC recommendations for foodstuff for human consumption in: Commission Regulation (EC, No

1881/2006).

(B): EQSgiota - from the Proposal to changes in 2000/60/EG and 2008/105/EG (COM (2011) 876).
(C): EAC - cited in (Bignert et al., 2011) EAC= 5 pg/kg ww. Values recalculated from fresh weight basis
to lipid weight basis. A new value was calculated from each location depending on the lipid weight on the

sampled fish.

(D): Directive 2008/105/EC, AA-EQS (Annual Average-EQS) = the average quantity of the substance
concerned calculated over a one-year period.
(E): Limit for children’s food as suggested by the Swedish National Food Administration (Swedish
National Food Agency, 2012).
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4.5.3. Comparison to other sea areas

Pollutant concentrations in biota from the Baltic Sea have been compared with
concentrations in biota from other sea areas in a number of publications. The general
impression is that concentrations often are higher in Baltic biota than in the same
species, or species occupying the same feeding guild, in many other sea areas. The
following section presents some examples of this.

An increasing trend was found in the concentrations of PCDD/Fs and dioxin-like PCBs
in herring muscle, from the Atlantic, west of the British Isles, in the west, to the coast of
Latvia in the east (Karl & Ruolff, 2007). The total WHO-TEQs (sum of the PCDD/Fs
and dioxin-like PCBs) were more than 20 times higher in herring caught outside Latvia
compared to herring caught west of the British Isles, 11 ng kg™ wet weight compared to
0,53 ng kg™* wet weight. The concentrations of the sum of DDTs (p,p -DDT+ p,p -
DDE+ p,p -DDD+ o,p -DDT+ 0,p -DDE) in herring were found to be more than ten
times higher in fish caught east of Bornholm compared to fish from Skagerrak (Karl &
Ruolff, 2007).

Concentrations of a range of pollutants in herring from sampling stations all along the
Swedish coast have been analysed every year for many decades, and recent data are
presented in Table 3 (Bignert et al., 2011). It is shown that background levels of many
of the most problematic environmental pollutants are higher in fish from the Baltic Sea
than in fish from Skagerrak/Kattegat. This includes PBDE-47, HBCDD, PFOS,
PCDD/Fs, PCBs, DDE, PAHSs, Cd and Pb.

Also marine mammals in the Baltic Sea have considerably higher concentrations of
many pollutants than marine mammals in other sea areas (Table 6). PFOS
concentrations in liver and blood plasma from seals from the Baltic Sea were found to
be 3-18 times higher than in marine mammals from the Mediterranean and the Canadian
and Norwegian Arctic (Giesy & Kannan, 2001; Kannan et al., 2002). Liver
concentrations of SUmMPCB (measured as TEQ) were six times higher and of SumDDT
(p,p"-isomeres of DDT, DDE and DDD) were nine times higher in ringed seal (Pusa
hispida) from the Baltic Sea than in the same species at Svalbard (Nyman et al., 2003).
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Table 6. Concentrations of PFOS, SumPCB and SumDDT in liver (ng/g wet weight and pg/g
lipid weight) and blood plasma (ng/ml) of marine mammals. SumPCB= sum of PCB-TEQ, Sum
DDT=sum of p,p"-isomeres of DDT, DDE and DDD; ww= wet weight; lw= lipid weight

Substance Area Matrix ~ Species Mean (range)
PFOS (ng/g ww)?! Mediterranean Sea liver Bottlenose dolphine (Tursiops truncatus)(n=6) 64 (0.7-110)
PFOS (ng/g ww)?! Mediterranean Sea liver Striped dolphine (Stenella coeruleoalba) (n=4) 26 (16-40)
PFOS (ng/g ww)! Baltic Sea liver Grey seal, (Halichoerus grypus)(n=12) 243 (148-360)
PFOS (ng/g ww)! Baltic Sea liver Ringed seal, (Pusa hispida)(n=10) 490 (130-1100)
PFOS (ng/ml)? Canadian Arctic plasma Ringed seal (n=24) 37 (14-76)
PFOS (ng/ml)? Norwegian Arctic plasma Ringed seal (n=18) 9 (5-14)

PFOS (ng/ml)? Baltic Sea plasma Ringed seal (n=18) 110 (16-230)
SumPCB (pg/glw)3  Svalbard liver Ringed seal 1.1 (0.3-8.8)
SumPCB (pg/glw)3  Baltic Sea liver Ringed seal 66 (17-152)
SumDDT (pg/glw)3  Svalbard liver Ringed seal 0.4 (0.2-1.7)
SumDDT (pg/glw)3  Baltic Sea liver Ringed seal 38 (10-101)

! (Kannan et al., 2002); ? (Giesy & Kannan, 2001); *(Nyman et al., 2003)
4.5.4. Combination effects of toxicants

Organisms in the field are never exposed to environmental pollutants one at the time,
but always to a complex mixture, and via a variety of exposure routes (e.g. mother-to-
child, respiratory surfaces, food). Still, the EU legislation on toxic compounds, e.g.
REACH, CLP and the WFD, is based on the assessment of the toxicity of single
substances, as if they occurred in isolation from each other. There is ample empirical
evidence that mixtures of pollutants are always more toxic than the individual toxicity
of even the most potent compound present (see review by Kortenkamp et al., 2009).
This fact is independent of the composition of the particular mixture or what
organism/endpoint that is being observed. Several compounds may occur at levels
below their individual calculated Predicted No-Effect Concentrations (PNECs) and still
have toxic effects on organisms if combined. This is valid for mixtures of both
compounds with similar modes and with different modes of action (Backhaus et al.,
2010).

The concentrations of a multitude of pollutants, many of them classified in the WFD as
priority pollutants or priority hazardous pollutants, are higher in the Baltic Sea biota
than in biota from other sea areas (Table 3). In the Baltic Sea there are many
compounds that exceed existing threshold values, e.g. PBDD/Fs, dioxin-like PCBs,
PFOS, TBT and Hg (Table 5), and the combination effects could therefore be expected
to be more severe here than in other places.

Combination effects of pollutants could also be a problem for humans. When feeding on
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the multi-polluted fish from the Baltic Sea one will simultaneously be exposed to
above-threshold levels of PCDD/Fs, PFOS, TBT and Hg, and also to relatively high
concentrations of a range of other compounds (Table 3 and 5).

5. Pollutant effects in the Baltic Sea

5.1. Observed changes in biota possibly related to pollutants

It is a difficult, and in most cases an impossible task to verify the causality between
pollutant exposure and biological effects observed in the field. The pathologic effects
and changes in biological condition presented here are however cases where it could be
considered that direct or indirect links to pollutants cannot be excluded.

Effects on air-breathing top predators in Baltic Sea marine food webs

The prevalence of intestinal ulcers in juvenile and adult grey seals (Halichoerus grypus)
from the Swedish and Finnish coast of the Baltic Sea increased in 4-20 year old animals
from 25 to 50% between the periods 1987-1996 and 1997-2006. The prevalence in 1-3
year old animals decreased from 55 to 40% during the same time period, but was still
higher than during the years 1977-1986, when <25% of the animals in this age group
were affected. Only one case of intestinal ulcer in grey seals has been reported outside
the Baltic Sea (Bécklin et al., 2008). The blubber thickness of young individuals of
both ringed seals (Pusa hispida) and grey seals decreased during period 1996-2009
(Kunnasranta et al., 2010).

Baltic ringed seals were found to have four times higher activity of the P450 enzyme
CYP1A (involved in the metabolism of HOCs) than ringed seals from Svalbard, and
Baltic grey seals five times higher CYP1A activity than grey seals from Nova Scotia,
Canada. The effects correlated to the PCB and DDT concentrations, which were found
to be 60 to 100 times higher in Baltic than in Svalbard ringed seal, and 3-4 times higher
in Baltic grey seal compared to grey seal from Nova Scotia (Nyman et al., 2003).

In a two year study a 25% decline in the activity of natural killer cells (leukocytes
involved in the immune response) was found in harbour seals (Phoca vitulina) fed
herring from the Baltic Sea compared to seals fed herring from the Atlantic.
Concentrations of all measured contaminants were significantly higher in the Baltic
herring than in the Atlantic herring. The levels of PCDD/Fs (measured as TEQ), which
are known to have immunotoxic effects, were 3-4 times higher in the blubber of seals
fed on Baltic herring compared to seals fed fish from the Atlantic (Ross et al., 1996).

The number of chicks dying in the egg from white tailed sea eagle (Haliaeetus albicilla)
was higher among birds from the Bothnian Sea area than among birds from the Baltic
Proper. It is suspected that this may be caused by pollutants even if the concentrations
of DDT/DDE, PCBs or PBDEs, which were analysed in the eggs, did not correlate with
the observed effect (Helander et al., 2011).

Lead poisoning from ammunition has been shown to be a significant cause of death for
adult white tailed sea eagle. 14% of 118 dead birds turned in for analyses between 1981
and 2004 had concentrations considered to be lethal (>20 pg/g dry weight). In 2004,

two years after a partial ban of lead shots was enforced, the proportion of lead poisoned
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birds remained unchanged. A majority of the analysed birds were collected on the
Swedish coast of the Baltic (Helander et al., 2009; Helander et al., 2011).

The populations of the Fennoscandian subspecies of the lesser black-backed gull (Larus
fuscus fuscus) have declined drastically over the past three to four decades. The Finnish
coastal population decreased by 8% per year between 1986 and 2002. In the Gulf of
Finland 70% of the chicks of this species died due to inflammation of various internal
organs leading to bacterial infection of the blood and sepsis. Diseased chicks had
significantly higher concentrations of DDT and of PCBs (measured as TEQ), than
healthy ones (Hario et al., 2004).

Nesting females of the common eider (Somateria mollissima) in the northern Baltic
Proper and the Gulf of Finland were found to have a significantly higher incident of
genotoxic damages, measured as variations in DNA content, compared to populations
from Beaufort Sea in northern Canada (Matson et al., 2004). The authors linked the
damages in the Baltic eiders to exposure to genotoxic pollutants e.g. PAHSs.

Shallow coastal areas and offshore banks in the southern Baltic Sea are among the
world’s most important areas for wintering for several species of sea ducks and many
other migratory waterbirds. Between two major surveys of five species of sea duck, the
first one in 1992/1993 and the second in 2007/2008, the populations had declined by
more than 4.2 billion birds, or 60% (Bellebaum et al., 2012). A very busy shipping route
goes from the southwestern part of the Baltic Sea to the Gulf of Finland, and hence
passes over the area where a large fraction of the wintering birds are found. Each year
hundreds of oil spills are registered in this ecologically sensitive sea area (Rytkdnen et
al., 2002; Larsson & Tydén, 2005). The physical disturbance by the ships and the
continuous exposure to oil spills may have had an effect on the decline in populations.
Many sea duck species have a low and irregular reproduction that is compensated by a
high survival of the adults. However, this reproductive strategy makes the species
particularly vulnerable to adult mortality (Larsson & Tydén, 2005).

Effects on other species

Imposex, female gastropods developing male sexual characters (a penis and a vas
deferens), is considered as a specific response to exposure to TBT. This malformation
was found in the gastropod species Hydrobia ulvae, at five locations along the Swedish
coast of the Baltic Proper. Some of the sampling was done in marinas, but imposex was
found also in animals from the “reference” station. Since this species has a maximum
life span of a couple of years it is likely that the observed effect is caused by an ongoing
exposure (Magnusson et al., 2010).

There is a decreasing trend in fat content in muscle from herring (Clupea harengus) and
perch (Perca fluviatilis) from the Baltic Sea. Exceptionally low values, only ~1.4%,
were found in herring from the southern Baltic Proper in 2009 (Bignert et al., 2011).
This may primarily be caused by food web changes, which in turn may be a result of
overfishing, but effects of pollutants cannot be excluded.
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5.3. The HELCOM CHASE assessment
CHASE - a description of the method

The HELCOM *“Hazardous Substances Status Assessment Tool”, CHASE, has been
used to classify the “hazardous substances status” at 144 sites in the Baltic Sea, 40 in
the open sea and 104 at coastal sites (HELCOM, 2010b). The CHASE assessment is
based on quality assured monitoring data from 1999-2007 on various chemicals, the
radionuclide Cs-137 and on certain indicators of biological effects. For each
substance/indicator a contamination ratio (CR) was calculated, as the ratio between the
status (data on the concentration of a substance or biological effect) and a threshold
level or quality criterion for the particular substance. The CRs of all substances or
indicators of biological effects were then related to each of four ecological objectives:
(i) concentrations of hazardous substances close to natural levels; ii) all fish safe to eat;
iii) healthy wildlife; iv) radionuclides at pre-Chernobyl level. Within each ecological
objective the CRs of all substances/indicators were integrated to achieve a status
classification that could be set to “high”, “good”, “moderate”, “poor” or “bad”. The
ecological objective receiving the lowest status classification in an assessed area was
selected as the overall classification. “High” and “good” are areas not considered to be
disturbed by hazardous substances, while “moderate”, “poor” and “bad” are areas to
different degrees disturbed by hazardous substances. The threshold levels/quality
criterions for calculation of the CRs were obtained from national legislation,
international agreements or EU directives, and OSPAR Assessment Criteria. More
detailed information about CHASE may be found in (HELCOM, 2010b).

Results from CHASE

Within HELCOM the definition of the Baltic Sea includes the Danish straits and
Kattegat, whereas these areas are outside the definition of the Baltic Sea used in the
present report. In our interpretation of the results from CHASE, data from Kattegat
hence represents the pollutant situation outside “the Baltic Sea”.

The integrated classification of the hazardous substances status, when the radionuclides
were excluded, shows that both the open sea and coastal sites in the Northern Baltic
proper, Eastern and Western Gotland basin, Gulf of Finland, Gulf of Gdansk and Gulf
of Riga are more affected by hazardous compounds than Kattegat, the Bothnian Bay
and Bothnian Sea (Figure 2.2. in HELCOM, 2010b).

Open sea areas: Almost all open sea areas in the central part of the Baltic Sea have the
status of “bad”, “poor” or “moderate”, whereas Bothnian Bay and Bothnian Sea are
classified as “moderate”.

Kattegat north of the Danish straits is classified as “moderate” or, in the south-western
and western part of Kattegat, “good”.

Coastal areas: The coasts in the Eastern Gotland basin, Gulf of Riga, Gulf of Finland
and on the Swedish side all the way down to Handbukten are classified as “poor” to
“moderate”. Coastal areas in the Bothnian Sea and Bothnian Bay are classified as
“moderate” and at some sites of the Finnish side of the Bothnian Bay, as “good”. In
Kattegat the coastal areas are classified as “moderate”.
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The addition of data on radionuclides changed the CHASE classification status at the
open-sea areas “Kiel Bight East” and “Southwest Arkona Basin” in the south-western
part of the Southern Baltic proper from “good” to “moderate” when they were included
(Figure 2.2. in HELCOM, 2010b).

The compounds contributing most to classifications of areas as “bad”, “poor” or
“moderate” were (in descending order) PCBs, Pb/Hg, Cs-137, DDT/DDE, TBT,
benz(a)anthracene, Cd, PCDD/Fs/dioxin-like PCBs, nonylphenol, Zn, As, DEHP,
HCHSs, Ni, octylphenol, PBDE, anthracene, benzo(ghi)perylene, benzo(k)fluoranthene,
Cu, fluorene and PAH-metabolites.
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Figure 2. The HELCOM integrated classification status of the Baltic Sea.
Blue = high status; green = good; yellow = moderate; orange = poor; and red = bad status.
High and good status are considered to be areas not disturbed by hazardous substances whereas

moderate, poor, and bad status are areas disturbed by hazardous substances’. From Baltic Sea
Environment Proceedings No. 120B (HELCOM, 2010b).
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6. The sensitivity of the Baltic Sea to pollutants —
a synthesis

In this section the most essential aspects from sections 3-5 that could be related to the
Baltic ecosystems sensitivity to pollutants are brought together. Numbers in brackets are
referring to previous sections.

6.1. Low diversity on a species, ecosystem and genetic level

The majority of all marine species in the Baltic Sea arrived several thousand years ago
when the salinity was higher, and they have since then become genetically separated
from North Sea populations of the same species. Baltic populations also have a lower
genetic diversity within individual species than North Sea populations of the same
species, which makes them more vulnerable to changes in the environment, possibly
including exposure to pollutants. The Baltic populations have developed unique
adaptations in order to cope with the osmotic stress in the brackish environment of the
Baltic Sea (see 3.1.3.). This is made obvious through several transplantation
experiments where it has been shown that North Sea population of species that are also
found in the Baltic Sea often have great difficulties to survive in Baltic conditions. Still,
the Baltic populations are not unaffected by the harsher conditions of the Baltic Sea
compared to a purely marine or purely limnic environment. This is shown by the
generally smaller size and lower fecundity compared to e.g. North Sea populations. The
osmotic stress might also be partly responsible for the increased sensitivity to pollutants
observed in Baltic populations compared to North Sea populations of the same species
(see 3.1.4.)

The low biodiversity reduces the resilience of the Baltic ecosystems and makes them
more vulnerable to environmental changes. The genetic diversity is low and the number
of species is only about a tenth of what is found in the North Sea. There are few
functional groups and few species within each of them (see 3.1.1. and 3.1.2.). The
functional redundancy is much lower in the Baltic Sea and the extinction of a single
species may have a major impact on an ecosystem level. Due to the genetic separation
from North Sea populations it is also unlikely that an extinct species could be replaced,
neither by natural immigration of species from Skagerrak/Kattegat through the Danish
Straits, nor by deliberate implantation of species. In an ecosystem with few species the
possibilities for species interactions are also reduced and the structure of food webs is
less reticulated in the Baltic Sea than elsewhere.

6.2. Enclosed and eutrophicated, a fatal combination

The Baltic Sea has high inflow of freshwater from rivers and precipitation and a very
low inflow of seawater through the Danish Straits. This creates a salinity gradient from
southwest to north, and also a vertical stratification of the water with less saline surface
water separated from the more saline bottom water by a halocline. Exchange and
mixing of water below the halocline is hence naturally restricted in the Baltic Sea (see
3.2).

The Integrated Ecosystem Assessment analyses made by ICES (see 3.3.) shows that

there have been a number of marked shifts in all the Baltic Sea basins over the past
decades, where the largest occurred in the early 1980s. The analysis suggests that the
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shifts have been caused by natural and anthropogenic factors including climate change,
hydrographic variability, overfishing and eutrophication. Pollutants were not mentioned,
but since there was a large increase in pollutant concentrations in the environment in the
1960s and 70s, with very high levels of e.g. PCBs, DDT and HCB found in Baltic biota
at that time, it cannot be excluded that also pollutants had an influence on the ecosystem
shifts.

A striking change over the last decades is that the Baltic Sea has switched from an
oligotrophic to a eutrophic sea area (see 3.1.5.). Blooms of algae and cyanobacteria
have increased and degradation of all this organic matter as it sinks to the sea floor, in
combination with the limited exchange of water, has resulted in severe oxygen
deficiency in sediments and bottom water. Large areas of the Baltic Proper are anoxic
and devoid of animal life.

Both the increased amount of organic matter and the subsequent oxygen deficiency
below the halocline affects the fate of pollutants. Hydrophobic organic particles have a
high affinity for organic matter, and the organic matter is at the same time a vital food
source for animals at the lowest trophic levels of the food webs (see 4.2). The most
nutritious particles, with the highest organic content are therefore also the most
polluted. In well-oxygenated sediments polluted organic particles will be consumed by
sediment-eating animals and in this way the compounds find their way into the food
webs. However, in the Baltic Proper there are huge areas with anoxic bottoms

(75 000 km? in 2005) where no animals can live, and that serve as reservoirs for
sediment-associated pollutants. If oxygen conditions improve the animals will return
and start consuming the contaminated sediment particles. The benthic fauna serve as
food for fish and other animals and the contaminants may then be transferred up the
food webs.

Eutrophic conditions may have a negative effect on the degradation of HOCs in at least
two ways. The photodegradation of HOCs in the water column is reduced in eutrophic
waters due to the high particle concentration in the water that limits the light penetration
depth. Also, for a wide range of organic chemicals biodegradation in anoxic sediments
is considerably slower than in oxic sediments (see 4.3. and Table 2). The slow
degradation strengthens the importance of anoxic sediments as reservoirs for organic
pollutants.

The methylation of inorganic Hg to the more bioavailable and more toxic form methyl
Hg, is favoured by several conditional factors that are found in the Baltic sediments:
organic enrichment, anaerobic conditions and optimal sulphate concentrations (see 4.4.).
In one of the few studies done on the relation between organic and inorganic Hg in
Baltic fauna, five different fish species were found to have around 80% of the
accumulated Hg in an organic form.

6.3. Exposure to high concentrations of pollutants

Comparing pollutant concentrations in herring from the Swedish monitoring
programme it is found that background levels for a range of compounds e.g. PBDE,
HBCDD, PFOS, PCDD/Fs, PCBs, DDE, HCB, PAHs and Pb, are considerably higher
in fish from the Baltic Sea than in fish from Skagerrak/Kattegat (see 4.5.1. and Table 3).
Several substances, both hydrophobic organic contaminants and metals (PCDD/Fs,
PCBs, DDE, PFOS, TBT and Hg), are today found in biota in concentrations above
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international and national threshold levels (Table 5). Even though concentrations are
declining for compounds that have been banned for long time, such as PCB, DDT and
PBDE, the trend is unchanged or increasing for e.g. PCDD/Fs and PFOS, and levels of
Hg in biota have been more or less the same since the 1980s (Bignert et al., 2011).

The mixture of all these hazardous compounds occurring in high concentrations means
that there is a risk for serious combination effects on Baltic biota (see 4.5.4).

The high pollutant concentrations found in the Baltic Sea are caused by a combination
of factors:

e The catchment area is large in relation to the water volume, and local emissions
from industries, agriculture, shipping etc. are high. There are several industrial
hot spots with contaminated soil leaking to the sea.

e The shipping traffic in the Baltic Sea is very intense and oil spill, intentional and
accidental, are numerous.

e The dominating wind direction is from southwest, and large amounts of airborne
pollutants, both organic pollutants and heavy metals, from the European
continent are deposited in the Baltic Sea catchment area (see 4.1.).

e The dilution of pollutants in the Baltic Sea is low in comparison with other sea
areas because of the limited exchange of water through the Danish Straits
(see 3.2.1.).

e There are large areas of accumulation bottoms where the sediment is rich in
organic matter and retain high concentrations of organic contaminants and heavy
metals. These sediments may serve as secondary sources for pollutants, even if
anthropogenic emissions should cease (see 4.2.).

e The degradation of organic pollutants is limited, both in the water column, due
to high particle concentration that blocks the photodegradation, and in the
sediments since anoxic conditions limit the biodegradation (see 4.3.).

7. Concluding remarks on the significance of
multiple stressors when estimating risk

In addition to the high pollutant concentrations there are several other features of the
Baltic ecosystems that make them particularly vulnerable to external stressors. The
biodiversity is naturally low, with few species, few functional groups and low genetic
diversity within species. The genetic isolation from the North Sea also limits the
chances that Baltic Sea species that become extinct or seriously reduced may be
replaced by populations from other areas.

Even though many species have lived in the Baltic Sea for thousands of years there is a
difference in how well they have adapted to the osmotic stress in the non-marine, non-
limnic environment. Some are well adapted and have their energy minima (spend a
minimum amount of energy) at ambient Baltic salinities. Others are physiologically
better adapted to a higher/lower salinity, and throughout their entire life span spend a
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substantial amount of energy on osmoregulation. These latter species have a
disadvantage when exposed to pollutants, since coping with toxic compounds also
involves extra energy expenditure. It has been demonstrated for some species that
pollutant concentrations that were sublethal at optimum conditions were lethal as
salinity changed.

The dramatic increase in nutrient input and the subsequent switch from an oligotrophic
to a eutrophic state is an important factor in the marked shifts the Baltic Sea has gone
through since the 1980s. Eutrophication has led to e.g. increased primary production,
decreased light penetration depth and oxygen-free sediments. All these factors have
contributed to changes in the benthic macrofauna communities. There are also
indications that exposure to hypoxia may reduce the organisms capacity to cope with
pollutants.

On top of the low biodiversity, osmotic stress and eutrophication, the concentrations of
many of the hazardous compounds are higher in the Baltic Sea than in other sea areas.
The anoxic accumulation bottoms in the Baltic Proper, free from fauna, also comprise
reservoirs of contaminants, many of them degrading very slowly due to the anaerobic
conditions. If/when the efforts to reduce the eutrophication succeed and the benthic
fauna returns to the sediments, these pollutants will be available for uptake in food
webs. The fact that the toxic effects of mixtures of pollutants are additive makes it
particularly worrying that several pollutants PCDD/Fs, PBDE, PFOS, TBT and Hg,
occur in concentrations above legislative threshold levels (e.g. EQS and maximum level
in foodstuff).

The Baltic ecosystems experience all these stressors, natural and anthropogenic,
physical, and chemical at the same time. It may be presumed that not only the mixture
of pollutants but also theses other stressors have an additive effect, but this research area
is still largely unexplored. However, the adverse effects that are observed today on
Baltic biota, in particular on air breathing species like seals and birds, are in themselves
responses to multiple stressors including combined effects of pollutants. For several
serious disorders found in Baltic species the coupling to toxic compounds are, however,
questioned. This is the case for the M74 syndrome, which kills fry of salmon and sea
trout, and for the recruitment problems in perch and reproductive disorders in the
amphipod Monoporeis affinis. Still, indirect links to pollutant concentrations cannot be
excluded. And even if a keystone species in a food web goes extinct because of some
other stressor, e.g. hypoxia or overfishing, it will still leave the ecosystem even more
vulnerable to further stress by e.g. the toxic effects of pollutants.

According to the HELCOM Hazardous Substances Status Assessment (CHASE) large
areas of the Baltic Proper and Gulf of Finland have the status “bad” or “poor”. In other
studies it has been shown that the biodiversity of the benthic macrofauna in these “bad”
or “poor” areas is severely reduced. In general eutrophication is presumed to be the only
factor to have caused this reduction, but considering the results from CHASE it cannot
be excluded that also pollutants have been part of the problem.

Studies where the sensitivity to toxicants is compared between Baltic Sea and North Sea
populations of the same species are rare. There are however a few experimental studies
where species have been exposed to e.g. Cd, Cu, oil and pentachlorophenol, and in all
of them the Baltic populations were found to be more sensitive.
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In figure 3 is a summary of the stress factors brought up in this report that simultaneously put a
pressure on the Baltic ecosystems.

T _ EXTERNAL STRESSOR - i
High po u’.tant input, HAZARDOUS COMPOUNDS Low di utlon.
local and regional sources Slow degradation
High pollutant concentrations -
combination effects

Species genetically Few Few Osmotic Low
isolated from the functional species stress genetic
Atlantic groups variation

THE BALTIC ECOSYSTEM
INTERNAL STRESSORS

OTHER EXTERNAL STRESSORS

Figure 3. Summary of internal and external stressors acting on the Baltic Sea ecosystem.

The Baltic Sea is under pressure from a range of natural and anthropogenic stressors
and this has to be taken in consideration when assessing the sensitivity of the Baltic
ecosystems to pollutants.

The importance of “getting the whole picture” is the theme for a book with the title
“The impacts of Multiple stressors: A complex web of challenges” that will be
published by the Stockholm Environment Institute (SEI) in 2013. A preview of some
pages of the book are available on the SEI home page and the authors intentions are to
put a focus on “(the) urgent need for the global community to address multiple stressors
affecting marine systems by making policy decisions aimed at optimising outcomes for
these complex systems, and approaching ocean governance from strategic perspectives
that utilise multi-management schemes and networks”.

With this report we hope to contribute to this perspective.

Afterword by the Swedish Chemicals Agency

The Baltic Sea is challenged in several ways and chemical pollution is but one of the
challenges the Baltic ecosystems have to endure. The Baltic Sea Region consists of
several countries of which most are members of the European Union while some are
not. In this diverse region it is evident that environmental policy needs cooperation,
coordination and a broad understanding to be effective. One of the intentions of the
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BaltSens project is to increase discussion around the scientific descriptors and
environmental policy connected to chemical risk assessment. An important milestone
for the BaltSens project is this report, which is based on peer-reviewed scientific
literature and reports from international projects and national agencies.

This report is not a comprehensive review of all aspects of the Baltic Sea environment,
not even of all aspects concerning hazardous chemicals in the Baltic Sea. However,
even with the limited scope that such a report as this allows, it paints a picture of the
Baltic Sea being not only a harsh environment for aquatic organisms in itself but also
polluted by chemicals, as well as affected by other anthropogenic disturbance such as
eutrophication. Many of the aspects that are discussed build upon decades of research
that still point along the same lines (see e.g. Andersson & Kautsky, 1997), such as poor
functional redundancy in the Baltic ecosystems and a physiologically high-cost
environment for individuals. Adding to the previously published reports are new data
corroborating these ideas as well as newer discussions of challenges facing the Baltic
populations, such as a limited genetic diversity as well as genetic isolation (Johannesson
etal., 2011).

The aspects of the Baltic Sea which identify the Baltic Sea ecosystems as particularly
sensitive to chemical stress, challenges the risk assessment concept as currently
employed in EU chemical legislation as described in the TGD as well as in Reach
Guidance documents. The TGD focuses on protecting the most sensitive species in a
given environmental compartment (aquatic, soil etc.). The risk assessment methodology
in the TGD builds upon the notion that extrapolating from the data at hand, using
assessment factors, can protect the most sensitive species. This should be understood as
by protecting the most sensitive species, the entire ecosystem in that given
environmental compartment is protected.

With any risk assessment concept there are limitations to how it can be adapted. The
data presented in this report suggests that there are differences between the Baltic Sea
and a truly marine environment. This challenges one of the statements in the TGD: that
the Baltic Sea and a truly marine environment are comparable and, from a quantitative
risk assessment perspective, equal. The challenge can be illustrated by the following
example: in a truly marine environment there is high functional redundancy meaning
that the ecosystem function is not likely at risk of severe alteration if one species is
removed (by what ever means). The Baltic Sea ecosystem, on the other hand, has low
functional redundancy and few key species and the likelihood of successful
recolonisation from other areas is lower. Thus, if a species is removed from the
ecosystem, dramatic shifts are more likely to occur which may severely threaten the
ecosystem function. Thereby, the inferred consequences by causing damage to the most
sensitive species in the Baltic Sea could be much larger than in a truly marine
environment. In the currently employed risk assessment methodology, these aspects are
not considered. In line with this it may be argued that using the TGD procedures for
performing risk assessments in the Baltic Sea, without any specific concern for the
Baltic Sea ecosystem, underestimates the risk to the Baltic environment.

There are probably several ways of complementing a risk assessment for the Baltic Sea.
Adding Baltic Sea specific data is naturally helpful and there are likely several ways of
compensating in the risk assessment. For example, under national biocide law,
predating the EU biocide directive, Keml has employed a strategy of using a specific
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safety factor when performing risk assessments for antifouling paints that are to be used
in the Baltic Sea.

The data as presented in this report, points to the need to discuss certain policy aspects
of Baltic Sea environment that applies to Baltic Sea Region, and it would be beneficial
for the development of the region if we could reach a mutual understanding on how to
estimate and value the sensitivity of the Baltic Sea to hazardous chemicals.
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