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Preface

This report is the result of the project “Review

of the ecological targets for eutrophication of

the HELCOM BSAP”, abbreviated to HELCOM
TARGREV. The objectives have been to revise the
scientific basis underlying the ecological targets for
eutrophication, placing much emphasis on provid-
ing a strengthened data and information basis for
the setting of quantitative targets. The results are
first of all likely to form the information basis on
which decisions with regard to reviewing and, if
necessary, revising the maximum allowable inputs
of nutrients in the Baltic Sea Action Plan, includ-
ing the provisional country-wise nutrient reduc
tion figures, will be made. In addition, the results
quantitatively define HELCOM's ecological targets
for eutrophication and the indicators can be used
for assessment of the eutrophication status of the
Baltic Sea. Hence, HELCOM TARGREV is an impor-
tant project since the results should ultimately
ensure an appropriate set of measures to improve
the eutrophication status of the Baltic Sea.

The Baltic Sea Action Plan, adopted at the
HELCOM Ministerial Meeting in Krakow, Poland in
2007 (HELCOM 2007a), has the following overarch-
ing vision for the Baltic Sea:

A healthy Baltic Sea environment with diverse bio-
logical components functioning in balance, result-
ing in a good ecological status and supporting a
wide range of sustainable human economic and
social activities.

The Baltic Sea Action Plan (BSAP) implements the
Ecosystem Approach (EA) to the management of
human activities affecting the health of the Baltic
Sea. The Action Plan focuses on four thematic
issues (also referred to as segments): eutrophica-
tion, hazardous substances, maritime activities
and biodiversity. The eutrophication segment is
hierarchal, with the strategic goal for eutrophica-
tion being “The Baltic Sea unaffected by eutrophi-
cation”. This goal is subsequently being defined
by five ecological objectives: (1) Concentration of
nutrients close to natural levels; (2) Clear water; (3)
Natural level of algal blooms; (4) Natural distribu-
tion and occurrence of plants and animals; and (5)
Natural oxygen levels.

Implementing the BSAP and the EA would ideally
include the following activities: (1) Agreeing on
principles for target setting in regard to nutrients,

clear water, algae, submerged aquatic vegetation,
benthic invertebrates and oxygen; (2) Estimations
of critical loads (threshold values) per basin and
per objective; and (3) Overlay of the critical loads
per basins in order to estimate the load reductions
needed to fulfil all ecological targets. In practice,
the objective most sensitive to nutrient inputs will
be decisive for the calculation of the load reduc-
tions required.

The HELCOM BSAP is based on just one of the five
ecological objectives, “clear water”, which in prac-
tice is equivalent to “light penetration”, measured
as Secchi depth. As this target has been considered
preliminary, the subsequent estimation of critical
loads (total allowable loads) as well as the country-
wise allocation of the critical loads also has to be
regarded as preliminary.

At the time of the adoption of the BSAP, it was
recognised that additional actions were required
to review and strengthen the basis for calculating
maximum allowable inputs and country-wise load
allocations. Baltic Sea countries have by initiating
HELCOM TARGREV established a process which, as
a first step, will establish a science-based founda-
tion for the calculation of total allowable loads and
their country-wise allocation.




Executive Summary

This report describes the outcome of the project
“Review of the ecological targets for eutrophi-
cation of the HELCOM BSAP"”, also known as
HELCOM TARGREV. The objectives of HELCOM
TARGREV have been to revise the scientific basis
underlying the ecological targets for eutrophi-
cation, placing much emphasis on providing a
strengthened data and information basis for the
setting of quantitative targets. The results are first
of all likely to form the information basis on which
decisions in regard to reviewing and if necessary
revising the maximum allowable inputs (MAI) of
nutrient of the Baltic Sea Action Plan, including
the provisional country-wise allocation reduction
targets (CART), will be made.

Background

Nutrient enrichment and the abatement of
eutrophication effects has been an issue for
decades in the Baltic Sea region. Significant efforts
and resources have been spent on research, moni-
toring and assessment as well as on the reduction
of losses, discharges and emissions of nitrogen
and phosphorus. Our understanding of the links
between human activities causing eutrophication
and the structures and functions of Baltic marine
ecosystems is well developed compared to most
other marine regions.

HELCOM has recently produced a comprehensive
and integrated thematic assessment of the effects
of nutrient enrichment in the Baltic Sea region.
The eutrophication status has been assessed and
classified in 189 “areas” of the Baltic Sea, of which
17 are open and 172 are coastal areas. The open
waters in the Bothnian Bay and in the Swedish
parts of the north-eastern Kattegat are classified
as “areas not affected by eutrophication”. It is
commonly acknowledged that the open parts of
the Bothnian Bay are close to pristine and that the
north-eastern Kattegat is influenced by Atlantic
waters. Open waters of all other basins are classi-
fied as “areas affected by eutrophication”.

Once an area is identified as being “affected by
eutrophication”, the Baltic Sea states are required
to implement measures to abate eutrophication,
e.g. via the Baltic Sea Action Plan, HELCOM Rec
ommendations or in the case of those countries
also being EU Member States, via implementation

of relevant Directives. The Baltic Sea Action Plan
(BSAP), which implements the Ecosystem Approach
(EA) to management of human activities affect-
ing the health of the Baltic Sea, focuses on four
thematic issues (also referred to as segments), e.g.
eutrophication, hazardous substances, maritime
activities and biodiversity. The eutrophication
segment is hierarchal, with the strategic goal for
eutrophication being “The Baltic Sea unaffected
by eutrophication”, which is subsequently being
defined by five ecological objectives. The Direc-
tives concerning eutrophication are: (1) The EC
Urban Waste Water Treatment Directive; (2) the
EC Nitrates Directive; (3) the EU Water Framework
Directive; and (4) the EU Marine Strategy Frame-
work Directive.

The above introduced policies all relate to nutrient
enrichment and eutrophication, and include goals
and targets concerning the eutrophication status
of marine waters. It is widely accepted that the
goals and targets converge in practice.

Temporal trends and
identification of thresholds

Nutrient inputs to the Baltic Sea have increased
multifold over the 20t century and this affected
nutrients, phytoplankton, oxygen, water transpar-
ency and benthic invertebrates. The analyses of
long-term trends described in this report identify
three distinct periods: (1) a pre-eutrophication
period before ca. 1940; (2) a eutrophication period
from ca. 1940 to ca. 1980; and (3) a so-called
eutrophication stagnation period from ca. 1980

to present, bearing in mind that eutrophication is
an increase in the organic input to the Baltic Sea.

It should also be acknowledged that the Baltic

Sea was affected by human activities in the pre-
eutrophication period, although to a much smaller
extent than at present. The intention of the BSAP is
to initiate an oligotrophication period, i.e. a period
characterised by a reduction in the allochthonous
and autochthonous organic input to the Baltic Sea.

Secchi depths, representing the target “clear
water”, have declined significantly in all sub-
basins of the Baltic Sea over the last 100 years,
mostly in response to eutrophication but possibly
also due to increased inputs of coloured dissolved
organic material from land, most pronounced in



the Bothnian Bay and the Gulf of Finland. In these
two sub-basins, it is estimated that this change
could account for an almost 0.5 m decline in Secchi
depth. Oxygen concentrations in the bottom
waters of the Baltic Sea have deteriorated enor-
mously, and a large oxygen debt, proposed as a
new indicator, has accumulated over the last 100
years, particularly in the Bornholm Basin and the
Baltic Proper. Nutrient and Chlorophyll a data are
available from around 1970 onwards and can be
used to describe the later part of the eutrophica-
tion period and the eutrophication stagnation
period only. Species diversity of benthic inver-
tebrates has decreased in certain sub-basins in
response to deteriorating oxygen conditions.

Three state-of-the-art biogeochemical models

for the Baltic Sea have been used to simulate the
current status of various eutrophication indicators
as well as the status believed to be present around
1900. This ensemble modelling approach yielded
consistent estimates for the inorganic nutrients,
whereas Chlorophyll @ and Secchi depths varied
considerably across the models due to model dif-
ferences.

Improved evidence for
eutrophication target setting

The indicator distributions during the pre-eutrophi-
cation period has been used for suggesting targets
using the criterion that exceeding the 95% confi-
dence interval of the ‘natural’ variation during this
period would signify a significant deviation from

a relatively unaffected situation. This approach
was successfully applied to the Secchi depth and
oxygen debt, and the suggested targets derived
are considered well-founded and recommended

as absolute targets. A simpler approach was
employed for nutrients and Chlorophyll a by aver-
aging the ensemble model predictions characteris-
ing the levels around 1900 with the estimated indi-
cator levels from the 1970s. These targets are not
as scientifically well-founded as those for Secchi
depth and oxygen debt, and therefore recom-
mended as guiding targets. Consequently, targets
have been suggested for four out of HELCOM s five
ecological objectives, which are presented in the
conclusion.

The analyses and the proposed targets have been
developed for the basins used in the BALTSEM
model, which will be used for calculating MAI and
CART. However, for the purpose of assessing the
state of eutrophication in the Baltic Sea, the pro-
posed targets have also been recalculated for the
HELCOM sub-divisions.

Comparing the suggested targets with the present
observed and modelled status confirmed that all
sub-basins of the Baltic Sea are affected to varying
degrees by eutrophication. The comparison also
indicated that there could be systematic biases
between assessing the status using indicators and
estimating the status by the BALTSEM model,
which will be employed for the revision of the
BSAP. It is recommended to further analyse these
potential biases and establish an intercalibration
between the targets based on indicators and
models used for estimating maximum allowable
inputs.

The revision of the ecological targets presented in
this report is believed to provide sufficient basis for
revising the estimated maximum allowable inputs
to each of the sub-basins, and subsequently calcu-
lating country-specific nutrient reduction targets.
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1. Introduction

Nutrient enrichment and eutrophication has been an
issue in the Baltic Sea region for decades. Significant
efforts and resources have been spent on research,
monitoring, assessment and reduction of losses, dis-
charges and emissions of nitrogen and phosphorus.

Our conceptual understanding of the links between
human activities causing eutrophication and the
structures and functions of Baltic marine ecosystems
is well developed compared to other marine regions.
However, for management purposes the quantifica-
tion of such links with low uncertainty and concrete
quantitative objectives are still lacking. Hence, a key
issue still to be addressed is the setting of evidence-
based eutrophication targets.

Definitions used in the target setting approach are
described in detail in Annex A.

1.1 Eutrophication in
the Baltic Sea

Eutrophication signals and trends have been moni-
tored and assessed by the countries surrounding
the Baltic Sea for decades. There is a consensus
among the Baltic Sea states that eutrophication is
a large-scale problem and that all shoreline states
must reduce inputs of nutrients.

HELCOM has recently produced a comprehen-
sive and integrated thematic assessment of the
effects of nutrient enrichment in the Baltic Sea
region (HELCOM 2009, Andersen et al. 2011). The
eutrophication status has been assessed and clas-
sified in 189 “areas” of the Baltic Sea, of which 17
are open and 172 are coastal areas.
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Figure 1.1 Classification of eutrophication status in the basins of the Baltic Sea (Panel A) and estimation of the con-
fidence of the classifications made (Panel B). From HELCOM (2010), based on HELCOM (2009), Andersen et al. (2011).
Colours follow the WFD classification, i.e. blue=high, green=good; yellow=moderate; orange=poor; and red=bad.



The open waters in the Bothnian Bay and in the
Swedish parts of the north-eastern Kattegat are
classified as “areas not affected by eutrophication”.
It is commonly acknowledged that the open parts
of the Bothnian Bay are close to pristine and that
the north-eastern Kattegat is influenced by Atlantic
waters. Open waters of all other basins are clas-
sified as "areas affected by eutrophication”. The
fact that the open parts of the Bothnian Sea are
classified as an “area affected by eutrophication”

is related to a well-documented increase in Chlo-
rophyll a (Chl a) concentrations. For coastal waters,
eleven have been classified as “areas not affected
by eutrophication” and 161 as “areas affected by
eutrophication”. A summary of this assessment is
presented in Fig. 1.1. The geographical variations in
eutrophication status are shown in Fig. 1. 2.

The Baltic Sea has been sub-divided into 13 basins
corresponding to the spatial resolution of the
BALTSEM model, which will be used for revising
the BSAP maximum allowable inputs and country-
specific nutrient reductions required to achieve
targets proposed in this report. Although this
spatial sub-division does not exactly match HEL-
COM'’s spatial sub-division, the main objective of
TARGREV is to deliver targets that can be implicitly
used in the revision of the BSAP. However, since
the models developed in TARGREV contain a
spatial component, it is possible to translate targets
from the BALTSEM sub-division into another spatial
division. TARGREV only addresses the open waters
of the Baltic Sea (see Section 2.2).

The 13 basins in the BALTSEM model are num-
bered according to the following scheme, which
will also be adopted in this report: 1=Northern
Kattegat; 2= Central Kattegat; 3=Southern Kat-
tegat; 4=Northern Belt Sea; 5=Southern Belt Sea;
6=The Sound; 7=Arkona Basin; 8=Bornholm Basin;
9=Baltic Proper; 10=Bothnian Sea; 11=Bothnian
Bay; 12=Gulf of Riga; and 13=Gulf of Finland. For
some analyses, these basins have been aggre-
gated so that the Kattegat refers to basins 1-3;
the Danish Straits refers to basins 4-6; and for the
statistical analysis of oxygen (see Section 2.4) the
Baltic Proper (basin 9) and Gulf of Finland (basin
13) have been aggregated.

Status
o 4]

HIGH o,

GOOD

MODERATE

POOR
BAD

Offshore assessment .
units a

O e@0 0@

Coastal assessment
units

BALTSEM basins

Figure 1. 2 Classification of eutrophication status in the
Baltic Sea and its subdivisions sensu the BALTSEM model,
which has been used in this report and will be used for
the calculation of total allowable loads and their country-
wise allocation. Based on HELCOM (2010).

1.2 Policy context

The target setting for HELCOM's eutrophication
objectives in the Baltic Sea, or parts hereof, is
required by a suite of policies such as the Baltic Sea
Action Plan (HELCOM 2007a), the EU Water Frame-
work Directive (Anon. 2000) and the EU Marine
Strategy Framework Directive (Anon. 2008).




1.2.1 The HELCOM Baltic Sea

Action Plan

The HELCOM Baltic Sea Action Plan (BSAP) is an
ambitious strategy outlining visions, goals and
objectives to restore good ecological status of the
Baltic marine environment by 2021.

The BSAP has an overarching vision of “a healthy
Baltic Sea, with diverse biological components
functioning in balance, resulting in a good eco-
logical status and supporting a wide range of
sustainable human, economic and social activities”
(HELCOM 2007a).

The eutrophication segment, which is of inter-

est in the context of the HELCOM TARGREV
project, is hierarchical with the strategic goal for
eutrophication being “The Baltic Sea unaffected by
eutrophication”. The goal is subsequently defined
by five ecological objectives (see Introduction).
The currently used target values for “Clear water”,
on which the calculation of maximum allowable
loads of the BSAP is mainly based, are modelled
values but they have been validated against those
in situ values that originate from the HELCOM
EUTRO project as presented in “Development of
tools for assessment of eutrophication in the Baltic
Sea”, which was published in HELCOM (2006).
The objective of HELCOM EUTRO was merely to
develop and test a simple indicator-based tool
enabling a harmonised Baltic Sea-wide assess-
ment of eutrophication. One of the indicators
used was Secchi depth, a proxy of “Clear water”.
Data about basin-specific Secchi depth reference
conditions were collated and combined with other
indicators to demonstrate and test what ultimately

turned into the HELCOM Eutrophication Assess-
ment Tool, abbreviated to HEAT. For Secchi depth,
an acceptable deviation from reference condi-
tions was tentatively set as a -25% deviation from
reference conditions. More information about
HELCOM EUTRO and the data used can be found
in HELCOM (2006). An updated data set and a
detailed description of the HEAT tool can be found
in HELCOM (2009) and Andersen et al. (2011).

The BSAP contains measures that in 2007 were
estimated to be sufficient to reduce eutrophication
to a target level that would correspond to good
ecological/environmental status by the year 2021
(HELCOM 2007a). It was estimated that nutrient
load reductions of 135,000 tonnes for nitrogen
and 15,250 tonnes for phosphorus would be
needed relative to a baseline period (1997-2003).
The largest reductions were on loads to the Baltic
Proper, while the Gulf of Bothnia was during the
preparation of the BSAP considered to be in good
ecological/environmental status and thus not in
need of nutrient reductions. It was estimated

that the reductions would result in achieving the
eutrophication-related targets on water transpar-
ency (Wulff et al. 2007). However, this assumption
was questioned by HELCOM (2009), where the
open parts of the Bothnian Sea were classified as
affected by eutrophication (cf. Fig. 1.2).

Table 1.1 summarizes the inputs to and outputs from
the MARE/NEST calculations on maximum allowable
inputs to achieve “good environmental status” while
Table 1.2 indicates the provisional nutrient reduction
requirements of the countries that are based on the

maximum allowable nutrient inputs in Table 1.1.

Table 1.1 Provisional maximum allowable inputs of phosphorus and nitrogen to achieve “good ecological status” (cal-
culated for water transparency) and corresponding minimum load reductions (in tonnes) calculated per sub-basin as

agreed in the BSAP (HELCOM 2010).

Maximum allowable
nutrient loads (tonnes)

Inputs in 1997-2003

Needed reductions

Phosphorus Nitrogen Phosphorus Nitrogen Phosphorus Nitrogen

Bothnian Bay 2,580 51,440
Bothnian Sea 2,460 56,790
Gulf of Finland 4,860 106,680
Baltic Proper 6,750 233,250
Gulf of Riga 1,430 78,400
Danish Straits 1,410 30,890
Kattegat 1,570 44,260
Sum 21,060 601,710

2,580 51,440 0 0
2,460 56,790 0 0
6,860 112,680 2,000 6,000
19,250 327,260 12,500 94,000
2,180 78,400 750 0
1,410 45,890 0 15,000
1,570 64,260 0 20,000
36,310 736,720 15,250 135,000



Table 1.2 Provisional country-wise nutrient load reduc-
tion allocations, in tonnes (HELCOM 2007a).

Phosphorus Nitrogen

Denmark 16 17,210
Estonia 220 900
Finland 150 1,200
Germany 240 5,620
Latvia 300 2,560
Lithuania 880 11,750
Poland 8,760 62,400
Russia 2,500 6,970
Sweden 290 20,780
Transboundary pool 1,660 3,780
Sum 15,016 133,170

It should be emphasised that updated calcula-
tions of maximum allowable inputs and their
country-wise allocation are not a part of HELCOM
TARGREV. However, the revision of the ecological
targets will provide the necessary information to
revise the estimated maximum allowable inputs to
each of the sub-basins and subsequently calculat-
ing country-specific nutrient reduction targets.
The calculations of maximum allowable inputs
and country-specific load reduction targets will be
made by the Baltic Nest Institute at Stockholm Uni-
versity, Sweden.

1.2.2 Eutrophication-related

EU Directives

The EU Marine Strategy Framework Directive
(MSFD), or in full “Directive 2008/56/EC of the
European Parliament and of the Council of 17 June
2008 establishing a framework for community
action in the field of marine environmental policy”
(Marine Strategy Framework Directive), entered
into force on 15 July 2008 (Anon. 2008).

The MSFD Directive focuses on implementing an
ecosystem-based approach to the management of
the human activities and pressures affecting the
marine environment.

In principle, the MSFD covers all European marine
waters including coastal waters (the later only in
regard to issues not dealt with by the Water Frame-
work Directive) and has as an overarching aim

of reaching or maintaining “good environmental
status” in all European marine waters by 2020.

As a preparatory action to the above, the MSFD
required that the European Commission by 15

July 2010 should lay down both criteria and meth-
odological standards to allow consistency in the
approach, by which EU Member States (MS) assess
the extent to which Good Environmental Status
(GES) is being achieved. Scientific advice for guid-
ance on this was sought from expert groups coordi-
nated by the International Council for the Explora-
tion of the Sea (ICES) and the EU’s Joint Research
Centre (JRC) to provide scientific support for the
European Commission in meeting this obligation. A
Eutrophication Task Group dealing with Descriptor 5
- "eutrophication” - was established as well as task
groups for most of the other MSFD descriptors.

Currently, the following two reports can support
the process of setting eutrophication targets

for the open parts of the Baltic Sea: 1) Scientific
support to the European Commission on the
Marine Strategy Framework Directive. Manage-
ment Group Report (EU and ICES 2010); and 2)
Task Group 5 Report — Eutrophication - JRC Euro-
pean Commission and ICES (Ferreira et al. 2010,
summarized by Ferriera et al. 2011).

The European Commission, based on the above
reports, adopted a decision on the criteria of good
environmental status in marine waters (Anon.
2010), which in regard to “Descriptor 5: Human-
induced eutrophication” reads:

“The assessment of eutrophication in marine
waters needs to take into account the assessment
for coastal and transitional waters under Directive
2000/60/EC (Annex V, 1.2.3 and 1.2.4) and related
guidance, in a way which ensures comparability,
taking also into consideration the information and
knowledge gathered and approaches developed
in the framework of regional sea conventions.
Based on a screening procedure as part of the
initial assessment, risk-based considerations may
be taken into account to assess eutrophication

in an efficient manner. The assessment needs to
combine information on nutrient levels and on a
range of those primary effects and of secondary
effects which are ecologically relevant, taking into
account relevant temporal scales. Considering that
the concentration of nutrients is related to nutrient
loads from rivers in the catchment area, coopera-
tion with landlocked Member States using estab-
lished cooperation structures in accordance with



the third subparagraph of Article 6(2) of Directive
2008/56/EC is particularly relevant.

5.1. Nutrients levels

e Nutrients concentration in the water column
(5.1.1)

e Nutrient ratios (silica, nitrogen and phosphorus),
where appropriate (5.1.2)

5.2. Direct effects of nutrient enrichment

e Chlorophyll concentration in the water column
(5.2.1)

o Water transparency related to increase in sus-
pended algae, where relevant (5.2.2)

e Abundance of opportunistic macroalgae (5.2.3)

e Species shift in floristic composition such as
diatom to flagellate ratio, benthic to pelagic
shifts, as well as bloom events of nuisance/toxic
algal blooms (e.g. cyanobacteria) caused by
human activities (5.2.4)

5.3. Indirect effects of nutrient enrichment

* Abundance of perennial seaweeds and sea-
grasses (e.g. fucoids, eelgrass and Neptune grass)
adversely impacted by decrease in water trans-
parency (5.3.1)

e Dissolved oxygen, i.e. changes due to increased
organic matter decomposition and size of the
area concerned (5.3.2)."

Hence, the state of play in regard to the MSFD
is currently that the Commission has decided on
criteria on a general level, supplemented by a
total of three eutrophication criteria each with
a set of sub-criteria. The Commission Decision
describes neither methodological standards nor
detailed standards for the definition of “Good
Environmental Status” in regard to eutrophica-
tion, instead the general guidance given in the
decision is to be implemented by the Member
States consistently across marine regions.




The EU Water Framework Directive (WFD), in full
“Directive 2000/60/EC of the European Parliament
and of the Council of 23 October 2000 establish-
ing a framework for Community action in the field
of water policy”, was adopted by the European
Parliament and the EU Council in 2000 (Anon.
2000). The WFD covers groundwater, inland waters
(rivers and lakes), transitional waters (estuaries) and
coastal marine waters.

An overarching aim of the WFD is that all European
waters should be classified as having “good eco-
logical status” by the end of 2015. The ecological
targets of the WFD are indirectly defined for a
number of biological quality elements (phytoplank-
ton, macroalgae and angiosperms, benthic inverte-
brate fauna, and fish, the later only applicable for
transitional waters) by so-called “normative defini-
tions” (Table 1.3).

Table 1.3 The “normative definitions” for the coastal biological quality elements in the WFD.

Phytoplankton

The composition and abundance of phytoplank-
tonic taxa:

1. are consistent with undisturbed conditions; or
2. show slight signs of disturbance; or

3. show signs of moderate disturbance.

Cases 1 and 2 above represent high and good
ecological status, respectively and are considered
as fulfilment of the targets. Case 3 represents
moderate ecological status, which is equivalent to
impaired conditions.

The average phytoplankton biomass:

1. is consistent with the type-specific physico-
chemical conditions and is not such as to sig-
nificantly alter the type-specific transparency
conditions;

2. there are slight changes in biomass compared
to type-specific conditions; such changes do not
indicate any accelerated growth of algae result-
ing in undesirable disturbance to the balance of
organisms present in the water body or to the
quality of the water;

3. the algal biomass is substantially outside the
range associated with type-specific conditions,
and is such as to impact upon other biological
quality elements.

Case 1 and 2 represent high and good ecological
status, respectively. Case 3 represents moderate
ecological status, which is equivalent to impaired
conditions.

Planktonic blooms

1. occur at a frequency and intensity which is con-
sistent with the type specific physico-chemical
conditions;

2. aslight; or

3. moderate increase in the frequency and inten-
sity of the type-specific planktonic blooms may
oceur;

4. persistent blooms may occur during summer
months.

Cases 1 and 2 represent high and good ecological
status, respectively. Cases 3 and 4 represent mod-
erate ecological status.

Macroalgae and angiosperms

Benthic invertebrate fauna

All disturbance-sensitive mac-
roalgal and angiosperm taxa

The level of diversity and abun-
dance of invertebrate taxa is:

associated with undisturbed

conditions:

1. are present;

2. most disturbance-sensitive
macroalgal and angio-
sperm taxa associated with
undisturbed conditions are
present;

3. a moderate number of the
disturbance-sensitive mac-

roalgal and angiosperm taxa
associated with undisturbed

conditions are absent.

Cases 1 and 2 represent high
and good ecological status,
respectively. Case 3 represents
moderate ecological status.

The level of macroalgal cover
and angiosperm abundance:

1. is consistent with “undis-
turbed conditions”; or

2. shows slight signs of distur-
bance;

3. the macroalgal cover and
angiosperm abundance is
moderately disturbed and
may be such as to result in
an undesirable disturbance

to the balance of organisms

present in the water body.

Cases 1 and 2 represent high
and good ecological status,
respectively. Case 3 represents
moderate ecological status.

1.
2.
3.

within; or

slightly outside; or
moderately outside the
range normally associated
with undisturbed conditions.

Cases 1 and 2 represent high
and good ecological status,
respectively. Case 3 represents
moderate ecological status.

In regard to the disturbance-
sensitive taxa associated with
undisturbed conditions:

1.
2.
3.

all; or

most of the taxa are present;
taxa indicative of pollution
are present and many of the
sensitive taxa of the type-
specific communities are
absent.

Cases 1 and 2 represent high
and good ecological status,
respectively. Case 3 represents
moderate ecological status.




The implementation of the WFD — including the
target setting, in a WFD context named ‘boundary
setting’ — has been coordinated and harmonised
via a Common Implementation Strategy (CIS) since
2000. This CIS process has resulted in a variety of
reports, including descriptions of how the directive
should be interpreted and implemented.

The WFD guidance is useful for setting evidence-
based Baltic Sea-specific targets in regard to
eutrophication. Much of HELCOM's ongoing work
is already directly or indirectly linked to Member
States’ implementation of the WFD. For example, it
was specified that HELCOM's integrated thematic
assessment of eutrophication in the Baltic Sea
region should take into account both the Baltic Sea
Action Plan (for both open and coastal waters) and
the WFD (for coastal waters). Hence, the target
setting principles used for the open parts of the
Baltic Sea are, in principle, consistent with the prin-
ciples used by the EU Member States implement-
ing the WFD for coastal and transitional waters
(HELCOM 2009).

A suite of other EU Directives besides the WFD is
relevant in regard to the management of coastal
eutrophication and target setting. These directives
are briefly summarised below.

Directive 91/676/EEC of 12 December 1991 con-

cerning the protection of waters against pollution
caused by nitrates from agriculture (Anon. 1991a):
The objective of the Nitrates Directive is to reduce

water pollution caused or induced by nitrates from
agricultural sources, and to prevent further such pol-
lution. The EU Member States shall designate vulner-
able zones, which are areas of land draining into
waters affected by pollution, and which contribute
to pollution. The Member States shall set up, where
necessary, action programmes promoting the appli-
cation of the codes of good agricultural practices.
The Member States shall also monitor and assess the
eutrophication status of freshwater, estuaries and
coastal waters every four years.

Directive 91/271/EEC of 21 May 1991 concerning
urban waste water treatment (Anon. 1991b): The
objective of the Urban Wastewater Directive is to
protect the environment from the adverse effects of
discharges of wastewater. The directive concerns the
collection, treatment and discharge of urban waste-
water and the treatment of discharges of waste-
water from certain industrial sectors. The degree

of treatment (i.e. emission standards) of discharges
is based on the assessment of the sensitivity of the
receiving waters. The Member States shall identify
areas which are sensitive in terms of eutrophication.
Competent authorities shall monitor discharges and
waters subject to discharges.

The above introduced policies all relate to nutrient
enrichment and eutrophication and do include goals
and targets in regard to eutrophication status of
marine waters. It is widely accepted, e.g. HELCOM
(2009), HELCOM (2010), that the goals and targets
in practice converge as illustrated in Fig. 1.3.

DRIVER STATUS CLASSIFICATION

Unaffected/Acceptable

I Affected/Unacceptable

BSAP

MSFD
WFD
UWWTD
ND

I
_

Human pressure(s)

Figure 1.3 Relationships between the HELCOM Baltic Sea Action Plan and the relevant European water policy directives
with direct focus on eutrophication status. BSAP = Baltic Sea Action Plan; MSFD = Marine Strategy Framework Direc-
tive; WFD = Water Framework Directive;, UWTTD = Urban Waste Water Treatment Directive, ND = Nitrates Directive;

ES = Ecological Status sensu the Water Framework Directive. Based on HELCOM (2009).



1.3 Towards evidence-based
eutrophication targets for the open

Table 1.4 £Examples of predefined assessment criteria.
Organic Carbon Supply Primary production Chlorophyll a

parts of the Baltic Sea gCm2y gCm2Zy mg m-?

The simplest way to establish a target is to (Nixon 1995) (Wasmund et al. 2001)

analyse all available data and to categorise them. Oligotrophic <100 <100 <08

Well—ll<nown exar.n.ples include Nixon (1995) and Mesotrophic 100-300 100-250 5 0.8-4

a Baltic Sea-spegﬂc example by Wasmund et al. Eutrophic 301-500 250-450 4-10

(2001). The derived assessment criteria, where Poly/hyper-

the boundary between oligotrophic and meso- trophic >500 > 450 >10

trophic can be regarded as the eutrophication

targets, are summarised in Table 1.4. Please refer s

to the original publication for descriptions of the .%

classifications. é

A better justified approach is to analyse all avail- é

able data and to base the categorisation or target )

setting on information of uncertainties as done qu;

in the case of benthic invertebrates in the Baltic 5-'_5

Sea (HELCOM 2009, Vilnas & Norkko 2011, see < Target

also Section 2.5 for details). Here, the historical = —

data are regarded as “reference conditions” and '%

the uncertainties as an “acceptable deviation” %‘; o

from the reference conditions (See Annex A for a e Acceptable deviation

definition of these concepts). The term “reference Gj;

conditions” should by no means be interpreted as § N /\

pristine conditions. % M Reference conditions
&

Currently, approaches to translate “reference :C>

conditions” and “acceptable deviations” into ) “Then” "Now" "Future”

specific quantifiable targets are few and mostly
heuristic, limited and mostly related to either the
implementation of the Water Framework Directive
or HELCOM's integrated thematic assessment of
eutrophication status in the Baltic Sea.

The HELCOM Baltic Sea Action Plan specifies the
goals but provides no guidance in regard to target
setting. However, HELCOM (2006) can be used

as an indirect guide with regard to defining good
ecological status. Two elements are of particular
interest. First, the step-wise approach where the
vision, strategic goals and ecological objectives
are included in the BSAP, whilst the selection of
indicators and setting the targets are carried out
separately (in the HELCOM CORESET project, in
the HELCOM TARGREV project, and indirectly also
in HELCOM's thematic assessments, e.g. in the
HELCOM EUTRO-PRO project 2006-2009). Second,
the approach of determining reference condi-
tions and acceptable deviations, which are used
by HELCOM's “integrated thematic assessment of
eutrophication status” and summarised in Fig. 1.4.

Figure 1.4 Conceptual model of the current target setting concept,

where the target is defiend as reference conditions (the “then” situation)
+ an acceptable deviation (here the “now” situation being the prevailing

conditions).

The implication of HELCOM (2006) in combination
with HELCOM (2007a) and HELCOM (2009) is a de
facto acceptance of using the concepts and most
importantly the combination of reference condi-
tions and acceptable deviations for target setting.
An added value is a harmonisation with the imple-
mentation process as well as the assessment princi-
ples of the WFD.

The concept of “acceptable deviation” has a
number of strengths. It allows setting specific
quantitative targets that enable the classification
of the environmental/ecological status. It is also a
widely used concept, e.g. by HELCOM (the inte-
grated thematic assessment of eutrophication in
the Baltic Sea region) and by the WFD for coastal
and transitional waters. Over the last decade, the



amount of scientific literature on the understand-
ing of “acceptable deviations” and target setting

in coastal waters has increased significantly. It is
also important to note that the “acceptable devia-
tions” set for biological parameters in coastal and
transitional water bodies and/or types have been or
are being intercalibrated in the context of the WFD.
Further, it should be emphasised that HELCOM's
integrated thematic assessment of eutrophication,
in particular the classification of eutrophication
status (HELCOM 2009), is based on basin-, site- or
water body-specific information on acceptable
deviations.

Some weaknesses of the concept are identified.
Although an increasing proportion of the values
(%) for “acceptable deviation” are based on scien-
tific analyses, not all values for “acceptable devia-
tions” are scientifically based. Hence, the degree
of expert judgement ought to be further reduced.
There also seems to be a lack of understanding
amongst (some) scientists that target setting is

a multi-step process where the basis (being the
initial steps) is scientific information, but the final
setting (ultimate step) is a decision-making process
converging the best available scientific informa-
tion with what is practicably possible. Further,

the current deficit of science in regard to setting
“acceptable deviations” (and targets) dilutes the

Ecosystem Approach to an extent where it has
limited meaning.

The concepts of “reference conditions” and
“acceptable deviations” are well defined and
widely used, e.g. in HELCOM's thematic assess-
ment of eutrophication status and by EU Member
States in their implementation of the Water Frame-
work Directive for coastal and transitional waters.
Hence, the concepts should be used by HELCOM
TARGREV as a first step for setting up norma-

tive definitions for each individual eutrophication
objective of the HELCOM Baltic Sea Action Plan.

The suggested tentative normative definitions of
targets (Table 1.5) should be seen as a first step
towards defining the operational targets. HELCOM
TARGREV's planned analysis of temporal trends for
selected eutrophication indicators and the planned
modelling will provide a scientific basis for setting
operational basin-wise or sub-basin-wise targets.

The working hypothesis has been that the Baltic
Sea ecosystem(s) can cope with (some) human
activities and pressures, but only to a certain
extent. Above a certain level of pressure, ecological
effects become pronounced and the system col-
lapses. In case there is a gradual response to nutri-
ent inputs and nutrient enrichment, and thus no



‘break points’, targets will have to be based on the
concept of reference conditions, perhaps being the
early 1900s, and acceptable deviations.

Regarding the case of non-linearity and distinct
ecosystem responses to nutrient inputs, the targets
for eutrophication can be said to be defined by
Baltic Sea-wide or basin-specific ecosystem prop-
erties and responses to nutrient enrichment. The
target setting is based on the analysis of data
taking dose-responses, resilience and, in theory,
also thresholds into account.

In principle, there may be several specific cases
for setting the target: (1) a gradual change and
response to nutrient enrichment, as well as a linear
recovery when loads are reduced (Fig. 1.5A); (2)
an abrupt change and response to nutrient enrich-

ment, as well as a delayed recovery when loads are
reduced (Fig. 1.5B); and (3) a gradual change and
response to nutrient enrichment, as well as a linear
recovery, but with a shift in baseline, when loads
are reduced (Fig. 1.5C). Further, the combination
of a threshold (Fig. 1.5B) and a shifting baseline
(Fig. 1.5C) is a specific case (4) with an abrupt
change and response to nutrient enrichment,

as well as a delayed recovery including a shift in
baseline, when loads are reduced (Fig. 1.5D). In
cases (1) and (2) (Fig. 1.5A,C) there are no Baltic
Sea-wide or basin-specific dose-response relations
or thresholds, but rather gradual or more subtle
responses to nutrient enrichment. In such cases,
target setting might become subjective involving
also expert judgement. Taking into account that
the objective has been to improve the scientific
basis for eutrophication target setting, the iden-

Table 1.5 Tentative normative definition of Good Environmental Status in regard to nutrients, water transparency, algal blooms, plants,
animals and oxygen.

Nutrients

Water
transpar-
ency

Algal
blooms

Plants and
animals

Oxygen

Unaffected by eutrophication

The concentrations of nitrogen and phosphorus are
consistent with the basin-specific or sub-basin-specific
reference conditions, or shows only slight signs of dis-
turbance compared to the basin-specific or sub-basis-
specific reference conditions.

Water transparency is consistent with the basin-
specific or sub-basin-specific reference conditions,
or shows only slight signs of disturbance compared
to the basin-specific or sub-basis-specific reference
conditions.

Algal blooms occur at a frequency and intensity which
is consistent with basin- or site-specific reference con-
ditions, or shows only slight signs of disturbance com-
pared to basin-specific or sub-basis-specific reference
conditions.

All or most disturbance-sensitive macroalgal and angi-
osperm taxa associated with undisturbed conditions
are present.

The levels of macroalgal cover and angiosperm abun-
dance are consistent with undisturbed conditions.

The level of diversity and abundance of invertebrate
taxa is within the range normally associated with
undisturbed conditions.

All or most of the disturbance-sensitive taxa associ-
ated with undisturbed conditions are present.

Oxygen concentrations are consistent with the basin-
specific or sub-basin-specific reference conditions, or

Affected by eutrophication

The concentrations of nitrogen and phosphorus shows
signs of moderate (or significant) disturbance com-
pared to basin-specific or sub-basin-specific reference
conditions.

Water transparency shows signs of moderate (or
significant) disturbance compared to basin-specific or
sub-basin-specific reference conditions.

Algal blooms occur at a frequency and intensity which
are moderately (or significantly) elevated compared
to basin-specific or sub-basin-specific reference condi-
tions.

A moderate number of the disturbance-sensitive
macroalgal and angiosperm taxa associated with
undisturbed conditions are absent.

The macroalgal cover and angiosperm abundance is
moderately (or more) disturbed and may be such as to
result in an undesirable disturbance to the balance of
organisms present in the water body.

The level of diversity and abundance of invertebrate
taxa is moderately outside the range associated with
the basin-specific or sub-basin-specific conditions.

Many of the sensitive taxa of the basin-specific or sub-
basin-specific communities are absent. Taxa indicative
of pollution are present.

Oxygen concentrations show signs of moderate (or
significant) disturbance compared to basin-specific or

shows only slight signs of disturbance compared to the sub-basin-specific reference conditions.

basin-specific or sub-basis-specific reference condi-
tions.



A: 'Linear’ recovery

B: Recovery with threshold

C: Recovery with shifting baseline
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D: Recovery with shifting baseline and threshold
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Figure 1.5 Hypothetical models of the consequences of changes
in anthropogenic nutrient loads on marine ecosystem quality.

The dashed line indicates an environmental target for ecosystem
quality; the red arrows indicate the estimated reductions in pres-
sures needed to meet the target. The reductions increase from
scenario A to D indicating that the fulfilment of the target in non-
linear systems with a shifting baseline (cf. scenario D), e.g. caused
by climate change or overfishing, calls for reductions significantly
larger compared to linearly responding systems (cf. scenario A).
Based on Duarte et al. (2009) and Kemp et al. (2010).

tification of more or less linear time trends have
been used to identify potential targets. Instead, as
in cases (3) and (4) (Fig. 1.5B, D), the identification
of statistically significant changes in ecosystem
structure and functioning has been used to identify
potential targets.

As the cause-effects relationships in regard to
nutrient enrichment and eutrophication are well
documented and widely acknowledged (Conley
2000, Vahtera et al. 2007, Conley et al. 2009,
HELCOM 2009, Andersen et al. 2011), HELCOM
TARGREV has focused the work on the identifica-
tion of non-linearity and/or distinct ecosystem
responses to nutrient inputs and nutrient enrich-
ment in the Baltic Sea basins and sub-basins. By
doing so, the work has applied the principles out-
lined in Fig. 1.5, in particular panel B and indirectly
panel D. An added value of using this approach is
that HELCOM TARGREV is indirectly sharing target
setting principles with the Water Framework Direc-
tive, e.g. sub-division (here: ‘basins’, in the WFD:
‘water bodies’) and normative definitions. The key
difference between the WFD, where the accept-
able deviation is set by accepting a slight devia-
tion from the reference conditions, and HELCOM
TARGREV is that the eutrophication targets are
based on change points where significant changes
in structure and function have been identified. As a
precautionary note, it should be emphasised that a
change point in practice is equivalent to the target
setting principle based on the reference conditions
and acceptable deviations. Hence, the assessment
of eutrophication status in the future will be pos-
sible with the currently used principles, methods
and tools.

The methodologies for eco-region-wide and sub-
eco-region-specific target setting developed by
HELCOM TARGREV are regarded as a simple five-
step target setting protocol, which is applied in
Section 3.



2. Temporal trends for eutrophication

indicators

The significance of any model, whether used for
purely scientific or management purposes, relies
on its ability to describe observations or deriva-
tions thereof. The confidence in a model further
increases if the model is capable of describing
variations over a large range of observations, typi-
cally in terms of variations in forcing as well as

over time. To derive ecological targets, it is also
important to describe the transition over time from
a healthy ecosystem to an unhealthy one, as critical
thresholds can be elucidated from such time series.
In general terms, therefore, it is crucial to under-
stand the past in order to predict for the future, i.e.
a well-founded understanding of how the Baltic
Sea deteriorated will provide important information
to determine how to restore the ecosystem.

The objective of this chapter is to compile and
collate various time series, obtained from simula-
tion models and statistical analyses, that describe
changes in the environmental factors (nutrient
inputs and physical forcing) as well as response

variables representing the five ecological objectives
for eutrophication by HELCOM.

There are data from the Baltic Sea going back to
the start of the 20t century, although these data
are scarce, not sampled consistently and do not
include all relevant variables. However, the early
data can provide important information about the
status of the Baltic Sea more than 100 years ago,

a period believed to represent a Baltic Sea with
minor disturbances from human activity. In this
chapter, we will make use of all available data from
the open parts of the Baltic Sea to reconstruct

a time series, to the extent possible, of indica-

tors representing the five ecological objectives

of HELCOM. Metadata files showing the extent

of data in time and space can be found on the
HELCOM website (Folders» Monitoring and Assess-
ment Group » CORESET/TARGREV » TARGETS
1/2012 » Station list for TARGREV report). For com-
parison, simulations from three dynamical models
have produced hincasts for the same time span.
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Atmospheric N deposition (tons yr-')

Riverine N input (tons yr')

Point source N input (tons yr-)

2.1 Nutrient inputs

The BONUS+ project ECOSUPPORT has recon-

structed loads to the Baltic Sea from land and the

atmosphere. The responsible scientists for this

work are primarily: Oleg Savchuk and Bo Gustafs-

son at BNI, Stockholm; Kari Eilola at SMHI and

Tuija Ruoho-Airola at FMI. The data set descrip-
tion is given in Gustafsson et al. (2012). Up until
ca. 1970, the reconstruction is rather coarse and
based primarily on population developments and
assumptions on land use and industrial develop-

ment (Fig. 2.1) following Savchuk et al. (2008)
and Schernewski & Neumann (2005). The land

400000

B Gulf of Finland
O Gulf of Riga

B Bothnian Bay
@ Bothnian Sea
M Baltic Proper

O Bornholm Basin
O Arkona Basin

B Danish Straits

350000

300000

250000

200000

O Kattegat
150000
100000
50000
Oi
S 2 3 8 $ 8 8 8 8 8 8 2
(&} (&)} (&)} (&)} o (&)} (@)} (o)) o (o)) o o
- — — — — — — — — — ~ ~N
1000000
B Gulf of Finland
900000 | @ Gulf of Riga
M Bothnian Bay
800000 @ Bothnian Sea
700000 | M Baltic Proper
0O Bornholm Basin
600000 | O Arkona Basin
B Danish Straits
500000 O Kattegat
400000
300000
200000
100000
0
8 2 2 8 §$ 8 8 8 8 8 8 ¢
(o)) [} (<)) (<)) ()] ()] ()] ()] ()] ()] o o
— — — — — — — — — — ~ ~N
100000
B Gulf of Finland
90000 @ Gulf of Riga
B Bothnian Bay
80000 @ Bothnian Sea
70000 - M Baltic Proper
0O Bornholm Basin
60000 O Arkona Basin
B Danish Straits
50000 O Kattegat
40000
30000
20000
10000
0‘77
S 2 2% 8 8 8 8 g 8 & 8 2
2 B B 2 2 2 2 2 B 2 5 IS4

Riverine P input (tons yr-)

Point source P input (tons yr-')

Atmospheric P deposition (tons yr)

loads are assumed to increase piecewise linearly,
with a slow increase 1850-1950, and a more

rapid increase after that. The land loads at 1900
correspond to the values given in Savchuk et al.
(2008) and the increase to 1950 is found assuming
dependence in proportion to population growth in
major cities.

For the more recent period (1970-2006), the loads
are compiled from data from the BED and PLC-5
for the riverine loads, and the direct point sources
from HELCOM PLC reports and from Larsson et al.
(1985) and references therein. A detailed descrip-
tion is given in Savchuk et al. (2012).
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Figure 2.1 Inputs of total nitrogen (left) and total phosphorus (right) from atmosphere (top), diffuse (middle) and point (bottom)
sources to various basins in the Baltic Sea. Results from the ECOSUPPORT project.



2.2 Nutrient and Chlorophyll a
levels

In the HELCOM system of Ecological Objectives
(EcoOs), nutrients and Chlorophyll a (Chl a) are
directly linked to the EcoOs “Concentration of
nutrients close to natural levels” and “natural levels
of algal blooms”, and both are HELCOM BSAP
indicators for eutrophication. Nutrients and Chl a
have subsequently been used as core indicators of
eutrophication in the HELCOM integrated thematic
assessment of eutrophication (HELCOM 2009) and
the HELCOM Initial Holistic Assessment of the Eco-
system Health of the Baltic Sea (HELCOM 2010). In
addition, nutrients and Chl a are relevant indicators
of eutrophication describing good environmental
status (GES Descriptor 5) in the Marine Strategy
Framework Directive, as described in the Commis-
sion Decision 2010/477/EU.

Nutrient and Chl a concentrations in the water are
important parameters for assessing the degree

of eutrophication of marine habitats. Nutrients

are causal agents of eutrophication, as increasing
levels alter the ecosystem by directly stimulating
fast growing autotrophic organisms, such as phyto-
plankton and free drifting algae (Krause-Jensen et
al. 2008, Henriksen 2009). Through this, the nutri-
ent concentration of the water indirectly affects

the benthic vegetation as the increased amount of
phytoplankton, of which Chl a is a measure, leads to
an increased light attenuation in the water column
and thereby reduces the main limiting factor, avail-
able light, at the sea bed. Another important effect
of increased phytoplankton growth is the enhanced
sedimentation of organic material, which may lead
to both increased shading by settling on the vegeta-
tion (Krause-Jensen et al. 2008) and anoxia through
increased oxygen consumption during decomposi-
tion (Conley et al. 2009).

2.2.1 Materials and methods

Nutrients and Chl a concentrations used in the
present analysis were extracted from the Data
Assimilation System (DAS), developed and hosted
by the Baltic Nest Institute, Stockholm Resilience
Centre, Stockholm University. DAS is a distributed
database allowing access to databases hosted in
Denmark, Finland, Germany and Sweden, con-
taining hydrographical and chemical data for the
Baltic Sea (Sokolov & Wulff 2011). However, for

Chl a DAS is not complete and the data were
supplemented by data collected for the EUTRO-
PRO project and HELCOM Indicator Fact Sheets
(Flemming-Lehtinen et al. 2008). Dissolved inor-
ganic nitrogen (DIN) was calculated as the sum of
ammonia, nitrate and nitrite, although if ammonia
was missing DIN was approximated as the sum of
nitrate and nitrite, since ammonia concentrations in
the open surface waters are generally low.

The data were coupled with information about
basins as defined in the BALTSEM model (Gus-
tafsson 2000) and classified as either coastal or
offshore areas according to the definition used by
HELCOM, i.e. one nautical mile outwards from the
baseline as defined in the WFD (see note on the
cover page regarding the missing German data).
Only positions classified as offshore were used in
the analyses; surface waters, used for characteris-
ing nutrient levels, were defined as 0-10 m in the
Kattegat and Danish Straits and 0-20 m in the
Arkona Basin, Baltic Proper, Bornholm Basin, Both-
nian Bay, Bothnian Sea, Gulf of Finland and Gulf
of Riga data. These depth definitions represent the
upper mixed layer in the open waters above the
haloclines, which are situated at different depths
in the Baltic Sea basins, although deeper than the
depth definitions above. For Chl a, 0-10 m was
used to represent the surface layer. In the open
waters, this definition includes the upper mixed
and productive layer.

The data set from DAS contained more than five
million records with observations of varying quality
across time. Given the amount of data, it was not
possible to quality check observations individu-
ally and therefore an automated procedure was
employed. For nutrients, known to display some
degree of co-variation, outliers in the dataset were
identified by first applying the Blocked Adaptive
Computationally-Efficient Outlier Nominators
(BACON) algorithm for multivariate covariance
estimation, as implemented in the R-package
“RobustX” (Stahel & Maechler 2009) for each
basin followed by a visual inspection of the data.
For other parameters, observations outside the
99% confidence interval for the distribution were
identified and the data visually inspected.
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Statistical model

The monitoring data underlie three main sources
of variation that must be addressed in a combined
analysis. For all variables, there are significant
spatial gradients, significant seasonal patterns and
significant interannual variations. The aim of the
statistical analysis described here is to separate
these different components to produce trends
that are unbiased by differences in the seasonal
and spatial sampling across the years. The general
approach is described in Carstensen et al. (2006).
Resolving spatial gradients and seasonal variations
in the trend analysis is an advance to averaging
observations over an area and seasonal window
since more precise and unbiased estimates are pro-
duced (Carstensen 2007).

The measured nutrient and Chl a concentrations
were first log-transformed before a Generalized
Linear Model (GLM) was employed, separating the
variation in the measurements into spatial variation
(station), seasonal variation (month) and yearly varia-
tion (year). The model was parameterized using the
GLM procedure in the statistical software package
SAS/STAT 9.2 (SAS 2009). The station-specific
means were then used to fit two Generalized Addi-
tive Models (GAM) containing a bivariate thin-plate
spline describing the spatial variation as a function
of the stations’ geographic coordinates (in UTM
projection 34), one covering the basins Kattegat and
Danish Straits, and one covering the Arkona Basin,
Baltic Proper, Bornholm Basin, Bothnian Bay, Both-
nian Sea, Gulf of Finland and Gulf of Riga. The two
models were parameterized using the GAM proce-
dure in SAS/STAT 9.2 (SAS 2009).The estimates from
the spatial model were then used to remove the
spatial variation in the data by subtracting the spatial
model component from the estimates. After spatial
de-trending, a GLM only containing the temporal
effects ‘'year’ and ‘month’ was fitted for each basin
in order to allow differences in trends and seasonal
patterns across the basins.

The statistical approach above was applied to
produce annual means for nutrients and Chl a, as
well as winter levels for nutrients (Dec-Jan) and
summer levels for Chl a (Jun-Sep). It should be
stressed that these annual means represent the
mean of the entire spatial division for which they
were estimated; however, trends and targets can
be calculated for any sub-division based on the
estimated spatial distribution. Overall, the estima-

tion of the seasonal variation within the model

has been found to increase the precision of the
estimation of yearly as well as seasonal means
(Carstensen 2007, HELCOM 2009). The plots below
the annual and seasonal trends have been scaled
using separate axes since there can be differences
in the ranges for some variables. These seasonal
windows employed are in accordance with the pro-
cedures in HELCOM (2009). In this section, results
are shown for the Baltic Proper only, whereas

the results from the other basins are presented in
Annex B. Although the trends are the main interest
in this section, the seasonal and spatial variations
are also presented to illustrate the soundness of
the approach.

2.2.2 Results

Total nitrogen

The estimated spatial component of total nitrogen
(TN) showed that nitrogen is highly unevenly dis-
tributed in the Baltic Sea, reaching concentrations
of above 30 mmol I in parts of the Gulf of Finland
and the Gulf of Riga, while more open areas had
concentrations of about half this level (Fig. 2.2).
The spatial pattern was consistent with the major
sources for nutrient inputs to the Baltic Sea. The
spatial distributions for annual and winter means
were similar.

The long term variation in the yearly values of TN
showed that, despite strong year-to-year fluctua-
tions, nearly all basins have experienced increas-
ing levels of TN up to the late 1980s, at which
point the rate of increase levelled out and even
decreased for the Kattegat and part of the Danish
straits (Fig. 2.3, Fig. B.1). It should also be stressed
that there could be potential measurement prob-
lems with some of the earlier data, resulting in
high values for data before 1970. Trends in the
annual and winter TN were similar across all basins;
however, the uncertainty of the winter means were
about twice the annual means due to less data
used for estimating the means.

The seasonal variation in TN showed a small
decrease for most basins in the TN concentrations
during the productive period (Fig. 2.4, Fig. B.2)
beginning in spring (April) and ending again in
autumn (October-November), mainly caused by the
export of particulate organic matter from the pro-



Figure 2.2 Spatial variations in surface TN concentrations in the Baltic sea (0-10 m for Kattegat and Danish Straits,
0-20 m for others) estimated from the GAM approach. A) Annual mean distribution and B) winter mean distribution
(Dec-Feb) represent 1968-2010 and 1970-2010, respectively (cf. Fig. 2.3).
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Figure 2.3 Long-term trend in annual (black) and winter (grey) surface TN concentrations in the Baltic Proper (0-20
m). Lines indicate the five-year moving average (starting from 1970); error bars represent 95% confidence limits of the
means. Other basins are shown in Annex B (Fig. B.1)

ductive layer. In the Baltic Proper and the Arkona seasonal variation is also consistent with winter TN
and Bornholm Basins, however, there was TN means being slightly higher than the annual means
enrichment during July-August, which is most likely (Fig. 2.3).

due to nitrogen fixation by cyanobacteria. The
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Figure 2.4 Seasonal variations in the mean surface TN concentrations in the Baltic Proper (0-20 m) for the period
1968-2010 (cf. annual means in Fig. 2.3). Error bars represent 95% confidence limits of the means. Other basins are

presented in Annex B (Fig. B.2).

Dissolved inorganic nitrogen

The spatial variation in DIN concentrations showed
the same pattern as for TN, with the highest con-
centrations in semi-enclosed areas such as the Gulf
of Finland and the Gulf of Riga and through the
Danish Straits; concentrations in open parts like the
Baltic Proper, however, were lower (Fig. 2.5). The
spatial pattern is consistent with what would be
expected based on the major sources of nitrogen

inputs, except for the Bothnian Bay where inputs
are small. In the Bothnian Bay, DIN levels are also
high because phosphorus is limiting algal produc-
tion leading to excess DIN (non-depleted levels)
throughout most of the productive season; and as
the productive season is relatively short, DIN there-
fore remains high throughout extended periods

of the year (Fig. B.4). The spatial distributions for
annual and winter means were similar.
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Figure 2.5 Spatial variations in surface DIN concentrations in the Baltic sea (0-10 m for Kattegat and Danish Straits;
0-20 m for others) estimated from the GAM approach. A) Annual mean distribution and B) winter mean distribution

(Dec-Feb) represent 1968-2010 and 1970-2010, respectively

(ct. Fig. 2.6).
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Figure 2.6 Long-term trend in annual (black) and winter (grey) surface DIN concentrations in the Baltic Proper (0-20 m).
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Lines indicate the five-year moving average and error bars represent 95% confidence limits of the means. Other basins

are shown in Annex B (Fig. B.3)

The long-term temporal trends in DIN showed
larger variation between years than TN (Fig. 2.6;
Fig. B.3). To some extent, the pattern is similar to
long-term changes in TN levels as the concentra-
tions of DIN increases until the mid-1980s, after
which DIN levels in several basins declined (par-
ticularly in the south-western Baltic Sea). Declines
were larger for the annual means than for winter
means, which could be due to extended produc-
tive seasons associated with the the warming
trends of the Baltic Sea. Trends and seasonal-

ity are consistent with Nausch et al. (2008) and
HELCOM (2009). Winter means were about 50%
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more uncertain than annual means due to less
data used for their calculation.

The seasonal variation in DIN concentrations
showed a marked seasonal pattern with the
highest levels measured in December — March, with
DIN being almost depleted during the summer (Fig.
2.7, Fig. B.4). This pattern is typically observed for
DIN concentrations in mid-latitude marine systems
and is explained by the accumulation during winter
and the subsequent uptake of nitrogen by phy-
toplankton during spring and summer (Nausch &
Nausch 2006, Nausch et al. 2008).
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Figure 2.7 Seasonal variations in the mean surface DIN concentrations in the Baltic Proper (0-20 m) for the period
1968-2010 (cf. annual means in Fig. 2.6). Error bars represent 95% confidence limits of the means. Other basins are pre-

sented in Annex B (Fig. B.4).
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Total Phosphorus

The estimated spatial distribution of total phospho-
r