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Summary
This paper describes eutrophication in the Baltic Sea which is generally recognized as the
most challenging environmental concern and a top priority for the countries surrounding the Baltic
Sea. Eutrophication is described in relation to the Baltic Sea catchment area, historical developments,
climate change, economic activities, and to the lifestyle of the Baltic nations. This paper describes
various environmental consequences of eutrophication such as increased primary productivity,
oxygen depletion in deep basins, seasonal oxygen depletion in some coastal areas, harmful algal
blooms, massive development of opportunistic algae, diminished water clarity and diminished depth
range of macrophytes. It also attempts to illustrate the impact of eutrophication on fish and fishing.
Finally, it provides information about international efforts regarding combatting eutrophication
based on international conventions and agreements.
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Key concepts: Development of eutrophication in the Baltic Sea, Environmental consequences of
eutrophication, Combatting eutrophication
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1. Introduction
Eutrophication is the excessive richness of nutrients and it occurs naturally in all water
systems. The word “eutrophication” comes from Greek and translates to “well nourished”. There is
no single and globally accepted definition of marine eutrophication. According to the EU Marine
Strategy Framework Directive (EU 2008) “Eutrophication is a process driven by enrichment of water
by nutrients, especially compounds of nitrogen and/or phosphorus, leading to: increased growth,
primary production and biomass of algae; changes in the balance of organisms; and water quality
degradation. The consequences of eutrophication are undesirable if they appreciably degrade
ecosystem health and/or the sustainable provision of goods and service (EU MSFD JRC Report 2010).
Eutrophication is a pronounced phenomenon in almost all large marine ecosystems
(Scherman and Duda 1999, GIWA 2005). However, it is a particularly significant phenomenon in semi‐
enclosed seas, marine bays and lagoons, and also along some marine coastal areas. Eutrophication is
caused by natural processes as well as anthropogenic activity. However, it is impossible to
distinguish natural eutrophication from human‐induced eutrophication.
Eutrophication in the Baltic Sea is usually discussed in the context of anthropogenic activity
and its various undesirable ecosystem effects. It is generally recognized that eutrophication is the
most serious environmental concern of the Baltic Sea (HELCOM 2009).

2.

The Baltic Sea
The Baltic Sea is located between the Atlantic and Euro‐Asiatic continental climate zones. It is

connected to the North Sea by narrow and shallow connections (Kattegat, the Belts, the Sound). The
Baltic Sea is a semi‐enclosed estuary with restricted access to oceanic high saline water (Fig. 1), a
long retention time (approx. 25 years) and high freshwater input (about 450 km3/year).The
stratification of water masses and fjord‐like conditions, in combination with other factors, form the
basis for a problematic oxygen situation in the deep water. Because of its hydrological features, the
Baltic Sea is a sea area susceptible to marine pollution.
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Fig. 1. Left: Bathymetric map of the Baltic Sea. Right: Baltic Sea and its drainage area.

The Baltic drainage basin covers an area of approximately 1 670 000 km2 which is roughly
four times the area of the sea itself at 415 000 km2. The Baltic drainage area is densely populated,
with over 85 million inhabitants in 14 industrialized countries (Fig. 2, left). This area, particularly its
southern part, is arable land (Fig. 2, right) and is intensively used by agriculture based on artificial
fertilizers. Intensive agriculture and intensive livestock farming leads to large emissions of nitrogen
compounds (ammonia, NOx) which stimulate eutrophication.

4

Fig. 2. Left: Population density in the Baltic drainage area (Wikipedia). Right: Distribution of arable
land in the Baltic drainage area (Grid Arendal).

3.

Development of eutrophication in the Baltic Sea
Eutrophication is a condition in an aquatic ecosystem where high nutrient concentrations

stimulate the growth of algae which leads to undesirable changes in the system, such as:
‐ intense algal growth: excess of filamentous algae and phytoplankton blooms;
‐ production of excess organic matter;
‐ increase in oxygen consumption;
‐ oxygen depletion with recurrent internal loading of nutrients
‐ death of benthic organisms, including fish.
Since the 1900s, the Baltic Sea has changed from an oligotrophic clear‐water sea into a
eutrophic marine environment (HELCOM 2009). The Danish EPA has developed a conceptual model
of eutrophication (Fig. 3) used also by the EU Task Group on Eutrophication (EU MSFD JRC 2010).
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Fig. 3. Conceptual model of eutrophication (Ærtebjerg et al. 2003).

3.1

Nutrient loads
Until World War II, the Baltic Sea, was regarded as an oligotrophic brackish water ecosystem

(Ojaweer and Kaleis 2005, Wulff and Niemi, 1992) subjected to a natural nutrient supply from its
catchment area. However, after World War II, due to the rapid development of industry and the
application of artificial fertilizers in agriculture, most parts of the Baltic Sea became subject to very
high nutrient loads. In 2000, the total input of nitrogen and phosphorus to the Baltic Sea amounted
to 1 009 700 tons (Fig. 4) and 34 500 tons (Fig. 5) respectively (HELCOM 2015). About 75 % of the
nitrogen entered the Baltic Sea as waterborne input and the rest is atmospheric deposition.
Phosphorous enters the Baltic Sea mainly as waterborne input (Fig. 5). Large areas of the Baltic Sea
catchment area have been identified as agricultural Hot Spots.
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Fig. 4. Total input (waterborne and airborne) of nitrogen by HELCOM countries
to the Baltic Sea (HELCOM 2015).

Fig. 5. Total input (waterborne and airborne) of phosphorous from HELCOM countries
to the Baltic Sea (HELCOM 2015).
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3.2 Climate change
The Baltic ecosystem is dependent on both long‐term and periodic climate changes. Periodic
climate fluctuations are usually discussed in relation to salinity and oxygen concentrations in deep
Baltic basins and their effects on cod fisheries. However, the effects of climate change are related to
eutrophication as well. The three main phenomena responsible are: i) the growing concentration of
carbon dioxide in the atmosphere, ii) the rising temperature of the atmosphere, and iii) higher
dynamics of the atmosphere. Increased concentrations of carbon dioxide in the atmosphere causes
acidification (a decrease in the pH) of surface waters in the Baltic. Some scenarios predict a
significant decrease in the pH by the end of this century (HELCOM 2013). The Baltic Sea is
characterized by naturally high annual pH amplitudes as a result of changes in the primary
production connected with excessive nutrient loads /eutrophication. Increased atmospheric
concentrations of carbon dioxide and acidification of surface layers may superimpose on this process,
leading to increased amplitudes and much lower pH values than already observed.
Rising water temperatures in the Baltic Sea will stimulate the development of phytoplankton
blooms. This may particularly influence unwanted cyanobacteria blooms in summertime. They will
become more intensive and prolonged (HELCOM 2013).
Growing dynamics of the atmosphere may bring more storms and more rain precipitation. It
means more nutrient wash‐out from the Baltic catchment area to the Baltic Sea and therefore
further strengthening of eutrophication in the Baltic Sea. During the influxes of saline water, strong,
vertical mixing favors enrichment of surface layers with nutrients and therefore the intensification of
biological production (Matheus and Schinke, 1994), one of the signs of eutrophication.

4.

Effects of eutrophication in the Baltic Sea
During the last century, the Baltic Sea has experienced a steady increase in anthropogenic

nutrient input via rivers and the atmosphere. This has resulted in excessive eutrophication in most
parts of the sea and has caused deep structural changes of pelagic and bottom systems. Its
consequences, such as water quality degradation, algal blooms, alteration of habitats and species
composition, have been observed since the 1980s. Since the beginning of the 20th century, the
trophic status of the Baltic has changed oligotrophic to eutrophic (Gustafsson et al. 2012, HELCOM
2009).

4.1 Nutrient enrichment
Nutrient enrichment in the water column is the first indicator of eutrophication. The
concentration of nutrients and the deposition of organic matter in the Baltic Sea have increased
considerably since the beginning of the 20th century (Larsson et al. 1985, Łysiak‐Pastuszak et al.
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2011). It has been estimated that P loads have increased about 4 times and N loads have increased
up to 8 times (Gustafsson et al., 2012, Savchuk et al. 2008). These loads have led to higher
concentrations of nutrients in sea water in the Baltic Proper (about 2 x more for PO4 and about 3 x
more for NO3) (Gustafsson et al., IMGW 1987‐2012, Savchuk et al. 2008). Increased primary
productivity (Renk H. 1997), stimulated the development of phytoplankton and reduced water clarity
(Fleming‐Lehtinen and Laamanen 2012).

4.2 Harmful algae blooms
Massive development of blue‐green algae blooms during the summer have been noted
since the second half of the 20th century (HELCOM 2009) (Figs 6 and 7). These are mainly
cyanobacterial species Aphanizomenon flos‐aquae, Nodularia spumigena, and, sometimes
Anabaena lemmermannii (Fig. 8). They are potentially toxic, and therefore, may create harmful
blooms ‐ HABs (Mazur‐Marzec and Pliński. 2009)

Fig. 6. Satellite image of blue‐green algae blooms in the Baltic Sea.
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Fig. 7. Massive development of blue‐green algae in the Gulf of Gdansk (Photo by E. Andrulewicz‐left
and R. Moroz‐right).
After its death, blue‐green algae falls to the bottom where it decays, contributing
significantly to the depletion of oxygen in deep basins. HABs are well known from the cases of acute
toxicity in humans caused by the consumption of contaminated mollusks, however this applies to
full‐saline seas, not the Baltic Sea.

Fig. 8. Images of potentially toxic blue green algae in the Baltic Sea. Left: Nodularia spumigena,
Middle: Aphanizomenon flos‐aquae, Right: Anabaena lemmermannii. (Photo by J. Kownacka).
4.3 Massive development of opportunistic algae
The massive development of opportunistic algae can be regarded as a certain type of bloom.
Observations of Ectocarpaceae and Cladophora algae blooms have been observed in the southern
part of the Gulf of Gdańsk (Kruk‐Dowgiałło 1994). These blooms occur in shallow bays and lagoons.
Filamentous algae can be loosely suspended in water or attached to the hard bottom substrate. The
“cotton wool properties” of these algae may cause juvenile fish to become trapped (Fig. 9, left).
Therefore, they can be a significant reason for the degradation of spawning grounds. The sinking of
filamentous algae to the seabed restricts the oxygen intake of sediments, while the oxygen‐
consuming process of decay leads to the further development of hypoxic and anoxic conditions.
Filamentous algae also affect macrophytes by covering them mechanically (algal mats) and cutting
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off sunlight which is essential for their growth. Such algal blooms are also responsible for the
reduction of recreational amenities of marine beaches, particularly those within bays and/or lagoons
(Fig. 9, right).

Fig. 9. Filamentous algae Ectocarpaceae on the bottom and on the beach in the Bay of Puck (Photo
by E. Andrulewicz)
According to observations in the Bay of Puck (Skóra 1983), filamentous algae create favorable
conditions mainly for development of stickleback and they are the main reason for degradation of
commercial ichthyophauna in the Bay of Puck (Fig. 9). They also contribute to the reduction of the
depth range and the area covered by seagrass.

4.4 Degraded macrophytes
Higher productivity of phytoplankton causes lower water transparency as observed in the
Gulf of Finland, where the measured Secchi depth diminished from 8 m to 4 m (Fleming‐Lehtinen and
Laamanen 2012). Macrophytes are directly affected by the amount of light which reaches the
bottom. For example, the depth range of macrophytes in the Gulf of Gdansk diminished from 24 m at
the beginning of the 20th century, (Lakowitz 1907) to 8 m towards the end of the 20th century (Kruk‐
Dowgiałło 1994). The degradation of macrophytes directly effects fish which rely on them for food
and shelter or as spawning grounds.
Until now, the effects of macrophyte degradation have not been sufficiently studied, and
thus we do not know the scale of the degradation of coastal spawning, feeding and shelter grounds
of fish.

4.5 Oxygen depletion in deep Baltic basins
Eutrophication leads to increased sedimentation of organic matter in Baltic deep basins.
Once deposited, organic matter undergoes the oxygen consuming process of decay which leads to
oxygen depletion in the deep basins and the subsequent formation of hydrogen sulfide (H2S).

11
There has been a steady increase in the range of the area affected by hydrogen sulfide in
Baltic deep basins (the East and West Gotland Basins, the Northern Baltic Proper and the outer Gulf
of Finland) (Fig. 10). Estimates of the extent of hypoxic (oxygen content less than 2 ml/l) and anoxic
(oxygen content nil; often with presence of hydrogen sulfide) in autumn 2011 – 2014 (Amund and
Lindberg 2016).

Fig. 10. Areas with hypoxic (grey color‐oxygen content less than 2 ml/l) and anoxic (black color‐
oxygen content nil; often with presence of hydrogen sulfide) conditions in autumn 2011 – 2014
(Amund and Lindberg 2016).
Oxygen depletion in deep water masses results in the release of phosphorous from
sediments to water masses which further enhances cyanobacteria blooms (Variopuro et al. 2014).

4.6. Oxygen depletion in coastal areas
Oxygen depletion in Baltic deep basins is a well‐studied phenomena, however in recent
years, hypoxic and even anoxic conditions have occurred in some shallow areas (e.g. the coastal
areas of Kattegat, Kiel Fjord) which, according to historical data, have always been oxygenated.
This anoxia is episodic and usually happens during summer stagnation periods. Anoxia in Kattegat
has caused the death of a great number of fish (Ærtebjerg 2003, Anonymous 2012, HELCOM
2003). The four best known examples of fish kills are from 1981, 1988, 1997 and 2002. In 1981
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the kills were caused by severe oxygen depletion in most of the Danish waters (Danish EPA 1984).
In October 2002 fish kills occurred in several places along the Jutland east coast due to upwelling
of oxygen poor and H2S containing bottom water.
A massive fish kill occurred in the Bay of Puck in 1980 and 1981 (Fig. 11). The event was
probably caused by the formation of H2S in sediments during the ice season in the bay. The
decomposition of organic matter accumulated in the bottom pits uses oxygen and leads to the
forming of hydrogen sulfide, and therefore creates acidic conditions for wintering eel and flatfish.
Acidified bottom sediments caused external injuries to the wintering fish which then became
susceptible to bacteriological diseases in the polluted waters of the bay in the 1980s.

Fig. 11. Fish kill event in the Bay of Puck (March‐April 1980 &1981) (Photo: R. Wiliński).

4.7 Benefits for fishery
In the 1950s Demel (1967) determined the estimated capacity of the Baltic Sea fish
production to a maximum of 400 thousand tons per year. However, in the following decades, the
total weight of fish catches exceeded 1 million tons per year (ICES ACFM 2001). At that time, Demel
could not have foreseen the huge anthropogenic loads of nutrients which would lead to the
enhanced productivity of the Baltic Sea.
The weight of fish catches in the Baltic was equal to approximately 100 thousand tons per
year between the beginning of the 20th century until World War II. Following the end of the war, the
total weight of fish catches began to rapidly grow (Fig. 12), exceeding all scientific estimations: in the
1960s the total weight catches was equal to 350 thousand tons per year, in the 1970s the number
rose to 600 thousand tons per year, and in the 1980s it reached one million tons per year (Ojaveer
and Lehtonen 2001, Thurow 1991). Of course, not everything can be attributed to eutrophication.
Quoting data on fish catches, we need to take into account the fact of technological progress and the
increased pressure on fish stocks. However, production of fish per hectare (ha) has increased from
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about 5 kg/ha/year to 25 kg/ha/year in open waters and from 25 kg/ha/year to 70 kg/ha/year in
Polish bays (Netzel, pers. comm.).

1 200 000
1 000 000

(t)

800 000
600 000
400 000
200 000

2006

2002

1998

1994

1990

1986

1982

1978

1974

1970

1966

1962

1958

1954

1950

1946

1942

1938

1934

1930

0

ye a r
COD

HER R ING

SPR AT

T O T AL

Fig. 12. Fish catches (landings) o.ver the last 70 years in the Baltic Sea (Ojaveer and Lehtonen 2001,
Thurow 1991)
A decline in the total catch has been observed in recent years (Fig. 12), this could be an effect
of the nutrient load reduction measures implemented in the last decade (HELCOM BSAP 2009,
HELCOM PLC‐5, 2011).

5.

Present and future challenges
The Baltic countries and their governments are willing to combat eutrophication and its

effects. Some Baltic countries have a national strategy, some just follow international conventions
and agreements. All of these agreements aim “towards a Baltic Sea unaffected by eutrophication”.
5.1 The Polish approach
There is a large ongoing effort to reduce nutrient loads from agriculture in Poland (Pastuszak
and Igras 2012). The Polish government tries to meet international agreements aiming to reduce the
emission of nutrients from agriculture and households. In the last 20 years, many sewage treatment
plants have been constructed in Poland which improved not only the sanitary conditions of the Polish
Baltic coastal/bathing waters but also reduced the nutrient load the Baltic Sea.
Poland is the largest supplier of nutrients to the Baltic Sea (Figs 4 and 5), however, almost
50% of the total population of the Baltic drainage basin lives in Poland and nearly 50% of arable land
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in the Baltic drainage basin is located in Poland (Fig. 2). However, the nutrient load is relatively small
when presented per capita (Fig. 13)

Fig. 13. Nitrogen and phosphorous loads per capita from Baltic countries, averaged for 1977‐
2003 (HELCOM 2015).

Agriculture in Poland (in comparison to Denmark or Germany) is to a large extent still based
on small farms which don’t use large amounts of artificial fertilizers. Most Polish farmers carry out
organic breeding of animals. Many rivers in Poland still have natural courses and therefore high
natural self‐purification and nutrient‐trap abilities (Fig. 14).

Fig. 14. Pictures of the natural river course of the Vistula River.

Unfortunately, the natural state of these systems is at risk due to pressure from various
developers who in the name of economic development propose projects which involve “drying”,
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“straightening” (of river courses) and ‘damming”, which would destroy their nutrient trapping
potential.

5.2 HELCOM approach
Eutrophication has been a concern of HELCOM since its creation in 1974. Since 1979,
indicators of eutrophication are a regular part of the HELCOM monitoring program. Hence, the
assessment of eutrophication (HELCOM Periodic Assessments) are published regularly in the Baltic
Sea Environmental Proceedings. Nutrient supply to the Baltic Sea is monitored and assessed under
Pollution Load Compilation Programs ‐ HELCOM PLC (HELCOM, 2011).
There have been many initiatives focused on reducing the nutrient supply to the Baltic Sea.
The most significant of them was the preparation of the “Baltic Sea Action Plan” (HELCOM 2007,
HELCOM 2007 a). Within this initiative Baltic countries agreed to reduce nutrient loads substantially
(Table 2), to bring back the Baltic Sea to the status where „eutrophication does not cause negative
effects”. According to HELCOM BSAP, a Baltic Sea unaffected by eutrophication should have:





Clear water
Natural levels of algal blooms
Natural distribution and occurrence of plants and animals
Natural oxygen levels

To achieve this, HELCOM BSAP formulated nutrient load reduction requirements for specific
countries (Table 2). These requirements are very high for Poland, and are probably
unachievable(Pastuszak et al. 2012).
Table 2. Country‐wise provisional annual reduction requirements (BSAP, 2007).
Country

Phosphorus (tons)

Nitrogen (tons)

Denmark

16

17,210

Estonia

220

900

Finland

150

1,200

Germany

240

5,620

Latvia

300

2,560

Lithuania

880

11,750

Poland

62,400 (current load at
8,760 (current load at 16,000)

191,000)

Russia

2,500

6,970

Sweden

290

20,780
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5.3 The EU approach
There is a number of EU Directives which are related to combatting eutrophication both in
fresh and in marine waters. Examples of these are the Nitrates Directive (1991) which aims to
protect water quality across Europe by preventing nitrate pollution from agricultural sources and the
Water Framework Directive (2012) which requires the waterbodies of all European Union member
states to achieve ‘good status’. In 1998, the EU has issued the Marine Strategy Framework Directive
(MSFD) (2008/56/EC), the latest development in marine protection policies. In regard to
eutrophication, the goal is to “Minimize eutrophication caused by human activity, and in particular
the adverse effects, such as loss of biodiversity, ecosystem degradation, harmful algae blooms and
oxygen deficiency in bottom waters”.
By the year 2020, all EU member states have to achieve a “Good Environmental Status” (GES)
of their marine waters. GES with regard to eutrophication will be achieved when the biological
community becomes well‐balanced and retains all necessary functions in the absence of undesirable
disturbances associated with eutrophication (e.g. excessive algal blooms, low dissolved oxygen,
decline in seagrasses, kills of benthic organisms and/or fish) and when there is no nutrient‐related
impact on the sustainable use of the ecosystems goods and services (EU 2008, EU MSFD JRC 2010).
The future
Eutrophication has been identified as an environmental problem many years ago. Mitigation
measures to combat eutrophication have already been put in motion in the last few years and some
results in limiting anthropogenic nutrient emissions have been achieved, but the effects in the
marine environment are moderate or not seen. However, eutrophication still remains to be problem
(Ærtebjerg et al. 2003, Andrulewicz and Witek 2002, Gustafsson et al. 2012, HELCOM 2009).
Eutrophication can be considered a “severe problem” as it resists mitigation. Once
introduced, nutrients circulate in the environment. After the decomposition of organic matter, a
portion of nutrients is returned to the organic matter production cycle. Under specific conditions
(deficiency of nitrogen in surface waters), nitrogen can be absorbed by blue‐green algae directly from
the atmosphere. In case of oxygen deficiency, phosphorus is released from bottom sediments into
the water column. All these processes lead to eutrophication. Another problem is that
eutrophication is caused by multiple sources of nutrients. They come from agriculture, forestry,
households, industry and even from our “lifestyle”. Eutrophication is also made worse by climate
change. For these reasons, the response of the ecosystem to the measures undertaken by Baltic
countries will not be quick and may take decades.
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