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Abstract The eutrophication status of the entire

Baltic Sea is classified using a multi-metric indicator-

based assessment tool. A total of 189 areas are

assessed using indicators where information on

reference conditions (RefCon), and acceptable devi-

ation (AcDev) from reference condition could be

combined with national monitoring data from the

period 2001–2006. Most areas (176) are classified as

‘affected by eutrophication’ and only two open water

areas and 11 coastal areas are classified as ‘unaf-

fected by eutrophication’. The classification is made

by application of the recently developed HELCOM

Eutrophication Assessment Tool (HEAT), which is

described in this paper. The use of harmonized
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assessment principles and the HEAT tool allows for

direct comparisons between different parts of the

Baltic Sea despite variations in monitoring activities.

The impaired status of 176 areas is directly related to

nutrient enrichment and elevated loads from

upstream catchments. Baltic Sea States have imple-

mented nutrient management strategies since years

which have reduced nutrient inputs. However, eutro-

phication is still a major problem for large parts of the

Baltic Sea. The 2007 Baltic Sea Action Plan is

projected to further reduce nutrient inputs aiming for

a Baltic Sea unaffected by eutrophication by 2021.

Keywords Eutrophication � Baltic Sea �
Assessment � HEAT � Nutrients � Ecological status �
Nutrient management strategies

Introduction

Nutrient enrichment, leading to large scale eutrophica-

tion problems in the Baltic Sea, is perhaps the single

greatest threat to the Baltic Sea environment (HELCOM

2009). Nutrient enrichment results in an increase in

productivity and undesirable changes in ecosystem

structure and function (Ryther and Dunstan 1971; Nixon

1995; Cloern 2001). The Baltic Sea ecosystem can

cope with moderate increases in eutrophication pres-

sure, but when the limits of ‘normal’ ecosystem structure

and function are exceeded, eutrophication becomes a

problem (Ærtebjerg et al. 2003; Rönnberg and

Bonsdorff 2004; Feistel et al. 2008; HELCOM 2009).

The 2007 Baltic Sea Action Plan (BSAP),

prepared under the Convention for the Protection of

the Baltic Sea Environment, identifies eutrophication

as one of the four main issues to address in order to

improve the environmental health of the Baltic Sea

(HELCOM 2007a). The BSAP sets a strategic goal

related to eutrophication: ‘a Baltic Sea unaffected by

eutrophication’. This is linked to a set of Ecological

Objectives, which correspond to good ecological/

environmental status sensu the European Water

Framework Directive (WFD) and Marine Strategy

Framework Directive (MSFD) (Anon. 2000, 2008a,

b). The ecological objectives associated with eutro-

phication are: (i) concentrations of nutrients close to

natural levels, (ii) natural levels of algal blooms, (iii)

clear water, (iv) natural distribution and occurrence

of plants and animals, and (v) natural oxygen levels.

In the BSAP, the Baltic Sea states acknowledge

that a harmonized approach to assessing the eutro-

phication status of the Baltic Sea is required.

Therefore, the Baltic Sea states performed a Baltic

Sea-wide thematic assessment of eutrophication sta-

tus including development of a tool for integrated

assessment, the HELCOM Eutrophication Assess-

ment Tool (HEAT). Hence, this article describes the

principles and methods of the HEAT tool.

HEAT builds on the OSPAR Common Procedure

developed for assessment and identification of ‘eutro-

phication problem areas’ in the OSPAR convention

area, in particular the North Sea, the Channel, the

Skagerrak and the Kattegat (see OSPAR 2003, 2008).

It also makes use of some of the key assessment

principles of the WFD, e.g. the calculation of an

Ecological Quality Ratio (EQR) and the ‘one out, all

out’ principle (Anon. 2000; Borja et al. 2009). HEAT

arrives at a primary classification of ‘areas affected by

eutrophication’. In addition, HEAT results in a

secondary assessment of the confidence of the primary

assessment, a feature missing in other eutrophication

assessment tools (Andersen et al. 2010). This study

presents the principles and mechanics of the assess-

ment tool and its results when applied to the Baltic Sea.

Methodology

Study area

The Baltic Sea is an inland sea with a surface area of

415,200 km2 and is one of the largest brackish-water

basins in the world. It is commonly divided into several

sub-basins separated by sills, including a transition

zone to the North Sea consisting of the Kattegat and the

Belt Sea (#11–17 in Fig. 1). These sub-areas differ

considerably in several physical characteristics includ-

ing ice cover, temperature, salinity, and residence time

of the water (Leppäranta and Myrberg 2009). Surface

salinity provides an illustrative example: while it is

normally 20–25 in the Kattegat area, it is only 6–8 in

the central Baltic Sea and drops below 2 in the northern

and eastern extremities of the Bothnian Bay and the

Gulf of Finland. As a result the composition of the biota

changes considerably along these gradients (HEL-

COM 2007b; Feistel et al. 2008).

The human population in the catchment is 85

million, and human activities display a similar,
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distinctive north–south, east–west pattern. Population

density outside main cities varies from more than 100

persons per km2 in the southern and south-western

parts to less than 1 person per km2 in the northern and

north-eastern parts of the catchment area (CIESN &

CIAT 2005). In terms of land use there is a high

proportion of agricultural land in the south-eastern

and south-western parts, while boreal forest, wetlands

and barren areas dominate in the north (Anon. 2001).

The long residence times (Leppäranta and Myrberg

2009) and the strong saline stratification of the water

column, including natural hypoxia in the deep basins

(Conley et al. 2009a), make large parts of the Baltic Sea

sensitive to nutrient enrichment and eutrophication.

Human activities and settlement, including e.g.

agriculture, urban and industrial waste water, energy

production and transport result in greatly increased

loads of nutrients (nitrogen and phosphorus) from the

(relatively large) 1,700,000 km2 catchment area enter-

ing the Baltic Sea (HELCOM 2004; Schernewski and

Neumann 2005; Savchuk et al. 2008; HELCOM 2009).

Data sources

Three types of data are used in this study: (1)

monitoring data for 2001–2006 (in some cases only

2001–2005 or 2001–2004), (2) information on refer-

ence conditions (RefCon), and (3) ‘target levels’

defined as acceptable deviation (AcDev) from

RefCon.

Fig. 1 The Baltic Sea with

location of ‘assessment

units’ in coastal waters (172

units marked with open
circles) and open basins (17

units shown with numbered
circles). Numbers refer to

Table 1. Reproduced with

permission from HELCOM
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Most of the monitoring data representing actual

status (AcStat) originate from the HELCOM Coop-

erative Monitoring in the Baltic Marine Environment

Programme (HELCOM COMBINE, see HELCOM

(2008) for details and note that the Kattegat is

included under both HELCOM and OSPAR) carried

out in cooperation between the Baltic countries, and

partly from national monitoring and assessment

activities (e.g. Svendsen et al. 2005; OSPAR 2008).

Data representing long-term trends in inputs of

nutrients (nitrogen and phosphorus) to the Baltic Sea

are derived from the HELCOM Fifth Pollution Load

Compilation (HELCOM 2010). All measurements

and analytical methods used as well as quality

assurance procedures are described in details in the

HELCOM COMBINE Manual, Parts A, B and C

(HELCOM 2008).

In this study, specific focus has been placed

on indicators relevant to HELCOM objectives

(HELCOM 2007b; Backer and Leppänen 2008), in

particular nutrients (objective i), chlorophyll-a (objec-

tive ii), water transparency (objective iii), benthic

invertebrates and submerged aquatic vegetation

(SAV) (objective iv). For the description of the AcStat

all Baltic Sea states have used the 2001–2006 period,

except Denmark, which used the period 2001–2005 for

the Kattegat and Great Belt and 2001–2004 for all

other areas.

RefCon

RefCon, which are ‘‘… a description of the biological

quality elements that exist, or would exist, at high

status, that is, with no, or very minor disturbance

from human activities’’ (Anon. 2000) are used to

quantify the degree of disturbance observed in the

environment. Furthermore, they should represent part

of nature0s continuum and must reflect variability.

Three principles for making the concept of RefCon

operational are (1) reference sites, (2) historical data,

and (3) modelling. Expert judgement can be used as a

supplement when spatially based (option 1 and 2),

modelled (option 3) or combinations of 1, 2 and 3 are

not possible. In this study, the RefCon are mostly

based on historical data and modelling, since refer-

ence sites no longer exist in the Baltic Sea and the use

of expert judgement is occasionally less transparent.

The RefCon’s for nutrients (dissolved inorganic

nitrogen (DIN) and dissolved inorganic phosphorus

(DIP)), chlorophyll-a, water transparency (Secchi

depth) and benthic invertebrates in the open parts of

the Baltic Sea, obtained from various sources

described below, are shown in Fig. 2.

For nutrients, chlorophyll-a and water transpar-

ency, RefCon’s are basin specific and mostly based

on historical data (HELCOM 2006; Fleming-Lehti-

nen 2007; Fleming-Lehtinen et al. 2008; Henriksen

2009). Modelled and site-specific RefCon’s have

been used for parts of the Danish Straits (OSPAR

2008). The reference values used are largely in line

with those presented by other sources, e.g. Sanden

and Håkansson (1996), Aarup (2002) and Schernew-

ski and Neumann (2005).

RefCon’s for benthic invertebrate diversity in open

water basins, measured as gamma diversity, i.e. the

average number of species in a sub-basin per year, were

calculated based upon data from 1965 to 2006

(HELCOM 2009). RefCon’s varied by an order of mag-

nitude between the Arkona Basin and the Bothnian Bay

due to the salinity gradient, which constrains species

distributions (Bonsdorff and Pearsson 1999). For the

coastal water assessments, different national indices

have been used; see HELCOM (2009) for details.

For SAV in coastal waters, namely depth distri-

bution of Fucus vesiculosus and Zostera marina,

which constitute monitoring species in coastal waters

only, RefCon’s are based on historical records, e.g.

Reinke (1889), Waern (1952) and von Wachenfeldt

(1975) as well as Boström et al. (2003), Martin

(1999), and Krause-Jensen et al. (2003).

AcDev

For the open basins of the Baltic Sea, AcDev values are

set basin-wise for each indicator. Two different

principles are used for setting the AcDev, according

to whether indicators show a positive response

(increasing in value) to increases in nutrient inputs or

a negative response (decreasing in value). For an

indicator showing positive response (e.g. nutrient

concentrations and chlorophyll-a), AcDev has an

Fig. 2 Reference conditions (RefCon) for open areas of the

Baltic Sea. Numbers refer to Fig. 1. For DIN and DIP grey
bars are winter mean RefCon’s and black bars are winter

maximum RefCon’s. Please note that no data on DIP are

available for area #4, no data on Secchi depth are available for

areas #12, 13, and 16 and no data on benthic invertebrates are

available for areas #4, 6, and 11–17

c
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upper limit of ?50% deviation from RefCon

(HELCOM 2009). Setting AcDev to 50% implies that

low levels of disturbance (defined as less than ?50%

deviation) resulting from human activity are consid-

ered acceptable while moderate (i.e. greater than

?50%) deviations are not considered acceptable for

the body of water in question. However, in exceptional

cases the ?50% AcDev can be exceeded if scientif-

ically justified. For indicators responding negatively to

increases in nutrient input (e.g. Secchi depth and depth

limit of SAV) the AcDev’s have in principle a limit of

-25% (HELCOM 2009), although AcDev’s used for

benthic invertebrates are slightly greater in magnitude,

ranging from -27 to -40% (HELCOM 2009).

Whereas an indicator with positive response can

theoretically show unlimited deviation, indicators

showing negative response have a maximum deviation

of -100% and a deviation of -25% is, in most cases,

interpreted as the boundary between low and moderate

levels of disturbance. These ?50% and -25% ‘‘prin-

ciples’’ are under discussion, but these initial and

pragmatic values are in accordance with the WFD

(Anon. 2000, 2005) and other eutrophication assess-

ment approaches (Bricker et al. 2003; HELCOM 2006;

NOAA 2007; OSPAR 2008; Bricker et al. 2008;

Claussen et al. 2009). The AcDev’s used for the coastal

waters are largely defined by the WFD implementation

process, in particular the WFD intercalibration activity

in the Baltic Sea (Anon. 2008b).

Assessment principles and methods

The methodology used in this study to assess

eutrophication status of a water body, the HEAT, is

based on indicators, grouped according to a prede-

fined manner. The grouping method used follows the

WFD (Anon. 2000, 2005) quality elements (physical–

chemical features, phytoplankton, SAV, benthic

invertebrates) corresponding to HELCOM eutrophi-

cation objectives i, ii, iii (physical–chemical fea-

tures), iv (phytoplankton) and v (SAV & benthic

invertebrates); subsequently combined into a final

classification of ‘eutrophication status’.

Using the described RefCon, AcDev and AcStat

concepts, the basic assessment principle becomes:

RefCon ± AcDev = EutroQO, where the latter is a

‘‘eutrophication quality objective’’ (or target) corre-

sponding to the boundary between good and moder-

ate ecological status. When the AcStat data exceed

the EutroQO or target, the areas in question is

regarded as ‘affected by eutrophication’’ cf. the

BSAP.

Thus, following the basis assessment principle

described above, a selection of indicators with

RefCon and AcDev values turns qualitative goals

like HELCOM’s five eutrophication objectives into

operational targets, on which objective and transpar-

ent assessments of eutrophication status can be based.

While the RefCon’s can be considered the ‘‘anchors’’

of the assessment, AcDev’s from RefCon’s are the

necessary ‘‘yardsticks’’ while AcStat is actual indi-

cator status. The assessment principles used by

HEAT are summarised in Fig. 3.

The HEAT tool integrates all the elements

described above and is based on: (1) Indicators

representing well documented eutrophication effects

with synoptic information on RefCon, AcDevs, and

AcStat, (2) Quality Elements sensu the WFD, (3)

Fig. 3 Illustration of the key assessment principles used in the

HEAT tool. Please note that HEAT combines the principles of

the HELCOM Baltic Sea Action Plan (right side of the figure

representing open waters) with principles from the EU Water

Framework Directive (left side of the figure representing

coastal waters). Fish by courtesy of Peter Pollard, Scottish EPA
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HELCOM Ecological Objectives, (4) weighting of

indicators within quality elements, and (5) integration

of the Quality Elements used into a final assessment

based on the ‘One out—all out’ principle sensu the

WFD.

Step 1: Indicators and boundary setting

The EQR is a dimensionless measure of the observed

value (AcStat) of an indicator compared with the

reference value (RefCon). The ratio is equal to 1.00 if

AcStat is better than or equal to RefCon and

approaches 0.00 as deviation from RefCon becomes

large.

Step 1A: Indicators with a positive numerical

relationship to nutrient input For an indicator

showing positive response to nutrient input, the

EQR is defined by:

EQR ¼ RefCon=AcStat ð1Þ
0�EQR� 1 ð2Þ

where the observed value of the indicator (AcStat) is

equal to or less than the reference value, then the

EQR is equal to the maximum achievable, 1.00. For a

given reference value, increasing values of AcStat

give lower EQR, with EQR approaching zero as the

status value becomes infinitely large (Fig. 4a).

The value of EQR is used to assign a quality class

to the observed status. The classes in descending

order of quality are RefCon, High, Good, Moderate,

Poor, Bad. The central definition of the quality

classes is given by the value of AcDev. The boundary

between Good and Moderate status is defined as

being where the deviation from RefCon is equal to

the AcDev. That is:

AcStat ¼ 1þ AcDevð Þ � RefCon ð3Þ

Substituting for AcStat in (1) gives:

EQRGood=Moderate ¼ 1= 1þ AcDevð Þ ð4Þ

The EQR boundary between High and Reference

status is always set equal to 0.95. If EQR is above

0.95, it is implicitly assumed that the indicator has a

status equal to RefCon. This deviation is allowed in

order to take into account a degree of uncertainty in

the observations of RefCon and present status as well.

Thus, this permissible deviation from RefCon (5%)

represents a generic estimate of the uncertainty

margin for all indicators. The quality class of

‘‘Reference’’ will rarely be used and quality class

‘‘High’’ therefore, in practice, represents the highest

Fig. 4 Illustration of the boundary (target) setting, when the indicator responds numerically positive to nutrient loads and enrichment

(a) and when the indicator responds numerically negative (b)
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achievable status. However, the High/Ref boundary is

employed in determining boundaries between the

other classes.

The values for the boundary between Reference/

High status and the boundary between Good/Moder-

ate status constitute fixed points from which the

remaining boundary values are calculated. For

practical reasons the span of the two highest classes

and the next two classes have equal width, i.e.:

EQRRefCon=High � EQRGood=Moderate

¼ EQRGood=Moderate � EQRPoor=Bad ð5Þ

That is, the difference between the values of EQR

defining the Reference/High and Good/Moderate

boundaries is equal to the difference between the

Good/Moderate and Poor/Bad boundary values. This

Eq. 10 can be rearranged to give the value for the

boundary between Poor and Bad status:

EQRPoor=Bad ¼ 2EQRGood=Moderate � EQRRefCon=High

ð6Þ
For example, consider a case where the AcDev

from RefCon is 50%. The boundary between Good

and Moderate status is 1/(1 ? 0.5) = 0.667. And

according to (6), the boundary between Poor and Bad

status lies at 0.383 (Fig. 3a).

This leaves two remaining boundaries to be

defined, the boundary between Good and High status

and the boundary between Poor and Moderate Status.

These boundaries are defined as the midpoints

between the two adjacent boundaries:

EQRHigh=Good ¼ 0:5EQRRefCon=High

þ 0:5EQRGood=Moderate ð7Þ

EQRModerate=Poor ¼ 0:5EQRGood=Moderate

þ 0:5EQRPoor=Bad ð8Þ

For the example of AcDev equal to 50% the values

for the High/Good and Moderate/Poor boundaries

equal 0.808 and 0.525, respectively. Figure 3a shows

how the value of EQR for the boundary between the

classes varies with the AcDev from RefCon.

The method used for calculating class boundaries

does not allow for use of AcDev greater than 110%

for indicators with a positive response to nutrient

input, as the Poor/Bad boundary would otherwise

become negative (Fig. 3a). Consequently, it would

therefore become impossible to obtain a ‘‘Bad’’ status

as an EQR cannot be negative, irrespective of the

extent to which the observed status exceeds RefCon.

Step 1B: Indicators with a numerical negative

relationship to nutrient input For an indicator

showing a negative response to nutrient input, e.g.

depth limit of SAV or Secchi depth, the EQR is

defined as:

EQR ¼ AcStat=RefCon ð9Þ
0�EQR� 1 ð10Þ

Here, for a given reference value, the EQR is

directly proportional to the observed value, and is

equal to the maximum value of 1.00 if the AcStat

equals or exceeds the reference value.

As for the case of positive response, the AcDev

from RefCon is used to define class boundaries for

classification according to EQR value. Again, the

Good/Moderate boundary lies where the deviation

from RefCon is equal to the AcDev (3).

Using (3) to substitute for AcStat in (9), and

remembering that AcDev is negative, gives:

EQRGood=Moderate ¼ ð1� AcDevÞ ð11Þ

For an AcDev of 50%, the boundary for Good/

Moderate status is 0.5. Figure 4b shows how the class

boundaries vary with the AcDev. Given the value for

the Good/Moderate boundary and the Ref/High

boundary (0.95), the values for the remaining

boundaries are calculated in the same manner as

described above for indicators with a positive

response to nutrient input. Figure 4b is useful in

illustrating the limit on allowable AcDev for an

indicator with negative response. Choosing an AcDev

greater than 52.5% would mean that according to the

previously described method of calculating class

boundaries, the Bad/Poor boundary becomes negative

(Fig. 4b) and it is therefore impossible to arrive at a

classification of Bad, no matter how far from RefCon

the observed status is.

Step 2: Quality elements and final classification

An EQR value and a set of class boundaries are

calculated for each indicator, but the overall status

classification depends on a combination of indicators.

First, indicator EQR values are combined to give an

EQR value for a specific Quality Element (QE), and

Biogeochemistry

123



similarly the indicator class boundaries are combined

to give the class boundaries for the QE. In the

simplest case, where all indicators within a QE have

equal weights, the EQR for the QE is the average of

the indicators’ EQRs within the QE and each QE

class boundary (e.g. Moderate/Good boundary) is

found as the average of the class boundary values for

all indicators representing that specific QE.

Within a QE, it is also possible to assign weighting

factors to indicators according to expert judgement.

The classification of the QE is then given by

comparison of the weighted averages of the EQRs

with the weighted averages of the individual class

boundaries. Thus, the same weighting is applied both

in calculation of the EQR for the specific QE as well

as QE class boundary values.

The lowest rated of the QEs will because of the

‘One out—all out’ principle determine to final status

classification. This principle is employed for two

reasons: (1) all five HELCOM objectives for the open

basins are required to be met independently, and (2)

this principle is stated in the WFD (Anon. 2000) for

assessing ecological status of coastal waters.

Results

Eutrophication status in the Baltic Sea has been

calculated for 189 assessment units: 172 coastal areas

and 17 open water bodies. In the open water areas,

monitoring data was combined into larger areas by

calculation of mean values to give a common status

for an entire sub-basin, whereas the coastal areas

were assessed in smaller scale (Fig. 1). The EQR

values for nutrients, chlorophyll-a, water transpar-

ency and the gamma diversity of benthic inverte-

brates are presented in Fig. 5.

For the open water bodies, 15 out of 17 are

classified as ‘areas affected by eutrophication’. The

results are summarised in Table 1. Only the Bothnian

Bay and the north-eastern part of the Kattegat are

regarded as ‘unaffected by eutrophication’. The

results of the open water body classifications for

nutrients, chlorophyll-a, water transparency, and

Fig. 5 Ecological Quality Ratios (EQRs) calculated for open

water bodies for a Dissolved Inorganic Nitrogen (DIN),

b Dissolved Inorganic Phosphorus (DIP), c Chlorophyll-a,

d Water transparency (as Secchi depth), and e gamma diversity

for benthic invertebrates. Numbers refer to Fig. 1. Please note

that no data on DIP are available for area #4, no data on Secchi

depth are available for areas #12, 13, and 16 and no data on

benthic invertebrates are available for areas #4, 6, and 11–17

b
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benthic invertebrates are presented in the following

sections. The detailed HEAT classifications for are

available as electronic supplementary material in

Andersen et al. (2010).

Nutrients

The highest DIN concentrations are found in the

Bothnian Bay, which is predominantly P-limited

(Tamminen and Andersen 2007) and therefore DIN

may accumulate to reach levels above those in other

basins (for actual data, see electronically supplemen-

tary material in Andersen et al. 2010). DIN concen-

trations in the Gulf of Finland are also high due to

large fluvial input of nutrients mainly from the Neva

River. For the other basins, DIN winter means vary

between 3 and 4 lmol l-l. The Gulf of Riga and the

Gulf of Finland have the highest TN annual means

(26 and 24 lmol l-l, respectively), which are due to

large riverine discharges to both basins (Fig. 5a). The

other basins have TN levels between 18 and

21 lmol l-l, with the lowest concentrations in the

Danish Straits. From the Baltic Proper to the Danish

Straits, there is a natural decreasing spatial gradient

owing to the mixing with Skagerrak surface water

that generally has lower TN levels.

High DIP winter means are found in the Gulf of Riga

and the Gulf of Finland (0.78 and 0.84 lmol l-l,

respectively) owing to the large influence from riverine

discharges and the upwelling of bottom waters rich in

phosphorus deriving from the Baltic Proper (Pitkänen

et al. 2001). DIP levels in the Bothnian Sea, the

Baltic Proper and the Danish Straits are similar

(0.35–0.47 lmol l-l), whereas DIP concentrations in

the Bothnian Bay are very low (0.06 lmol l-l). These

spatial differences are unaltered for TP, with high

levels in the Gulf of Riga and the Gulf of Finland

(0.70 and 0.85 lmol l-l, respectively), moderate TP

levels in the Baltic Proper and the Danish Straits

(*0.58 lmol l-l) with slightly lower levels in the

Bothnian Sea (0.42 lmol l-l) and substantially lower

in the Bothnian Bay (0.16 lmol l-l).

Table 1 Classification of eutrophication status for 17 open water areas in the Baltic Sea region

No. Area Ecological quality ratio Eutrophication status

PC PP BIC

1 Bothnian Bay 0.729 (H) 0.668 (H) 0.830 (G) Good

2 Bothnian Sea 0.724 (G) 0.508 (P) 0.834 (H) Poor

3 Gulf of Finland 0.468 (P) 0.220 (B) 0.394 (B) Bad

4 Gulf of Riga 0.543 (M) 0.340 (B) – Bad

5 Northern Baltic Proper 0.523 (P) 0.231 (B) 0.000 (B) Bad

6 Western Gotland Basin 0.660 (M) 0.432 (P) – Poor

7 Eastern Gotland Basin 0.610 (M) 0.486 (P) 0.116 (B) Bad

8 SE Gotland Basin, open parts 0.745 (G) 0.400 (P) 0.222 (B) Bad

9 Bornholm Basin 0.602 (M) 0.553 (M) 0.239 (B) Bad

10 Arkona Basin 0.616 (M) 0.535 (M) 0.764 (G) Moderate

11 Great Belt 0.356 (B) 0.295 (B) – Bad

12 Kattegat, south-western 0.716 (H) 0.460 (P) 0.584 (B) Bad

13 Kattegat, south open parts 0.561 (M) 0.351 (B) – Bad

14 Kattegat, south-eastern 0.821 (G) 0.588 (M) – Moderate

15 Kattegat, central 0.691 (M) 0.440 (P) 0.549 (M) Poor

16 Kattegat, north-eastern 0.787 (G) 0.813 (H) – Good

17 Kattegat, north-western 0.845 (H) 0.603 (M) – Moderate

The eutrophication status is based on the ‘One out—all out’ principle. See Fig. 1 for location of the areas. Detailed HEAT

calculations are available as Electronic Supplementary Material in Andersen et al. (2010). Please note that all values are EQR values

Please note that the EQR values in bold are decisive for the final classification of eutrophication status

PC physical–chemical indicators, PP phytoplankton, and BIC benthic invertebrate communities, H High, G Good, M Moderate,

P Poor, B Bad
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The EQR values for DIN vary between 0.22 and

0.81 (see Fig. 5a). For DIP, EQR values vary

between 0.33 and 1.00, the latter being an indication

of almost pristine conditions in the Bothnian Bay and

the Bothnian Sea (Fig. 5b). As expected, nutrient

status is acceptable in the Bothnian Bay (area 1). The

only other areas where nutrient status is acceptable

are the northern parts of the Kattegat (areas 16 and

17), areas 2 (Bothnian Sea), 8 (south-eastern Baltic

Proper), and 14 (south-eastern Kattegat).

Phytoplankton and water transparency

Mean summer (June–September) chlorophyll-a con-

centrations are highest for the open water bodies in

the Gulf of Finland, the Northern Baltic Proper and

the Gulf of Riga (5.4, 4.8 and 5.3 lg l-l, respec-

tively). In other open water bodies, average chloro-

phyll-a concentrations range from 1.9 to 2.7 lg l-l.

The variability in summer (June–September) chloro-

phyll-a observations in 2001–2006 is high, with

individual values ranging from 0.1 to [50 lg l-l.

In most of the open Baltic Sea areas, chlorophyll-a

concentrations indicate eutrophication. In other

words, EQR values derived for chlorophyll-a show

a clear deviation from RefCon (Fig. 5c). In the open

sea, the chlorophyll-a derived status is the highest in

the Bothnian Bay and the Kattegat (0.67 and 0.63,

respectively) and lowest in the Gulf of Finland, the

Northern Baltic Proper, and the Gulf of Riga (0.22,

0.23 and 0.34, respectively).

Reduced water transparency is partly an effect of

increased nutrient loads, mediated through increased

phytoplankton growth. In comparison to RefCon

(Fig. 5d), water transparency status has decreased in

all Baltic Sea sub-areas at both at coastal and open

sea sites reflecting visible eutrophication effects in

the entire Baltic Sea.

Water transparency status in open sea areas

expressed as EQR values vary markedly in different

sub-basins of the Baltic Sea. Status expressed as EQR

values varies from 0.75 to 1.0 for the southern and

central sub-basins, indicating a 0–25% decrease in

water transparency from near-pristine RefCon. How-

ever, sub-basins north of the Northern Baltic Proper

have a significantly lower status with EQR values

ranging from 0.50 to 0.61, representing a reduction of

39–50% in water transparency compared to RefCon.

The mean EQR value for all open sub-basins assessed

is 0.72. In the south-eastern Gotland Basin and

Arkona Basin water transparency status is highest of

all open sub-basins, with EQR values of 1.0 and 0.94

respectively. In the Kattegat water transparency

status exceeds the mean status (mean EQR for

Kattegat sites 0.75). In the Bornholm Basin, the

Western and Eastern Gotland Basin, the EQR values

are nearly equal to the Kattegat (0.75–0.81). In Gulf

of Riga, the two indicators used for Secchi depth have

variable RefCon (4.0 m for the Finnish indicator and

6.0 m for the Latvian indicator) and result in different

EQR values of 0.75 and 0.57, respectively.

The Northern Baltic Proper and Gulf of Finland

represent a distinctly lower status compared to

RefCon, with EQR values of 0.61 in the open

Northern Baltic Proper and 0.50 in the Gulf of

Finland. In the open sea areas of the Gulf of Bothnia

water transparency EQR is 0.61 in the Bothnian Sea

and 0.56 in the Bothnian Bay.

Benthic invertebrates

No benthic invertebrates survive in areas with

prolonged or permanent oxygen depletion such as in

the deep parts of the Baltic Proper. In areas with

periodic oxygen depletion every late summer and

autumn, the number of benthic species is reduced

significantly and mature communities cannot develop.

In marine areas with temporary oxygen depletion,

intermittent recovery will occur whenever conditions

improve. Oxygen depletion, if rare enough, may be

viewed as a temporal and spatial mosaic of distur-

bance that results in the loss of habitats, reductions in

biodiversity, and a loss of functionally important

species. Macrobenthic communities are severely

degraded throughout the open sea areas of the Baltic

Proper and the Gulf of Finland, whereas conditions in

the Arkona Basin, the Bothnian Sea and Bothnian Bay

are classified as being good (Fig. 5e).

For the open waters, the EQR values vary between

0.00 and 0.83. The highest EQR values are as

indicated above found in the Arkona Basin (0.77), the

Bothnian Sea (0.83) and the Bothnian Bay (0.83). For

the Baltic Proper and the Gulf of Finland, EQR

values range from 0.00 to 0.39 indicating impaired

environmental conditions.
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Coastal waters

Of the 172 coastal waters assessed, 161 are classified

as ‘affected by eutrophication’ (Table 2). Coastal

waters are in general more vulnerable to nutrient

inputs than open waters—important causes being the

lower retention times as well as closer benthic-

pelagic interactions (Borum 1996; Wasmund et al.

2001). Seasonal variations in supply, removal, and

transformation processes give rise to distinct seasonal

patterns for nutrient concentrations in Baltic Sea

coastal areas. Distinct spatial gradients are also

found, with elevated nutrient concentrations in estu-

aries and coastal waters compared to open waters.

This gradient is most pronounced in the Danish

Straits and Baltic Proper. Nutrient concentrations in

coastal areas of the Gulf of Finland are similar to

those in the open sea because of upwelling of

offshore bottom water. Detailed information on

nutrient status of the coastal waters can be found in

HELCOM (2009) and Lysiak-Pastuszak et al. (2009).

In a majority of coastal Baltic areas, chlorophyll-a

concentrations and water transparency measurements

indicate the prevalence of eutrophication (data not

shown). In other words, EQR values derived from

chlorophyll-a and water transparency measurements

show a clear deviation from RefCon. Detailed

information about the status of planktonic communi-

ties and water transparency in various coastal waters

of the Baltic Sea can be found in Feistel et al. (2008)

and HELCOM (2009).

Extensive seagrass meadows and perennial mac-

roalgal communities harbour the highest biodiversity

in coastal, shallow-water ecosystems. Eutrophication

has complex effects on SAV causing shifting of the

distribution depth limit towards the surface, prevent-

ing the settlement of new specimens on the seafloor

due to increased sedimentation, and favouring oppor-

tunistic species with a short life cycle and rapid

development over the perennial species, thus causing

a shift in community composition. Generally, the

level of eutrophication has caused serious changes in

the Baltic Sea SAV communities, although in many

cases the gaps in historical data do not allow us to

identify the exact timing of larger shifts in commu-

nities (Torn et al. 2006). Present-day monitoring data

Table 2 Summary of eutrophication status classifications of 172 coastal water bodies in the Baltic Sea region

Basins and sub-basins Eutrophication status classification Total

High Good Moderate Poor Bad

Bothnian Bay 0 1 3 2 2 8

The Quark 0 1 1 0 0 2

Bothnian Sea 0 9 6 2 4 21

The Archipelago and Åland Seas 0 0 2 1 3 6

Gulf of Finland 0 0 4 6 9 19

Gulf of Riga 0 0 0 3 2 5

Baltic Proper, northern parts 0 0 3 7 30 40

Eastern Gotland Basin 0 0 0 0 7 7

Western Gotland Basin 0 0 0 5 14 19

Gulf of Gdansk 0 0 0 1 4 5

Bornholm Basin 0 0 1 7 5 13

Arkona Basin 0 0 1 1 1 3

Kiel Bight and Mecklenburg Bight 0 0 0 2 3 5

Danish Straits including the Sound 0 0 1 4 5 10

Kattegat 0 0 3 1 5 9

Total 0 11 25 42 94 172

High and Good represent ‘areas unaffected by eutrophication’, while Moderate, Poor, and Bad represent ‘areas affected by

eutrophication’
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show that the degradation of communities is ongoing

in several areas (HELCOM 2009). At the same time,

positive signs of a slowing down or reversal of some

eutrophication effects on SAV parameters could be

observed in areas of the Northern Baltic Proper and

the Gulf of Finland, where the previous distribution

of macrophyte species has recovered in some areas

(Nilsson et al. 2004; HELCOM 2009).

In the western part of the Baltic Sea (the Kattegat

and the Danish Straits), the EQR values for the depth

distribution of Zostera marina vary between 0.89 and

0.59. With a -25% AcDev, only the Danish coastal

areas of the Kattegat have average EQR values above

0.75. For the Danish Straits, all average EQR values

are below 0.75, and hence classified as ‘affected by

eutrophication’. In the central, eastern and northern

parts of the Baltic Sea, in areas dominated by Fucus

vesiculosus, average EQR values vary between 0.84

and 0.55. EQR values above 0.75 are found in the

Gulf of Riga and Eastern Baltic Proper. In the

Bothnian Sea, Gulf of Finland, and the western parts

of the Baltic Proper, the targets for SAV are generally

not met.

Macrozoobenthic communities in coastal waters

are highly variable both between and within different

sub-basins. In general, more sheltered and enclosed

coastal water bodies are in a worse state than more

exposed open coasts. Detailed information on status

of benthic invertebrates in Baltic Sea coastal water

can be found in HELCOM (2009).

Integrated assessment

Combining indicators and applying the ‘One out—all

out’ principle in order to produce a final classification

of eutrophication status represents a step forward

from assessments based on individual indicators

towards integrated assessments applying multi-metric

indicator-based assessment tools such as HEAT. The

results can be presented in several ways, e.g.: (1)

HEAT calculations (see electronic supplementary

material in Andersen et al. (2010) for details), (2)

summarised as in Tables 1 and 2 as well as (3) in the

form of maps of eutrophication status in the Baltic

Sea.

Figure 6 presents a merger of HEAT classifica-

tions for 17 open water areas (Table 1) and 172

coastal water bodies (Table 2) into an interpolated

map of eutrophication status of the Baltic Sea. All

open parts of the Baltic Sea except the Bothnian Bay

and the north-eastern parts of the Kattegat are

classified as ‘affected by eutrophication’. It should

be noted that also some coastal waters situated along

the Bothnian Sea are classified as ‘unaffected by

eutrophication’.

Discussion

This assessment of eutrophication status in the Baltic

Sea compares target values (EutroQOs), derived from

combining information on RefCon (representing a

‘then’ situation) and an AcDev with recent

(2001–2006) monitoring data (representing a ‘now’

situation). According to the results of this study only

open parts of the Bothnian Bay and north-eastern

Kattegat as well as some coastal waters in Bothnian

Bay are unaffected by eutrophication.

The results of this study are generally in line with

previous indicator-based assessments (HELCOM

2002, 2006; Ærtebjerg et al. 2003; Rönnberg and

Bonsdorff 2004) and can be directly compared with

the results of national coastal assessments and the EU

processes like WFD implementation in the Baltic

(e.g. Anon. 2008b). An added value of the method

employed here over e.g. WFD is that it uses

supporting parameters, e.g. nutrients and Secchi

depth, which are significantly correlated to the

biological quality elements, on the same level of

importance as the biological quality elements

(Nielsen et al. 2002a, b; Krause-Jensen et al. 2003).

The RefCon values derived for all 17 open water

‘assessment units’ are based on the analysis of

historical data. The RefCon values used for the open

parts of the Baltic Sea represent the best available

knowledge about the eutrophication status of the

Baltic Sea 50–100 years ago before the onset of the

current large scale eutrophication process (Scher-

newski and Neumann 2005; Savchuk et al. 2008) and

the monitoring data used in this study represent the

best available datasets for the area. Hence, these

RefCon values are in principle ready for immediate

use in regard to any updates of the BSAP, e.g. as done

by Wulff et al. 2007.

The principles of this assessment for setting ‘target

values’ (e.g. the AcDev) are in line with the WFD: it

is the boundary between Good Ecological Status and

Moderate Ecological Status according to the WFD
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(Anon. 2000). For Good Ecological Status, which

together with High Ecological Status, is considered

acceptable status, the values of the biological quality

elements show low levels of disturbance from

RefCon as a result of human activity. For Moderate

Ecological Status, which together with Poor and Bad

Ecological Status, is considered an unacceptable

status, the values of the biological quality elements,

compared to RefCon, deviate moderately (or more)

from those normally associated with the water body

type under undisturbed conditions.

The nutrient concentrations overall reflect the

balance between inputs from land, atmosphere and

loss processes, and are generally in line with other

studies and assessments carried out in the Baltic Sea,

e.g. Lundberg et al. 2009. Nutrient concentrations can

be influenced also by upward mixing from deeper

water layers (Vahtera et al. 2007; Feistel et al. 2008;

Reissmann et al. 2009). Upwelling is an important

source of phosphorus in the Gulf of Finland, the Gulf

of Riga and also in the Baltic Proper (Nausch et al.

2009). The relatively high EQR values found in the

south-eastern Baltic Proper (0.75), the western Got-

land Basin (0.81), and the south-eastern Kattegat

(0.78) are assumed to be related to imprecise setting

of RefCon. There is a need for the development of

more harmonised information on RefCon values for

nutrient concentrations.

Phytoplankton is perhaps the most important

element in any assessment of eutrophication in the

Baltic Sea, since phytoplankton primary production

and biomass are essentially coupled to nutrient

concentrations. Chlorophyll-a concentrations are

widely used as a proxy for phytoplankton biomass,

Fig. 6 Integrated and

interpolated five-class

classification of

eutrophication status in the

Baltic Sea region. The

interpolation was made by

inverse distance weighting

method and the gradients

among the point values

were permitted to change

over intermediate distances.

While the status of offshore

areas was pooled to a single

value from multiple point

values, the coastal

assessment units were

treated as separate and were

given a 25 km effect radius.

Reproduced with

permission from HELCOM
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but other indicators should be developed, e.g. in

regard to algal species indicative of nuisance or toxic

algal blooms. The findings presented here are gener-

ally in line with other studies and assessments, e.g.

Jaanus et al. (2007), Fleming-Lehtinen et al. (2008),

Håkansson and Lindgren (2008), Wasmund and

Siegel (2008). During recent decades, chlorophyll-a

concentrations have been increasing in most of the

Baltic Sea sub-regions, although in the 2000s chlo-

rophyll-a levels in many open sea areas show signs of

a decreasing trend. RefCon values for chlorophyll-a

in open waters seem appropriate for the time being.

For coastal waters there seem to be a need for joint

principles and methods of setting not only RefCon

values, but also AcDev’s. This has not yet been

achieved by the WFD intercalibration activity.

The assessment of water transparency is closely

linked to the assessment of phytoplankton and SAV,

and in this study water transparency is regarded as a

proxy of eutrophication. An added value in regard to

water transparency is the length of the time series,

which extends close to 100 years back in time

(Sanden and Håkansson 1996). The findings pre-

sented here are generally in line with other studies

and assessments, e.g. Kautsky et al. (1986), and

Eriksson et al. (1998, 2002). In the Gulf of Riga, low

status is consistent with lower RefCon compared to

other areas. Low status in the Gulf of Bothnia may be

attributed mostly to changes in land use affecting

water colour (humic substances), whereas in the Gulf

of Finland the increase of phytoplankton biomass is a

more likely proximate reason for the low status.

The benthic invertebrate assessment for open

waters shows that the benthic communities are

structured by a combination of physical factors (e.g.

salinity and sediment type) and eutrophication, which

result in a higher susceptibility to hypoxia/anoxia.

The findings presented here are generally in line with

other studies and assessments, e.g. Karlson et al.

(2002), and Perus and Bonsdorff (2004). A special

challenge is the difficulty in defining historical

RefCon for macrozoobenthos—this emphasizes the

importance of conducting long-term monitoring over

large spatial scales to be able to assess changes.

Assessment of SAV in coastal waters is, at least

compared to the assessment of open waters, some-

what more challenging because the status of SAV

communities depends on a variety of local environ-

mental conditions which also affect also the

eutrophication processes on very limited, local scale,

e.g. changes in nutrient loading to specific river basin

or fjord or bay while open sea indicators reflect

situation on larger sea area. So it is no surprise that

especially in case of extensive archipelago areas

some SAV indicators can show development in

opposite direction than indicators of nearby open

sea areas. In our case some recovery in the depth

distribution of SAV has occurred during last decades

in the Northern Baltic Proper (extensive archipelago

areas) as well as in some areas of the Gulf of Finland,

while indicators used for open sea areas still show

declining status.

There is in our opinion no such thing as a perfect

assessment tool. More targeted monitoring and

improved understanding of the eutrophication pro-

cesses will lead to better knowledge, better indicators

and subsequently better assessment tool. The strength

of HEAT compared to the OSPAR equivalent on

which it is built, is that it is modernized in the sense it

makes use of (1) the EQR and the ‘one out, all out’

principle. Hence, HEAT is directly linked to the

principles for assessment of ecological status of

coastal water sensu the WFD. An added value

of HEAT is that it enables a secondary assessment

of confidence (see Andersen et al. 2010). Compared

to OSPAR COMP, the HEAT tool has no or few

weaknesses. When using HEAT for assessment of

‘ecological status’ sensu the WFD, it can be argued

that ‘eutrophication status’ and ‘ecological status’ are

different issues. This point is for somewhat mean-

ingless, at least for the Baltic Sea, where the major

threat to the coastal ecosystems is nutrient enrich-

ment and eutrophication. It can also be argued the

combination of indicators per QE mixes indicators

with different boundary setting, but here it should be

eminent that the classes used by the WFD are related

to QE (cf. Annex 5), not to individual indicators or

indices.

By providing a regional overview of eutrophica-

tion status in the Baltic Sea the results of this study

provide interesting perspectives and links to the

implementation of a range of EU Directives, e.g. the

WFD, the MSFD (Anon. 2008a), the EC Urban

Wastewater Treatment Directive (Anon. 1991a) and

the EC Nitrates Directive (Anon. 1991b). The

relations in regard to boundary setting and classifi-

cation are discussed and outlined in Anon. (2009) and

HELCOM (2009). If the convergence of the aims of
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these directives is taken seriously, marine waters

classified as ‘affected by eutrophication’ could by no

means be accepted as having either ‘Good Ecological

Status’ or habitats with a ‘Favourable Conservation

Status’. Similarly it can be argued that waters

classified as ‘affected by eutrophication’ should be

designated as ‘sensitive’ to nutrient inputs from

industries and cities. Along the same lines waters

affected by eutrophication should be regarded as

‘polluted’ when situated downstream of catchment

dominated by agriculture, implying that the catch-

ment should be designated as ‘vulnerable’ in regard

to losses of nitrogen from agricultural practices.

Future assessments will however be worthless if

we fail to safeguard the current spatial and temporal

resolution of HELCOM COMBINE and monitoring

for the joint HELCOM core set of eutrophication

indicators. Any weakening of these activities will

jeopardize future re-assessments of eutrophication

status of the Baltic Sea. Issues to be improved before

a re-assessment include: (1) harmonization and

evaluation of the quality of reference condition

values (RefCon), (2) improvements of the target

values (e.g. AcDev) (more research on functional

relations, natural variations etc.), (3) improvements in

spatial and temporal coverage of HELCOM COM-

BINE monitoring in some areas (e.g. Gulf of Riga,

eastern Baltic Proper, South-eastern Baltic proper),

(4) adequate monitoring of SAV, (5) development of

oxygen indicators, and (6) development of statistical

principles for weighting indicators.

The current impaired status of most parts of the

Baltic Sea is a consequence of a combined increase in

population density and altered agricultural practices.

This has resulted in increased discharges, emissions

(including atmospheric nitrogen emissions) and

losses of nutrients to the environment and ultimately

nutrient enrichment in the aquatic environment. Only

few data series of nutrient loading exist, e.g.

Stålnacke (1996) and Conley et al. (2007), and

hence, the long-term nutrient enrichment will have to

be documented by the temporal trends for TN and TP

concentrations as well as TN:TP ratio in surface

(0–10 m) and bottom waters ([100 m) starting from

the 1970s until 2006 (HELCOM 2009).

Nutrient concentrations increased until the 1980s,

and in all areas except for the Gulf of Finland,

phosphorus concentrations have declined during the

past two decades (HELCOM 2009). Nitrogen

concentrations have declined in the Gulf of Riga,

the Baltic Proper and the Danish Straits. These

declines, particularly in the coastal zone, are partly

caused by lower nutrient loads from land. Further-

more, changing volumes of hypoxia in the Baltic

Proper significantly alter nutrient concentrations in

bottom waters and, through subsequently mixing,

also in surface waters. This does not affect the Baltic

Proper alone but also connecting basins through

advective exchanges. In particular, the Gulf of

Finland has been severely affected by internal

loading of phosphorus from the sediments caused

by poor oxygen conditions (Vahtera et al. 2007).

The elevated nutrient concentrations compared to

RefCon are primarily a consequence of a long-term

(100? years) increase in direct and riverine loads to

the Baltic Sea. However, management strategies

focusing mainly on direct discharges have during

the last 20 years resulted in a decrease in loads to the

Baltic Sea (Fig. 7). However, it has to be taken into

Fig. 7 Trends in inputs of total nitrogen (TN) and total

phosphorus (TP) to the Baltic Sea. Please note that the TP input

has been scaled by factor 10. The solid line indicate run off in

m3 s-1. ‘‘2003’’ = 2001–2003 and ‘‘2006’’ = 2001–2006.

2021 (grey bars) show the ultimate nutrient input targets to

be reached as agreed by the HELCOM Baltic Sea Action Plan
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account that decreased flow is also partly responsible

for decreasing loads (HELCOM 2009).

Improving the eutrophication status, especially of

those areas classified as affected by eutrophication,

relies on a better linking of ecosystem effects,

nutrient concentrations, loads and human activities

in upstream catchments. The key issue is to reverse

the trend of eutrophication, sometimes referred to as

oligotrophication (Nixon 2009), and to reduce inputs

of nutrients to the Baltic Sea region. Some improve-

ment has been made in some regions (Carstensen

et al. 2006 and Fig. 7) but additional reductions are

clearly needed. Recent modelling efforts (Wulff et al.

2007; Savchuk et al. 2008) have come a long way in

providing advice on the magnitude of nutrient input

reductions required to reach identified target levels of

key parameters, such as those utilised in this study

(Fig. 2). A first round of such calculations was

actually adopted in 2007 by Baltic Sea states in the

BSAP, partly based on an ecosystem approach to

management of human activities (HELCOM 2007b;

Wulff et al. 2007). Recently, a process of revision of

these reduction figures was begun, taking into

account more assessment parameters and atmospheric

deposition to better reflect relevant ecosystem ele-

ments and all relevant pathways of nutrient input.

When developing and implementing ecosystem-

based nutrient management strategies, it has been

debated whether a nutrient management strategy such

as the BSAP should focus either on N, P or both

(Tamminen and Andersen 2007). Given the varia-

tions in nutrient limitation between region and

seasons—and the fact that the flow out of the Baltic

Sea passes areas which are nitrogen limited—it is

clear that alleviation of eutrophication requires a

balanced and strategic approach to control both

nitrogen and phosphorus appropriately (Conley

et al. 2009b).

What we consider in our assessment of eutrophi-

cation or ecological status being a straightforward

eutrophication signal is in reality a response not only

to nutrient enrichment, but also to many other

pressures (Jackson et al. 2001). Often the functional

relations are complicated, including issues like

thresholds, regime shifts and climate change (Duarte

et al. 2009; Duarte 2009). The implications for

management are currently being understood and

interpreted. A rational solution would be to acknowl-

edge that other pressures (e.g. climate change) might

enhance eutrophication signals and that further efforts

in regard to reduction of nutrient inputs may been

needed to comply with most eutrophication related

objectives.

Conclusions

This study has introduced a multi-metric indicator-

based eutrophication assessment tool enabling a

harmonized assessment of eutrophication status in

the whole Baltic Sea. Most parts of the Baltic Sea are,

not surprisingly, judging from available scientific

literature, affected by nutrient enrichment.

The recently developed HEAT as described in this

paper provides a qualified answer to this key question

‘‘Do we have a problem or not?’’ and thus a basis for

the implementation or revision of a Baltic Sea-wide

nutrient management strategy, e.g. the BSAP.

HEAT represents a major step forward in terms of

assessing eutrophication in the Baltic Sea. Firstly,

because HEAT is based on well-established eutro-

phication indicators, it is in line with the principles of

the WFD, and, perhaps more importantly, it uses the

EQR approach to enable direct comparisons of all

areas assessed despite variation in monitoring activ-

ities. Secondly, HEAT classifications can be regarded

as a baseline for the reduction figures defined in the

eutrophication segment of the BSAP against which

the HELCOM vision of a Baltic Sea unaffected by

eutrophication can be judged.

HEAT has shown itself to be a good tool and

should be used for a HELCOM re-assessment of the

eutrophication status of the Baltic Sea within e.g.

6–10 years in order to follow the implementation of

the BSAP and validate the effectiveness of the

reduction measures established so far.

Future assessments should be based on the best

scientifically based indicators and assessment tools

available rather than waiting for so-called ‘perfec-

tion’. However, development of eutrophication

assessment tools and nutrient management strategies

in the Baltic and elsewhere should ideally be

adaptive: there should always be the intention to

adapt these tools when new scientific knowledge

becomes available. Similarly, nutrient management

strategies should be based on the best available

science-based functional relations between causes

and effects, using models and Decisions Support

Biogeochemistry
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Systems as appropriate. Eutrophication in the Baltic

Sea is a significant challenge and the absence of

faultless tools should not prevent the Baltic Sea

countries from trying to meet this challenge.
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Leppäranta M, Myrberg K (2009) Physical oceanography of

the Baltic Sea. Springer, Berlin, Heidelberg, p 410

Lundberg C, Jakobsson B-M, Bonsdorff E (2009) The

spreading of eutrophication in the eastern coast of the

Gulf of Bothnia, northern Baltic Sea—an analysis in time

and space. Estuar Coast Shelf Sci 82:152–160

Lysiak-Pastuszak E, Krzyminski W, Lewandowski L (2009)

Development of tools for ecological quality assessment in

the Polish marine areas according to the Water Frame-

work Directive. Part I—nutrients. Oceanol Hydrobiol

Stud 38(3):87–99. doi:10.2478/v10009-009-0037-1

Martin G (1999) Distribution of phytobenthos biomass in the

Gulf of Riga (1984–1991). Hydrobiologia 393:181–190

Nausch M, Nausch G, Lass HU, Mohrholz V, Nagel K, Siegel

HM, Wasmund N (2009) Phosphorus input by upwelling

in the eastern Gotland Basin (Baltic Sea) in summer and

its effects on filamentous cyanobacteria. Estuar Coast

Shelf Sci 83(4):434–442. doi:10.1016/j.ecss.2009.04.031

Nielsen SL, Sand-Jensen K, Borum J, Geertz-Hansen O

(2002a) Depth colonisation of eelgrass (Zostera marina)

and macroalgae as determined by water transparency in

Danish coastal waters. Estuaries 25:1025–1032

Nielsen SL, Sand-Jensen K, Borum J, Geertz-Hansen O

(2002b) Phytoplankton, nutrients and transparency in

Danish coastal waters. Estuaries 25:930–937

Nilsson J, Engkvist R, Persson L-E (2004) Long-term decline

and recent recovery of Fucus populations along rocky

shores of southeast Sweden, Baltic Sea. Aquat Ecol 38:

587–598

Nixon SW (1995) Coastal marine eutrophication: a definition,

social causes, and future concerns. Ophelia 41:199–219

Biogeochemistry

123

http://dx.doi.org/10.1007/s10750-009-9795-8
http://dx.doi.org/10.1007/s10750-009-9795-8
http://dx.doi.org/10.1007/s12237-008-9111-2
http://www.helcom.fi/groups/monas/CombineManual/en_GB/main/
http://www.helcom.fi/groups/monas/CombineManual/en_GB/main/
http://dx.doi.org/10.1007/s10750-009-9767-z
http://www.helcom.fi/environment2/ifs/en_GB/cover/
http://dx.doi.org/10.2478/v10009-009-0037-1
http://dx.doi.org/10.1016/j.ecss.2009.04.031


Nixon SW (2009) Eutrophication and the macroscope. Hyd-

robiologia. doi:10.1007/s10750-009-9759-z

NOAA (2007) Effects of nutrient enrichment in the nation’s

estuaries: a decade of change, national estuarine eutro-

phication assessment update. NOAA Coastal Ocean Pro-

gram Decision Analysis Series No. 26. National Centers

for Coastal Ocean Science, Silver Spring, MD, p 322

OSPAR (2003) OSPAR Integrated Report 2003 on the Eutro-

phication Status of the OSPAR Maritime Area Based

Upon the First Application of the Comprehensive Proce-

dure. Eutrophication Series. OSPAR Commission, 59 pp

OSPAR (2008) Second OSPAR Integrated Report on the

Eutrophication Status of the OSPAR Maritime Area.

Eutrophication Series. OSPAR Commission, 107 pp

Perus J, Bonsdorff E (2004) Long-term changes in macro-
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