
iso FIMR 

M ER Report Series of 
the Finnish Institute of Marine Research 

HELCOM EUTRO: DEVELOPMENT OF TOOLS FOR A THEMATIC 
EUTROPHICATION ASSESSMENT FOR TWO BALTIC SEA 
SUB-REGIONS, THE GULF OF FINLAND AND THE BOTHNIAN BAY 

Vivi Fleming-Lehtinen (Editor) 

No. 61 
2007 





MERI—Report Series of the Finnish Institute of Marine Research No. 61, 2007 

HELCOM EUTRO: DEVELOPMENT OF TOOLS FOR A THEMATIC 
EUTROPHICATION ASSESSMENT FOR TWO BALTIC SEA SUB-
REGIONS, THE GULF OF FINLAND AND THE BOTHNIAN BAY 

Vivi Fleming-Lehtinen (Editor) 



MERI—Report Series of the Finnish Institute of Marine Research No. 61, 2007 

Cover: Sampling on board s/s Nautilus in the early 1900's. © FIMR 

Publisher: 
Finnish Institute of Marine Research 
P.O. Box 2 
FI-00561 Helsinki, Finland 
Tel: + 358 9 613 941 
Fax: + 358 9 323 2970 
e-mail: firstname.surname@fimr.fi  

Julkaisija: 
Merentutkimuslaitos 
PL 2 
00561 Helsinki 
Puh: 09-613 941 
Telekopio: 09-323 2970 
e-mail: etunimi.sukunimi@fimr.fi  

Copies of this Report Series may be obtained from the library of the Finnish 
Institute of Marine Research. 

Tämän raporttisarjan numeroita voi tilata Merentutkimuslaitoksen kirjastosta. 

ISSN 1238-5328 
ISBN 978-951-53-2990-5 (paperpack) 
ISBN 978-951-53-2991-2 (PDF) 



HELCOM EUTRO: DEVELOPMENT OF TOOLS FOR A THEMATIC 
EUTROPHICATION ASSESSMENT FOR TWO BALTIC SEA SUB- 
REGIONS, THE GULF OF FINLAND AND THE BOTHNIAN BAY 

Vivi Fleming-Lehtinen 

Finnish Institute of Marine Research, P.O. Box 2, FI-00561 Helsinki, Finland 

INTRODUCTION 
The Baltic Sea is a semi-enclosed brackish water sea, situated between northern and central Europe. 
Thirteen countries with a total of 85 million inhabitants contribute to the Baltic drainage area, the 
shoreline being shared by nine of them. The surface area is 415 200 km2, and the mean depth 52 m. 
The only outlet is the Danish Straits in the south-western end of the sea, and the water exchange to 
the adjacent North Sea is limited. The occasionally inflowing deep saline North Sea water forms a 
distinct water layer at a depth below 60 m, separated from the upper layers by a permanent vertical 
halocline. Strong haline stratification remarkably slows the ventilation of the deep basins of the 
Baltic Sea. The sub-basins are partly separated by sills and characterized by a north-eastward 
decreasing horizontal salinity gradient, the peripheries differing from each other and the Baltic 
Proper in many respects. 

Due to its morphological characteristics and the high population density of the drainage area, the 
Baltic Sea is especially vulnerable to eutrophication. Eutrophication has in fact been defined by the 
Helsinki Commission (HELCOM) as one of the major threats to the Baltic Sea. During the last 
decennium the nutrient load, caused by discharges from point and diffuse land sources as well as 
from the atmosphere, has increased due to anthropogenic inputs. This has resulted in multiple direct 
and indirect detrimental effects in the ecosystem. 

The HELCOM Eutro —project was established in order to develop a tool for assessment of the 
eutrophication status of the Baltic Sea, including both coastal and open-sea areas. The applied 
method was the Ecosystem Approach, in which the state of the environment is assessed using 
inherent traits of the ecosystem, so called indicators. In the assessment, indicators were classified as 
causative factors (category I), direct effects (category II) or indirect effects (category III) of 
eutrophication. The level of each indicator, at a time when human impact was minimal, was set to 
be the reference condition and used as assessment criteria. These reference conditions were sought 
through data mining, modeling and expert judgment. The assessment metrics included an estimation 
of acceptable deviation from the reference conditions, setting target values for good ecological state. 
The work was completed separately for each Baltic sub-region. Positive or negative scores were 
achieved according to whether the present values of the assessment criteria could meet the target 
values or not. The preliminary eutrophication assessment was carried out according to the "one out 
all out" —principle, meaning that the status of a sea-area is defined by the indicator with poorest 
performance in the assessment. 

The Gulf of Finland- and Bothnian Bay basin reports presented here were produced as the Finnish 
contribution to the HELCOM Eutro —project, with an input from Estonia. The basin reports give the 
necessary background information of the sub-regions and present the available assessment criteria 
as well as the preliminary eutrophication assessments for those sub-regions. These reports benefit 
from being read along with the HELCOM Eutro project report (HELCOM 2006: Development of 
tools for assessment of eutrophication in the Baltic Sea. — Baltic Sea Environ. Proc. No. 104). 
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ABSTRACT 

The preliminary reference conditions, based on historical data, are presented for open sea and six 
coastal types for the following variables: atmospheric nitrogen and phosphorus inputs, summer time 
Secchi depth transparency, winter NO3+NO2-N, winter PO4-P and summer chlorophyll a and 
abundance of Aphanizomenon flos-aquae. The acceptable deviation was set to -25 % of the 
reference conditions for Secchi depth and 50 % of the reference conditions for the rest of the 
variables. The preliminary assessment of eutrophication was done through positive or negative 
scoring, based on assessment data (from 2001 to 2006, for Finnish coastal areas 1999 to 2004 and 
for Aphanizomenon Elos-aquae from 1999 to 2003) and the acceptable deviation from the reference 
conditions, using a "one out all out" method. The preliminary assessment indicates that the Gulf of 
Finland is eutrophicated. In the Gulf of Finland the "one out all out" approach seems to function, 
since the area is a clear case in terms of eutrophication. The Gulf of Finland basin report presents 
relevant background information for the HELCOM Eutro project report (HELCOM 2006: 
Development of tools for assessment of eutrophication in the Baltic Sea. — Baltic Sea Environ. Proc. 
No. 104). 

Keywords: Gulf of Finland, Secchi depth, nutrients, nitrogen, phosphorus, Baltic Sea, chlorophyll a, 
Aphanizomenon Elos-aquae, reference conditions, acceptable deviation, assessment, water 
transparency 

1. INTRODUCTION 

1.1 Features of the Gulf of Finland 

1.1.1 Geography and demography 

The Gulf of Finland extends without sills or shallows eastwards from the Baltic Proper (Fig. 1). Its 
catchment area is the second largest of the Baltic sub-basins and it covers 412900 km2. The 
catchment consists mostly of forests, farmland and peat lands (HELCOM 2002). Three countries — 
Estonia, Finland and the Russian Federation — are located in the catchment area, with three major 
cities — Tallinn, Helsinki and St. Petersburg — on the coasts. The cities have from approximately 0.5 
(Helsinki and Tallinn) to about 5 million inhabitants. The total human population in the drainage 
area is 14.9 million inhabitants (HELCOM 2002). 

* Present address: Ministry of Environment, Environment Protection Department 
P.O. Box 35, FI-00023 GOVERNMENT, Finland 
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Fig. 1. Map of the Gulf of Finland with the approximate locations of the Finnish coastal types A, B, C 
and E (for more detailed location see Vuori & al. 2006) and the two Estonian bay areas Tallinn Bay 

and Narva Bay included in the preliminary assessment. 

1.1.2 Physical features 

The Gulf of Finland has an area of 29 600 km2, which encompasses about 7 % of the total Baltic 
Sea marine area. The water volume in the Gulf is 1100 km3, and the average depth is 38 m with the 
maximum depth of 123 m (HELCOM 2002). Most of the annual freshwater input of 100-125 km3  
originates from the rivers Neva (long-term mean flow 2488 m3  s-1)  and Narva (370 m3  s-1). The 
water residence time in the Gulf of Finland has been estimated to be about five years (Andrejev & 
al. 2004). 

The water circulation is anti-clockwise. Saline water enters the Gulf from the northern Baltic Proper 
and flows eastwards along the shores of Estonia, while the main outflow from the bay occurs 
westwards along the shallow coasts of Finland. The shallower Finnish coast is characterized by an 
archipelago zone, which in many places forms a mosaic of islands. The large freshwater inflow 
combined with the inflow of saline waters from the Baltic Proper results in strong horizontal as well 
as vertical salinity gradients in the Gulf of Finland (HELCOM 1996). Surface water salinity in the 
Gulf varies from about 6-7 psu in the west to freshwater conditions in the easternmost part, the 
Neva Bay. The salinity gradients are influenced by saline water inflows from the North Sea to the 
Baltic Sea but also run-off from the river Neva has an effect on salinity variations in the Gulf both 
in the long-term and seasonal scales (Haapala & Alenius 1994 and references therein). The 
halocline is weak and seasonal and it lies at the depth of 60 to 70 m in the western parts of the Gulf 
(Haapala & Alenius 1994). The water below the halocline is of the Baltic Sea Proper origin. 
Towards east the Gulf becomes shallower, fresher and the halocline may be lacking. 

The halocline has an effect on the vertical circulation of the water and therefore on the ventilation of 
the bottoms. Intensified biological production in the trophogenic layer or eutrophication has 
increased oxygen consumption in the deeper layers. Hypoxia and anoxia are common in the deep 
bottoms of the western parts of the Gulf, but reduced surface sediments releasing nutrients, 
especially phosphorus, are common also in the shallower areas and coastal embayments (Pitkänen 
& al. 2001). 

Reduced sediments are a source of nutrients and give rise to a vicious circle of internal loading of 
nutrients, especially of phosphate (Lehtoranta 2003). In 1994-1998, after the saline water inflow of 
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1993, the mean oxygen concentrations in the waters near the bottom were less than in 1983-1993 
(HELCOM 2002). Phosphate concentrations of the bottom (Fig. 2) as well as surface waters 
continued increasing during the 1990's even though external inputs of phosphate to the Gulf 
decreased by about 30 % during that time (Pitkänen & al. 2001). It was claimed by Pitkänen & al. 
(2003) that the increase of phosphate concentrations in the surface water must be explained by 
sources other than the external load. It was shown that the accelerated internal loading from the 
bottom sediments triggered by poor oxygen conditions in the bottom were the main reason for the 
phosphate increase in the Gulf in the 1990's. 

Fig. 2. Nutrient concentrations of near-bottom water in the middle of the open Gulf of Finland at 
station LL7 (F3 according to HELCOM) between 1994 and 2004 (Haahti & Kangas 2004). 

1.1.3 Seasonality and its consequences on flora and fauna 

In an average winter the Gulf of Finland is fully covered by ice at least part of the time (Seinä & 
Palosuo 1996). The ice cover is lacking only during exceptionally mild winters. Seasonal variations 
in surface water temperature in the Gulf are high: the annual mean maximum surface temperature of 
16.5-17.5 °C is commonly reached in July—August (Haapala & Alenius 1994). Warming of the 
surface layer in the spring gives rise to thermal stratification in early May and the summer time 
thermocline is commonly found at 15 to 20 m depth (Haapala & Alenius 1994). 

Salinity has a strong influence on the flora and fauna inhabiting the area, and it yields communities 
with a mixture of organisms with freshwater and brackish water origin (Nielsen & al. 1995). 
Especially, the river mouth areas are inhabited by animals and plants that have their origins in 
freshwater. Seasonal variations in temperature and the development of the thermocline are other 
factors, which strongly characterize the biota. Both the coastal and pelagic environments undergo 
strong seasonal changes. In coastal regions the growth of macroalgae as well as that of macrophytes 
start in the spring, and the peak biomass is reached in August (Kiirikki & Lehvo 1996). In the 
pelagial, a slight pycnocline created by the melting ice or river run-off and the advent of the 
thermocline give rise to the spring bloom (Niemi 1973, Niemi 1975, Kahru & Nömmann 1990). 
Spring bloom of microplanktonic algae is the planktonic biomass peak of the year. The bloom is 
dominated by diatoms and dinoflagellate algae, and it produces the most important input of energy 
and oxygen consuming material to the deep bottoms. When oxygenic, the deep bottoms are 
inhabited by a community of benthic fauna. The post spring bloom period in the pelagial is 
characterized by low production, depleted nutrient reserves accompanied by nutrient regeneration, 
and low algal biomass (Huttunen & Kuparinen 1986). Zooplankton increase in numbers after the 
spring bloom (Viitasalo 1992). 
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During the late summer period with high surface water temperature and strong thermal 
stratification, blooms of cyanobacteria are common (Laamanen & Kuosa 2005). The frequency and 
intensity of the blooms seems to have increased during the past decennia (Kahru & al. 1994, Kahru 
& al. 2000). However, analyses of sediment cores indicated that cyanobacterial blooms are as old as 
the brackish phase of the Baltic Sea, starting 7000 years B.P. (Bianchi & al. 2000). The blooms 
mainly consist of filamentous N2-fixing cyanobacteria from the genera Aphanizomenon, Anabaena 
and Nodularia, and they usually occur in July—August sometimes covering large areas of the Gulf 
(Rantajärvi & al. 1998). Since the low DIN:DIP ratio favors N2-fixing cyanobacteria (Niemi 1979), 
the blooms are connected to internal loading of phosphate from the anoxic sediments. High 
wintertime concentrations of phosphate caused by a combination of anoxic sediments and deep 
mixing of the water column lead to preconditions favorable for cyanobacteria blooms. 
Exceptionally high phosphate concentrations in the surface water were observed in spring of 2004 
as well as in 2005 (http://www.itameriportaali.fi/en/tietoa/mittaustulokset/aikasarjat/en_GB/322/).  

1.2 Areas included in the preliminary assessment 

The Gulf of Finland sub basin was defined by the Helcom Eutro -project to include the area east of 
a line drawn between Hanko Peninsula in Finland (59.9°N and 23.1°E) and the north-western tip of 
Estonia (59.2°N and 23.5°E). The open sea in this report consisted of the sea-area beyond 1 NM 
seaward from the base line used for measuring the breadth of the territorial waters. The same 1 NM 
from the base line limit is used in the definition of coastal water bodies by the European Union 
Water Framework Directive 2000/60/EC (WFD). 

The areas between the shore and 1 NM seaward from the base line were defined as coastal areas. In 
the Finnish side of the Gulf they were further divided into four different coastal water types 
according to the requirements of the WFD (Kangas & al. 2003). The Finnish coastal typology in the 
Gulf is mainly based on salinity, exposure, period of ice cover and mixing conditions, the inner 
coastal types being shallower and more sheltered than the outer coastal types. In the eastern inner 
archipelago (Type A), the shoreline is broken with many semi-enclosed bays and a mosaic of 
islands, which limit the exchange of water with the open sea. The eastern outer archipelago (Type 
B) is scattered by small islands, and some of the deeps of the open sea extend into this area. The 
western inner archipelago (Type C) is characterized by coastline with long shallow bays stretching 
deep into the mainland The western outer archipelago (Type E) has small islands surrounded by 
wide stretches of deep open water with occasional shallows as well as deeper faults. The water areas 
of the types C and E extend from the western Gulf of Finland to the Archipelago Sea. The Finnish 
typology has been tested by zoobenthos data (Perus & al. 2004). 

From the Estonian side of the Gulf two areas, Narva Bay and Tallinn Bay, were included in the 
report. Narva Bay is the largest bay on the southern coast of the Gulf, and is mainly less than 50 
meters deep. The bay is open and has good water exchange. Narva River is the second largest river 
in the Gulf of Finland, and constitutes the most prominent nutrient source of Narva Bay. Two 
smaller rivers — Piihajögi and Purtse — also contribute to the high nutrient load of the bay. Narva 
Bay is influenced by several point sources, such as the outlets of the wastewater from various 
industries and urban areas. Sillamäe residual depository has been an important nitrogen source — the 
largest in Estonia. The intensive monitoring stations are located near the Narva River mouth 
(59.4°N and 28.0°E with the depth of 13 m) and in the vicinity of Sillamäe town (59.4°N and 27.7°E 
with the depth 8 m). Tallinn Bay consists of four smaller bays and the open part with maximum 
depth of 90 meters. A deep trench in the northern part allows deep water from Gulf of Finland to 
enter Tallinn Bay. The large urban area affects the nutrient status of the surrounding waters. Tallinn 
Bay receives most of the sewage from Tallinn, but is also influenced by intensive shipping 
activities. The data for Tallinn Bay originate from two sampling stations — St. 57a at 59.5°N and 
24.8°E with the depth of 6-7 meters and St. 2 at 59.5°N and 24.7°E with the depth of 45 meters. 
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2. ASSESSMENT CRITERIA 

The assessment criteria considered in this project and used for the preliminary assessment of the 
Gulf of Finland are listed in Table 1. For the methodology used for the preliminary assessment see 
HELCOM (2006).The current assessment criteria are the ones, which were found suitable for the 
area and for which there was sufficient information. No category III (indirect effects) assessment 
criteria were included due to lack of sufficient information for the time being. For details on the 
determination of tentative reference conditions for concentrations of (NO3+NO2)-N, PO4-P, 
chlorophyll a and nutrient ratios see the references in Table 1. For more details on the data see the 
references listed in Table 1. 

Table 1. The assessment criteria used in the Gulf of Finland with an indication of the water body 
under consideration and references for further information on the determination of the tentative 
reference conditions. For the water bodies, 0 refers to the open Gulf of Finland, A, B, C and E to 
the Finnish coastal water types defined according to the WFD and T refers to Tallinn Bay in Estonia 
and N to Narva Bay in Estonia. Categories are as agreed in the HELCOM Eutro -project (HELCOM 
2006) 

Assessment criteria 	 Water bodies and references 

All water bodies, Pitkänen (2003) 

All water bodies 

0; Fleming-Lehtinen & al.(accepted) 
A, B, C and E; Vuori & al. (2006) 

0; Fleming-Lehtinen & al.(accepted) 
A, B, C and E; Vuori & al. (2006) 

0; Fleming-Lehtinen & al.(accepted) 

0; Fleming-Lehtinen & al.(accepted) 

0; Fleming-Lehtinen & al.(accepted) 
A, B, C and E; Kauppila (2007) 
T, N; Anonymous (2003) 

0; Fleming-Lehtinen & al.(2006) 
A, B, C and E; Kauppila (2007) 
T, N; Anonymous (2003) 

0 
T, N; Anonymous (2003) 

3. REFERENCE CONDITIONS 

3.1 Total land based nutrient inputs 

HELCOM PLC-4 report (2004) only presents sub-region wise time series data on riverine nutrient 
inputs, which are highly affected by run-off. During the examined period of 1994 to 2000 those 
inputs do not show clear trends. Pitkänen & al. (2001) indicate an overall decrease of inputs from 
Russia, Estonia and Finland between the late 1980's and 2000 (Fig. 3). The external inputs to the 
Gulf of Finland of total P decreased by 33 % (from 10350 to 6980 t y') and those of total N by 
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37 % (from 193700 to 123100 t y-1)  during the 1990's. The reductions were due both to economical 
changes in the Baltic countries and Russia and to water protection measures taken in the area. 

For those data to be used as assessment criteria reference conditions with the relevant assessment 
metrics — that is an acceptable level of external load — ought to be defined. The decreasing trend in 
the inputs, which was observed in the 1990's can be considered positive, even though a need for 
further reducing of the inputs is evident. The determination of reference conditions and acceptable 
levels for nutrient inputs needs careful consideration and it should be treated in future work. 

The benthic release of phosphate currently exceeds the anthropogenic phosphorus load and may be 
several times higher (Pitkänen & al. 2003). Therefore, the assessment of external nutrient loads to 
the Gulf of Finland may not be sufficient to yield a complete view of the situation and in the future 
it might be relevant to complement the monitoring of external nutrient inputs with monitoring data 
on internal loading of phosphorus to the Gulf of Finland. 

Fig. 3. Trends of nutrient loading into the Gulf of Finland from the late 1980s (Pitkänen 2003). 

3.2 Atmospheric nitrogen deposition 

According to the EMEP report (Bartnicki & al. 2002) the 5-year average of the total annual nitrogen 
depositions to the Gulf of Finland as 9 % lower in the period 1991-1995 than in the period 1996 to 
2000. Estimates of the annual atmospheric load of total nitrogen varied between 13 000 
t a-1 to 20 000 t a-1 (Pitkänen & al. 2003, Fig. 3). 

For the time being it is not possible to consider reference conditions or acceptable levels for 
nitrogen depositions based on the above data. Consequently, those should be treated in future 
works. 
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3.3 Summer-time Secchi depth transparency 

3.3.1 Open Sea 

Reference conditions for open sea summer time (June to September) Secchi depth transparency 
were derived from the historical data and are presented on the HELCOM indicator fact sheet "Water 
transparency in the Baltic Sea between 1903 and 2006" (Fleming-Lehtinen & al. 2006). In this 
work, three and five year periods starting from the beginning of the observations in 1905 were 
examined (Table 2). The reference conditions were based on the medians of the earliest 
observations. 

Table 2. Statistics for summer time (June to September) Secchi depth transparencies (m) for the 
three (1905-1907) and five (1905-1909) year observation periods, and the tentative reference 
conditions (R.C.) derived from those data; n refers to the number of observations. 

1905-1907 1905-1909 

n 42 71 

med 7.9 7.9 

mean 8.1 8.0 

min 6 4 

max 11 11 
R.C. 8 

3.3.2 Finnish coastal areas 

The observations of Secchi depth in the summers of 1914-1930 were considered to represent 
reference conditions in Finnish coastal waters. The historical observation sites in the Baltic Sea 
partly covered the outer coastal waters of the Gulf of Finland. There reference conditions were 
calculated by taking the means of the past observations. Reference conditions in the inner coastal 
waters were calculated using the ratio of the means of the historical Secchi values and the 99 % 
upper quartiles derived from the frequency distribution data in the inner coastal waters in 1960-
2005. The average reference values of Secchi depth are presented in Annexes, and the basic 
statistics in more detail in Kauppila (2007). 

3.3.3 Estonian coast 

The data used for the work was collected within the Estonian coastal sea monitoring programme 
from 1993 to 2006 and by the Hydrometeorological Service in the 1980's. The earliest water 
transparency data (from the mid 1960's to the 1980's) from the inner Tallinn Bay (station 57a) 
could not be used due to the strong pollution of the bay from the pulp mill. 

In order to establish the reference conditions for Secchi depth, 80 % percentile of all recent 
monitoring data (1993-2004) in the least impacted sampling location (St. 2 in the open Tallinn Bay) 
was calculated. This approach was due to the lack on any historical pelagic monitoring data in 
Estonian coastal waters. The reference conditions are presented in Annexes for more details see 
Anonymous (2003). 
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3.4 Winter-time inorganic nutrients and chlorophyll a 

3.4.1 Open sea 

Historical data from as far back as 1965 was found for winter-time (December to February) 
inorganic nutrients, and from 1972 for summer-time (June to September) chlorophyll a. The data 
from the first three years of observations was used together with modelling results made by 
Schernewski & Neumann (2005) when establishing the reference conditions. For more information 
on the data, see Fleming-Lehtinen & al. (accepted). 

In the open sea the chlorophyll a concentration increased from the beginning of the sampling in the 
early eighties, as did the (NO3+NO2)-N and PO4-P concentrations from the sixties on. The carbon 
content of sediments at the opening of the Gulf have been found to have doubled (Poutanen & 
Nikkilä 2001) and the summer-time water transparency in the area has decreased 20 % from the 
early 1900's to the 1970's (see chapter 3.3.1). Thus the reference condition for summer chlorophyll 
a was set at 1.2 µg L-', which is 45 % below the median of the first observations but on the high end 
of the scale in the modelling results of Schernewski & Neuman (2005). The phosphate reference 
condition was set below the mean of the first observations but slightly above the modelling results 
of Schernewski & Neumann (2005). The numbers are presented in Table 3. 

Table 3. Median of the first observed (Obs.) concentrations (between 1965 and 1967 for 
(NO3+NO2)-N and PO4-P and between 1972 and 1974 for chlorophyll a) presented by Fleming-
Lehtinen & al. (accepted), the modelled reference conditions by Schernewski & Neumann (2005) 
(S&N) and the tentative reference condition (R.C.) for (NO2+NO3)-N, PO4-P and chlorophyll a. 

Obs. S&N R.C. 
(NO3+NO2)-N 2.9 mol/1 4.0 mol/1 2.5 mol/1 
PO4-P 0.62 mol/1 0.23 mol/1 0.30 mol/1 
Chlorophyll a 2.7 µg/1 0.6 — 1.5 µg/1 1.2 µg/1 

The reference condition for the dissolved inorganic nitrogen — dissolved inorganic phosphorus ratio 
(DIN:DIP) for all areas was determined as 16, and for the dissolved inorganic nitrogen — silicate 
ratio (DIN:SiO4) was determined as 1, based on Redfield & al. (1963) and Smayda (1990). 

3.4.2 Finnish coastal areas 

In the Finnish coastal waters, the average reference concentrations for chlorophyll a were calculated 
empirically using regression equations between chlorophyll a and Secchi depth in 1980-2005, and 
the historical Secchi values of the early 1900s. These calculations concerned the outer coastal 
waters. Reference conditions in the inner coastal waters were calculated using the similar pattern as 
for Secchi depth (see chapter 3.3.2). The average reference condition of chlorophyll a are presented 
in Annexes, and the basic statistics in more detail in Kauppila (2007). 

The reference condition for (NO3+NO2)-N and PO4-P were calculated from 1 % or 5 % lower 
quartiles of the present-day frequency distribution data. Additionally, expert judgement was used in 
determining the reference values. The tentative reference values were previously presented by Vuori 
& al. (2006). 

3.4.3 Estonian coast 

The data used for estimating the reference condition was collected in the frame of the Estonian 
coastal sea monitoring programme during the period 1993-2006. For the reference conditions, a 
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similar method was applied for inorganic nutrients and chlorophyll a than for Secchi depth (see 
chapter 3.3.3), except that the 20 % percentile was used instead of the 80 % percentile. The results 
are presented in Annexes, for more details see Anonymous (2003). 

3.5 Abundance of Aphanizomenon flos-aquae 

3.5.1 Open sea 

Information produced by various scientists on the abundance of the N2-fixing cyanobacteria was 
collected for years 1968 to 2003 from the months of July and August. July and August are the 
months when cyanobacteria blooms are recurrent. The taxa taken into account were Aphanizomenon 
flos-aquae (incl. all Aphanizomenon spp. of 4-5 µm in diameter), Anabaena spp. and Nodularia 
spurnigena (incl. all Nodularia spp.). Each of these taxa can be considered having been reliably 
identified by the different microscopists. Only observations from the depths between 0 and 10 m 
were included. The observations included data from the archives of the Finnish Institute of Marine 
Research, such as those collected between 1968 and 1979 from the station Ajax near the entrance to 
the Gulf of Finland and partly reported by Niemi (1973, 1975) and Kononen & Niemi (1984) and 
references therein, data from "MERININNI" studies made in the 1970s and 1980s and partly 
reported by Niemistö (1989), and Melvasalo & al. (1982), Melvasalo & Niemi (1985) and 
HELCOM monitoring data from two to four monitoring stations between years 1979 and 2003. The 
data were plotted against the year of observation and a loess smoother with 95 % confidence 
intervals was fitted on the data (Kafadar & Horn 2002). 

Nodularia spumigena and Anabaena spp. were more sporadical and thus less often observed and 
less abundant than A. flos-aquae (data not shown). A. flos-aquae was observed in nearly all samples 
(n=134), it was abundant and it showed a clear increasing trend between 1968 and 2003 (Fig. 4). 
Due to its abundance A. flos-aquae alone was chosen as an indicator. 

1970 1975 1980 1985 1990 1995 2000 

Year 

Fig. 4. Abundance of N2-fixing cyanobacterium Aphanizomenon Elos-aquae in 100 pm counting 
units L-1 in the Gulf of Finland between the years 1968 and 2004 with the tentative reference value 
(rc) of 12500 units L-1 shown with a straight solid line and the tentative acceptable deviation (ad) 

of + 50 % from the reference condition shown with the broken line, the number of observations (n) 
is 134. A loess smoother (black line) with a 95 % confidence intervals (the two lighter black lines) 

is shown. 
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To define the reference condition, the earliest data available were examined. The idea was to look if 
the time-series data would give any indication of the past A. flos-aquae abundances that could assist 
in defining the reference conditions for the parameter. In addition, information from earlier studies 
from the beginning of the century collected by Finni & al. (2001) was considered. 

An increase of N2-fixing cyanobacteria after the World War II has been shown from the Gulf of 
Finland based on a compilation of historical and modem observations (Finni & al. 2001), as well as 
carotenoid pigments in the sediments (Poutanen & Nikkilä 2001). Finni & al. (2001) reported 
average abundance of A. flos-aquae of 12000 100 gm units L-1  in years 1887-1908. In the data 
collected here, the average abundance for years 1968-1972 was 12682 100 gm units L-I  and for 
years 1968-1973 it was 13607 100 µm units L-'. Therefore, 12500 units L-1  was considered a 
tentative reference condition for A. flos-aquae abundance in the Gulf of Finland. Acceptable 
deviation was set to 50 %, which corresponds to 18750 units L. 

3.5.2 Coastal areas 

The reference conditions for the abundance of Aphanizomenon flos-aquae was estimated for the 
Estonian coastal areas (Tallinn and Narva Bays). The results are shown in Annexes, for further 
information, see Anonymous (2003). 

4. ASSESSMENT METRICS 

The assessment metrics for all other parameters except Secchi depth comply with the maximum 
acceptable deviation of 50 % from the reference conditions, which was agreed within in the 
HELCOM Eutro -project (HELCOM 2006). 

For Secchi depth the acceptable deviation was set to -25 % of the reference conditions. The main 
reason for selecting an acceptable deviation lower than -50 % was that the relationship between 
Secchi depth and chlorophyll a concentrations is not linear (Sandal & Håkansson 1996). When 
moving from high Secchi depth transparencies to lower Secchi depths the corresponding change in 
chlorophyll a concentrations is steeper in the lower end of the Secchi depths. Therefore, it is 
reasonable to consider that the change in Secchi depths should not exceed 25 % decrease from the 
reference conditions. 

5. PRELIMINARY ASSESSMENT 

The chosen assessment data included all available observations for the years 2001 to 2006 (for 
Finnish coastal areas 1999 to 2004 and open sea A. flos-aquae 1999 to 2003). For these data the 
medians were calculated, and compared to the acceptable deviations from the reference conditions. 
Each assessment criteria was given a negative score, if the limit defined by the acceptable deviation 
was reached, and a positive score if not. The preliminary assessment is shown in Table 4, and the 
complete results in Annexes. 

The combination of information from the open Gulf of Finland, the four Finnish coastal types and 
the two Estonian bays, indicates that the Gulf of Finland is eutrophicated (Table 4). The result 
seems clear despite the fact that the preliminary assessment is based on tentative reference 
conditions and acceptable deviations from reference conditions. In addition, the reference 
conditions given here and the assessment of the present status were based on average values, which 
do not take into account natural variability either in the open Gulf of Finland or in the extensive 
coastal water types in the Finnish and Estonian sides of the Gulf. 
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Table 4. Preliminary assessment of eutrophication in the Gulf of Finland (GOF) based on tentative 
reference conditions, acceptable deviations from reference conditions and assessment data 
representing the present state. Li refers to the land-based nutrient inputs, AN to atmospheric 
nitrogen deposition, N to winter concentrations of (NO3+NO2)-N, P to winter concentrations of PO4-
P, N:P to winter-time ratio of dissolved inorganic nitrogen to dissolved inorganic phosphorus, N:S to 
winter-time ratio of dissolved inorganic nitrogen to silicate by atoms, Chl to summer concentrations 
of chlorophyll a, Secchi to Secchi depth transparency and Apha to summer-time abundance of the 
N2-fixing cyanobacterium Aphanizomenon flos-aquae. A "+" means that the assessment data 
presenting the present state for the parameter are above the assessment metrics and the water 
body is eutrophicated and a "—" that the assessment data presenting the present state for the 
parameter are below the assessment metrics and the water body is non-eutrophicated, nd; refers to 
no data. For actual values of the assessment data see the Annexes. 

Water body 

LI AN 

Category I 
(causative factors) 

N 	P 	N:P N:S Chl 

Category II 
(direct effects) 

Secchi 	Apha 

Preliminary 
classification 

Open GOF nd nd + + + + + + 

Coast A nd nd + nd nd nd + + nd + 

Coast B nd nd + + nd nd + + nd + 

Coast C nd nd + nd nd + + nd + 

Coast E nd nd + + nd nd + + nd + 

Tallinn B. nd nd nd nd nd nd + + + + 

Narva B. nd nd nd nd nd nd + + + + 

6. EXPERIENCES GAINED DURING THE NATIONAL WORK 

The reliability of an assessment of this kind is largely based on the "correctness" of the reference 
conditions. Justification of the reference conditions ought to be based on scientific reasoning to the 
extent possible. In case of the open Gulf of Finland, data mining for historical open sea data was 
started only with this work. The work for establishing reference conditions in the Finnish coastal 
Gulf of Finland will also continue. Therefore, the current assessment is based on tentative reference 
conditions only and it is preliminary 

In the case of the Gulf of Finland the "one out all out" approach seems to function, since the Gulf is 
a clear case in terms of eutrophication. However, it seems that not all the assessment criteria are 
equal. For example the effect of nutrient ratios on the phytoplankton communities and on different 
species in particular deserves to be studied in more detail and be better justified. 

The definition of the acceptable deviation from the reference conditions, which ultimately 
condemns the water body as eutrophied or non-eutrophied, cannot be justified by science alone, 
although science certainly can show the right direction. When the reference conditions are in place 
and scientifically justified to the largest extent possible, the setting of the acceptable deviations 
should the job of the policy makers along with the scientists. 

This kind of assessment does not take into account the natural forcing factors, which may have a 
great effect on the parameters considered here as indicators of eutrophication. The Gulf of Finland, 
like the Baltic Sea as a whole, is sensitive to the effects of climate (Hänninen & al. 2000). In the 
Gulf of Finland, the nutrient concentrations, especially those of phosphate are related to climatic 
forcing through deep water salinities and oxygen conditions. The nutrients in turn have an effect on 
surface layer primary production. One illustration of this is that inter-annual variability in Baltic 
cyanobacteria blooms has been suggested to be controlled by wintertime hydrographic conditions , 
which control preconditions for blooms (Janssen & al. 2004). Furthermore, the climatic conditions 
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also have effects through air and water temperature because temperature and photosynthetically 
active radiation are important regulators of biological processes in general. In the future, this kind of 
assessments, which ultimately aim at depicting the effects of anthropogenic eutrophication should 
use assessment criteria, indicators or models that are complex enough to reveal the anthropogenic 
effect and exclude the natural forcing. At this stage, the changes observed in the eutrophication 
related indicators in the Gulf of Finland should not be interpreted to be entirely results of present 
anthropogenic nutrient loading. 
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8. ANNEXES 

Gulf of Finland — open sea 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment data 
2001-2006 (1999- 
2004 for Aflos-
aquae, median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. Total land-based inputs - - A decreasing Pitkänen & al. 
I of nutrients (TN, TP) trend during the 

past 10-15 years 
(2001), 
HELCOM 
(2004), 
Pitkänen 
(2003) 

Atmospheric nitrogen 
deposition 

- - Some 
indications of a 
decreasing trend 

Bartnicki & 
al. (2002) 

Winter (Dec-Feb) 2.5 µM < 3.8 µM 8.21.1M (n= 156) + See above and 
surface (NO3+NO2)-N (+ 50 %) Fleming- 

Lehtinen & 
al., accepted 

Winter (Dec-Feb) 0.30µM < 0.45 µM 0.8 µM (n= 156) + See above and 
surface PO4-P (+ 50 %) Fleming- 

Lehtinen & 
al., accepted 

Winter surface DIN:DIP 16 8-24 11.0 (n= 153) - See above and 
ratio (+/- 50 %) Redfield & al. 

(1963) 

Winter surface 1 < 1.5 0.7 (n= 153) - See above and 
DIN:SiO4 ratio (+ 50 %) Smayda 

(1990) 

Cat. Summer (Jun-Sep) 1.2 µg L-' < 1.8 µg L-' 4.9 µg L-' + See above and 
II chlorophyll a (+ 50 %) (n= 186) Fleming- 

Lehtinen & 
al., accepted 

Summer time (Jun-Sep) 8 m > 6 m 4.0 (n=132) + See above and 
Secchi depth 
transparency 

(- 25 %) Fleming- 
Lehtinen & al. 
(2006) 

Abundance of 12500 units < 18750 units 74369 units L-' + See above and 
Aphanizomenon flos- 
aquae in July and 
August 

L-' L-' (+ 50 %) Finni & al. 
(2001), 
Poutanen & 
Nikkilä 
(2001) 
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Gulf of Finland — Coastal area A, Finland 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. Winter (Jan-Mar) surface 7.9 µM < 11.9 15.7 µM + Vuori & al. 
I water (NO3+NO2)-N µM 1"' (n=58) 2006 

Cat. Summer (Jun - Aug) 2.6 jig ri < 3.9 µg l"' 8.1µg 1-' + Kauppila 2007 
II chlorophyll a (n=332) 

Secchi depth transparency 4.7 m > 3.1 m 2.4 m + Kauppila 2007 
(Jul — Aug) (n=364) 

Gulf of Finland — Coastal area B, Finland 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. 
I 

Winter (Jan-Mar) surface 
water (NO3+NO2)-N 

7 µM < 10.5 µM 12.8 µM 

(n=79) 

+ Vuori & al. 
2006 

Winter (Jan-Mar) surface 0.48 µM < 0.72 µM 1.16µM + Vuori & al. 
water PO4-P (n=79) 2006 

Cat. Summer (Jul-Aug) 2.2 µg 1"' < 3.3 µg r' 5.3 µg 1"' + Kauppila 2007 
II chlorophyll a (n=212) 

Secchi depth transparency 5.6 m > 3.7 m 3.1 m + Kauppila 2007 
(Jul-Aug) (n=230) 

Gulf of Finland — Coastal area C, Finland 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. 
I 

Winter (Jan-Mar) surface 
water (NO3+NO2)-N 

5.8 µM < 8.7 µM 19 µM (n=41) + Vuori & al. 
2006 

Winter (Jan-Mar) surface 0.51 µM < 0.77 µM 0.63 µM - Vuori & al. 
water PO4-P (n=41) 2006 

Cat. Summer (July-August) 2.0 jig 1"' < 3.0 µg r' 5.7 µg 1- ' + Kauppila 2007 
II chlorophyll a (n=141) 

Secchi depth transparency 6.2 m > 4.1 m 2.3 m + Kauppila 2007 
(Jul-Aug) (n=146) 
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Gulf of Finland — Coastal area D, Finland 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. Winter (Jan-Mar) surface 3.8 µM < 4.7 µM 7.9 µM + Vuori & al. 
I water (NO3+NO2)-N (n=62) 2006 

Winter (Jan-Mar) surface 0.39 µM < 0.59µM 0.87 µM + Vuori & al. 
water PO4-P (n=62) 2006 

Cat. Summer (Jul-Aug) 1.3 µg 1`' < 2.0 µg 1- ' 4.0 µg 1-' + Kauppila 2007 
II chlorophyll a (n=155) 

Secchi depth transparency 8.7 m > 5.8 m 3.7 m + Kauppila 2007 
(Jul-Aug) (n=149) 

Gulf of Finland — Tallinn Bay, Estonia 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 2001- 
2006 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. No data 
I 

Cat. Summer (Jun-Sep) 1.9 µg L- ' < 2.9 jig L-' 4.1 µg L-' + Anonymous 
II chlorophyll a (+ 50 %) (n=82) (2003) 

Summer time (Jun-Sep) 6 m > 4.5 m 4.2 m (n=78) + Anonymous 
Secchi depth transparency (- 25 %) (2003) 

Abundance of filamentous 31520 < 47280 86802 units + Anonymous 
N2-fixing cyanobacterium units L-' units L- ' 1:1 (n=45) (2003) 
Aphanizomenon flos-aquae (+ 50 %) 
(Jul-Aug) 

Gulf of Finland — Narva Bay, Estonia 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 2001- 
2006 (median, 
n=no. of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. No data 
I 

Cat. Summer (Jun-Sep) 1.9 µg L-' < 2.9 µg L"' 5.7 jig L- ' + Anonymous 
II chlorophyll a concentration (+ 50 %) (n=74) (2003) 

Summer time (Jun-Sep) 6 m > 4.5 m 2.6 m (n=73) + Anonymous 
Secchi depth transparency (- 25 %) (2003) 

Abundance of filamentous 31520 < 47280 67830 units + Anonymous 
N2  -fixing cyanobacterium units L' units L' L' (n=47) (2003) 
Aphanizomenon flos-aquae (+ 50 %) 
(Jul-Aug) 
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ABSTRACT 

The preliminary reference conditions, based on historical data, are presented for the open sea and 
two Finnish coastal types for the following variables: summer time Secchi depth transparency, 
winter NO3+NO2-N, winter PO4-P and summer chlorophyll a. The acceptable deviation was set to -
25 % of the reference conditions for Secchi depth and 50 % of the reference conditions for the rest 
of the variables. The preliminary assessment of eutrophication was done through positive or 
negative scoring, based on assessment data (from 2001 to 2006, for coastal areas 1999 to 2004) and 
the acceptable deviation from the reference conditions, using a "one out all out" method. The 
preliminary assessment indicates, that the open Bothnian Bay and the two coastal types are 
euthrophication areas. However, due to special characteristics of the sea-area, such as strong 
phosphorus limited phytoplankton growth and especially low reference conditions for chlorophyll a, 
the "one out all out" method as well as the 50 % acceptable deviation was considered not to 
function in the Bothnian Bay. The Bothnian Bay basin report presents relevant background 
information for the HELCOM Eutro project report (HELCOM 2006: Development of tools for 
assessment of eutrophication in the Baltic Sea. - Baltic Sea Environ. Proc. No. 104). 

Keywords: Bothnian Bay, Secchi depth, nutrients, nitrogen, phosphorus, Baltic Sea, chlorophyll a, 
Aphanizomenon flos-aquae, reference conditions, acceptable deviation, assessment, water 
transparency 

1. INTRODUCTION 

1.1 Features of the Bothnian Bay 

1.1.1 Geography and demography 

The Bothnian Bay is located between the latitudes 63.5° and 66° N and it is the northernmost of the 
Baltic Sea sub-basins (Fig. 1). It has an area of 36 260 km2  and comprises about 10 % of the total 
area of the Baltic Sea (HELCOM 1996). The average depth of the Bay is 43 m and the Bay is 
connected to the deeper Bothnian Sea (mean depth 68 m) through a shallower (20 m) sill area called 
the Quark (HELCOM 1996). The maximum depth of the Bothnian Bay is 147 m. The area has been 
subject to recurring ice ages, and the last ice melted from the area 9 300 years ago. The isostatic 
land uplift caused by the release from the pressure of the ice shield still continues with a pace of 
7.5-9 mm per year (Kronholm & al. 2005). The coastlines between the east and west differ, with 
shallower, archipelago-dominated coasts on the Finnish side and deeper coasts on the Swedish side. 

* Present address: Ministry of Environment, Environment Protection Department 
P.O. Box 35, FI-00023 GOVERNMENT, Finland 
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Fig. 1. The Bothnian Bay located between the latitudes 63.5° N and 66° N with the approximate 
locations of the Finnish coastal types J and K. For more exact location of the Finnish coastal types 

see Vuori & al. 2006. The map is modified from 
http://wwwp.ymparisto.fi/perameri/htmlieng/pmfakta.htm.  

The catchment area of the Bothnian Bay is 260 675 km2  and 56 % of it belongs to Finland, 44 % to 
Sweden and less than 1 % to Norway (HELCOM 2004). The catchment consists mainly of 
forestland, peat land and other natural areas and only very little agricultural land (HELCOM 2004). 
The large share of peatlands and strongly podzolised soils in the catchment area are the reason for 
high concentration of humic substances in the water (HELCOM 1996). 

The catchment area is sparsely populated. In the Finnish catchment the average population density 
is about seven inhabitants per km2  (HELCOM 2004), and the whole cathment area has a total 
population of about 1.65 million (HELCOM 2002). The largest city is Oulu with its 130 178 
inhabitants (http://www.ouka.fi/city/english/asukasluku.htm).  

1.1.2 Physical features 

The total water volume of the Bay is about 1 500 km3, which sums up to 7 % of the total water 
volume of the Baltic Sea. The long-term water circulation in the Bothnian Bay is counter-clockwise 
(HELCOM 1996). 

In an average year rivers bring 115 km3  of water to the Bay (Kronholm & al. 2005). The main rivers 
are the Kemijoki with mean flow rate of 553 m3/s and Lule älv with mean flow rate of 489 m3/s. In 
addition, there are seven other rivers with over 100 m3/s flow rates that enter the Bothnian Bay 
(HELCOM 2004). Retention time of the water in the Bay is about five years (HELCOM 1996). 

The Bothnian Bay is characterized by low salinity and long duration of the ice winter. Surface water 
salinity in the area varies from 4 psu in the southern to about 2 psu in the more northern open sea 
and near fresh water conditions in the river estuaries (Haapala & Alenius 1994). Vertical differences 
in salinity are negligible and the halocline is very weak. Moreover, annual variation of bottom water 
temperature from 0 to 4 °C refers to vertical mixing extending to the bottom waters (Haapala & 
Alenius 1994). As a result, the oxygen conditions in the bottom water are good and the sediment — 
water interface is strongly oxidized. In the open sea anoxic conditions have never been observed 
and there is no release of phosphate from the sediments (HELCOM 1996). 
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Foiuiation of winter ice cover starts between the beginning of October and the end of November 
(Seinä & Palosuo 1996). The entire Bothnian Bay is covered by ice even during the mildest winters, 
and the ice cover is often maintained for over 120 days. 

Summer time average maximum surface temperature in the open sea was about 16 °C in the period 
of 1961-1990 (Haapala & Alenius 1994). In the Bothnian Bay a surface thermocline can be found 
already a month earlier than in other sub-regions due to haline stratification caused by the melting 
ice cover and the river run-off (Haapala & Alenius 1994). Thermal stratification lasts for about three 
months. 

Signs of eutrophication have not been recorded in the open sea. Moreover, nutrient loading in the 
north-eastern Bothnian Sea, especially off the city of Oulu, has strongly declined in the 1990s and 
early 2000s, which is reflected as decreased nutrient concentrations (Pitkänen & al. 2001, Kauppila 
& al. 2004). Nevertheless, indications of eutrophication, even exceptional cyanobacteria blooms, 
have been observed in certain coastal areas of the Bothnian Bay (Kauppila & Lepistö 2001). They 
have been local effects of the land-based pollution (HELCOM 1993). Most of the nutrient loading 
to the Bay originates from natural background losses (HELCOM 2004). The area specific diffuse 
losses into inland surface waters in the catchment area of both total nitrogen and phosphorus are the 
lowest of all Baltic Sea subregions (HELCOM 2004). 

The organic fraction of nutrients in the riverine nutrient input is higher than in the other sub-regions 
of the Baltic Sea (HELCOM 2004). In year 2000, inorganic nitrogen comprised only 30 % of 
riverine total nitrogen input to the Bothnian Bay, while in the southern parts of the Baltic the 
corresponding number was 80 % (HELCOM 2004). As a consequence of the waterborne and 
airborne supply of total nitrogen, nitrate has accumulated during the past 20 years in both the 
surface layer and the deep water of the Bay (HELCOM 1993). On the other hand, the 
concentrations of phosphate are naturally very low. Phosphorus is efficiently removed by 
precipitation from the water column to the sediments with iron compounds. Due to the very low 
natural concentrations of phosphate, primary production is limited by phosphate (e.g. Kronholm & 
al. 2005). 

1.1.3 The ecosystem 

Low salinity, long winter and low nutrient concentrations have resulted in an ecosystem with a low 
number of species and low productivity (HELCOM 2002). In the pelagial, quantities of 
phytoplankton are low throughout the year compared to the other sub-basins of the Baltic. 
Correspondingly, the planktonic primary production is limited (Kronholm & al. 2005). That is due 
to low nutrient concentration, especially to very low concentrations of phosphate, which is the 
limiting nutrient for phytoplankton growth in the Bay. In addition, light availability is poorer than in 
other regions due to high content humic substances of water and its limitation to phytoplankton 
growth. Most of the carbon originates from the river discharge and wastewater (HELCOM 2002). 
Furthermore, it has been suggested that the Bothnian Bay is a net heterotrophic ecosystem with 
bacterioplankton as the most important component of the pelagic secondary production (Sandberg 
& al. 2004). 

1.2 Areas included in the preliminary assessment 

The Bothnian Bay sub-basin was defined by HELCOM EUTRO to include the area north of a line 
drawn between north of Vaasa in Finland (63.2°N and 21.4°E) and Umeå in Sweden (63.6°N and 
20.2°E, Fig. 1). The open sea in this report consisted of the sea-area beyond 1 NM seaward from the 
base line for measuring the breadth of the territorial waters. The same 1 NM from the base line limit 
is used in the definition of coastal water bodies by the European Union Water Framework Directive 
2000/60/EC (WFD). 



Category I 
(causative 
factors) 

Total land-based nutrient inputs 

Atmospheric nitrogen deposition 

Winter NO3+NO2-N (µM) 

Winter PO4-P (µM) 

Winter DIN:DIP 

Winter DIN:SiO4  

Category II Summer chlorophyll a (µg L-1) 
(direct 
effects) 	Summer Secchi depth transparency (m) 
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The areas between the coast and the 1 NM from the base line limit were defined as coastal areas, 
and in Finland's coastal water area they were further divided into two different types according to 
the requirements of the WFD (Kangas & al. 2003). These shallow coastal types are characterized by 
low salinity (below 4 psu), great influence of river waters and a long extent of ice cover (over 150 
days y-1).  The typology between these types is mainly based on wave exposure and mixing 
conditions. The Bothnian Bay inner coastal waters (Type J) consist of fairly open coast exposed to 
wave action, occasional sheltered bays and scarce islands. They are quite shallow with an average 
depth of less than 10 m (Fig. 1). Bothnian Bay outer coastal waters (Type K) are largely open water 
of varying depth, exposed to wave action. The border between the types lies very close to the coast 
(Fig. 1). The Finnish typology has been tested with zoobenthos data (Perus & al. 2004). 

2. ASSESSMENT CRITERIA 

The assessment criteria that were used for the preliminary assessment of the Bothnian Bay are listed 
in Table 1. The current assessment criteria are the ones, which were found suitable and for which 
there was sufficient information. For the open Bothnian Bay no category III (indirect effects) 
assessment criteria were included due to lack of sufficient information for the time being. For 
details on the determination of tentative reference conditions see the references in Table 1 as well as 
HELCOM (2006). 

Table 1. The assessment criteria with an indication of the water body they have been used for and 
references for further information. For the different areas, 0 refers to the open Bothnian Bay, J to 
the inner coastal water type and K to the outer coastal water type in the Bothnian Bay (Fig. 1). 
Category I refers to causative effects and category 11 to direct effects (HELCOM 2006). 

Assessment criteria 	 Water bodies and references 

All water bodies 

All water bodies 

0; Fleming-Lehtinen & al., accepted 
J and K; Vuori & al. 2006 

0; Fleming-Lehtinen & al., accepted 
J and K; Vuori & al. 2006 

0; Fleming-Lehtinen & al., accepted 

0; Fleming-Lehtinen & al., accepted 

0; Fleming-Lehtinen & al., accepted 
J and K; Kauppila 2007 

0; Fleming-Lehtinen & al. 2006. 
J and K; Kauppila 2007 



1991-1996 1996-2000 

Ma MU ME 	M. 
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3. REFERENCE CONDITIONS 

3.1 Total land based nutrient inputs 

During the period from 1994 to 2000 the total riverine inputs of both nitrogen and phosphorus to the 
Bothnian Bay increased (HELCOM 2004). The increase was associated to high run-off during that 
period (HELCOM 2004). 

Reference conditions with the relevant assessment metrics — that is an acceptable level of external 
load — ought to be defined in order for the former data to be used as assessment criteria. The 
increasing trend in the inputs, which was observed from 1994 to 2000 was caused by river run-off 
and can be considered to be due to natural variation. Although the data available do not point to 
increased anthropogenic nutrient loading, the data cannot be assessed due to lack of appropriate 
reference conditions for the parameter. The determination of reference conditions and acceptable 
deviations for nutrient inputs needs careful consideration and should be treated in future work. 

3.2 Atmospheric nitrogen deposition 

According to the EMEP report (Bartnicki & al. 2002) the 5-year average total annual nitrogen depo-
sitions to the Gulf of Bothnia increased 25 % from the period 1991-1995 to 1996 to 2000 (Fig. 2). 

GULF OF BOTHNIA 

Fig. 2. Changes in % between 5-year average total annual nitrogen depositions in the period 1991-
1995 and in the period 1996-2000 in the Gulf of Bothnia (Bartnicki & al. 2002). 

It is not possible to consider reference conditions or acceptable deviations for nitrogen depositions 
based on the above data. Consequently, the reference conditions and the subsequent assessment 
should be treated in future work. 

3.3 Summer-time Secchi depth transparency 

3.3.1 Open sea 

Reference conditions for open sea summer time (June to September) Secchi depth transparency 
were derived from the historical data presented on the HELCOM indicator fact sheet "Water 
transparency in the Baltic Sea between 1903 and 2006" (Fleming-Lehtinen & al. 2006). Three and 
five year periods starting from the time of the earliest observations were examined (Table 2). The 
reference conditions were derived from the medians of the earliest observations. For details on the 
data see Fleming-Lehtinen & al. (2006). 
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Table 2. Statistics for summer time (June to September) Secchi depth transparencies (m) for the 
three (1905-1907) and five (1905-1909) year observation periods, and the tentative reference 
conditions (R.C.) derived from those data; n refers to the number of observations. 

1905-1907 1905-1909 

n 31 40 

med 6.9 7.9 

mean 4.5 7.7 

min 3 3 

max 13 13 
R.C. 7.5 

3.3.2 Coastal areas 

The observations of Secchi depth in the summers of 1914-1930 were considered to represent 
reference conditions in Finnish coastal waters. The historical observation sites in the Baltic Sea 
partly covered the outer coastal waters of the Bothnian Bay. There reference conditions were 
calculated by taking the means of the past observations. Reference conditions in the inner coastal 
waters were calculated using the ratio of the means of the historical Secchi values and the 99 % 
upper quartiles derived from the frequency distribution data in the inner coastal waters in 1960-
2005. The average reference values of Secchi depth are presented in Annexes, and the basic 
statistics in more detail by Kauppila (2007). 

3.4 Winter-time inorganic nutrients and chlorophyll a 

3.4.1 Open sea 

Historical data from as far back as 1969 was found for winter time (December to February) 
inorganic nutrients, and from 1979 for summer-time (June to September) chlorophyll a. The data 
from the first three years of observations was used together with modelling results by Schernewski 
& Neumann (2005) when establishing the reference conditions. For more information on the data, 
see Fleming-Lehtinen & al. (accepted). 

Setting reference conditions for the open Bothnian Bay was challenging. The observed 
concentrations of (NO3+NO2)-N in the surface during winter was high compared to the Bothnian 
Sea and the Gulf of Finland (Fleming-Lehtinen & al., accepted). Concentrations both in the river 
inflow and the water coming from the Bothnian Sea are low (Schernewski & Neumann 2005). The 
reference condition for (NO3+NO2)-N was set at 6.0 laM, which is somewhat below the median of 
the first observations but above the levels estimated with modelling by Schernewski & Neumann 
(2005). The contemporary PO4-P concentration was lower than the median of the first observations. 
The chlorophyll a level was about the same from the beginning of the data collection in 1979 to 
2006. However, the Secchi-level decreased two metres during the first half of the century (Fleming-
Lehtinen & al. 2006), and this may be partly linked to increase in chlorophyll a concentrations 
during the same period. In addition, the modelling results of Schernewski & Neumann (2005) give 
somewhat lower concentrations. Thus the reference condition for chlorophyll a in the Bothnian Bay 
was set at 1.0 µg L-', which is below the median of the first measurements. The numbers are 
presented in Table 3. 
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Table 3. Median of the first observed (Obs.) concentrations (between 1969 and 1971 for 
(NO3+NO2)-N and PO4-P, and between 1979 and 1981 for chlorophyll a) presented by Fleming-
Lehtinen & al. (accepted), the modelled reference conditions by Schernewski & Neumann (2005) 
(S&N) and the tentative reference condition (R.C.) for (NO2+NO3)-N, PO4-P and chlorophyll a. 

Obs. S&N R.C. 

(NO3+NO2)-N 6.0 2.0 3.5 

PO4-P 0.10 0.18 0.10 
Chlorophyll a 1.8 0.2-0.6 1.0 

The tentative reference conditions for the dissolved inorganic nitrogen — dissolved inorganic 
phosphorus ratio (DIN:DIP) for all areas was determined as 16 and for the dissolved inorganic 
nitrogen — silicate ratio (DIN:SiO4) was determined as 1, based on Redfield & al. (1963) and 
Smayda (1990). 

3.4.2 Coastal areas 

In Finnish coastal waters, the average reference concentrations for chlorophyll a were calculated 
empirically using regression equations between chlorophyll a and Secchi depth in 1980-2005, and 
the historical Secchi values of the early 1900's. These calculations concerned to the outer coastal 
waters of the Bothnian Bay. Reference conditions in the inner coastal waters were calculated using 
the similar pattern as for Secchi depth (see chapter 3.3.2). The average reference values of 
chlorophyll a are presented in Annexes, and the basic statistics in more detail by Kauppila (2007). 

The reference values for inorganic nitrogen [(NO3+NO2)-N] and phosphorus (PO4-P) were 
calculated from 1 or 5% lower quartiles of the present-day frequency distribution data. Additionally, 
expertise was used in determining the reference values. The tentative reference values were 
previously presented by Vuori & al. (2006). 

4. ASSESSMENT METRICS 

The assessment metrics for all other parameters except Secchi depth comply with the maximum 
acceptable deviation of 50 % from the reference conditions, which was agreed within the HELCOM 
EUTRO project (HELCOM 2006). 

For Secchi depth the acceptable deviation was set to -25 % of the reference conditions. The main 
reason for selecting an acceptable deviation lower than -50 % was that the relationship between 
Secchi depth and chlorophyll a concentrations is not linear (Sanden & Håkansson 1996). When 
moving from high Secchi depth transparencies to lower Secchi depths the corresponding change in 
chlorophyll a concentrations is steeper in the lower end of the Secchi depths. Therefore, it is 
reasonable to consider that the change in Secchi depths should not exceed 25 % decrease from the 
reference conditions. 

5. PRELIMINARY ASSESSMENT 

The assessment data chosen included all available data for the years 2001 to 2006 (for coastal areas 
1999 to 2004). For these data the medians were calculated, and compared to the acceptable 
deviations from the reference conditions. Each assessment criterium was given a negative score, if 
the level defined by the acceptable deviation from the reference conditions was crossed, and a 
positive score if not. The preliminary assessment is shown in Table 4, and the complete results in 
Annexes. 

Using the "one out all out" method the combination of information from the open Bothnian Bay and 
the two Finnish coastal types indicates that the Bothnian Bay is a eutrophication area (Table 4). 
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Table 4. Preliminary assessment of eutrophication in the Bothnian Bay based on tentative reference 
conditions, acceptable deviations from reference conditions and assessment data representing the 
present state. LI refers to the land-based nutrient inputs, AN to atmospheric nitrogen deposition, N 
to winter concentrations of (NO3+NO2)-N, P to winter concentrations of PO4-P, N:P to winter-time 
ratio of dissolved inorganic nitrogen to dissolved inorganic phosphorus, N:S to winter-time ratio of 
dissolved inorganic nitrogen to silicate by atoms, ChI to summer concentrations of chlorophyll a and 
Secchi to Secchi depth transparency. A "+" means that the assessment data presenting the 
present state for the parameter are above the assessment metrics and the water body is 
eutrophicated and a "—" that the assessment data presenting the present state for the parameter are 
below the assessment metrics and the water body is non- eutrophicated, nd; refers to no data. For 
actual values of the assessment data see the Annexes. 

Water body 	 Category I 	 Category II 	 Preliminary 
(causative factors) 	(direct effects) 	classification 

LI AN N P N:P N:S 	Chl 	Secchi 
Open sea 	nd nd + 	+ 	- 	+ 	 + 
Coast J (FIN) 	nd nd + 	nd nd 	+ 	+ 	 + 
Coast K (FIN) 	nd nd + + nd nd 	+ 	+ 	 + 

6. EXPERIENCES GAINED DURING THE NATIONAL WORK 

Despite the fact, that the Bothnian Bay ecosystem has remained quite unchanged in relation to 
eutrophication compared to the rest of the Baltic Sea, as shown for example by the low chlorophyll 
a concentrations both in the historical and present data, the sea-area was estimated as eutrophicated. 
In a case such as the Bothnian Bay the "one out all out" approach does not seem to function. The 
fact, that the nitrogen-concentration has increased above the acceptable deviation is enough to 
estimate the area as eutrophicated, despite the low phytoplankton production, which is a result of an 
increasingly phosphorus-limited ecosystem. 

In areas with very low concentrations for some assessment criteria, the acceptable deviations should 
be adjusted accordingly. Though the increase for some parameters might seem substantial as 
percentage, the rise in the actual concentration might be minimal In the Bothnian Bay this was the 
case for chlorophyll a, which was estimated to have increased less than 1 µg L-1  from the estimated 
reference condition, yet it did not reach the limit defined by the 50 % acceptable deviation. 

In case of the open Bothnian Bay, data mining for historical data was started only with this work. 
Establishing of the reference condition for coastal Bothnian Bay is also still under work and will 
progress during the national work for ecological classification according to the WFD. Therefore, the 
current assessment is based on tentative reference conditions and must be considered as preliminary. 
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8. ANNEXES 

Bothnian Bay — open sea 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 2001-2006 
(median, n=no. 
of obs.) 

Score 
(+/-) 

References or 
comments 

Cat. 
I 

Land based inputs (TN, 
TP) 

- - From 1994 to 
2000 an 
increasing 
trend 

HELCOM 
(2004) 

Athmospheric nitrogen - 
deposition 

- Between 1991- 
1995 and 

Bartnicki & al. 
(2002) 

1996-2000 an 
increase by 25 
% 

Winter (Dec-Feb) surface 3.5 µM < 5.25 µM 7.0µM + See above and 
(NO3+NO2)-N (+ 50 %) (n=108) Fleming- 

Lehtinen & al., 
accepted 

Winter (Dec-Feb) surface 0.10 µM < 0.15 µM 0.05 µM - See above and 
PO4-P (+ 50 %) (n=105) Fleming- 

Lehtinen & al., 
accepted 

Winter (Dec-Feb) surface 16 8 to 24 143 (n=105) + See above and 
DIN:DIP ratio (+/- 50 %) Redfield et al. 

(1963) 
Winter (Dec-Feb) surface 1 < 1.5 0.23 (n=108) - See above and 
DIN:SiO4 ratio (+ 50 %) Smayda (1990) 

Cat. Summer (Jun-Sep) 0.5 µg L-' < 0.75 µg L-' 1.7 jig L-' + See above and 
II chlorophyll a (+ 50 %) (n=32) Fleming- 

Lehtinen & al., 
accepted 

Summer time (Jun-Sep) 7.5 m > 5.6 m 6.3 m (n=34) - See above and 
Secchi depth (- 25 %) Fleming- 

Lehtinen & al. 
(2006) 

Bothnian Bay — Coastal type J (Finland) 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median) 

Score 
(+/-) 

References or 
comments 

Cat. 
I 

Winter (Jan-Mar) surface 
water (NO3+NO2)-N 

5.511M < 8.3 µM 15 µM + Vuori & al. 
2006 

Winter (Jan-Mar) surface 
water PO4-P 

0.13 µM < 2 µM 0.39 µM - Vuori & al. 
2006 

Cat. 
II 

Summer chlorophyll a 
concentration 

2.3 µg L' < 3.5 µg L' 4.8 µg l- ' + Kauppila 2007 

Secchi depth transparency 4.7 m > 3.1 m 2.2 m + Kauppila 2007 
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Bothnian Bay — Coastal area K (Finland) 

Assessment criteria Tentative 
reference 
conditions 

Assessment 
metrics 

Assessment 
data 1999- 
2004 (median) 

Score 
(+1-) 

References or 
comments 

Cat. 
I 

Winter (Jan-Mar) surface 
water (NO3+NO2)-N 

5.4 µM < 8.1 µM 8.6 µM + Vuori & al. 
2006 

Winter (Jan-Mar) surface 
water PO4-P 

0.10 µM < 0.15 µM 0.19 µM + Vuori & al. 
2006 

Cat. 
II 

Summer chlorophyll a 
concentration 

1.5 µg 1-' < 2.3 µg r' 2.5 µg 1-1  + Kauppila 2007 

Secchi depth transparency 6.3 m > 4.2 m 3.5 m + Kauppila 2007 
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