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a  b  s  t  r  a  c  t

The  EU  Marine  Strategy  Framework  Directive  requires  Member  States  to  estimate  the level of  human
impacts  on  their  marine  waters.  We  report  the  first attempt  to quantify  the  magnitude  and  distribution
of  cumulative  impacts  of anthropogenic  pressures  for an  entire  regional  sea,  the Baltic  Sea. We used
a method  which  takes  account  of  the  sensitivity  of different  ecosystem  components  and  gives scores
for  potential  impacts  in  5 km  ×  5 km areas.  Our  quantification  of  impacts  was  based  on data  layers  of
anthropogenic  pressures  and  ecosystem  components.  The  classification  of the  anthropogenic  pressures
follows  the  MSFD  and  the  outcome  of  the index  was  targeted  to  facilitate  the  implementation  of the
directive.  The  study  presents  the  cumulative  impacts  over the  entire  sea  area  and  shows  that  the highest
estimated  impacts  were  in  the  southern  and  south-western  sea  areas  and  in  the  Gulf  of  Finland.  The
lowest  index  values  were  found  in  the  Gulf  of  Bothnia.  The  results  coincide  with  the  population  densities
of  the  adjacent  catchment  areas.  Fishing,  inputs  of  nutrients  and  organic  matter  and  inputs  of  hazardous
substances  comprised  25%,  30%  and  30%,  respectively,  of the  total  cumulative  impact.  The approach  used
is transparent  and  the  results  are  useful  in  regard  to  ecosystem-based  management,  e.g. for area-based
management  and  assessments.  Examples  of uses  are  given  together  with  analysis  of  the strengths  and
weaknesses  of the  approach.

©  2011  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Human activities place heavy pressures on the global marine
ecosystems (Millenium Ecosystem Assessment, 2005; Halpern
et al., 2008; Crain et al., 2009). Coastal marine environments
and marginal seas in particular have experienced ecosystem
regime shifts, altered food web structures, heavily contami-
nated sediments and adverse effects from hazardous substances
(Jackson et al., 2001; Kappel, 2005; Casini et al., 2008; Coll et al.,
2008). A human activity may  cause multiple pressures on the
marine ecosystem. For example, bottom trawling alone may  pro-
duce simultaneously above-water and underwater noise, harvest
of target and non-target species, physical disturbance of the
sea bed, increased siltation, and resuspension of nutrients and
hazardous substances. Moreover, anthropogenic pressures have
varying impacts on different components of the ecosystem which
underlines the importance of including ecosystem aspects to an
assessment of impacts. Despite the long history of human activi-
ties at sea, quantitative spatial analyses of anthropogenic pressures
and their cumulative impacts on the marine ecosystems have been

∗ Corresponding author.
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conducted only recently (Lindeboom, 2005; Halpern et al., 2008,
2009; Selkoe et al., 2009; Ban et al., 2010).

Assessment of pressures and impacts is one of the key features of
the EU Marine Strategy Framework Directive (MSFD, Anon, 2008).
The directive requires Member States to make assessments not
only on pressures and impacts but also on the state of the marine
environment and then take measures towards reaching a good
environmental status (GES) by 2020. The MSFD stipulates that GES
means the environmental status of marine waters where “these
provide ecologically diverse and dynamic oceans and seas which
are clean, healthy and productive within their intrinsic conditions,
and the use of the marine environment is at a level that is sus-
tainable, thus safeguarding the potential for uses and activities by
current and future generations.” The level of sustainable use is not
prescribed in the directive and therefore spatial presentations of
pressures and their potential impacts can be used as a starting point
to iterate such a sustainable level. Despite the tight implementa-
tion schedule of the MSFD, no assessment of cumulative impacts
has yet been made in any of the European seas.

This study estimates the distribution and magnitude of differ-
ent human activities both at sea and on land, associated pressures
and their potential impacts on the marine ecosystem. We used an
assessment tool which converts pressures to potential impacts on
selected components of the ecosystem and sums up all the impacts
in predefined assessment units. The tool is based on the method and
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Fig. 1. Map of the Baltic Sea showing the sub-basins, drainage basin, major rivers, cities and countries. Differences in the water depth are indicated with different shades of
blue.

global assessment by Halpern et al. (2007, 2008).  To our knowl-
edge, this is one of the first spatial visualizations of cumulative
anthropogenic pressures and impacts in a coastal sea area glob-
ally. The assessment relies on the best available compilation of
data on human activities and ecosystem in the area which has been

possible to compile due to the long standing regional cooperation of
the Baltic Sea coastal countries and the EU under the umbrella of the
Helsinki Commission (HELCOM). This assessment should be seen
as the first step towards more comprehensive impact assessments
and better validated quantification of impacts.
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2. Methods

2.1. The study area

The Baltic Sea is a semi-enclosed brackish sea area with a gradi-
ent in surface water salinity from 31 to 2 PSU and relatively shallow
water (average depth 52 m).  The oceanic connection is maintained
through narrow and shallow Danish straits, from which saline
water flows over a series of sills, which separate the Baltic Sea into
a series of sub-basins (Fig. 1). Natural features like water residence
time of around 30 years, shallowness and large catchment area
predispose the Baltic Sea to the accumulation of pollution by nutri-
ents and hazardous substances. Large cities such as St. Petersburg,
Stockholm and have resided on the coast for centuries, and over
time, anthropogenic pressures have heavily affected the Baltic Sea
ecosystem, which is seen in decreased health of marine top preda-
tors, over-exploited fish populations, increased areas of anoxic sea
bottoms, contaminated fish and extensive algal blooms (HELCOM,
2009a,b, 2010a).

2.2. Measuring cumulative impact

We define an anthropogenic pressure as a human-derived stress
factor causing either temporary or permanent disturbance or dam-
age to or loss of one or several components of an ecosystem. Thus,
pressure may  cause immediate impacts or it may  also be low
enough not to cause immediate adverse impacts on biota. Accord-
ing to our definition, potential anthropogenic impact is the possible
negative change a pressure may  cause on an ecosystem component.
The impact is only considered potential, because our estimates rely
on the current, still imperfect, expert knowledge on the relation-
ships between pressures and impacts on the ecosystem and the
actual impact can be reduced or increased by natural variability and
other stochastic factors. By cumulative impact we mean the sum of
all potential impacts in an area, not taking into account synergistic
or antagonistic effects. By an ecosystem component we mean bio-
logical parts of the ecosystem, such as species, biotopes formed by
habitat-forming species or abiotic biotopes with a clear linkage to
certain species.

The method to calculate an impact index value (I) for the set of
anthropogenic pressures in a given area was based on the following
formula (Halpern et al., 2008):

I =
n∑

i=1

m∑
j=1

Pi × Ej × �i,j

where Pi is the log-transformed and normalized value (scaled
between 0 and 1, and with 1 being the highest value of the pres-
sure measured) of an anthropogenic pressure in an assessment unit
i, Ej is the presence or absence of an ecosystem component j (i.e.
populations, species, biotopes or biotope complexes; 1 or 0, respec-
tively), and �i,j is the weight score for Pi in Ej (range 0–4, cf. Halpern
et al., 2007). The impact of any P × E × � combination will be zero if
a pressure is zero or an ecosystem component is absent. Thus, the
more ecosystem components an area contains and the higher is the
number of pressures in that area, the higher the index value. The
final index value was calculated for 5 km × 5 km squares, i.e. the
assessment units. A schematic presentation of the different steps
in the use of the index is given in Fig. 2.

2.3. Compilation of data on anthropogenic pressures

We used the pressures to the marine environment as deter-
mined in the MSFD (Anon, 2008); the directive recognizes 18
pressure types. The data on marine litter and ‘other substances’

RESOLUTION:  
Size of the assessment  unit  

IDENTIFICATION OF 
PRESSURES: 
- Relevant parameter and 

unit f or the  press ure 
- Search f or 

distributionsand  
intensity da ta

IDENTIFICATION OF 
ECOSYSTEM DA TA: 
- Relevant  species,  bio-

topes,  biotope  com-
plexes distr ibution etc . 
-  Search for  da ta 

WEIGHT SCORES : 
-  Involve ex perts 
-  Create guidelines 
-  Crea te a quest ionnaire and 

hold a workshop 
- Take medians of  the results 

MANAGEMENT 
PUR POSES : 
Assessmen ts ( MSFD),  
Protected  areas,  
(threats)  
Marine spatial 
planning, E IAs  and 
permitting, 
Scenarios 

PRESSURE LAYERS: 
- Log-transformation 
- Normalization [ 0-1] 

ECOSYSTEM DA TA: 
- 0 / 1 for assessment 

units 

IND EX CA LCULA TION : 
- Multiply the t hree fac tors  and sum 

them up within an assessment uni t 

MODIFIED INDICES: 
Sector  or t hemewise 
index (e.g. only nutrients, 
fisheries…) 
Ecosystem component -
wise index (e.g. only 
seagrass or seals ) 
Index without ecosystem 
factors 

IN
D

E
X

 C
A

L
C

U
L

A
T

IO
N

 
A

PP
L

IC
A

T
IO

N
S 

Fig. 2. A schematic presentation of the different steps in the calculation of the index
tool and its adaptations and suggested management purposes.

being unavailable and the impacts of non-indigenous species
unknown, this study employed 15 pressure types (Table 1) divided
into 52 Baltic Sea-wide data sets of anthropogenic pressures,
which were direct pressure data, proxies for pressures, or mere
presence/absence data of an activity or pressure. Baltic Sea envi-
ronmental experts considered the data sets as evenly distributed
and to include all relevant sources of each pressure. Since there
are no direct measurements for some of the pressures, they were
estimated on the basis of the causative human activities. Detailed
information on the pressure data, including data sources, is pro-
vided in Appendix A and in HELCOM (2010b).

2.4. Spatial distribution of species, biotopes and biotope
complexes

There exists relatively accurate spatial distribution data on
some biotope complexes, biotopes and species in the Baltic Sea.
Six benthic and two pelagic biotope complexes were chosen for
the index: photic sand, photic soft bottom, photic hard bottom,
non-photic sand, non-photic soft bottom, non-photic hard bot-
tom, photic water column and non-photic water column (based
on Al-Hamdani and Reker (2007) and the EUSeaMap project). Two
benthic biotopes (mussel beds and Zostera meadows) and four
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Table 1
Anthropogenic pressure types in the marine environment, included in this study.

Category Pressure type

Physical loss of seabed Smothering by dumped material, sealing of seabed
Physical damage to seabed Changes in siltation, abrasion of seabed, selective extraction of non-living resources
Other  physical disturbance Underwater noise
Interference with hydrological processes Changes in thermal regime, changes in salinity regime
Contamination by hazardous substances Introduction of synthetic compounds, introduction of non-synthetic substances and compounds, introduction of

radio-nuclides
Nutrient and organic matter enrichment Inputs of nutrients, inputs of organic matter
Biological disturbance Introduction of microbial pathogens, selective extraction of species (e.g. fishing)

species-related distribution data sets (distribution of harbour por-
poise [Phocoena phocoena], distribution of the three seal species
[grey seal Halichoerus grypus,  ringed seal Pusa hispida botnica and
harbour seal Phoca vitulina], wintering grounds of sea birds and
spawning and nursery areas of cod Gadus morhua) were included
in the index. Overall, there were 14 ecosystem components in the
index (Figs. 3 and 4, see details in Appendix B). All the distribution
maps have been published by HELCOM (2010b).

2.5. Weighting coefficients

A weighting coefficient is a constant, which was used to trans-
form a pressure to a potential impact (Koskela, 2004; Halpern et al.,
2007; Vörösmarty et al., 2010). The weighting coefficient is specific
to any combination of pressures and ecosystem components. All
weighting coefficients were based on a wide questionnaire among
experts from all parts of the geographical area in question and from
different fields of environmental sciences. The scores were given on
a scale from 0 to 4, reflecting no impact (0), low impact (1), moder-
ate impact (2), strong impact (3) or massive impact (4). When filling

Fig. 3. Presence of ecosystem components (benthic and water column biotope com-
plexes, benthic biotopes and species-related data layers) in 5 km × 5 km squares.
Altogether 14 data layers were used (see text), but none of the squares contained
all  the ecosystem components.

the questionnaire, experts gave consideration to three aspects in
setting the score: recovery time of the ecosystem component after
the pressure (<1, 1–5, 5–10 or >10 years), resilience of the ecosys-
tem component to the pressure (very high, high, moderate, low
resilience or vulnerable) and the functional effect (i.e. whether the
pressure affects one or several species, one or few trophic levels
or the whole community). An average of the three criteria was the
final weighting coefficient.

The weighting coefficients were provided by national experts
in six countries around the Baltic Sea (Denmark, Estonia, Finland,
Lithuania, Poland, and Sweden). In addition, the scores were dis-
cussed in an expert workshop, organized by HELCOM, and six
experts at the HELCOM Secretariat gave a seventh set of scores.
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Fig. 4. Proportions of ecosystem components in the main sub- basins, defined as
their presence in all assessment units of the sub-basin. Since “photic water” covers
entirely and “non-photic water” almost entirely all sub-basins, they were omitted
from the graph. Sub-basins: Bothnian Bay (BOB), Bothnian Sea (BOS), Gulf of Finland
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Basin (EGB), Bornholm Basin (BOR), Arkona Basin (ARK) and the Kattegat (KAT). For
full names of the ecosystem components, see Section 2.
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In order to include the greatest number of estimates, the median
value of the expert estimates was chosen as the weighting coeffi-
cient for each P × E combination. Methods and summary results of
the questionnaire are presented in Appendix C.

2.6. Data handling

The data on pressures and ecosystem components were linked
to a grid of the assessment units. Altogether 19,276 assessment
units were calculated in the Baltic Sea area. Handling of the geo-
referenced data sets was done by the ESRI ArcGIS software, version
9.3, with the spatial analyst extension. In addition to the calculation
of the index, spatial regression of the impact data layers (P × E × �
in every cell) and the index result was performed by Ordinary Least
Squares (OLS) method (see description and examples in ESRI, 2009)
by analyzing data layers first one by one and then analyzing the
effect of removing all data layers with R2 values less than 0.05 from
the full model. R2 describes the percentage of variance explained
by the regression. In addition, the influence of ecosystem compo-
nents and weighting coefficients were evaluated by two separate
runs of Geographically Weighted Regression (GWR; see description
and examples in Charlton and Fotheringham, 2009) with only one
explanatory variable in each model: the sum of normalized pres-
sures or the full index with a constant weighting coefficient (value
2) instead of the ecosystem-specific coefficients.

3. Results

3.1. Spatial distribution of cumulative impacts

The cumulative impact values in the assessment units varied
between 6.8 (the Bothnian Bay) and 456.4 (the Sound) (Fig. 5),
the theoretical maximum being 2912, assuming that all weighting
coefficients and pressure values were maximal and all ecosystem
components were present in an assessment unit. The minimum
number of anthropogenic pressures (value > 0) in an assessment
unit was 14 (in the offshore Bothnian Bay), whereas the maximum
number was 35 (in the Belt Sea, south of Zealand).

The spatial presentation of the cumulative impacts showed that
the highest potential impacts on the Baltic Sea ecosystem take place
in the south-western sea areas (the Kattegat, Belt Sea, Kiel Bay
and Mecklenburg Bay), the Gulf of Gdansk and the Gulf of Finland,
whereas the least cumulative impacts were found from the Gulf of
Bothnia in the north (Fig. 5). The data indicated that the southern
areas were under types of pressures which are rare or non-existent
in the northern parts, such as bottom-trawling, large wind farms
and large-scale extraction of seabed resources. Also other forms
of commercial fishing were heavy in the southern sub-basins and
atmospheric deposition of heavy metals and nitrogen occurred pre-
dominantly in the southern areas. In the Gulf of Gdansk and Gulf
of Finland, the high sums of impacts were due mainly to riverine
pollution.

Another feature in the cumulative impact index was the differ-
ence between the open sea and the coastal areas. In coastal areas
all over the Baltic Sea, the multitude of coastal pressures – e.g.
fish farms, municipal waste water treatment plants, river estuaries,
industries, warm-water outflows from power plants, and coastal
structures – create a heavy burden on the marine environment.
The cumulative impacts were clearly higher in the coastal than the
pelagic areas in the Bothnian Bay, the Bothnian Sea and the North-
ern Baltic Proper. In other areas, cumulative impacts in the pelagic
zone were more or less as high as in the coastal areas. Moreover, the
index showed also high cumulative impacts in the vicinity of large
cities, such as Copenhagen, Gdansk, St. Petersburg and Stockholm.

Fig. 5. Presentation of cumulative potential anthropogenic impacts by the Baltic Sea
Impact Index in 5 km × 5 km assessment units. The index in each assessment unit
consists of the sum of anthropogenic impacts on selected ecosystem components
present in the unit. See the index formula in Section 2.2.

The surface and midwater trawling (incl. long lines), bottom
trawling and shipping exerted pressures on the open-sea areas and
large rivers such as the River Vistula, River Neva and River Göta
seem to affect wide open-sea areas, as a result of pollution by nitro-
gen, phosphorus and heavy metals (see Fig. 1 for rivers and coastal
cities). In the Kattegat and Danish Straits the impacts had very high
variation among assessment units, reflecting numerous spatially
restricted activities like dredging, sand extraction and disposal of
dredged material (Fig. 6).

3.2. The effect of data determining the index result

The pressures which have the greatest contribution to the final
index value are presented in Table 2. The sum of impacts of each
pressure type shows that the inputs of nutrients and organic matter,
inputs of hazardous substances as well as fishing have the great-
est overall impact on the Baltic Sea ecosystem (25%, 30% and 30%,
respectively, Table 2). These pressures hence largely determine the
outcome of the map  of potential cumulative impacts. According to
R2, the highest-ranking data layers were those that exert pressure
over the whole Baltic Sea (e.g. atmospheric deposition of metals),
while the lowest ranks were given to the point impact data layers
(e.g. dredging, construction sites and harbours). Including only 21
impact data layers, which had R2 values over 0.05, resulted in the
R2 value of 0.99 and showed the minor influence of point data for
the full index. Thus, the geographical distribution of a pressure is
more important in forming the shape of the map than its value in
each cell.

The ecosystem components have a central role in the index
tool, because each added ecosystem component per assessment
unit introduces a full set of potential impacts to the index value.
The GWR  analyses showed that the pressure data layers without
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Table 2
Summary statistics of the pressures. Minimum, maximum and mean impact scores and the standard deviation of them in the assessment units as well as the sum of impacts
over  the sea area are shown. The contribution of each of the pressures to the final index value is presented by coefficient of determination (R2). Each pressure has been
converted to impacts in an assessment unit (see the index formula in Section 2). Pressures are ordered by the sum of impacts in all assessment units in the Baltic Sea.

Pressure type and pressure Min Max  Mean SD Sum R2

Full model 6.81 456.44 111.52 48.86 2,149,710 1.00
Extraction of species/mid- and surface water trawling + long lines 0 26.81 10.04 5.11 193,711 0.36
Inputs of nutrients/atm. deposition of N 0 27.26 9.99 4.64 192,485 0.73
Inputs of nutrients/waterborne N 0 25.54 8.78 4.23 169,190 0.65
Inputs of org. Matter/Riverine organic matter 0 24.08 7.56 2.98 145,797 0.50
Changes in siltation/organic matter 0 22.34 7.36 2.95 141,856 0.49
Non-synthetic substances/atm. deposition of Pb 0 24.17 7.22 3.81 139,177 0.78
Inputs of nutrients/waterborne P 0 24.79 6.83 3.12 131,663 0.48
Extraction of species/gillnet fishery 0 25.14 6.15 4.68 118,574 0.46
Extraction of species/bottom trawling 0 35.01 6.04 6.58 116,413 0.34
Non-synthetic substances)/atm. deposition of Cd 0 18.37 5.82 3.05 110,533 0.77
Non-synthetic substances/atm. deposition of Hg 0 21.86 5.06 2.96 96,187 0.62
UW  noise/all shipping 0 22.82 4.09 3.55 77,387 0.37
Non-synthetic substances/waterborne Zn 0 20.38 4.00 2.97 75,914 0.11
Non-synthetic substances/atm. depos. of dioxins 0 20.62 3.86 3.03 73,505 0.48
Abrasion/bottom trawling 0 26.09 3.85 4.42 73,166 0.38
Non-synthetic substances/waterborne Ni <0.01 19.65 3.19 2.97 60,585 0.05
Extraction of species/Bird hunting 0 18.07 2.27 3.60 43,319 0.18
Non-synthetic substances/waterborne Pb 0 19.71 2.17 2.86 41,274 0.14
Extraction of species/trap and pot fishery 0 19.26 1.61 2.86 30,531 0.13
Extraction of species/seal hunting 0 12.55 1.42 2.66 26,960 <0.01
Non-synthetic substances/waterborne Cd 0 18.64 1.04 2.44 19,696 0.12
Changes in siltation/coastal shipping 0 17.77 0.92 2.17 17,447 0.23
Synthetic compounds/population density 0 17.51 0.36 1.49 6986 0.02
UW  noise/recreational boating 0 17.53 0.31 1.38 5941 0.03
Introduct. of pathogens/passenger ships 0 15.84 0.31 1.01 5937 0.03
Inputs of radioactive subst./radioactive substances 0 10.53 0.28 1.17 5363 0.03
Non-synthetic substances/waterborne Hg 0 14.90 0.21 0.83 4084 0.05
Changes in siltation/beaches 0 13.65 0.17 0.88 3242 0.04
Synthetic compounds/harbours 0 25.40 0.17 1.33 3220 0.03
Synthetic compounds/oil spills 0 16.13 0.16 0.88 3037 0.03
Sealing/harbours 0 20.55 0.17 1.08 2577 0.50
Sealing/coastal defence structures 0 24.77 0.13 1.33 2488 0.03
Introduct. Of pathogens/Waste water treatm. plants 0 13.04 0.09 0.65 1638 0.02
Changes in siltation/Dredging 0 20.22 0.08 0.93 1598 0.03
Extraction of non-living resources/dredging 0 19.11 0.08 0.87 1482 0.03
Abrasion/dredging 0 18.81 0.08 0.87 1478 0.03
Changes in salinity/waste water treatm. plants 0 13.31 0.08 0.58 1439 0.03
Smothering/Disposal of dredged matter 0 19.02 0.04 0.64 812 0.01
Changes in salinity/coastal dams 0 20.00 0.04 0.56 674 <0.01
Sealing/coastal dams 0 17.80 0.03 0.47 553 <0.01
Inputs of nutrients/aquaculture 0 22.50 0.03 0.49 523 <0.01
Inputs of org. matter/Aquaculture 0 22.50 0.03 0.48 512 <0.01
Introduct. of pathogens/Aquaculture 0 8.35 0.02 0.28 399 <0.01
UW  noise/construction of cables 0 25.25 0.02 0.54 389 <0.01
Smothering/construction of cables 0 24.20 0.02 0.44 314 <0.01
Synthetic compounds/Industries 0 16.72 0.02 0.33 313 <0.01
Changes in thermal regime/Nuclear power plants 0 18.20 0.01 0.27 97 <0.01
UW  noise/operational windfarms 0 12.20 <0.01 0.20 86 <0.01
Synthetic compounds/polluting ship accidents 0 16.64 <0.01 0.20 69 <0.01
UW  noise/oil rigs 0 11.35 <0.01 0.14 37 <0.01
Smothering/construction of windfarms 0 14.50 <0.01 0.11 22 <0.01
UW  noise/construction of windfarms 0 13.60 <0.01 0.11 20 <0.01

ecosystem components or weighting coefficients explained 48% of
the total variation in the impact index (Figs. 7 and 8). The rest of
the variation is caused by the ecosystem data and the ecosystem-
specific weighting coefficients. The cartographic presentation of
the sum of normalized pressures (Fig. 3) shows a roughly similar
result as the results in the full impact index (Fig. 7). However, dif-
ferences are visible in areas where there were only very few or a
large number of ecosystem components present in the model (cf.
Fig. 3).

The weighting coefficients were based on expert scoring and
were, thus, the only non-objective part of the index, their effect
on the index result was estimated by further testing (see Section
2.6). When adding a constant coefficient (value 2) to the index
and comparing this dummy  index with the real index, the dummy
index explained 99% of the real index. The test showed that the

addition of the ecosystem components – without the variance from
the weighting coefficients – explained more of the real index than
the pressures alone. The remaining variance (1%) was explained
by the weighting coefficients and their effect on the impact map
was only on details at the local level. The test results are shown in
Appendix D.

4. Discussion

This study presented an assessment of cumulative potential
anthropogenic impacts in the Baltic Sea by an assessment tool
which uses three kinds of data on assessment units: anthropogenic
pressures, ecosystem components and weighting coefficients to
transform the pressures to impacts on each of the ecosystem com-
ponents. The semi-enclosed nature of the Baltic Sea with its highly
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Fig. 7. Presentation of the sum of normalized anthropogenic pressures. Each of
the  52 pressures is on the scale from 0 to 1. The assessment units are 5 km × 5 km
squares.
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Fig. 8. Total anthropogenic pressure in the Baltic Sea sub-basins. The normalized
[scale: 0–1] pressure values have been first summed within an assessment unit
and  then averaged per sub-basin. The pressures have been grouped according to
Tables 1 and 2; only the top nine pressure types are included. See sub-basin names
in Fig 4.

developed and industrialised catchment area was  well reflected
in this assessment of cumulative impacts: the highest cumulative
impacts on the marine ecosystem were reported from the southern
and south-western sea areas, with the highest population den-
sities of up to 500 inhabitants per km2 in the drainage area. In
comparison, the drainages of the northern areas with the lowest
cumulative impacts are very scarcely populated (2.0 inhabitants per
km2). Although the coastal areas always showed high cumulative
impacts, the offshore areas were in a number of sub-basins equally
impacted, reflecting the high fishing pressure, intensive maritime
traffic and large inputs of nutrients and hazardous substances from
the atmosphere and rivers.

4.1. Reported ecosystem impacts of the dominant pressures

The Baltic Sea marine environment has been subject to scientific
studies for decades, but this is the first assessment of cumula-
tive pressures and potential impacts in the region. Evaluation of
the reliability of the tool requires comparison of the results with
existing knowledge on the state of the ecosystem. In this study,
nutrient inputs were estimated to result in one of the highest pres-
sures on the entire sea area. Recent studies have shown that the
Baltic Sea suffers from a severe eutrophication problem (HELCOM,
2009a; Lundberg et al., 2009; Andersen et al., 2010). According to a
recent assessment of the eutrophication status by the Baltic Marine
Environment Protection Commission (HELCOM, 2009a), 176 of the
189 studied sites were in an impaired state. The anthropogenic
inputs of nitrogen and phosphorus are high in the entire sea area as
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natural background inputs of nitrogen and phosphorus are esti-
mated at only 17% and 16%, respectively, of the total inputs
(HELCOM, 2004).

According to our results, fishing exerts a high pressure on the
Baltic Sea ecosystem in all areas of the Baltic Sea. In this study
we used fishing data from the year 2007, and at that time both
eastern and western cod (Gadus morhua) stocks and three of the
five assessed herring stocks (Clupea harengus) were below safe bio-
logical limits due to overfishing and climatically induced changes
in salinity and oxygen concentrations (ICES, 2007). The decline in
cod stocks has led to an increase in sprat (Sprattus sprattus) stocks,
which has been interpreted as a regime shift from a top-down regu-
lated food web to a resource-regulated one (Österblom et al., 2007;
Casini et al., 2008). The reproductive capacity of salmon spawning
rivers was mostly (84% of rivers) below the adequate level of river
reproductive capacity (75%) (ICES, 2007).

Bottom trawling was estimated to be an activity with a high
impact on the ecosystem. This was seen in the weighting coeffi-
cient estimations by experts (Appendix C) and in the index results
(Table 2, Figs. 7 and 8). The result is in line with assessments from
other sea areas globally (Jones, 1992; Collie et al., 1997; Watling and
Norse, 1998; Jennings et al., 2001). In the Baltic Sea, bottom trawl-
ing by the Nephros fishery in the Kattegat and Skagerrak region can
amount to a by-catch which is 50% of the biomass of the Nephros
catch and can include up to 24 non-target species in one catch
(Ottosson, 2008). Harbour porpoise, grey seal, ringed seal, har-
bour seal and seabirds have all been found drowned throughout
the Baltic Sea in drift nets, gillnets and trawls (Lunneryd et al.,
2004; ICES, 2008; ASCOBANS-HELCOM database, 2011). Abrasion
and resuspension by bottom-trawling have been estimated as par-
ticularly destructive in the Baltic Sea (Riemann and Hoffmann,
1991; Tjensvoll et al., 2009) and globally (Watling and Norse, 1998).

Inputs of hazardous substances, particularly metals, were esti-
mated to be among the highest pressures in all sub-basins of the
Baltic Sea. Adverse impacts of persistent organic pollutants and
heavy metals have been found at all levels of the food web. Biomark-
ers on molecular, cellular and tissue level have shown reproductive
and other disorders in marine invertebrates and fish (Strand et al.,
2004; Broeg and Lehtonen, 2006), contaminant levels in biota are
high and populations of predatory species have only recently recov-
ered from reduced reproductive success (Helander et al., 2002,
reviewed in HELCOM, 2010a).

4.2. The role of weighting coefficients in the index

The weighting of pressures had two overarching aims: to esti-
mate the degree of destructiveness of pressures and to specify the
sensitivity of ecosystem components to these pressures. As most
of these ecosystem components were described by abiotic factors,
the weighting coefficients were estimated on the basis of the com-
munity or key species, which are typical to such a biotope complex.
Substrate type and light availability are key factors for benthic fauna
and flora (e.g. Al-Hamdani and Reker, 2007).

Estimations of weighting coefficients can be sensitive to sub-
jectivity, as experts may  judge impacts of pressures by different
means. In order to avoid false scorings the expert questionnaire
included examples and several of the experts participated in a
workshop. It is however obvious that a certain degree of subjec-
tivity remains in the weighting coefficients. The analysis of the
effect of the three factors in the index showed that the pressures
give the major shape for the index, the ecosystem components
sharpen the shape and the weighting coefficients only added detail
at a local scale. Thus, the non-objective component of the index
did not have a ruling effect on the final impact index result on
the scale of an entire sea area. It is however obvious that in a sea
area with strong environmental gradients, like the Baltic, regional

variability in impacts may  be significant. Therefore regionally
adjusted weighting coefficients might improve the accuracy of the
model. The effects of the weighting coefficients are further pre-
sented and discussed in Appendix D.

4.3. Strengths and weaknesses of the method

The method we used is based on a linear response of
ecosystem components to anthropogenic pressures. This is a sim-
plification of reality where thresholds or other non-linearities
can be expected to occur. We think that these simplifica-
tions do not however affect the main message of the end
result, which shows a clear geographical gradient of potential
cumulative impacts in the Baltic Sea. And overall, our study
emphasizes the need for further study of pressure-impact relation-
ships and mechanisms, many of which have not been evaluated
scientifically.

The selection of the ecosystem components in the index affects
the index result. Therefore the selection of ecosystem data has
been balanced among the different types of ecosystem compo-
nents. By choosing only biotopes restricted to either coastal or
pelagic areas or data on only few species one may  bias the index
results to certain geographical areas or parts of the ecosystem.
We have avoided that by selecting benthic and water column
biotope complexes which can be found both in the coastal and off-
shore areas. Our benthic biotopes (i.e. Zostera meadows and blue
mussel beds) were mostly from the coastal areas, but that was
balanced by including pelagic species-related data layers. Thus,
the high dependence of this index method on georeferenced data,
may – in data-poor areas – lead to poor results. In the Baltic Sea,
georeferenced data was, however, rather easily accessible due to
well established regional cooperation among the coastal countries.
In this study, the coarseness of some data layers was compen-
sated by using a rather robust grid of 5 km × 5 km assessment
units.

The method has strengths which should be considered against
the weaknesses. There exists currently no other method which
gives an estimate of cumulative anthropogenic impacts and takes
account of ecosystem sensitivity. The recent global assessment
(Halpern et al., 2008) showed that the Baltic Sea was  moderately
affected by the anthropogenic pressures, but being a global assess-
ment it lacked regional data and therefore failed to show finer scale
variation within the region. By including Baltic Sea-specific pres-
sure and ecosystem data we  have shown that the tool can be used
to describe detailed differences at least at a basin-wide scale. The
tool has also been used for assessing other areas, such as in the
Eastern Pacific to map  cumulative impacts in the California Current
(Halpern et al., 2009) and Canadian waters (Ban et al., 2010) and to
assess anthropogenic impacts on coral reefs in Hawaii (Selkoe et al.,
2009).

The cumulative impact index is a tool which can be applied
to marine spatial planning, environmental impact assessments,
placement and management of marine protected areas, permit-
ting processes and also in environmental status, pressure and
impact assessments, such as those required by the EU MSFD.
The index can be used to evaluate each ecosystem component
separately, for example, by evaluating impacts of anthropogenic
pressures on blue mussel beds. Often such practical uses require
a special selection of data layers depending on the aim of the
pursuit. At smaller scales, the weighting coefficients may  also
require adjustment to local conditions. The method can also be
used to show potential impacts with predicted pressure data;
for example with climate change or ocean acidification scenar-
ios. Together with spatial models capable of predicting spatial
drifting or extension of pressures, the index tool is a powerful
method.
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5. Conclusions

The tool to assess cumulative anthropogenic impacts on the
marine environment shows that the entire Baltic Sea ecosys-
tem is under the burden caused by anthropogenic pressures
potentially resulting in high cumulative impacts on the whole
ecosystem. The approach which was first developed for global
assessments was here adapted to a regional sea, and the adapta-
tion required modifications in data resolution, terminology and
data management. The use of this tool provides a wide array of
possibilities for management and planning purposes from local
to regional scales, thus offering also possibilities for the EU
Member States to estimate the level of anthropogenic impacts
on their marine waters under the Marine Strategy Framework
Directive. Future assessments of cumulative impacts would ben-
efit from a more detailed and quantitative understanding of the
pressure-impact relationships and mechanisms in the marine
environment.
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