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Cumulative human impacts in the Bering Strait Region
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Science and Management, University of California, Santa Barbara, CA, USA; cDepartment of Life Sciences, Imperial College London,
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ABSTRACT
Introduction: Human impacts on Arctic marine ecosystems are increasing in extent and
intensity as sea ice shrinks and utilization of marine resources expands. The effects of climate
change are being felt across the arctic while stressors such as commercial fishing and
shipping continue to grow as the Arctic becomes more accessible. Given these emerging
changes, there is need for an assessment of the current cumulative impact of human activities
to better anticipate and manage for a changing Arctic. Cumulative human impacts (CHI)
assessments have been widely applied around the world in a variety of ecosystem types but
have yet to incorporate temporal dynamics of individual stressors. Such dynamics are funda-
mental to Arctic ecosystems.
Outcomes: Here, we present the first CHI assessment of an Arctic ecosystem to incorporate
sea ice as a habitat and assess impact seasonality, using the Bering Strait Region (BSR) as a
case study. We find that cumulative impacts differ seasonally, with lower impacts in winter
and higher impacts in summer months. Large portions of the BSR have significantly different
impacts within each season when compared to a mean annual cumulative impact map.
Cumulative impacts also have great spatial variability, with Russian waters between 2.38
and 3.63 times as impacted as US waters.
Conclusion: This assessment of seasonal and spatial cumulative impacts provides an under-
standing of the current reality in the BSR and can be used to support development and
evaluation of future management scenarios that address expected impacts from climate
change and increasing interest in the Arctic.
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Introduction

Human uses of the ocean and their collective pressure
on marine ecosystems have been increasing (Halpern
et al. 2015) and will likely continue to increase as
global human population grows (Butchart et al. 2010;
Hoegh-Guldberg and Bruno 2010). Highly sensitive
ecosystems, such as the Arctic, are especially vulner-
able to these changes. Indeed, the Arctic Ocean is
already experiencing dramatic changes (Larsen et al.
2014). As Arctic sea ice continues to rapidly decline
(Stroeve and Meier 2012), human impacts on the
ecosystem are expected to intensify.

These changes have led to calls for international
collaboration to monitor, plan for, and manage a
changing Arctic (Berkman and Young 2009). A sub-
stantial gap exists in Arctic data and research
(UNESCO 2009; Holland-Bartels and Pierce 2011;
Gewin 2015), indicating a critical need for synthesis
of existing data to create a current understanding that
can help further guide and motivate efforts to moni-
tor and manage Arctic ecosystems.

To better understand current impacts to an Arctic
marine ecosystem, we apply the cumulative human

impacts (CHI) framework (Halpern et al. 2008) in an
area already experiencing growth in human activity,
the Bering Strait Region (BSR). Longer ice-free sea-
sons (Comiso et al. 2008; Wendler, Chen, and Moore
2013) and improvements in technology have made
the BSR more accessible for activities related to fish-
ing, mining, commercial shipping, and tourism,
among others. Effective management and decision
making around this range of emerging and potential
activity in the region will benefit greatly from synthe-
sized information about current activities and
impacts (Berkman, Vylegzhanin, and Young 2016).

Multiple methods exist to assess cumulative impacts
of human activities on the environment including link-
age frameworks (Knights, Koss, and Robinson 2013)
and whole-ecosystem models (Griffith et al. 2012).
The model used in this analysis is based on the frame-
work published by Halpern et al. (2008), which utilizes
available data tomeasure andmap combined impacts of
a range of stressors on each habitat type within the
system. This framework is unique in that it normalizes
and combines stressors of different units and spatial
resolution in a manner that translates stressors into
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impact on ecosystems, allowing direct comparison
among stressors and across locations.

Several underlying assumptions of the CHI meth-
odology, however, may cause these assessments to
deviate from reality (Halpern and Fujita 2013). In
particular, the current methodology assumes that
temporal dynamics of stressors (e.g., daily fluctua-
tions, seasonality) do not matter, even though those
dynamics may or may not align with the presence or
vulnerability of species. This assumption is necessary
because most locations do not have data for all stres-
sor layers at high enough temporal and spatial reso-
lution to allow for inclusion of temporal dynamics.
With more data being collected at shorter time scales
(e.g., daily, weekly, monthly), especially remote sen-
sing and satellite imagery data, it is becoming increas-
ingly possible to create discrete seasonal stressor
layers defined by months or days that can be used
to reveal temporal variability of cumulative impacts
involving multiple stressors in a given region.

The method has been widely applied for assessing
impacts on marine habitats at global (Halpern et al.
2008; Halpern et al. 2015) and regional scales (Halpern
et al. 2009; Ban, Alidina, and Ardron 2010; Korpinen
et al. 2012; Micheli et al. 2013; Batista et al. 2014; Holon
et al. 2015) and has been adapted to assess cumulative
impacts to species (Maxwell et al. 2013;Marcotte, Hung,
and Caquard 2015). The approach is flexible in that it
can be used to identify spatial patterns of low and high
impact (Halpern et al. 2008; 2015), inform marine spa-
tial planning (Longley and Lipsky 2013), examine
impacts under future scenarios of development and
climate change (Clarke Murray, Agbayani, and Ban
2015b), and compare impacts between protected and
unprotected areas (Ban, Alidina, and Ardron 2010).

In fact, since the CHI framework was first pub-
lished in 2008, there have been multiple regional
applications and model advancements. A review of
40 cumulative impact assessments by Korpinen and
Andersen (2016) found a majority of the assessments
based off the global assessment (Halpern et al. 2008)
maintain a similar overall framework with some
model innovations. While a few assessments have
looked at impacts over time (Marcotte, Hung, and
Caquard 2015; Halpern et al. 2015), none of the
assessments have examined seasonal impacts.

A recent CHI assessment by Andersen et al. ( 2017)
began to correct for this assumption by evaluating
different seasonal impacts to marine species in
Greenland using temporally defined species ranges.
The authors noted the lack of seasonal stressor data
to be a limitation of their study. One of the defining
characteristics of the BSR (Figure 1) is the role that sea
ice plays in determining seasonal patterns of activities
(Govorushko 2012), and therefore CHI. Thus, the BSR
offers a compelling case study to explore seasonality of
CHI because of (1) the seasonality of sea ice in the

region, (2) the importance of the region for access to
the Arctic, and (3) its potential vulnerability to increas-
ing pressures in the near future. This assessment
incorporates temporal dynamics of stressors to provide
an understanding of what current impacts exist and
how they vary across (seasonal) time and space.

Methods

Study region

We use the same spatial boundaries of the BSR as
described in Berkman, Vylegzhanin, and Young
(2016) (Figure 1); the oceanic area between 62° and
68° N, covering 416,355 km2. The total area is split
almost equally between the waters under the jurisdic-
tion of the USA (214,840 km2) and Russia
(201,337 km2). The strait itself is a shallow (mean
depth of 44 m) and narrow (~82 km) corridor con-
necting the Bering and Chukchi Seas and is the only
access point between the Arctic and Pacific Oceans.

Stressors

Relevant stressors were identified in a workshop set-
ting by science and policy experts with knowledge of
the BSR (Berkman 2015). Data sources for all stres-
sors, except for shipping, were found in peer-
reviewed and gray literature discovered through the
Google Scholar search engine with the following
selection criteria: (1) collected in and representative
of the BSR, (2) at relevant spatial and temporal scales,
and (3) freely available. Vessel Automatic
Identification System (AIS) data was provided by
SpaceQuest Ltd. (http://www.spacequest.com/). A
total of 12 stressors were identified for this assess-
ment, with raw data resolution varying from 500 m2

to 1 × 1 degrees (Table 1). The final pixel size for the
cumulative impact model is 1 km2. All analytical
tasks were carried out using the R Statistical
Language (R Core Team 2016) when possible, and
ArcGIS (ESRI 2016) when necessary. All layers with
coarser resolution were resampled to 1 km2 using the
nearest neighbor resampling algorithm from the ras-
ter package for R (Hijmans 2016). A 1 km2 pixel size
was chosen to increase detection of spatial patterns
while remaining useful for policy and planning pur-
poses, which typically occur at spatial scales between
1 km2 and 100 km2 (Halpern and Fujita 2013).
Detailed methods for data processing of each layer
are provided in the supplement.

Multiple criteria were used to determine if and
how seasonality should be incorporated for every
stressor: (1) do the data have fine enough temporal
resolution to create seasonal layers? (2) does the pre-
sence of sea ice reduce the impact of the stressor?,
and (3) are there temporal fluctuations in stressor
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intensity that can be accounted for in other ways (in
our case, here, land-based pollution that is affected by
precipitation and runoff)? The answer to each of
these questions influenced how the stressor was trea-
ted in regard to its temporal dynamics and is detailed
below in the Methods section as well as in the supple-
mental information.

Ice mask
Long-term monthly observations of sea-ice coverage
in the Bering Strait show generally ice-free seas in
July, August, and September, and very little ice dur-
ing October (Wendler, Chen, and Moore 2013). As a
result, November through May are designated as the
ice season (i.e., “winter”), and June through October
as the ice-free season (i.e., “summer”). The “ice-free”
season is used broadly here since there are regions of
the Strait where sea ice is present in some or all of the
summer months. We account for these seasons by
developing both a summer and winter ice mask
(Figure 2) that is applied to each normalized stressor
layer known or expected to have seasonal dynamics
correlated to the presence or absence of sea ice, but
which are not accounted for in the raw data.

Seasonal ice masks were created using Multisensor
Analyzed Sea Ice Extent (MASIE) sea data (National Ice
Center (NIC) and NSIDC 2010). In the MASIE meth-
odology, a 4 km2 pixel (or cell) is considered ice covered
for a particular day if more than 40% of it was covered
with ice. Spatialized daily data were downloaded from
MASIE and split into the winter and summer seasons
according to the months defined above. For each

season, the total number of days across all years from
2006 to 2014was summed and then the total proportion
of days in that time frame in which a pixel was ice
covered was calculated. The pixel value of each ice
mask (Figure 2) represents the percentage of days
within every winter or summer season that a pixel was
ice covered.

Stressor seasonality
All stressors were normalized between 0 and 1 to allow
direct comparison (Halpern et al. 2008). Decisions
about how to normalize each data layer were primarily
driven by the distribution of raw data. Three layers
(shipping, organic pollution, and nutrient pollution),
all with highly skewed distributions were first log-
transformed; all other datasets were not transformed.
Then, for all data, a reference point was used to set the
maximum stressor value (i.e., 1.0) and rescale (normal-
ize) all other values between 0 and 1(see Table 1 for
specific reference points).

Each stressor layer was assigned a specific method to
account for the temporal dynamics of the stressor based
on the layer’s temporal resolution, expected or known
effect of sea ice, and seasonality of impacts (Table 2).
Four of the 12 stressor layers had sub-annual temporal
scales: sea surface temperature (SST) (weekly), ultravio-
let radiation (UV) (daily), marine shipping (near-
hourly), and ocean acidification (monthly) (Table 1).
A winter and summer layer was created for each of
these stressors by partitioning the data temporally
based on the start and end of each season. The ice
mask was applied to all five fishing stressors and three

Figure 1. Bering Strait study region.
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climate stressors: SST, UVradiation, and sea level rise
(SLR), since the raw data for each of these layers did not
account for presence of sea ice. The mask was only
applied after each layer was normalized.

The fishing stressor layers were derived from a
database of annual global fish catch by gear type at a
spatial resolution of half-degree cells from 1950 to
2014 (Watson 2017). The data do not include seasonal
catch information; therefore, we used the ice mask to
limit fishing effort (and its impact) during the winter
season. Because the relationship of fishing effort to sea
ice concentration is unknown, we assumed that when
sea ice was present in a given pixel, there would be no
fishing activity. The shipping layers did not require
application of an ice mask as the raw data show pre-
sence and absence of shipping activity, which accounts
for any effects from the presence of ice.

The shipping layers are derived from AIS
data (SpaceQuest Ltd.), and impact scores were
assigned only where ships are observed in the data.
This layer acts as a proxy for all impacts of shipping
activity including ship strikes on marine mammals,
noise pollution, and bilge and sewage discharge.

The ice mask dampens or eliminates the impact of
stressors in locations where ice is present. A given
pixel, for example, may have ice present for 50% of
the winter season and 10% of the summer season. A
stressor with a pixel value of 1.0 would be reduced to
0.5 in winter and 0.9 during the summer. These
stressor layers were normalized before the sea ice
masks were applied.

Land-based pollution stressors are derived from
nutrient and organic pollutant runoff from water-
sheds within the BSR using methods described in
Halpern et al. (2008). In this approach, pollutants
are introduced into the nearshore coastal environ-
ment through stream and river discharge. Input of
pollutants to the marine environment is consequently
related to streamflow, not sea ice. Both the nutrient
input and organic pollution layers were split season-
ally according to the percentage of annual stream
discharge that occurred within each season.

Prior research has found that stream and river dis-
charge within the Arctic is strongly seasonal, with most
flow occurring during the warmer summer months (Su
et al. 2005). To calculate the percentage of stream dis-
charge during our defined seasons, discharge data were
extracted from streams within the Arctic Circle in the
Pan-Arctic River Discharge Data Project (http://www.R-
ArcticNET.sr.unh.edu). Based on the data for all streams
in the dataset for all years of available data, 84.7% of the
total runoff for Arctic streams occurred during the sum-
mer months, while 15.3% took place during the winter.
The annual land-based stressors were split into seasonal
layers using these stream discharge values. Each pixel in
the summer and winter seasonal layer was 84.7% and
15.3% of the annual stressor value, respectively.Ta
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Habitats

Habitats were defined in broad categories, as was done
previously for global and regional assessments (e.g.,
Halpern et al. 2008; Halpern et al. 2009; Halpern et al.
2015). Ten of the 17 habitats in the global assessment
(Halpern et al. 2008) are present in the BSR (Table 3). All
habitats had more recent and/or higher resolution data
for at least some of the region compared to what is
available globally. The coastal habitat layers for intertidal
mud, beach, salt marsh, and rocky intertidal were created
using data from the Alaska ShoreZone Project (http://
www.shorezone.org/) and Environmental Sensitivity
Index (ESI) data from NOAA’s Office of Response and
Restoration (http://response.restoration.noaa.gov). Hard
and soft bottom benthic habitat data came from
Audobon’s Arctic Marine Synthesis (Smith 2010).
Where datawere lacking for coastal, hard and soft bottom
habitats within Russianwaters, we used habitat data from
the original global assessment (Halpern et al. 2008).

Sea ice has not previously been included as a habitat
in global or regional CHI assessments; however, given
the importance of sea ice in this region as a habitat, it
is included here. All other habitats are represented in
the model as a single raster layer with a binary dis-
tinction of present/absent (1 or 0) regardless of season.
Due to the ephemeral nature of sea ice throughout the
year, two sea ice habitat layers were derived from the
MASIE data, one for each season. Both of these layers
were scaled from 0 to 1 according to the total propor-
tion of the season that ice is present. This decision was
made to more accurately account for impacts to sea ice
only when it is present. Otherwise, the persistence and
spatial coverage of sea ice and the subsequent impacts
would be overrepresented. For example, if a single
pixel has sea ice present for 60% of the winter season,
the stressors present in that pixel are multiplied by 0.6
rather than 1 to scale the resulting impact to be pro-
portional to the amount of time the sea ice is present.

Table 2. Temporal treatment of each stressor layer where; I = impact score, m = habitat, i = stressor, D = normalized stressor
value, E = the presence of ecosystem, j, represented by a 1 (present) or 0 (absent), s = season (winter or summer); P =
proportion of the season that the pixel had at least 40% ice cover (values range from 0 to 1), R = proportional runoff (0.847 in
summer, 0.153 in winter; see methods), μ = vulnerability weight for stressor, i, and habitat, j.
Stressors (i) Temporal dynamics method Equation

Ocean acidification
Shipping

1 Is ¼ 1
m

Pm
j¼1 Dis � Ej � μi;j

Sea surface temperature
Ultraviolet radiation
Demersal destructive fishing
Demersal non destructive high bycatch fishing
Demersal nondestructive low bycatch fishing
Pelagic low bycatch fishing
Pelagic high bycatch fishing

2 Is ¼ 1
m

Pm
j¼1 Dis � Ej � Ps � μi;j

Sea level rise 3 Is ¼ 1
m

Pm
j¼1 Di � Ej � Ps � μi;j

Organic pollution 4 Is ¼ 1
m

Pm
j¼1 Di � Ej � Rs � μi;j

Nutrient pollution

The final impact score per pixel is the mean impact of stressor (i) across all habitats (m). Temporal dynamics method indicates how each stressor layer
was either seasonally or annually created; 1 = seasonal layers were created using temporal information from data source. No ice mask was applied
since data source accounted for presence of sea ice; 2 = seasonal layers were created using temporal information from data source and a seasonal ice
mask was applied; 3 = data does not have temporal information so seasonal layers were created by multiplying the normalized data by the seasonal
ice masks; 4 = seasonal layers were created according to the percentage of annual stream discharge that occurs within each season.

Figure 2. Icemasks used for the summer and winter seasons. Values shown indicate the proportional time the pixel is covered in sea ice.
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Habitat vulnerability weights
The vulnerability of a habitat to a given stressor is
represented as a weight between 0 and 3.8 (Table S1).
Vulnerability weights for each stressor-habitat pair,
aside from sea ice, were kept the same as two other
regional CHI assessments from the US West Coast
(Teck et al. 2010) and British Columbia (Clarke
Murray et al. 2015a). The weight matrix applied in
Teck et al. (2010) was developed through eliciting
expert knowledge from scientists with expertise on
marine ecosystems in the California Current. The
majority of stressors and habitats present in the BSR
was included in this weight matrix, and the same
weight matrix has subsequently been used in Clarke
Murray et al. (2015a) to study cumulative impacts in
British Columbia. Since sea ice was not included in
these assessments, the vulnerability weights for the
sea ice habitat layer came from Halpern et al. (2007).

Calculating cumulative impact scores

Annual impact scores were calculated for each 1
km2 pixel using the modified CHI model presented
in Halpern et al. (2009). The modified model com-
putes the mean impact of each stressor per pixel
rather than summing across all habitats that fall
within a single pixel. Seasonal cumulative impact
maps were calculated by aggregating seasonal stres-
sor impact layers together and summing values
across all pixels:

Is ¼
Xm

i¼1
Isi

where the cumulative impact score, I, for season s
(winter or summer), is calculated by summing all
seasonal stressor layers (IisÞ for each seasonal stressor,
(m = 12).

An annual cumulative impact map was created for
comparison with the seasonal maps. Rather than
simply aggregate the seasonal layers into a single
annual layer, we developed annual versions for each

of the 12 stressors, i.e., the same input data but with-
out separating the data seasonally. Mean annual stres-
sor values were calculated and then normalized
between 0 and 1 using the same reference point as
listed in Table 1. A mean annual sea ice layer was
derived from the daily sea ice data for years
2006–2014. Each pixel value was equal to the propor-
tion of days in a year the pixel has at least 40% ice
coverage. The ice mask was applied to all five fishing
layers and three climate change layers: UV, SST, and
SLR. The final impact map was calculated by sum-
ming pixel values across each stressor’s impact:

Ia ¼
Xk

i¼1
Ii þ

Xn

j¼1
Ij

where the annual cumulative impact per pixel (Ia) is
the sum of impact scores per pixel for each stressor
affected by presence of sea ice (Ii; where k = 7), and
impact scores for stressors not multiplied by the ice
mask (Ij; where n = 5). For each layer that is multi-
plied by the ice mask, impact scores (Ii) are calculated
by multiplying the normalized stressor value (D) by
the presence or absence (E) of habitat j, the mean
annual proportion that the pixel had at least 40% ice
cover (P, values range from 0 to 1), and the vulner-
ability weight, μ, for the habitat (j) and stressor (i)
pair. The final impact score per pixel is equal to the
mean impact across all habitats (m).

Ii ¼ 1
m

Xm

j¼1
Dj � Ej � P � μi;j

Results

Cumulative impact scores in the BSR exhibit both
temporal and spatial variability, with mean impact
scores of 0.13 in the winter (range = 0–1.74;
sd = 0.15) and 0.18 in the summer (range = 0–2.04,
sd = 0.26; Figure 3). Seasonal cumulative impact scores
are significantly different from annual scores in both
seasons primarily within the Gulf of Anadyr and along
both coasts (Figure 4). When accounting for

Table 3. Habitats included in the cumulative impact analysis for the Bering Strait Region (BSR).

Habitat Source
Spatial

Resolution Brief Description

Rocky reef Audobon (Smith 2010), Halpern et al. (2008) 1 km2 Gravelly substrates (Smith 2010) and hard bottom habitat
at 0–60 m (Halpern et al. 2008)

Hard shelf Audobon (Smith 2010), Halpern et al. (2008) 1 km2 Gravelly substrates (Smith 2010) and hard benthic habitat
at 60–200 m depth (Halpern et al. 2008)

Subtidal soft bottom Audobon (Smith 2010), Halpern et al. (2008) 1 km2 Silt, mud, and sandy substrates (Smith 2010) and soft
bottom habitat at 0–60 m (Halpern et al. 2008)

Soft shelf Audobon (Smith 2010), Halpern et al. (2008) 1 km2 Silt, mud, and sandy substrates (Smith 2010) and soft
benthic habitat at 60–200 m depth (Halpern et al.
2008)

Surface waters Halpern et al. (2008) 1 km2 Top 60 m of ocean in areas deeper than 60 m total depth
Deep waters Halpern et al. (2008) 1 km2 Water column from 60 m depth to benthos
Beach Alaska ShoreZone, NOAA ESI, Halpern et al. (2008) 1 km2 Fine or coarse sand and/or gravelly beaches
Salt marsh Alaska ShoreZone, NOAA ESI, Halpern et al. (2008) 1 km2 Salt to brackish marsh
Rocky intertidal Alaska ShoreZone, NOAA ESI, Halpern et al. (2008) 1 km2 Sheltered or exposed rocky shores
Intertidal mud Alaska ShoreZone, NOAA ESI, Halpern et al. (2008) 1 km2 Sheltered or exposed tidal flats
Sea ice National Ice Center (NIC) and NSIDC. (2010) 4 km2 MASIE Daily sea ice concentration (2006–2014)
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seasonality, summer impact scores are higher in the
Gulf of Anadyr and along the coast of the Chukotka
Peninsula when compared to the annual cumulative
impact map. Winter impact scores are more patchy,
with areas of both lower (along both coasts) and
higher (coast of northern Chukotka peninsula, areas
of the Gulf of Anadyr, and a portion of Norton Bay
within Norton Sound) impact compared to the annual
map. The ocean acidification stressor layer largely
drives these higher impact scores, where these two
regions have undersaturated waters (Fig. S3).

A Monte Carlo simulation was used to test the
sensitivity of the model to vulnerability weights. We
ran 1000 simulations on randomly shuffled weight
matrices that maintained the mode and distribution
of the matrix values. The mean annual cumulative
impact score and standard deviation were calculated
for each simulation, and the 95% confidence interval
was 0.14–0.27. Our calculated annual cumulative

impact map using the modified expert weights has a
mean of 0.19, which falls within the confidence inter-
val for the simulations. The same held true for both
summer (mean = 0.18, 95% confidence inter-
val = 0.16–0.30) and winter (mean = 0.13, 95% con-
fidence interval = 0.12–0.25) seasons.

Russian territorial waters experience higher
impacts in both seasons (Figure 5; summer;
mean = 0.29, sd = 0.30, winter; mean = 0.19,
sd = 0.17) compared to the United States (summer;
mean = 0.08, sd = 0.14, winter; mean = 0.08,
sd = 0.11), although the highest single-pixel score
(2.04) is located near the mouth of the Yukon River
in US waters during the summer. The combination
of sensitive habitats and higher land-based pollution
near the mouth of the Yukon River results in these
high cumulative impact scores.

Ocean acidification has the highest mean impacts
across the Bering Strait in both seasons, although

Figure 3. Annual and seasonal cumulative impact maps for the Bering Strait Region (BSR) and total proportional area receiving
an impact score between 0 and 2.20.

Figure 4. Significant differences in seasonal cumulative impact scores when compared to annual impacts. Red pixels indicate areas of
significantly higher impact, pixels in blue indicate areas of significantly lower impact in comparison to the annual map (see Figure 3).
Differences were calculated using the SDMTools R package (VanDerWal et al. 2014) and significance levels were set at 0.05.
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impacts are higher in the winter (Figure 6). Climate
and fishing stressors follow ocean acidification in
mean impacts, with the summer months exhibiting
higher impacts than winter. Russian territorial
waters are more heavily impacted than US territorial
waters across all 12 stressors. Aside from ocean
acidification, the commercial fishing stressors

primarily drive high cumulative impacts in Russian
waters in both seasons (Figs. S5–S7). Highest
impacts in US waters are found along the coast
and are primarily driven by climate stressors. The
highest impacts from shipping are in areas of high
ship density in the Gulf of Anadyr and off the coast
of Nome, Alaska (Fig. S5).

Figure 5. Spatial distribution of seasonal cumulative impact scores in Russian and US territorial waters of the BSR.

Figure 6. Mean cumulative impact scores for each stressor in the winter and summer seasons within Russian and US territorial waters.
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Discussion

CHI in the BSR are spatially and temporally variable.
Not surprisingly, impacts are highest during the ice-
free summer months when human activity is greater.
Areas of higher impact are concentrated in Russian
waters where scores are, on average, 3.63 times higher
than the United States in the summer and 2.38 times
higher in the winter seasons. That two areas of similar
size within the same region are experiencing such
dramatically different impacts can largely be attributed
to (a) a higher number, and larger spatial extent, of
habitats with high vulnerability to climate stressors in
Russian waters, and (b) the differences in commercial
fishing activity between the two countries. Due to the
shallow nature of the Strait on the US side (mean
depth of 33 m), soft shelf, deep and surface water
habitats are found in less than 8% of US waters, but
each of these habitats exists in over 50% of Russian
waters (Fig. S7). These habitats are particularly vulner-
able to climate stressors (Table S1), increasing the
cumulative impact scores in areas where they exist.
Improved habitat data in the region could help refine
these results, especially for those habitats for which we
used the global data layers from Halpern et al. (2008).

Comparisons between the annual and seasonal
cumulative impacts map show important differences
in how the outcome varies when including temporal
dynamics within the CHI model. The annual impact
map provides a snapshot of what is happening in the
BSR, but if used to manage seasonal stressors it would
underestimate impacts in the Gulf of Anadyr and
overestimate impacts along parts of the Alaskan
coast. Perhaps most importantly, the summer seaso-
nal maps give an indication of what the future will be
like as the BSR becomes ice-free year round.

Commercial fishing impacts (e.g., removal of bio-
mass from a stock, impacts to habitats by fishing gear)
have some of the highest impacts in both winter and
summer seasons, especially within Russian waters. The
significant spatial differences in commercial fishing
between the United States and Russia are largely due
to different management regimes of these two countries.
While Russia fishes its waters extensively, the United
States has banned most fishing in its half of the BSR.

Impacts frommarine operations and shipping activity
are low compared to climate and fishing stressors, even in
the summer season when ship traffic is highest. Halpern
and Fujita (2013) claim that stressors and human activ-
ities are often conflated in cumulative impact assess-
ments, which could be argued here. Assessment of
impacts due to shipping could be improved by modeling
the individual components of marine operation impacts,
including ship strikes on marine mammals, noise pollu-
tion, and bilge and sewage discharge. Currently, data do

not exist to allow such disaggregation of shipping stres-
sors and their associated impacts. In other words, regio-
nal shipping activity is tracked while associated stressors
are not. Since management and mitigation of impacts is
done through regulation of human activities rather than
individual stressors, including a shipping stressor layer is
no doubt better than excluding it. If and when regional
data on shipping-associated stressors become available,
this framework can easily be adapted to include that
information.

With more than half of the Bering Strait receiving an
impact score of less than 0.054 in both seasons, less than
3% of the regional maximum, the BSR is not currently a
severely impacted area. This is not surprising since the
biogeographical characteristics of the region limit the
amount of human activity feasible in the area. Although
impacts are generally low, Russian waters are experien-
cing much higher impacts from fishing and shipping
activities. Impacts from climate stressors are less spa-
tially and temporally discriminate with both US and
Russian waters containing areas of high impact. Ocean
acidification contributed to higher impacts in the win-
ter, especially in Norton Sound and along the northern
Chukotka Peninsula (Fig. S3) where the seawater is
undersaturated in aragonite (Ωarag).

Each of these stressors presents challenges and
opportunities in management. Climate stressors have
the highest impacts across the Bering Strait. Mitigating
the impacts of these stressors will no doubt require a
significant effort at the global scale before seeing any
regional improvements. Recent findings show the
Arctic is warming at a rate twice as fast as the rest of
the world (Richter-Menge, Overland, andMathis 2016),
which could further increase the cumulative impacts
within the BSR. Although little can be done at the
regional scale to directly address these climate impacts,
steps can be taken to address more local stressors by
focusing management and policy decisions on activities
such as fishing and shipping.

Commercial fishing has largely been scaled back by
the United States and any further mitigation of impacts
from fishing will require heavy involvement of the
Russian government. Marine operations and shipping
activities may currently be low, but as longer ice-free
seasons becomemore common, theNorthern Sea Route
and the Northwest Passage will be more feasible options
for commercial shipping routes (Smith and Stephenson
2013) and the Bering Strait will be the only access point
to these routes. The number of ships traveling through
the Bering Strait has more than doubled in recent years
(Berkman, Vylegzhanin, and Young 2016); future
increases in shipping will depend on current and emer-
ging economic, safety and environmental factors
(Pollock 2009; Brigham 2010b). The risks and impacts
associated with increased ship traffic, such as collisions
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with small fishing vessels or displacement of marine
species (Huntington et al. 2015), should be considered
in addition to this cumulative impact assessment to
further inform regulatory measures surrounding com-
mercial ship traffic in the BSR. These challenges present
an opportunity for collaborative governance between
Russia and the United States. International agreements
such as the International MaritimeOrganization’s Polar
Code can play a large role in protecting this ecologically
sensitive region by acting as proactive regulation to help
manage for an unknown future.

Commercial fishing is expected to increase in the
region as the open water season lengthens and as sub-
temperate species begin to shift their range into north-
ern waters (Cheung et al. 2009; García Molinos et al.
2015), although fisheries management may limit expan-
sion of the sector. Local observations are already con-
firming these shifts in the location of fish stocks
(Wassmann et al. 2011). General trends indicate
increased biomass from both native and non-native
marine species, but the ecological impacts on local
food chains and fisheries remain uncertain. These
changes could further exacerbate the spatial variability
in impacts from commercial fishing between Russia and
the United States, making the need for shared knowl-
edge and management even more immediate, especially
with transboundary marine species.

There are pressing management concerns about
increasing human activities in the region (Berkman,
Vylegzhanin, and Young 2016) and their interactions
with existing uses and each other. In particular, the
Arctic, and BSR specifically, have seen increasing global
interest in shipping (Kerr 2002; Brigham 2010a; Hong
2012), energy development (Johnston 2010; Clement,
Bengtson, and Kelly 2013), military activity (Kraska and
Baker 2014), and fishing (Hollowed, Planque, and
Loeng 2013). With longer ice-free seasons (Comiso
et al. 2008; Wood et al. 2015) and technological
advances (Michel and Noble 2008), growth in commer-
cial activity in the region is expected to continue (AMSA
2009). The cumulative impact of these activities will
have on the marine environment is largely unknown.

Even as the Bering Strait continues to be recognized as
a region of global importance, there remain significant
gaps in available data for the region. These gaps are a
known limitation to this study and with higher resolu-
tion data, especially commercial fishing activity and habi-
tat data, the model could certainly be improved. Since
marine biophysical processes and species do not abide by
international boundaries, it is essential that efforts to
collect and share data are broadly consistent throughout
the region to better understand and monitor impacts.

As presented here, improvements to the CHI model
can be adapted and applied elsewhere in the Arctic or
Antarctic, where temporal sea ice dynamics are at play.
This same approach could also be applied in other
regions where temporal dynamics play key roles in

ecosystem functioning, such as dynamic habitats
(e.g., kelp, seagrass beds), seasonal species movements
(e.g., spawning aggregations, seasonal migrations),
and areas heavily driven by large-scale oscillating cli-
mate regimes (e.g., El Nino-Southern Oscillation
events).

Conclusion

Although the habitats of the BSR are not heavily
impacted by human activity, our analysis indicates
greater impacts during the ice-free months. A warm-
ing environment with longer ice-free seasons will
likely lead to greater total CHI throughout the region.

Incorporating seasonal dynamics of stressors allowed
us to discern temporal variability that is often ignored
when evaluating mean annual impacts. Calculating aver-
age annual impacts in the BSR provides a less accurate
representation of the human impacts at any given time
throughout the year. This could have implications for
managing human activity and mitigating the impact of
stressors. In some cases, human impacts can be reduced
with simple shifts in the timing of activities. For example,
shipping routes could potentially be adjusted seasonally
to reduce spatial overlap of stressors that occur in differ-
ent seasons or different times within seasons. Our analy-
sis of seasonal spatial patterns provides a current
understanding of CHI to start informing management
decisions about when, instead of just where, activities can
occur. An obvious next step would be to apply this model
under future scenarios of climate change and growth in
human activity to best predict what areas of the Arctic
will be most vulnerable and how impacts are expected to
change compared to current status quo. By evaluating
seasonality of CHI,we also improve upon theCHI frame-
work by moving closer to a more realistic understanding
of how humans are impacting the ecosystem through
both time and space. With higher resolution data, this
methodology could be further enhanced at smaller time
scales to better illustrate the ebb and flow of human
activity and impact in the Bering Strait.
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5 

Summary 

We report the first ever attempt to map cumulative human pressures and im-

pacts in the eastern parts of the North Sea. Our work is based on the follow-

ing: (1) Spatial distribution of 33 human activities and types of land- and sea-

based pollution, (2) spatial distribution of 28 “ecosystem components” (key 

species and habitats), (3) systematically collected expert judgment linking 

negative impacts on ecosystem components to human activities, and (4) the 

methodology published by Halpern et al. in 2008. We have expanded this 

methodology, for example allowing some environmental impacts related to 

e.g. underwater noise, chemical pollution and sediment spills to spread be-

yond the location of their source.  

We present three indices describing the intensity of human uses, the magni-

tude of the resulting pressures, and the potential for cumulative human im-

pacts (where many pressures overlap with sensitive ecosystem components). 

The results show significant spatial variations in cumulative human pressures 

and impacts within the study area, most related to spatial variation in human 

activities, but some related to variations in the distribution and vulnerability 

of specific ecosystem components. 

This report makes two additional contributions. First, in order to develop the 

cumulative impact index for our study area, we conducted a detailed online 

survey about the sensitivity of key species and habitats to different human ac-

tivities. We present lists of relevant human activities and pressures, the 53 

survey respondents’ judgment about which human activities cause which 

pressures as listed in the Marine Strategy Framework Directive Annex III Ta-

ble 2, and their ranking of these pressures in terms of threats to the North Sea. 

Second, in Appendices A and B to this report, we present an overview of the 

more than 60 regionally harmonized data sets describing the spatial distribu-

tion of human activities and pollution as well as ecosystem components, some 

of which have been exclusively prepared for this project. 
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1 Preface 

This report is a product of the HARMONY project and meant as an initial 

assessment of human uses, pressures and impacts in the eastern North Sea. 

HARMONY, or in full ”Development and demonstration of Marine Strategy 

Framework Directive tools for harmonization of the initial assessment in the 

eastern parts of the Greater North Sea sub-region”, is a project aimed to-

wards development of informed marine assessments and management tools 

for the North Sea. 

The overall objective of HARMONY, which started in September 2010 and 

ends in December 2012 is to develop and demonstrate tools for harmoniza-

tion of the MSFD initial assessment in the eastern parts of the Greater North 

Sea sub-region. The challenges of the HARMONY project are twofold: 

 The first challenge is to establish an overview of ecological information 

and harmonize it across the eastern parts of the Greater North Sea sub-

region and thus support Member States in the implementation of the 

MSFD. 

 The second challenge is to understand and quantify the spatial distribu-

tion and intensity of human activities in order to evaluate the trade-off 

between impacts and safeguarding of marine ecosystems and thus sup-

port the implementation of the MSFD. 

 

HARMONY in particular focuses on:  

 Developing and testing tools for characterisation and assessment of “en-

vironmental status”, including thematic tools for integrated assessment 

of ”eutrophication status”, ”chemical status” and ”biodiversity status”. 

 Developing and testing tools for characterization of cumulative human 

pressures and impacts. 

 Collaborating and communicating with relevant institutions and organi-

sation and disseminating the results to partners, neighbouring countries 

and the public. 

 

You can read more about the HARMONY project on: 

http://harmony.dmu.dk 

 

http://harmony.dmu.dk/
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2 Introduction 

Coasts and seas around the world provide valuable tangible and intangible 

services to the human population, from individual recreation (e.g. visiting 

beaches or sailing) to large-scale commercial operations such as deep-sea 

drilling for oil, shipping and commercial fisheries. In addition, coastal and 

offshore waters are affected by land based activities (Ban & Alder 2007; Foley 

et al. 2010). As an example, agricultural fertilizers or industrial pollutants 

can be washed into rivers and further into the sea. 

Human activities and the resulting pressures can have serious effects on the 

health of ecosystems; in some cases, whole ecosystems have been brought to 

the edge of collapse (e.g. Jackson et al. 2001). Existing maritime activities have 

expanded with little coordination, and coastal and offshore waters around 

the world are being used in new ways (e.g. offshore wind parks). Regime 

shifts, altered food web structures and other adverse effects (e.g. hazardous 

substances and contaminations) have been observed especially in coastal en-

vironments and in marginal seas (Korpinen et al. 2012). 

Recognising the growing needs to manage ecosystems efficiently and sus-

tainably, the ecosystem approach to environmental and resource management 

has emerged from the UN Convention on Biological Diversity (the so-called 

Malawi Principles)1. The objective is to combine human desires and needs 

with the conservation of a healthy environment. To reach this goal, it is nec-

essary to manage coasts and seas in a comprehensive and integrated way, 

accounting for the diversity of these ecosystems and the combined effects of 

multiple stressors. Ecosystem-based Marine Spatial Planning is a well-

recognized approach to such integrated management (Foley et al. 2010). Re-

cently, spatial analyses of anthropogenic stressors and their cumulative im-

pacts on the marine ecosystems have been conducted globally and regionally 

(Halpern et al. 2008, 2009; Selkoe et al. 2009; Ban et al. 2010; Korpinen et al. 

2012), in order to provide much-needed information for ecosystem-based 

management. 

The EU Marine Strategy Framework Directive (MSFD; EC 2008) establishes a 

framework within which Member States shall take the measures to achieve 

or maintain good environmental status (GES) in the marine environment by 

2020. For that purpose marine strategies shall be put in place with the aim of 

protecting and preserving the marine environment, preventing its deteriora-

tion or restoring marine ecosystems in areas where they have been adversely 

affected. These should also prevent and reduce impacts in order to ensure 

that there are not significant impacts on or risks to marine biodiversity, ma-

rine ecosystems, human health or legitimate uses of the European seas.  

In order to support this analysis, we have created a collection of spatial data 

on the major human uses as well as typical coastal and marine habitats and 

species in the Danish, Swedish, Norwegian and German parts of the North 

Sea. We have then adjusted the existing approach to map cumulative human 

                                                           
1 See http://www.fao.org/DOCREP/006/Y4773E/y4773e0e.htm (accessed 02.01.2012) 

http://www.fao.org/DOCREP/006/Y4773E/y4773e0e.htm
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impacts, described by Halpern et al. (2007, 2008) to the requirements of the 

MSFD. In this approach, expert judgement is used to combine data on the 

spatial distribution of anthropogenic stressors (e.g. pollution) with data on 

the spatial distribution of potentially sensitive “ecosystem components” (e.g. 

different benthic habitat types) into a spatially explicit “human impact in-

dex”. This approach has been used in several regional studies in the USA 

and in Canada (Halpern et al. 2009; Selkoe et al. 2009; Ban et al. 2010) as well 

as one European initiative, the HELCOM Initial Holistic Assessment (which 

is not an initial assessment under the MSFD; HELCOM 2010a, 2010b; Kor-

pinen et al. 2012). The approach is here for the first time applied in the North 

Sea. 

In this report, we present: 

 Harmonized data on human uses and ecosystem components in the east-

ern North Sea 

 

 A methodological framework for mapping cumulative human impacts, 

adjusted to the requirements of the MSFD 

 

 An online expert survey which is the foundation of linking human uses, 

the resulting pressures and their impacts on key ecosystem components 

 

 A North Sea Human Use Index (NSUI), indicating where in the eastern 

North Sea multiple human uses (such as shipping and fisheries) occur at 

high intensities 

 

 A North Sea Pressure Index (NSPI), indicating where in the eastern 

North Sea multiple anthropogenic pressures occur at high intensity 

 

 A North Sea Impact Index (NSII), indicating where in the eastern North 

Sea high-intensity pressures and sensitive ecosystem components occur 

together, and consequently, where big human impacts are likely to occur 

 

 A computer program which allows to easily calculate, change or update 

the three indices listed above. 
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3 Methods 

3.1 General framework 

Halpern et al. (2007, 2008) established a general framework for mapping 

cumulative human impacts on marine ecosystems. Essentially, the approach 

(illustrated in Figure 1) consists of the following parts: 

 Identification of relevant ecosystems and their components, usually rep-

resentative broad-scale habitats, of the study region, as well as potential 

anthropogenic stressors. Note that the term stressor may refer both to 

human activities, such as fisheries, and the pressures they cause, as 

those listed in the MSFD, Annex III, Table 2 (EC 2008; for example, un-

derwater noise). 

 Mapping the spatial distribution of the ecosystem components and an-

thropogenic stressors, using the same regular grid. Ecosystem compo-

nents are mapped as presence-absence. The intensity of stressors (e.g. 

shipping intensity) is log[x+1]-transformed and normalized to the range 

[0,1]. The log-transformation is applied to avoid an over-dominance of 

extreme values on the resulting cumulative human impact map and to 

correct typically skewed frequency distributions. 

 Using expert judgement to quantify the sensitivity of the ecosystem 

components to the stressors. Also these semi-quantitative sensitivity 

scores range from 0 to 1. 

 Summing the products of ecosystem component presence-absence, 

stressor intensity, and the sensitivity scores 

More formally, let E1,…,En be n ecosystem components, U1,…,Um be m hu-

man stressors. Furthermore, let for a given location be p(E) the presence (1) 

or absence (0) of ecosystem component E in this location, i(U) the log-

transformed and normalized intensity of stressor U in this location, and s(E, 

U) the sensitivity score for ecosystem component E and stressor U. Then, the 

cumulative human impact index for the given location is calculated as 

∑∑    

 

   

                

 

   

 

Hence, in a location where three stressors and two ecosystem components 

occur, the impact index would be the sum of six products (stressor intensity 

times sensitivity score for each of the six combinations of present ecosystem 

components and pressures). The impact index is consequently highest in the 

locations where several ecosystem components occur together with stressors 

which are at high intensity, and to which the ecosystem components are sen-

sitive according to expert judgement. 
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We have adjusted this framework to better fit the requirements of the MSFD, 

and to make the best possible use of the data available for our study area. 

The most important changes, as compared to the “traditional approach”, are: 

An explicit distinction of pressures, as described in the MSFD Annex III 

Table 2, from the human uses of the sea that cause them 

The MSFD Annex III Table 2 defines a set of rather abstract pressures to take 

into account. However, as for all earlier studies, data are not available for 

pressures (e.g. noise), but for the human activities (e.g. shipping) which 

cause them. Also management and planning typically occur at the level of 

human activities rather than pressures (Ban et al. 2010). 

Ban et al. (2010) partially solved this problem by assigning one pressure, and 

a distance over which it would diminish while moving away from its source, 

to each human activity. Korpinen et al. (2012) used a similar approach, con-

sidering human activities as proxies for pressures. However, many human 

activities cause multiple pressures, which may spread over different dis-

tances and affect different ecosystem components. For example, shipping 

may affect marine mammals by underwater noise and collisions. However, 

for a collision to occur, the animal and the ship must be exactly in the same 

location, whereas noise can disturb animals further away. Fish, in contrast, 

may be less vulnerable to noise and collisions, but can be affected by pollu-

tion from the ships. In our framework, each possible combination of human 

 

Figure 1.    General approach: Expert judgement (involving individual replies by 53 experts) was used to combine data sets on 

the spatial distribution of 33 human maritime activities and types of land-based pollution (e.g. offshore oil and gas extraction, 

commercial fisheries using different gear types, and heavy metal pollution from land) with data on the spatial distribution of 28 

ecosystem components, for example selected broad-scale seabed habitats, fish and marine mammal species. 
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activities, the pressures they cause and potentially sensitive ecosystem com-

ponents is considered separately. 

Formally defined spatial models describing the pressures caused by human 

activities 

Human activities cause pressures, and thus have impacts, at a variety of spa-

tial scales. For example, dredging does destroy the local sea bottom, but re-

suspended sediment can also lead to smothering of benthic habitats further 

away. For example, Kutser et al. (2007) used satellite imagery to monitor a 

sediment plume caused by dredging near a harbour. A 1 km to 3 km wide 

plume of suspended sediment was observed stretching about 20 km off-

shore. However, suspended sediment concentrations began to decrease very 

quickly already close to the dredging activities. 

We have defined six distance-based spatial models to describe the spatial ex-

tent of the pressures while moving away from locations of the human activi-

ties that cause them. The choice of the spatial models for all activity-pressure 

combinations was based on expert judgement.  

Explicit consideration of biological features as described in the MSFD Annex 

III Table 1 

All earlier efforts to map cumulative human impacts on the sea, with the ex-

ception of Korpinen et al. (2012), considered exclusively broad-scale habitats 

(including their biological communities). For example, Ban et al. (2010) in-

cluded impacts on several benthic and two pelagic habitats (deep and sur-

face waters) in their study. 

However, the characteristics listed in the MSFD Annex III Table 1 also in-

clude “biological features”, such as seabirds, fish and marine mammals. 

Korpinen et al. (2012, see also HELCOM 2010a and HELCOM 2010b) included 

some such features. In HARMONY, we have used state of the art predictive 

distribution models of key species to map potential human impacts on sea-

birds, marine mammals, and fish. 

Fuzzy ecosystem components 

All earlier studies have considered ecosystem components as either present 

or absent in a given cell. This is a reasonable generalization for e.g. benthic 

habitats, but of limited use for organisms such as fish, birds and mammals. 

For example, Korpinen et al. (2012; see also HELCOM 2010a, 2010b) as-

sumed marine mammals to be present within their whole range, and absent 

everywhere else, without further distinction of their distribution within the 

range or the importance of different sea areas for these species.  

In our framework, we do not use presence-absence maps for ecosystem 

components, but a continuum of values ranging from 0 to 1, wherever pos-

sible. For example, the distribution of seabirds is modelled as the probability 

of presence, rescaled to the range 0 (corresponding to absence) over 0.5 (in-

termediate probability of presence) to 1 (highest probability of presence 

found in the study area). This allows not only more differentiation in whether 

a certain ecosystem component occurs in a given location, but also avoids 

the problems inherent in representing vague concepts (e.g. the range of very 

mobile species) by crisp boundaries. 
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Figure 2.    Conceptual frame-

work for mapping cumulative hu-

man impacts, adjusted to the 

concepts and requirements of the 

MSFD. 

 

Figure 3.    Example: Commer-

cial shipping could affect harbour 

porpoises e.g. by physical colli-

sions, and by underwater noise. 

Such relationships and the severi-

ty of impacts at a typical intensity 

of the activity in the study area 

were modelled based on an 

online expert survey. 
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Software dedicated to the usability of the HARMONY impact mapping 

framework 

Mapping cumulative human impacts involves many data sets on human uses 

of the sea, the pressures they cause, and ecosystem components. Typically, 

standard tools (such as ArcGIS and Excel) are used to combine such data. 

Table 1.    Pressures listed in the MSFD (Annex III, Table 2) and additional pressures (*) included in this study. Note that the 

pressure “Systematic and/or intentional release of substances” is listed in the MSFD, but not included here. Modified from EC 

(2008). 

Pressure Description 

Biological disturbance: Introduction of  

microbial pathogens 

Introduction of microbial pathogens 

Biological disturbance: Non-indigenous  

species 

Introduction of non-indigenous species and translocations 

Biological disturbance: Selective extraction 

and by-catch 

Selective extraction of species, including incidental non-target catches (e.g. by 

commercial and recreational fishing) 

Hydrological interference: Salinity changes Significant changes in salinity regime (e.g. by constructions impeding water 

movements, water abstraction). 

Hydrological interference: Thermal changes Significant changes in thermal regime (e.g. by outfalls from power stations) 

Introduction of hazardous substances:  

Non-synthetic 

Introduction of non-synthetic substances and compounds (e.g. heavy metals,  

hydrocarbons, resulting, for example, from pollution by ships and oil, gas and 

mineral exploration and exploitation, atmospheric deposition, riverine inputs). 

Introduction of hazardous substances:  

Radio-nuclides 

Introduction of radio-nuclides 

Introduction of hazardous substances:  

Synthetic 

Introduction of synthetic compounds (e.g. priority substances under Directive 

2000/60/EC which are relevant for the marine environment such as pesticides, 

antifoulants, pharmaceuticals, resulting, for example, from losses from diffuse 

sources, pollution by ships, atmospheric deposition and biologically active sub-

stances 

Nutrient & organic matter enrichment:  

Nutrients 

Inputs of fertilisers and other nitrogen – and phosphorus-rich substances (e.g. 

from point and diffuse sources, including agriculture, aquaculture, atmospheric 

deposition) 

Nutrient & organic matter enrichment:  

Organic matter 

Inputs of organic matter (e.g. sewers, mariculture, riverine inputs) 

Others: Changes in pH* Changes in water pH 

Others: Electromagnetic disturbance1 Disturbance by electromagnetic radiation of any wavelength, magnetic fields, etc.  

Physical damage: Abrasion Abrasion (e.g. impact on the seabed of commercial fishing, boating, anchoring) 

Physical damage: Resource extraction Selective extraction (e.g. exploration and exploitation of living and non-living re-

sources on seabed and subsoil) 

Physical damage: Siltation changes Changes in siltation (e.g. by outfalls, increased run-off, dredging/disposal of 

dredge spoil) 

Physical disturbance: Other, e.g. collisions* Other physical disturbance. Examples are collisions, e.g. between whales and 

ships or birds and wind turbines, or the blocking effect of bridges on birds 

Physical disturbance: Marine litter Marine litter 

Physical disturbance: Noise Underwater noise (e.g. from shipping, underwater acoustic equipment) 

Physical loss: Sealing Sealing (e.g. by permanent constructions) 

Physical loss: Smothering E.g. by man-made structures, disposal of dredge spoil 
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We have developed dedicated software to implement the conceptual frame-

work described here. For example, once a data set is prepared in a fitting 

format, it is straightforward to include it in the human use, pressure and 

impact indices that can be calculated. If better data become available, it takes 

only a few mouse clicks to update any data layer (however, the data have to 

be provided in a certain format). Perhaps most importantly, a dedicated and 

easy-to-use software tool empowers decision-makers to make their own cu-

mulative impact maps, for example assigning own weights to the ecosystem 

components, or switching on and off human activities, rather than providing 

one ready-made map of human impacts. 

Figure 2 summarizes the conceptual framework used in HARMONY. We 

have collected data on the spatial distribution of different human activities 

and ecosystem components. Human activities affect the ecosystem compo-

nents via pressures. For instance, fish farms may affect some ecosystem 

components through the pressure “introduction of organic matter”. Different 

activities may cause the same pressure, but at a different level of intensity. 

Similarly, the same human activity may cause several pressures, which 

might be relevant for different ecosystem components. Figure 2 gives an ex-

ample: Commercial shipping can affect harbour porpoises by causing both 

noise and physical collisions. In order to link human activities, pressures 

and ecosystem components, the following questions must be answered: 

1. Causality: Which human activities cause which pressures, affecting 

which ecosystem components? 

2. Pressure distance: How far do the effects of the pressure reach from its 

source? E.g. the noise caused by shipping can travel relatively far, 

whereas sealing of the seabed by the foundations of offshore wind tur-

bines is a local pressure. 

3. How vulnerable are the ecosystem components to different pressures, at 

the levels caused by the respective human activities? Vulnerability has 

two parts: Sensitivity (for example, how sensitive is a given ecosystem 

component to underwater noise from shipping?) and exposure (do hu-

man activities causing noise and the ecosystem component occur suffi-

ciently close to each other for the ecosystem component to be affected?) 

The exposure of the ecosystem components to the pressures is based on the 

spatial distribution of the human activities and the ecosystem components. 

The answers to all other questions are based on an online expert survey. 
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3.2 Spatial data and processing 

 

3.2.1 Study area and the HARMONY grid 

The HARMONY study area is the North Sea, excluding the English Channel, 

as shown in Figure 4. That being said, because this project was funded by in-

stitutions from Denmark, Sweden, Norway and Germany, we have focused 

on the eastern North Sea falling into the EEZ and territorial waters of these 

countries. In particular, it was very time-consuming to collect reliable data 

on human uses of the sea. Wherever possible with reasonable effort, data 

were collected for the whole North Sea; but many data sets were difficult to 

obtain or needed further processing, and could thus only be prepared for the 

waters of the four HARMONY countries. As a consequence, the analyses 

presented here cover only the Danish, Swedish, Norwegian and German 

parts of the North Sea. Still, many of the basic data sets prepared within 

HARMONY, as well as some analyses presented in other HARMONY re-

ports, cover the whole North Sea. 

All spatial data used in HARMONY were transferred to a regular grid. To 

facilitate the use of these data within the framework of the European Union’s 

environmental policies, we have used the EEA’s reference grid for Europe at 

1 km2 spatial resolution.2  

All cells containing no sea areas, according to GSHHS 2.0 shorelines, were 

removed from this grid, as were cells outside of the study area. A detail of 

the HARMONY grid is shown in Figure 5. 

                                                           
2 http://www.eea.europa.eu/data-and-maps/data/eea-reference-grids-1  

Figure 4.    The HARMONY 

study area. 

 

http://www.eea.europa.eu/data-and-maps/data/eea-reference-grids-1
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3.2.2 Ecosystem components 

In accordance with Halpern et al. (2007, 2008, 2009), Selkoe et al. (2009), Ban 

et al. (2010) and Korpinen et al. (2012), we have modelled the combined im-

pacts of anthropogenic stressors on the North Sea as the sum of their im-

pacts on important components of this ecosystem, accounting for potential 

cross-effects and synergisms only indirectly. As Korpinen et al. (2012), we 

included both broad-scale habitats and key species, in total 28 ecosystem 

components: 

 Four broad-scale coastal ecosystems (physically complex and very dy-

namic coastal areas which could not be reasonably covered by the re-

gional scale data used for the other ecosystem components) 

 

 Six benthic habitat types, based on substrate (hard; sand, mixed or coarse; 

mud) and light availability (euphotic, aphotic) 

 

 Two types of plankton communities (in nutrient-rich waters, in nutrient-

poor waters) 

 

 Eight species of fish. Note that because no observations from the deeper 

parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were 

available, the biomass of the different species for these deep areas was es-

timated as described in Appendix F. 

 

 Three species of marine mammals 

 

 Five species of seabirds 

Figure 5.    A detail of the HAR-

MONY mapping grid in the cen-

tral Kattegat. 
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The broad-scale coastal ecosystems cover four distinct, very complex coastal 

seas: The Wadden Sea, the southern Kattegat bays (such as the Limfjord), the 

western Swedish rocky archipelagos and the Norwegian fjords. These areas 

are physically very complex and dynamic, and consequently, the regional-

sea-scale data describing the other ecosystem components were not available 

for these areas or must be considered too rough to describe them properly. 

Consequently, they were included in the analyses as separate ecosystem 

components. 

In contrast to all earlier studies, and with the exception of the four coastal 

ecosystems and benthic habitats, our analyses are not based on the presence 

(1) or absence (0) of an ecosystem component in a given cell, but on 

measures that can take any value in a continuous range from 0 to 1. For ex-

ample, for the three marine mammal species, we have not used a hypothetical 

range (assuming presence within this range, and absence outside), but mod-

elled the probability of each species’ presence in a given location based on 

field observations of the species in question, hydrodynamic and biogeo-

chemical data (such as average salinity, current speeds and chlorophyll con-

centrations). The species included in this study – fish, seabirds and marine 

mammals – are very mobile; in contrast to presence-absence maps, probabili-

ties of presence represent their spatial distribution much better, being able to 

distinguish “hotspots” (where the relatively highest impacts on the species 

would be predicted under given stressors) from areas rarely visited by the 

species (where predicted impacts on the species would be much lower under 

the same stressors). 

Table 2 gives an overview of the ecosystem components used in this study. 

They are described in detail in Appendix A, as are potentially interesting data 

sets that were not used in the impact index (for example, sandeel fishing 

grounds and the abundance of non-assessed sensitive fish species). Spatial 

distributions of benthic habitats were taken from EUSeaMap3. The spatial 

distribution of all other ecosystem components was modelled within HAR-

MONY. 

3.2.3 Stressors 

We have identified 47 relevant anthropogenic stressors (human uses of 

coasts and sea and pollution from land-based sources, which are potential 

drivers of ecological change) in several workshops, and by a review of the 

OSPAR QSR 2010 (OSPAR 2010) and the HELCOM Initial Holistic Assess-

ment (HELCOM 2010a, 2010b). Data were available, or could be reasonably 

modelled, for 33 of the stressors. In many cases, only presence-absence data 

were available. Table 3 gives an overview of the stressors that were included 

in this analysis; Table 4 lists those that were expected to be important, but 

could not be included, mostly because no spatial data were available.  

Data for other North Sea countries than Denmark, Sweden, Norway and 

Germany were collected whenever easily possible. However, given that only 

the four countries listed above provided funding for HARMONY, we were 

not able to put major efforts in the inclusion of data that were difficult to ob-

tain, to process or to harmonize. Consequently, many of the stressor data 

                                                           
3 http://jncc.defra.gov.uk/page-5020 
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compiled in HARMONY cover only the Swedish, Danish, Norwegian and 

German North Sea. 

The data compiled from the different countries had often very different levels 

of detail. We took special care to combine them in a way that would make 

them comparable. All included stressor data sets are described in detail in 

Appendix B. 

 
  

                                                           
4 Note that also a data set on sandeel grounds was available (Jensen et al. 2011). However, it could not be included as it 
did not cover the Kattegat. 

Table 2.    Ecosystem components included in the North Sea Impact Index. 

Group Ecosystem components Spatial distribution described as 

Coastal ecosystems Norwegian fjords and coastal archipelagos 

Rocky archipelagos of the Swedish west coast 

Southern Kattegat bays (e.g. the Limfjord and Skälderviken) 

Wadden Sea 

Presence-absence. 

Broad-scale benthic  

habitats and their  

communities 

Euphotic mud 

Aphotic mud 

Euphotic sand, coarse and mixed substrate 

Aphotic sand, coarse and mixed substrate 

Euphotic hard 

Aphotic hard 

Presence-absence corrected for the 

number of benthic ecosystem compo-

nents in each cell. For example, if four 

benthic habitats exist in a given cell, 

each of these benthic habitats would 

have a value of 0.25. 

Plankton communities  

(covering both phyto-  

and zooplankton) 

In nutrient-rich waters 

In nutrient-poor waters 

Fuzzy model of presence-absence: 

Values range from zero to one based 

on whether average chlorophyll in the 

cell is below 0.8 mg m-3, above 4 mg 

m-3, or in between. These thresholds 

were taken from Wasmund (2001). 

Fish species4 Cod (Gadus morhua) 

Haddock (Melanogrammus aeglefinus) 

Norway pout (Trisopterus esmarkii) 

Saithe (Pollachius virens) 

Plaice (Pleuronectes platessa) 

Dab (Limanda limanda) 

Herring (Clupea harengus) 

Rays and skates  

Modelled biomass distributions. 

Marine mammal species Harbour porpoise (Phocoena phocoena) 

Minke whale (Balaenoptera acutorostrata) 

White-beaked dolphin (Lagenorhynchus albirostris) 

Modelled probability of presence. 

Seabird species Razorbill (Alca torda) 

Northern Fulmar (Fulmarus glacialis) 

Northern Gannet (Morus bassanus) 

Black-legged Kittiwake (Rissa tridactyla) 

Common Guillemot (Uria aalge) 

Modelled probability of presence. 
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Table 3.    Human stressors included in the North Sea Impact Index. 

Group Stressors Spatial distribution described as 

Aquaculture Fish farms 

Shellfish farms 

Point locations 

Point locations 

Fisheries Fishery for scallops and blue mussels using dredge 

Pots and traps 

Set nets 

Beam trawl with mesh > 80 mm fishing mainly for flatfish 

Small meshed beam trawl fishing mainly for brown 

shrimps 

Trawl and demersal seine with 70-99 mm meshes fish-

ing mainly for Nephrops 

Trawl and demersal seine with ≥ 100 mm meshes  

fishing mainly for roundfish 

Pelagic trawl and seine fishing mainly for herring and 

mackerel 

Small meshes trawl fishing mainly for industrial species 

and Northern shrimp 

Fishing efforts in 2009 per ICES Rectangle 

(1.0 degree longitude by 0.5 degree latitude), 

as kW days km-2 

Industry, energy,  

population and  

infrastructure 

Offshore wind farms 

Operational underwater cables 

Operational oil and gas pipelines 

Offshore oil and gas installations 

Oil spills  

 

Coastal population 

Turbine locations (points) 

Lines 

Lines 

Point locations 

Distance-weighted number of detected spills 

within 25 km radius 

Number of people living within 25 km of the 

coastline 

 Dredging for sand and gravel 

Disposal of dredged materials 

Bridges and coastal dams 

Coastal nuclear power plants 

Coastal waste water treatment plants 

Permitted areas (polygons) 

Point locations 

Lines 

Point locations 

Point locations 

Nutrient enrichment  

and pollution from  

land and the atmos-

phere 

Riverine inputs and atmospheric deposition of nutrients 

 

Riverine inputs and atmospheric deposition of heavy 

metals 

Riverine inputs of synthetic compounds 

 

Riverine inputs, and atmospheric deposition of radionu-

clides 

Existing biogeochemical model, own model-

ling in the Kattegat 

Static transport model for monitored and mod-

elled discharges; EMEP data 

Static transport model based on population in 

catchments 

Static transport model based on number of 

nuclear installations per catchment 

Shipping and 

transport 

Commercial shipping, deep water 

Commercial shipping, shallow water 

Major ports 

 

Recreational shipping, deep water 

Recreational shipping, shallow water 

Intensity based on AIS data 

Intensity based on AIS data 

Point locations with gross annual cargo 2005-

2009 

Square-Distance-weighted number of marinas 

within a 20 km radius 

Other human  

activities 

Military practice 

Dumped munitions 

Areas (polygons) 

Point locations 
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Unfortunately, data harmonization often meant that information which was 

not available for all four HARMONY countries had to be excluded. For ex-

ample, Sweden provided a data set on regularly dredged shipping lanes, 

and Denmark provided a very detailed data set on cooling water emissions 

to the sea. However, as these data were not available for the other HAR-

MONY countries, they could not be included in the analysis. The additive 

approach to mapping cumulative human impacts, which was also used here, 

cannot distinguish between “no data” and “the stressor does not occur”. 

Thus, including dredging of shipping lanes in Swedish waters, but not else-

where, would in our model mean that such dredging and its impacts occur 

only in Sweden. Consequently, including stressors where data did not cover 

the whole study area would have meant that the pressure and impact indices 

presented here would not be comparable across the whole study area any 

more.  

Only the locations at which many human activities occur were available, but 

no measure of their intensities. For example, we could compile the coordi-

nates of all fish and shellfish farms in the eastern North Sea; but we could 

not obtain information about the magnitude of the activities, such as the to-

tal annual production, of the individual sites. 

As in all earlier studies, the stressors represented by intensity (e.g. shipping) 

rather than presence-absence were log[x+1]-transformed and rescaled so 

that the maximum was 1. However, before applying the log-transformation, 

they were first rescaled so that the maximum was 19, as otherwise, the trans-

formation’s results would have depended on the maximum value in the data 

set. 

  

Table 4.    Major stressors that could not be included in this study. 

Group Stressors Reason for exclusion 

Fisheries Recreational fishing No spatial data available 

Industry, energy,  

population and 

 infrastructure 

Marine construction works 

Coastal engineering and defence 

Other dredging, e.g. for navigation purposes 

No spatial data available 

No spatial data available 

Data only for Sweden 

 Changed siltation due to land use (e.g. river dams,  

deforestation) 

No spatial data available 

Global change Acidification 

Ocean warming 

Increased UV radiation 

Global change is outside the scope of the 

MSFD. No sufficiently accurate spatial data 

available or requiring major processing efforts. 

Nutrient enrichment  

and pollution from  

land and the atmos-

phere 

Riverine inputs of organic matter 

Riverine inputs of specific substances and groups (e.g. 

PCBs, PAHs) 

No data available 

No data available 

Shipping and  

transport 

Anchoring outside harbours Data available only for parts of the study area 

Other human  

activities 

Hunting (seabirds, whaling, sealing) No spatial data available 
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3.2.4 Spatial models 

Some human activities only have local effects; others cause pressures that 

can be transported far away. For example, oil and gas installations can cause 

local sealing of the seabed; but they also cause pollution, e.g. with discharges 

of produced water, and noise, which both can spread relatively large dis-

tances from their source. Ban et al. (2010) accounted for such effects by let-

ting the intensity of stressors linearly diminish with increasing Euclidean 

distance from the source. The distances at which the stressors ceased to have 

an impact were based on a literature survey. 

In this study, we have developed this approach further by means of the con-

cept of “pressure distances”. In our formal model, the same human activity 

(e.g. oil and gas extraction) can cause several pressures (e.g. sealing and pol-

lution with non-synthetic substances). Each pressure can be represented by a 

different spatial model. Furthermore, one human activity can affect ecosys-

tem components via different pressures, and thus over different distances. 

To give an example, while the impact of deep-water oil and gas extraction 

on the seabed may be predominantly local, it may affect marine mammals 

more by noise and pollution, up to several kilometres away. 

We have defined six spatial models: A local model and five distance-based 

models (with pressure distances of 1 km, 5 km, 10 km, 20 km, and 50 km; 

Figure 6). The definition of the local model is described for each data set in 

Appendix B. For example, for cables and pipelines, for fish farms and for 

shellfish farms, it is simply the presence (1) or absence (0) of such structures 

in each 1 km2 cell. For others, it is a value ranging from 0 to 1, depending on 

a measure of the intensity of the respective activities. As an example, the av-

erage annual gross cargo weight (rescaled so that the maximum was 1) han-

dled at the major ports in the study area was used as the “local model value” 

for the cells containing the ports. 

The distance-based spatial models are based on the local models. For exam-

ple, the value of a cell in the 20 km model for a human activity depends on 

all cells within a 20 km radius from that location. The cells’ local model val-

ues are weighted based on their Euclidean distance to the cell in question. 

For example, imagine a cell with three shellfish farms (the local model value 

for these cells is 1) within 20 km radius. One shellfish farm is right in the cell 

in question. The others are in cells 3 km and 10 km away. The value of that 

cell in the 20 km spatial model for shellfish farms would then be 1 + 17/20 + 

10/20. All spatial models were rescaled so that the values ranged again from 

0 to 1. This approach works well for stressors represented by points or very 

small areas (for example fish farms) and relatively straight lines (e.g. under-

water cables), but not for stressors represented by large areas (polygons; in 

this study military areas and sediment extraction sites). Thus, the spatial 

models for these stressors were prepared in ArcGIS by hand. Also for coastal 

population, the automatically calculated spatial models were inappropriate 

(as the complexity of the coastline influences stressor values if calculated as 

described above), but no new spatial models were calculated because ac-

cording to the online survey, the effects of population (other than covered by 

separate pollution data sets) are only local. 
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The spatial distribution of some other stressors has been modelled explicitly. 

For example, nitrate concentrations were extracted from a biogeochemical 

model as a proxy for nutrient enrichment from riverine discharges and at-

mospheric deposition (Figure 7). In such cases, only this one “general spatial 

model” was used. Fisheries data were only available at the resolution of IC-

ES rectangles. This resolution is by far too coarse to tell where exactly pres-

sures and impacts occur. Consequently, efforts per ICES rectangle were the 

only spatial model used for the pressures caused by fisheries. 

 

Figure 6.    Spatial models for 

pressures from shellfish farms in 

the Limfjord. The spatial models 

for the pressures caused by the 

different human activities have 

been chosen based on the expert 

survey. One human activity can 

cause several pressures, possi-

bly each with a different own spa-

tial model. 
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3.3 The online expert survey 

3.3.1 General approach 

In order to map human impacts on the marine environment, it is necessary 

to quantify the sensitivity of the ecosystem components to the different hu-

man stressors. As such studies typically include several hundreds of ecosys-

tem-stressor combinations, a literature review would leave many gaps. Ex-

pert workshops have consequently often been held to define the threats to 

different ecosystems; however, the underlying rationale is not transparent, 

and it is difficult to update such results with new information. Furthermore, 

individual rather than group judgement captures the whole range of opinions 

(Teck et al. 2010) instead of presenting a final compromise which may not be 

dominated by the most knowledgeable workshop participants. Thus, 

Halpern et al. (2007) conducted an online expert survey.5 The respondents 

were asked to estimate the “ecological vulnerability” of each ecosystem 

component to each stressor (given that they had knowledge about the par-

ticular combination). However, as “ecological vulnerability” is a rather ab-

stract concept, it was subdivided into “vulnerability criteria” as a more tan-

gible and transparent approach. Experts were asked to rate the spatial scale 

                                                           
5 http://www.nceas.ucsb.edu/~halpern/html/expert_survey.htm  

Figure 7.    The spatial transport 

of some stressors, such as  

riverine discharges and atmos-

pheric deposition of nutrients, has 

been modelled explicitly (in this 

example, nitrate concentrations 

were extracted from the NOR-

WECOM model and merged with 

data produced within HARMONY 

for the Kattegat). In such cases, 

only this one “general” spatial 

model was used. 

 

http://www.nceas.ucsb.edu/~halpern/html/expert_survey.htm
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at which the stressors cause impacts (e.g. dredging may affect a whole bay), 

frequency (how often does it typically occur?), functional impact (species, 

one trophic level, several trophic levels ecosystem), resistance (does a slight 

occurrence of the stressor already have an effect?), and resilience (recovery 

time). Experts were also asked to rate the certainty of their replies. The “eco-

logical vulnerabilities” were then derived by averaging replicate survey re-

sponses after bringing them to a numeric scale ranging from zero to four. 

Korpinen et al. (2012) used an adjusted version of this approach.  

According to Teck et al. (2010), there is a growing consensus that ecological 

vulnerability is a function of exposure, sensitivity, and resilience to stressors. 

However, they also describe problems with the approach used by Halpern et 

al. (2007): For example, the five vulnerability criteria are weighted equally, 

even if experts find one more important than the others, and uncertainty is 

addressed only in a qualitative way. Teck and colleagues thus refined the 

approach as follows. After filling in biographical information, the respond-

ing experts were asked to choose one of six sub-regions of the study area 

(the California Current region). They should then rank the top five stressors 

in their selected sub-region. The stressors were listed in randomized order to 

avoid sorting bias. The survey also allowed the addition of stressors to check 

whether all relevant ones had been captured. In the next part of the survey, 

30 hypothetical scenarios with different values for the vulnerability criteria 

for the different stressors were presented to and rated by the experts. Finally, 

the experts were asked to revise default scores for the vulnerability criteria, 

taken by Halpern et al. (2007). The experts could respond to the survey on 

paper, online, by phone or in-person interview from June to October 2007. 

While the approach presented by Teck et al. (2010) has clear advantages, it 

was not possible to conduct such a comprehensive survey with the resources 

available in HARMONY. Instead, we modified the approach presented by 

Halpern et al. (2007, 2008) and adapted by Korpinen et al. (2012) to collect 

expert opinions on how human activities, the pressures they cause and their 

impacts on selected parts of the marine environment are interlinked.  

3.3.2 The survey instrument 

In the HARMONY Online Survey, the experts were first asked to enter bio-

graphical information. They could then choose either an ecosystem compo-

nent (for example harbour porpoises) or a human activity (for example off-

shore oil and gas extraction). If filling in the survey for an ecosystem com-

ponent, the experts had to rate the sensitivity of this ecosystem component 

to the different stressors; for example, the sensitivity of harbour porpoises to 

commercial shipping, offshore oil and gas extraction, pollution with heavy 

metals from land-based sources, etc. If filling in the survey for a human ac-

tivity (including different types of land-based pollution), the experts were 

rating the sensitivity of the different ecosystem components to this stressor. 

The questions asked were ultimately the same in both cases. They were just 

organized in a different way, to allow both experts specialized in ecosystem 

components (e.g. benthic ecologists or ornithologists) and experts for differ-

ent sectors (e.g. fishery experts) to use the online survey in the most com-

fortable way. Figure 8 shows an example from the survey website. 
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In addition to the stressors listed in Table 3 (which were included in the pres-

sure and impact indices), also the stressors in Table 4 (which were omitted 

from the spatial analyses mostly because of a lack of data) were included in 

the online survey, in order to make the resulting data set fit for uses in the 

future, when more spatial data may become available. Finally, the respond-

ents were asked to name the three pressures (from Table 1; without order) 

which they thought would pose the greatest threat to the North Sea ecosys-

tem in general, and to the ecosystem component for which they were filling 

in the survey (if responding for a specific ecosystem component). 

As Halpern et al. (2007), Teck et al. (2010) and Korpinen et al. (2012), we 

have asked the experts to rate ecological sensitivity indirectly via several cri-

teria. We have modified the original approach as follows: 

1. We first asked the experts to choose one or two of the pressures listed in 

Table 1, in order to link human uses of the sea and other stressors such as 

pollution with the pressures listed in the MSFD. For human activities 

causing more than two pressures, the experts were instructed to choose 

the most important ones for the ecosystem component in question. 

2. The experts then had to choose a “pressure distance”, corresponding to 

the spatial models described in section 3.2.4 (see especially Figure 6), for 

each of the pressures they chose. 

3. The experts then rated the “impact extent”, that is whether the direct 

and indirect effects of the respective pressure, as caused by the human 

activity in question, have consequences on the level of individuals, on 

the whole population or on the community level. 

4. The experts next rated the “impact level”, ranging from “no impact” 

over three levels of disturbance to “devastating/lethal”. 

5. The experts thereafter rated the recovery time for the ecosystem compo-

nent after the pressure ceases (with a, compared to earlier studies, rather 

 

Figure 8.    Detail of the HARMONY Online Survey. Here, the impact of a human activity (e.g. fish farms) on different ecosystem 

components is rated. 
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short maximum of “10 years or more”, as the MSFD aims to achieve 

good environmental status in all European seas by 2020). 

6. The experts were finally asked to rate their confidence in their judge-

ment, considering both the general state of scientific knowledge on this 

ecosystem component-stressor combination and their own experience on 

the subject. 

Table 5 lists the possible reply choices for these criteria, and Table 6 summa-

rizes the additional information collected in the online survey. We have not 

included Halpern et al.’s (2007) “spatial scale” (but the related “pressure dis-

tance”) and the “frequency” of the stressors, as they were already modelled 

in our spatial stressor data sets.  

The complete instructions for the online survey are found in Appendix C, Ap-

pendix D and Appendix E. 

 

 

 

3.3.3 Derivation of pressure distances and sensitivity scores 

Cleaning the replies 

The replies to the online survey were combined into one table, containing 

nine columns: user name, human activity, ecosystem component, pressure, 

pressure distance, impact extent, impact level, recovery time, confidence, 

Table 5.    Sensitivity criteria and possible answer choices. 

Criterion Possible answer choices (numeric values used to calculate sensitivity scores are in brackets) 

Pressure “No pressure” or one of the pressures in Table 1 

Pressure distance No impact, 1 km, 5 km, 10 km, 20 km, ≥ 50 km 

Impact extent No impact, individuals (1), population (2), community (3) 

Impact level No impact, minor disturbance (1), medium disturbance (2), major disturbance (3), devastating/lethal (4) 

Recovery time No impact, < 1 year (1), 1-5 years (2), 5-10 years (3), > 10 years (4) 

Confidence Low, medium, high (in addition, it was possible to skip specific combinations of ecosystem components 

and human activities by choosing an “I don’t know” option) 

Table 6.    Additional data collected in the online survey. 

Data Description 

Personal information Name, Organisation, Country, Type of organisation (government agency, academic institution, private 

company, NGO, other) 

Experience For each ecosystem component or human activity for which the respondents filled in the survey, they 

were asked to estimate the number of years that they had research or professional experience related 

to this theme. 

Top ecosystem  

component threats 

If filling in the survey by ecosystem component, the experts were asked to list (without ranking) the 

three pressures (see Table 1) which they thought were the biggest threats to this ecosystem component 

in the North Sea. 

Top ecosystem  

threats 

The experts were also asked to list (without ranking) the three pressures (see Table 1) which they 

thought were the biggest threats to the North Sea ecosystem in general (not any particular ecosystem 

component). 

Comments Free text comments. 
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and “don’t know” (the latter being “true” or “false”). In order to clean up 

these “raw” replies, all rows where the respondents indicated that they 

didn’t know about this combination of human activity and ecosystem com-

ponents were removed. Furthermore, all rows for which no confidence was 

given were removed, because respondents often skipped complete rows 

without setting any fields or checking the “don’t know” field. In the result-

ing “cleaned” table, each row contained a statement by an expert, indicating 

that a human activity affected an ecosystem component by causing a certain 

pressure, together with the pressure distance, impact extent, impact level 

and recovery time according to the respective expert, as well as her or his 

confidence. 

Which human activities cause which pressures, and over which distances?  

Respondents to the online survey could list up to two pressures by which a 

human activity has an impact on an ecosystem component. They were asked 

to choose the pressures that they found the most important. Consequently, 

as the replies about what the most important pressures were can depend on 

the ecosystem component in question, and the experts may not always 

agree, all experts together listed several pressures to be caused by most hu-

man activities.  

While analysing the survey results, it became obvious that experts often dis-

agreed about the pressures related to the disturbance of the seabed other 

than sealing – for instance, the pressure “abrasion” may be followed by “sil-

tation changes” when the abraded material settles again. For this reason, the 

pressures “extraction of non-living resources”, “siltation changes”, “smoth-

ering” and “abrasion”, about which the survey responses rarely agreed (alt-

hough the respondents were likely to mean damage by the removal or depo-

sition of sediment in all cases), were combined into one pressure. Further-

more, the online survey included three different stressors on riverine dis-

charges and atmospheric deposition of synthetic substances: PCBs, PAHs, 

and “other synthetic substances”. As there were very few replies on “other 

synthetic substances”, and we could only produce one coarse data set on 

riverine discharges of synthetic substances in general, the replies on these 

three stressors were combined into one stressor (riverine discharges of syn-

thetic substances). 

It was then counted in all replies how many experts listed a given pressure 

to be caused by each human activity. Only combinations of pressures and 

human activities listed independently by at least three experts were included 

in the further analyses. For each expert, the greatest pressure distance he or 

she gave for any of these combinations of pressures and human activities 

(which may depend on the ecosystem components the expert was replying 

for) was determined as a measure of the expert’s opinion on how far the ef-

fects of the pressure, as caused by the activity, could reach. The median of 

these maximum distances, according to the different experts, was used as 

pressure distance (and spatial model) for this particular combination of hu-

man activity and pressure. 

For example, 14 experts replied that fish farms cause the pressure nutrient 

enrichment. One said it would be only local (maximum pressure distance 

listed by this expert for nutrient enrichment from fish farms for any ecosys-
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tem component for which he or she replied). The confidence of this expert 

was low; note that confidences were given for the whole replies, not only for 

the pressure distances. Six experts said the pressure would stretch up to 1 km 

(median confidence: medium); three replied up to 5 km (median confidence: 

medium), two said up to 10 km (median confidence: high) and two replied 

up to 50 km or more (median confidence: medium). The median of the pres-

sure distances was assigned to the activity-pressure combinations. In the ex-

ample the median lies between 1 km and 5 km, requiring a decision on 

which spatial model to use. Given the higher confidences of the experts who 

voted for the larger pressure distances, the 5 km spatial model was chosen to 

represent nutrient enrichment from fish farms. In general, as a high confi-

dence does not guarantee good knowledge, the confidences were only used 

to make such qualitative decisions, but not to generally weigh the experts’ 

replies. 

Calculation of sensitivity scores 

Sensitivity scores were calculated for combinations of activities, pressures 

and ecosystem components; however, only the combinations where several 

experts found the human activity to cause the pressure, as described above, 

were included. For each expert who gave his judgement on a combination, 

an individual sensitivity score was calculated in two ways.  

First, an approach similar to that used by Halpern et al. (2007, 2008) and 
Korpinen et al. (2012) was used. In this approach, the three sensitivity criteria 
impact extent (e), impact level (l) and recovery time (t) are weighted equally 
to calculate a sensitivity score s1 (see Table 5 for the numbers assigned to the 
answer choices, and note that e ranges from 1 to 3, but l and t range from 1 to 
4): 

   
 
 
   

 
   

 
  

 
 

However, in our case, this approach has potential shortcoming: The equal 

weights for e, l and t mean that, for example given the same recovery time, 

major disturbances of individuals are considered as important as medium 

disturbances on the population level and minor disturbances of the whole 

community. For this reason, we calculated a second set of sensitivity scores:  

   
             

  
 

This approach generally rates impacts on whole populations higher than 

impacts on individuals, and impacts on the whole community higher than 

impacts on populations. More specifically, s2 ranges from 1/21 to 7/21 for 

impacts on the individual level, from 8/21 to 14/21 for impacts on the popu-

lation level, and from 15/21 to 1 for impacts affecting the whole community.  

The final sensitivity scores s1 and s2 for each combination of human activi-

ties, pressures and ecosystem components were calculated as the mean of 

the individual sensitivity scores calculated for all experts who replied on this 

particular combination. Then, s1 and s2 were compared and found to be 
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highly correlated. Furthermore, two versions of the North Sea Impact Index 

were calculated, one using s1 and one using s2, and compared. 

3.4 Mapping human uses, pressures and their cumulative  
impacts 

Based on the spatial data on human activities and pollution, pressure dis-

tances and sensitivity scores, three different indices were calculated to an-

swer the following questions: 

1 Where do many human activities coincide at high intensities? 

2 Where do many pressures coincide at high intensities? 

3 Where are high cumulative impacts to be expected? 

3.4.1 The North Sea Human Use Index (NSUI) 

A “North Sea Human Use Index” was calculated based on the “local” spatial 

models of the human activities listed in Table 3. Stressors in the group “Nu-

trient enrichment and pollution from land and the atmosphere” as well as 

oil spills were not included in this index, because they are not human activi-

ties in a strict sense, and are (with the possible exception of oil spills) not di-

rectly coupled to the intensities of human uses of the seas. 

For a given cell in the mapping grid, the human use index was calculated as: 

∑            

 

   

      

where U1…Un are human activities, i(U, M) is the intensity of human activity 

U according to the spatial model M in the cell in question, Mlocal is the local 

spatial model, and w(U) is a weight for U. In other words, the local spatial 

models of all human activities were simply summed up, with the option of 

including a weight factor for each activity.  

The weights were in this study only used to balance the data sets. As an ex-

ample, Ban et al. (2010) investigated how the combination of commercial 

fisheries data into a different number of data layers affected analysis results. 

Depending on whether the fisheries were represented by individual layers 

(one layer each for different gear types and target species), grouped by im-

pact category (e.g. several gear types grouped into a “high-bycatch pelagic 

fisheries” layer), or all commercial fisheries data combined into one pressure 

layer, they accounted for 75% (all commercial fisheries data as individual 

pressure layers) down to 12.7% (only one combined commercial fishing layer) 

of impacts on benthic ecosystems. Accordingly, the relative importance of 

other stressors varied. We thus calculated and compared human use indices 

using different weights for the fisheries layers. Furthermore, two stressors – 

military areas and sediment extraction – were represented by large areas in 

which the respective activities occur, but without information on the intensi-

ty of the activities. These large areas would have been unrealistically domi-

nant compared to stressors represented by intensities rather than presence-

absence, and stressors represented by points or lines. To counter this effect, 
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military areas and sediment extraction sites were included with a weight of 

0.5. 

3.4.2 The North Sea Pressure Index (NSPI) 

A North Sea Pressure Index (NSPI) was calculated similar to the NSUI. How-

ever, all (also land-based) stressors listed in Table 3 were included. Further-

more, the different stressors were not necessarily represented by the local 

spatial model; instead, the greatest pressure distance at which, according to 

the online survey, the activity caused pressures was used. For example, ac-

cording in the online survey, experts agreed that offshore oil and gas extrac-

tion causes sealing of the seabed, but also causes pollution by e.g. non-

synthetic substances. The median pressure distance for “sealing” was local; 

the median pressure distance for the pollution was 5 km. Consequently, the 

5 km spatial model was used for oil and gas extraction in the pressure index. 

For a given cell, the pressure index was calculated as: 

∑ (        )

 

   

      

where Uk is a human activity, M(Uk) is the spatial model for the greatest me-

dian pressure distance for any of the pressures caused by Uk, i(Uk,m) is the 

intensity of activity Uk according to spatial model m in the cell in question, 

and w(Uk) is a weight for Uk. As for the human use index, the weight factor 

was only used to mitigate an imbalance towards fisheries as well as military 

and sediment extraction areas. 

The NSPI as described here corresponds in concept to the Baltic Sea Pressure 

Index (BSPI) presented by HELCOM (2010a, 2010b) and Korpinen et al. (2012). 

It is, however, based on more detailed data, calculated at a higher resolution, 

and uses expert judgement to explicitly consider the spatial scale over which 

the pressures caused by different human activities diminish from their 

sources. 

3.4.3 The North Sea Impact Index (NSII) 

The North Sea Impact Index finally combines the information on where hu-

man activities occur and the pressures they cause with the spatial distribu-

tion of the ecosystem components and their sensitivity to the pressures. It is 

calculated by summing up the products of sensitivity (ranging from 0 to 1), 

the relative intensity of the pressure as caused by the activity (according to a 

certain spatial model, ranging from 0 to 1), and the fuzzy density for the eco-

system component (e.g. probability of presence, ranging from 0 to 1) for all 

combinations of human activities, pressures and ecosystem components. For 

a given cell, the NSII is calculated as: 

∑∑∑ (         )
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In this formula, U1 … Ul are human activities and stressors (see Table 3), 

P1…Pm are pressures (see Table 1), and E1… En are ecosystem components 
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(see Table 2). The function s(U,P,E) is the sensitivity of ecosystem component 

E to pressure P caused by the activity U. It is zero if U does not affect E by P. 

The function i(U, m) is the relative intensity of a pressure caused by human 

activity U in the cell in question according to spatial model m; M(U,P) is the 

spatial model for pressure P caused by human activity U (the same as used 

in the pressure index). Finally, d(E) is the fuzzy density for ecosystem com-

ponent E, and wU and wE are weights for the human activities and ecosystem 

components.  

In simpler words, the NSII is calculated by going through all possible com-

binations of human activities, pressures and ecosystem components; check-

ing whether the activity has an impact on the ecosystem component via the 

pressure; if so, multiplying the value of the spatial model which represents 

the pressure as caused by the activity with the ecosystem component’s fuzzy 

density and its sensitivity to this pressure-activity combination; and sum-

ming all products. Note that the sensitivity function s summarizes both the 

intensity of the pressure caused by the human activity, and the ecosystem 

component’s sensitivity. 

Again, the weights for human activities were only used to investigate and 

mitigate the effects of the over-dominance of fisheries, military areas and 

sediment extraction areas. The weights for ecosystem components were used 

for two purposes. First, while the spatial distributions of the benthic habitats 

and the plankton communities were modelled so that in any cell, the sum of 

all benthic habitats as well as of the plankton communities would be 1, each 

species of fish, marine mammals and seabirds could have a value of 0 to 1 by 

itself; in some areas, the sum of e.g. all normalized and rescaled fish biomass 

distributions was between 3 and 4, leading to a bias towards the species data. 

To correct for this, all data layers on fish were assigned a weight of 1 divided 

by the greatest sum of the fish layers found in the whole study area (so that 

their sum would range from 0 to 1 as well). The data layers describing the 

distribution of birds and marine mammals were weighted in the same way. 

Second, in the areas covered by the coastal ecosystems, the values of all oth-

er ecosystem components had been set to zero (as most data on ecosystem 

components were very unreliable in these areas). Consequently, impacts on 

the coastal ecosystems were systematically underestimated in the index. The 

weights for coastal ecosystems were used to correct for these errors, and 

chosen so that the impact index maps showed a smooth transition between 

the coastal ecosystems and the adjacent sea areas. 

The North Sea Impact Index was calculated in a similar, but different way 

from all earlier studies, because we extended the existing methods by the 

concept that one human activity can cause different pressures. The main dif-

ferences are that a) by introducing spatial models, one human activity can 

affect an ecosystem component by different pressures occurring at different 

spatial scales. For example, oil and gas installations can affect benthic com-

munities by local sealing and by pollution, the former pressure having only 

a local impact, while the latter pressure diminishes some kilometres from the 

installations; and b) different ecosystem components can be affected by the 

same human activity via different pressures, which can act at different spatial 

scales.  
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The experts could list up to two pressures for a given combination of human 

activities and ecosystem components in the online survey. They were asked 

to list the two pressures that they thought to be the most important for the 

combination. As the experts did not always agree on what the most im-

portant pressures were, some human activities could affect an ecosystem 

component by many pressures if all pressures listed by at least one expert 

were included in the impact index. This would give a greater weight not on-

ly to human activities causing many pressures, but also to human activities 

were the experts’ opinions differed widely. To avoid this bias, each human 

activity could affect an ecosystem component by at most two pressures. If 

the experts did not agree on only two pressures, the two pressures listed by 

most experts (and thus found important for the combination of human activity 

and ecosystem component by most experts) were included in the impact in-

dex. Furthermore, combinations of human activities, pressures and ecosys-

tem components listed by only one expert were only considered if this ex-

pert’s confidence was high. For example, for the effects of beam trawl fisheries 

with mesh size ≥ 80 mm, five experts replied that it would affect dab by the 

pressure “extraction of living resources” (all with high confidence); three re-

plied that it would also affect dab by “smothering and siltation changes” 

(median confidence: medium); and one replied that it would affect dab by 

causing “organic matter enrichment” (confidence: medium). Thus, as de-

scribed above, the impacts of this type of fisheries on dab were included in 

the impact index with the two pressures ”extraction of living resources” and 

”smothering and siltation changes”, each with their own pressure distances 

and sensitivity scores, If no expert had listed “smothering and siltation 

changes”, impacts on dab from “organic matter enrichment” caused by 

beam trawl fisheries would nevertheless not be included in the impact in-

dex, as this combination was listed by only one expert and with only medi-

um confidence. 

3.4.4 The human impact mapping tool 

The work presented here had a very ambitious objective: Building a com-

prehensive spatial model of human impacts on the eastern North Sea. We 

have collected or prepared data on the spatial distribution of 28 ecosystem 

components and 33 human stressors. Given this comprehensive scope, not 

all data were available or could be prepared with the desirable accuracy. For 

some potentially important stressors (such as recreational fishing), no spatial 

data were available at all. Some of the data became only available at a late 

stage of this project. Consequently, we put a special focus on making our re-

sults easy to update once new or better data become available. While we 

used standard GIS software (ESRI ArcGIS 10) to prepare all spatial data sets 

and for the layout of most maps shown in this report, a dedicated software 

tool (screenshot in Figure 9) was developed for the calculation of the indices. 
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The tool currently uses comma separated value (CSV) files for all inputs and 

outputs. After setting up a new project, defining a mapping grid (by means 

of a CSV file containing the grid cells’ IDs and centre coordinates), it allows 

to add ecosystem components and human activities by loading CSV files 

containing cell IDs and the respective values. Human activities and ecosys-

tem components can be updated, for example if better data should become 

available, with a few mouse clicks. 

Once all required data are loaded, the spatial models can be defined and cal-

culated. It is possible to automatically calculate the human use, pressure and 

impact indices. The outputs are, again, CSV files containing cell IDs, centre 

coordinates, and index values. Also a very simple map is automatically saved 

for each calculated index to allow a quick check of results. 

However, the impact mapping tool is not an official HARMONY deliverable, 

but was developed to make the work done within this project simpler and 

easy to update. Thus, some potentially useful functions (especially for visu-

alizations, e.g. changing colour scales) have not yet been integrated in the 

user interface, and no quality assured stable version has been prepared. 

However, the tool can already now be used to speed up similar human im-

pact mapping efforts, and as a decision support tool (for example, different 

impact indices can easily be calculated and visualized, switching on and off 

human activities and ecosystem components, or assigning different weights). 

Information on access to the tool will later be provided on the HARMONY 

website (see Page 2). Until then, please contact the editors. 

 

Figure 9.    Screenshot of the HARMONY human impact mapping tool. 
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4 Results 

4.1 Online survey 

4.1.1 Replies and comments 

Of approximately 200 invited experts, 92 registered their personal infor-

mation on the online survey site. Of these, replies for at least one human ac-

tivity or ecosystem component were received from 51 user accounts. Two 

pairs of experts replied to the online survey using one account (two names 

listed in the personal information; the teams were treated as one expert in 

the analyses of the survey replies). Thus, the results presented here include 

the opinions of 53 experts: 18 from Denmark, 15 from Sweden, 6 from Nor-

way, 3 from Germany, and 11 from other countries (invited by international 

organizations which work with parts of the HARMONY study area, such as 

HELCOM). Most respondents came from environment-related government 

agencies (21) and academic institutions (19); 5 came from private companies, 

4 from other institutions such as international organizations, and 4 provided 

no information on their affiliations. 

The experts submitted a total of 156 “reply sheets”, each describing either 

one human activity (65) or one ecosystem component (91). For some human 

activities (e.g. fish farms) and ecosystem components (e.g. benthic habitats), 

many replies were received; for others (especially minke whales, white-

beaked dolphins and the seabirds) only few experts submitted replies. Still, 

they are in parts well covered because most experts filling in the survey by 

ecosystem component gave their judgement on many human activities, and 

the experts responding for human activities covered most ecosystem com-

ponents in their replies. 

The comments to the online survey were mostly explanatory, telling why the 

respondent had made some choices. The comments were useful to spot a 

few minor misunderstandings, but in general indicated that the respondents 

had understood what was expected from them very well. 

Some respondents gave constructive critical comments. Most importantly, 

they pointed out: 

 A distinction of phyto- and zooplankton would have been useful, as they 

react differently to some stressors. 

 

 Indirect effects, for instance the impacts of fisheries on birds depending 

on the target species as food, could not be expressed. However, many of 

the experts included indirect effects in their replies (for example, replying 

that fisheries would have effects on fish-eating seabird populations by 

the extraction of living resources, in spite of not being a direct effect). 

 

 Several experts missed biological pressures (for instance “genetic con-

tamination”, “changes of species composition” without non-native spe-

cies). Indeed, the pressures listed in the MSFD concentrate on different 

physical impacts on the seabed. 
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 The survey took too much time to fill in and there were too many aspects 

to keep in mind. 

 

 One respondent questioned the value of the online survey in general, 

stating that it would be too complex to yield any reliable results, and 

there was a high risk of accidentally choosing the wrong replies from the 

lists. However, the impacts of the latter problem are diminished by ex-

cluding impacts which were not individually described by at least two 

experts, and using the medians of the experts’ opinions on pressure dis-

tances, impact extents, impact levels and recovery times. 

 

 Only two experts made use of the option to add additional human activi-

ties (increased exposure of euphotic sandy bottoms to nutrients from dif-

ferent human activities, and construction of recreational boating facilities 

in the archipelagos of the Swedish west coast). Thus, in general, the hu-

man activities included in the online survey (Table 3, Table 4) can be said 

to cover the most important human stressors in the North Sea region. 
 

 

4.1.2 Top threats to the North Sea ecosystem 

In total, 40 individual experts and the two teams of two experts (whose re-

plies were counted only once each) listed pressures which in their opinion 

were the top three threats to the North Sea ecosystem in general (some of 

these respondents listed only one or two top threats). The most often listed 

pressures were by far the selective extraction of living resources and by-

catch (31 “votes”), and nutrient enrichment (19 “votes”). “Thermal changes”, 

with 13 “votes” on rank 3, is likely referring to climate change rather than to 

                                                           
6 Not listed in the MSFD. 

Table 7.    Top threats to the North Sea according to the online survey. The respondents 

were asked to list up to three pressures (without order), which they thought to be the most 

important threats to the North Sea ecosystem in general. 42 experts or teams of experts 

filled in this part of the online survey. 

Rank Pressure Expert “votes” 

1 Selective extraction of species, including bycatch 31 

2 Nutrient enrichment 19 

3 Changes in thermal regime 13 

4 Introduction of synthetic compounds 8 

Abrasion 

Introduction of non-synthetic substances and compounds 

Changes in pH6 

Selective extraction of non-living resources, e.g. sediment 

5 Introduction of non-indigenous species 6 

6 Marine litter 5 

7 Organic matter enrichment 4 

8 Other physical disturbance, e.g. collisions7 3 

9 Smothering 2 

10 Underwater noise 1 

Sealing 

Changes in siltation 



36 

local changes, e.g. from cooling water discharges. Table 7 shows the complete 

results. Note that physical disturbance of the seabed (abrasion, extraction of 

non-living resources, smothering, siltation changes and sealing) would be on 

rank 2 if counted as one pressure, rather than four different pressures; how-

ever, it is possible that some respondents erroneously chose “Extraction of 

non-living resources” when in fact meaning the extraction of living resources 

such as fisheries. 

4.1.3 Human activities, pressures and pressure distances 

Table 8 summarizes the experts’ replies on which human activities cause 

which pressures, and over which distances the pressures diminish from their 

source. The table only includes pressure-cause combinations that were inde-

pendently found in the replies of at least three experts. The pressure distanc-

es listed in this table were used to choose the spatial models for calculating 

the NSPI and the NSII. Note that the results presented here and the NSII do 

not distinguish pressure distances for the different ecosystem components, 

because too few replies were received to confidently establish separate sets 

of pressure distances for each ecosystem component. For example, once it 

was determined that the pressure distance for noise from offshore wind 

farms was 1 km, this pressure distance was used for impacts of noise caused 

by wind farms for all ecosystem components. 

4.2 North Sea Human Use Index (NSUI) 

The North Sea Human Use Index (NSUI) gives an overview of the spatial 

distribution of the intensity of human uses in the eastern North Sea. A high 

NSUI indicates that many human activities occur at high intensities in the 

respective locations. In contrast, a low NSUI indicates that few human activi-

ties, and at low or moderate intensities, occur in the respective locations. 

Note that no pollution data (nutrients, hazardous substances, oil spills) are 

included in the NSUI, as these stressors do not directly mark the locations of 

human uses of the sea. 

As fisheries are represented by nine data layers, they have the potential to 

contribute much more to the NSUI than other human uses represented by 

only one data layer (e.g. commercial shipping or military practice), as de-

scribed by Ban et al. (2010). Figure 10 shows the NSUI with different weights 

assigned to the nine included data sets on fisheries: Counting them as on da-

ta layer (weights 1/9), like four data layers (weights 4/9), or as nine indi-

vidual data layers (weights 1) changes the NSUI substantially. Given that 

most experts responding to our online survey ranked the extraction of living 

resources and by-catch as a top threat to the North Sea ecosystem in compar-

ison to other pressures, a weight of 4/9 (that is, giving all fisheries combined 

the potential to have four times greater impacts than e.g. commercial ship-

ping or offshore wind farms) may be a good choice for general purposes. 

The NSUI using these weights of 4/9 is shown in Figure 11. 

As the NSUI does not consider pollution or pressure distances, the highest 

index values are found only in small patches. The index’ broad-scale spatial 

pattern is dominated by high levels of fisheries in the German Bight, the 

western and north-western Danish EEZ, and northern Kattegat. Also some 

areas with intensive commercial shipping clearly show in the map, for ex-
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ample around Skagen (the northernmost tip of Denmark) and in parts of the 

Kattegat. In addition, some coastal areas (in particular the archipelagos around 

and to the north of Göteborg, the Sound and the Limfjord) have much recre-

ational shipping (and coastal recreation in general), which stands out in the 

NSUI. 

 

 

                                                           
7 Human activities in italics could not be included in the pressure and impact indices. 
8 A star in brackets (*) means that a general spatial model was used for this stressor. 

Table 8.    Pressures, the human activities that cause them, and the distances at which the pressures diminish from their source 

according to the online expert survey. Note that the number of experts who replied that a certain pressure would be caused by 

an activity depends on e.g. the number of experts that replied on this particular activity and the ecosystem components they re-

plied for. Thus, a high number of experts saying that a given pressure is caused by a certain activity do not imply that this activity is 

in general a more important cause of the pressure than an activity listed by fewer experts. 

Pressure (no. of causes) Caused by (human activities)7 Experts Pressure distance 

(median)8 

Sealing (9) Marine construction works 10 Local 

Coastal dams and bridges 7 Local 

Coastal engineering and defence 7 Local 

Wind farms 7 Local 

Dredge disposal 6 Local 

Pipelines 6 Local 

Ports 5 Local 

Cables 4 Local 

Oil and gas extraction 3 Local 

Smothering, siltation  

changes, resource extrac-

tion, abrasion (28) 

Dredging 29 1 km 

Fisheries: Dredge 21 Local 

 Increased sedimentation from land  20 10 km 

Fisheries: Beam trawl with mesh > 80 mm 20 local (*) 

Anchoring (outside harbours) 17 Local 

Dredge disposal 15 1 km 

Marine construction works 16 1 km 

Fisheries; Trawl and demersal seine, 70-99 mm 14 local (*) 

Fisheries; Trawl and demersal seine, ≥ 100 mm 14 local (*) 

Decreased sedimentation from land 13 5 km 

Coastal engineering and defence 12 1 km 

Fisheries: Small-meshed beam trawl 10 local (*) 

Coastal population 9 Local 

Offshore wind farms 9 Local 

Fisheries: Small mesh trawls for industrial species and 

Northern shrimp 

9 local (*) 

Coastal dams and bridges 8 1 km 

Oil and gas extraction 8 1 km 

Fisheries: Pots and traps 7 local (*) 

Oil and gas pipelines 6 Local 

Fisheries: Set nets 6 local (*) 

 Fish farms 6 5 km 
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9 Human activities in italics could not be included in the pressure and impact indices. 
10 A star in brackets (*) means that a general spatial model was used for this stressor. 

Pressure (no. of causes) Caused by (human activities)9 Experts Pressure distance 

(median)10 

Smothering, siltation  

changes, resource extrac-

tion, abrasion (28) 

Commercial shipping in shallow waters 6 1 km 

Recreational shipping in shallow waters 4 Local 

Oil spills 4 20 km (*) 

Ports 4 1 km 

Military practice 3 1 km 

Underwater cables 3 Local 

Hunting 3 1 km 

Underwater noise (14) Offshore wind farms 15 1 km 

Marine construction works 13 1 km 

Recreational shipping in shallow waters 10 1 km 

Military practice 9 10 km 

Commercial shipping in deep waters 9 5 km 

Commercial shipping in shallow waters 9 5 km 

Recreational shipping in deep waters 8 1 km 

Major ports 7 5 km 

Oil and gas extraction 5 1 km 

Recreational fishing 4 1 km 

Hunting 3 Local 

Fisheries: Beam trawl with mesh > 80 mm 3 1 km (*) 

Coastal dams and bridges 3 Local 

Fisheries: Pelagic trawl and seiners 3 1 km (*) 

Marine litter (9) Coastal population 15 Local 

Recreational shipping in deep waters 10 10 km 

Recreational shipping in shallow waters 9 20 km 

Commercial shipping in shallow waters 8 ≥ 50 km 

Commercial shipping in deep waters 6 ≥ 50 km 

Fisheries: Set nets 4 Local 

Anchoring (outside harbours) 3 1 km 

Recreational fishing 3 Local 

Other physical disturbance, 

e.g. collisions (8); not listed  

in the MSFD 

Offshore wind farms 11 Local 

Marine construction works 7 Local 

Coastal dams and bridges 4 Local 

Coastal population 3 Local 

Commercial shipping in shallow waters 4 Local 

Commercial shipping in deep waters 3 Local 

Coastal engineering and defence 3 1 km 

Oil and gas pipelines 3 Local 

Changes in salinity  

regime (1) 

Coastal dams and bridges 7 ≥ 50 km 

Changes in thermal  

regime (2) 

Ocean warming 28 ≥ 50 km 

Coastal nuclear power plants 15 1 km 
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11 Human activities in italics could not be included in the pressure and impact indices. 
12 A star in brackets (*) means that a general spatial model was used for this stressor. 

Pressure (no. of causes) Caused by (human activities)11 Experts Pressure distance 

(median)12 

Introduction of synthetic 

compounds (8) 

Riverine discharges of synthetic substances and compounds 14 ≥ 50 km (*) 

Coastal Waste Water Treatment Plants 8 20 km 

Dredge disposal 6 1 km 

Major ports 6 5 km 

Oil and gas extraction 5 5 km 

Dumped munitions 5 local  

Commercial shipping in deep waters 3 20 km 

Commercial shipping in shallow waters 3 20 km 

Introduction of non-

synthetic substances  

and compounds (10) 

Oil spills 34 ≥ 50 km (*) 

Riverine discharges and atmospheric deposition of heavy 

metals 

20 20 km (*) 

Oil and gas extraction 16 10 km 

Major ports 8 10 km 

Oil and gas pipelines 6 10 km 

Dumped munitions 5 1 km 

Commercial shipping in shallow waters 5 10 km 

Dredge disposal 4 1 km 

Commercial shipping in deep waters 3 20 km 

Military practice 3 Local 

Introduction of radio-

nuclides (2) 

Riverine discharges of radio-nuclides 12 ≥ 50 km (*) 

Coastal nuclear power plants 6 10 km 

Nutrient enrichment (7) Riverine discharges and atmospheric deposition of nutrients 28 ≥ 50 km (*) 

Coastal waste water treatment plants 22 10 km 

Fish farms 17 1 km 

Fisheries: Dredge 6 1 km (*) 

Dredging 6 Local 

Shellfish farms 5 5 km 

Dredge disposal 4 1 km 

Organic matter  

enrichment (8) 

Riverine discharges of organic matter 26 20 km 

Fish farms 14 1 km 

Shellfish farms 13 Local 

Coastal waste water treatment plants 6 10 km 

Dredge disposal 6 1 km 

Increased sedimentation from land 5 5 km 

Dredging 3 1 km 

Riverine discharges of nutrients 3 ≥ 50 km (*) 

Introduction of microbial 

pathogens (3) 

Fish farms 10 20 km 

Shellfish farms 4 1 km 

Coastal waste water treatment plants 4 10 km 



40 

 

 

Figure 10.    The North Sea Human Use Index with different weights for the fisheries. Left: Counted like one human use layer 

(such as commercial shipping and wind farms); middle: Counted like four human use layers (i.e. having the potential to make 

four times greater contributions to the index than e.g. commercial shipping); right: Each of the nine fisheries data sets counted 

as one human use layer (i.e. having the potential to make nine times greater contributions to the index than e.g. commercial 

shipping). 

 

 

In contrast, while a few ICES squares, the area north of Bergen and some 

clusters of offshore oil and gas installations  stand out, the human use index 

is generally low in the Norwegian EEZ. This must be interpreted while keep-

ing in mind that fishing efforts by the Norwegian fleet could not be included 

in this study. 

                                                           
13 Human activities in italics could not be included in the pressure and impact indices. 
14 A star in brackets (*) means that a general spatial model was used for this stressor. 

Pressure (no. of causes) Caused by (human activities)13 Experts Pressure distance 

(median)14 

Introduction of non-

indigenous species (6) 

Major ports 9 5 km 

Commercial shipping in shallow waters 8 20 km 

Commercial shipping in deep waters 7 ≥ 50 km 

Ocean warming 6 ≥ 50 km 

Fish farms 5 ≥ 50 km 

Shellfish farms 4 ≥ 50 km 

Selective extraction of  

species and by-catch (11) 

All commercial fisheries included in this study 10…26 local (note: some 

experts included in-

direct effects further 

away) (*) 

Recreational fishing 18 Local 

Hunting 9 Local 

Electromagnetic  

disturbance (3);  

not in the MSFD 

Submarine cables 8 Local 

Global changes in UV radiation 7 ≥ 50 km 

Offshore wind farms 3 Local 

Changes in pH (1);  

not in the MSFD 

Acidification 21 ≥ 50 km 
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In addition to human uses of the sea, Figure 11 shows land use in broad clas-

ses as well as main river catchments around the study area, because agricul-

tural lands and urban areas are related to discharges of nutrients and pollu-

 

Figure11.    The North Sea Human Use Index (with a weight of 4/9 for each of the nine fisheries layers). 
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tants into the sea. The German and Danish catchments draining into the 

North Sea are dominated by agricultural lands (and, which is not visible in 

the map, have a somewhat higher population density); most of the Norwe-

gian and Swedish catchments draining into the study area are dominated by 

forests and other natural or semi-natural landscapes. Note that some large 

catchments, especially in the south, are not completely visible in Figure 11, 

and that high levels of nutrients and hazardous substances enter the Katte-

gat as outflow from the Baltic Sea (the latter may be underestimated in the 

pressure and impact indices presented in the following sections). Also major 

urban centres (such as Hamburg, Malmö, Copenhagen, Göteborg, Oslo) are 

visible. 

4.3 North Sea Pressure Index (NSPI) 

The North Sea Pressure Index (NSPI) gives an indication of where many 

pressures are likely to occur at high intensities, It is based on the same hu-

man stressor data sets as the NSUI, but there are two major differences be-

tween the NSPI and the NSUI: First, the NSPI also considers the pollution 

stressors included in this study, which are not strongly spatially linked to a 

human use of the sea (riverine discharges and atmospheric deposition of 

heavy metals, of nutrients, riverine discharges of synthetic substances, of ra-

dio-nuclides, and oil spills). Second, while the NSUI shows where human 

uses of the sea occur, the NSPI considers the distances up to which the hu-

man activities cause pressures, according to expert judgement. For each hu-

man activity, the greatest distance up to which it causes a pressure (see Table 

8) was used. The pressure distances used in the NSPI are also listed in Table 9. 

The NSPI is, as the NSUI, sensitive to the number of data sets representing 

different human uses and stressors. Figure 12 shows the NSPI with different 

weights for the nine fisheries layers included in this study, based on the 

same reasoning as for the NSUI. 

Figure 13 shows the NSPI with weights of 4/9 for all fisheries layers, avoid-

ing their over-dominance, but still accounting for the high impacts of fisheries 

on the North Sea ecosystem.  

The NSPI map is dominated by the human stressors that occur at large spa-

tial scales (fisheries, nutrient enrichment and hazardous substances from 

rivers and the atmosphere), and the human activities that cause pressures 

spreading over large distances from their source (e.g. aquaculture) according 

to the expert judgement. Nearly everywhere, the pressure index is higher in 

coastal than in offshore waters. 

The pressures from fisheries show the same spatial pattern as in the NSUI: 

They are highest in the German Bight, much of the Danish part of the study 

area and the Kattegat. The same areas have relatively high levels of nutrient 

enrichment and pollution from terrestrial sources (compare e.g. the modelled 

nitrate concentrations in Figure 7). One large area with high pressure index 

values stands out in the German Bight: In the Wadden Sea around Sylt, high 

levels of pollutants and nutrients coincide with fisheries as well as two ma-

jor coastal dams (the Hindenburg Dam and the Romø Dam), shellfish farms 

and coastal recreation. 
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Table 9.    Spatial models used in the NSPI. 

Group Human activity/stressor Spatial model for NSPI 

Aquaculture Fish farms 50 km 

Shellfish farms 50 km 

Fisheries All nine commercial fisheries included in the NSPI ICES rectangles 

Industry, energy, population 

and infrastructure 

Offshore wind farms 1 km 

Operational underwater cables Local 

Operational oil and gas pipelines 10 km 

Offshore oil and gas extraction 10 km 

Oil spills Modelled “oil spill impact risk” 

Coastal population Local 

Dredging for sand and gravel 1 km 

Disposal of dredged materials 1 km 

Bridges and coastal dams 50 km 

Coastal nuclear power plants 10 km 

Coastal waste water treatment plants 20 km 

Nutrient enrichment and  

pollution from land and the  

atmosphere 

Riverine inputs and atmospheric deposition of nutrients Modelled nitrate concentrations 

Riverine inputs and atmospheric deposition of heavy metals “Artificial plume” model 

Riverine inputs of synthetic compounds “Artificial plume” model 

Riverine inputs of radio-nuclides “Artificial plume” model 

Shipping and transport Major ports 5 km 

Commercial shipping in deep water 50 km 

Commercial shipping in shallow water 50 km 

Recreational shipping in deep water 10 km 

Recreational shipping in shallow water 20 km 

Other human activities Military practice 10 km 

Dumped munitions 1 km 

 

Figure 12.    The North Sea Pressure Index with different weights for the fisheries. Left: All fisheries together counted as one 

pressure layer (such as oil spills, commercial shipping and wind farms); middle: Counted like four pressure layers (i.e. having 

the potential to make four times greater contributions to the index than e.g. oil spills); right: Each of the nine fisheries data sets 

counted as one pressure layer (i.e. having the potential to make nine times greater contributions to the index than e.g. oil spills). 
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Figure 13.    The North Sea Pressure Index. 
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In the central Kattegat, the pressure index is high due to fisheries, pollution 

and nutrient enrichment (although less than in the German Bight), shipping 

and a high frequency of oil spills. Also some coastal areas in the Kattegat re-

gion have a high pressure index. Although the modelled pollution and nu-

trient levels were rather moderate along the Swedish west coast north of 

Gothenburg, this area is used intensively for shellfish farms, maritime 

transport (including major ports at Göteborg and the Preemraff refinery), 

and coastal recreation. 

In the western Limfjord, a big proportion of the high pressure index is at-

tributable to nutrient enrichment, pollution, mussel farming and dredge 

fisheries, together with some recreational shipping. Also in the Isefjord and 

the Sound, modelled nutrient and pollution levels are high, and these areas 

are intensively used for recreation and many activities with more local ef-

fects, such as military practice (in the Isefjord) and the disposal of dredged 

materials (in the Sound). Fishery efforts are comparatively low in the Sound, 

but maritime transport contributes strongly to the NSPI. 

As the NSUI, the NSPI is relatively low in the Norwegian North Sea. A 

moderately high index value is reached in a rather small part of the central 

Oslofjord (two military practice areas and several human activities at rather 

moderate intensities), north of Bergen (where moderate fisheries coincide 

with an important commercial shipping route, frequent oil spills and com-

paratively high modelled atmospheric deposition of heavy metals), and in 

some areas with oil and gas operations, Again, it is important to remember 

that efforts by the Norwegian fishing fleet are not included in the underlying 

fisheries data sets. 

The NSPI is based on the locations where different human stressors occur, 

and how far away from their source the pressures caused by human activi-

ties typically diminish. It does not consider how sensitive local ecosystems 

are to the stressors; for example, although oil spills are likely to cause more 

damage than recreational shipping to coastal areas, these two stressors are 

weighted similarly in the NSPI. Consequently, areas with a high NSPI can 

still be healthy if the local ecosystem is not sensitive to the pressures occur-

ring there. Similarly, the local ecosystem can be in a very bad state in spite of 

a low NSPI if it is very sensitive to a few pressures that occur in that respec-

tive location. 

4.4 The North Sea Impact Index (NSII) 

The North Sea Impact Index (NSII) is based on the same data sets on human 

uses of the sea and pollution as the NSPI, but in addition considers the spa-

tial distribution and sensitivity of the ecosystem components to different 

stressors. A high NSII indicates that high levels of impacts can be expected, 

because many pressures and sensitive ecosystem components occur together 

in the same location. A low NSII, in contrast, indicates that few anthropo-

genic pressures occur in this location, or that the ecosystem components 

found in this location are not sensitive to the pressures they are exposed to. 

Also the NSII is sensitive to the number of data sets representing different 

human stressors. Figure 14 shows the NSII with different weights for the 

nine fisheries layers included in this study (left to right), and with sensitivity 



46 

scores calculated in two different ways (top and bottom; see Section 3.3.3). 

The sensitivity scores s1 and s2 were positively correlated (R2 = 0.80) and, as 

Figure 14 shows, the choice of the method to calculate them had only minor 

influence on the NSII. Thus, and because we found it reasonable to consist-

ently rate impacts on the community level higher than impacts on the popu-

lation level, and impacts on the population level higher than impacts affect-

ing only individuals, we will use the second set of sensitivity scores (s2) in all 

further maps and discussions. 

Again, the weights for the nine data layers on fisheries strongly influence the 

impact index in much of the study area, as each included data set can poten-

tially add a value from 0 to 1 to the impact index in any location. Because the 

expert survey indicated that the selective extraction of species and by-catch 

are the greatest threat to the North Sea ecosystem, we found a higher 

weighting of the fisheries reasonable. At the same time, we wanted to avoid 

a complete dominance of the index by fisheries, and thus used the “medi-

um” version of the NSII with a weight of 4/9 for each fisheries layer (as in 

the NSUI and NSPI) for all further analyses. Figure 15 shows the NSII with 

these weights. 

Figure 16 shows separate indices for the five groups of ecosystem compo-

nents included in this study. 

The broad patterns of the NSII resemble the NSPI. This could be expected, as 

impacts only occur where pressures occur; and the more human activities 

and pressures occur at higher intensities in a given location (as indicated by 

the NSPI), the more likely it is that one or more of the ecosystem compo-

nents found there are sensitive (resulting in a high NSII). The NSII is high in 

the German Bight, along the west coast of northern Germany and Denmark, 

and most of the Kattegat, including the Limfjord. Along the Swedish coast, 

the predicted impacts decrease towards the Norwegian boundary. The NSII 

is, as the NSPI, generally lower in the Norwegian coastal and offshore wa-

ters than in the other countries’; again, some ICES rectangles and areas used 

for offshore oil and gas extraction stand out, reaching intermediate index val-

ues, and it must be considered that the efforts of the Norwegian fishing fleet 

had to be excluded from the index. 

Considering the five groups of ecosystem components (Figure 16), the impact 

index for benthic broad-scale habitats is generally following the NSII. De-

mersal fisheries and, locally, benthic structures such as cables and pipelines 

are obvious causes for the high values in the German Bight and the Kattegat. 

The highest impact index values for fish are found in German and western 

Danish offshore waters, along the southern boundary of the Norwegian 

trench, in parts of the Kattegat and a small hotspot close to the north-

western boundary of the study area. These areas have relatively high pre-

dicted biomasses of several fish species. The impact index for plankton fol-

lows closely the concentration of nutrients; also areas where oil spills are 

common show as an important stressor in the map. The highest impacts on 

birds are predicted in the German Bight, the southern Kattegat, and south of 

the Oslofjord. The latter area has high probabilities of presence of all five 

bird species included in this study; Guillemot and Kittiwake have high 

probabilities of presence in the other listed areas. In contrast, according to 
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our models, e.g. Gannets are most likely to be found in areas where the NSPI 

is low, leading to the question of whether this is a natural pattern or if the 

pressures, some of which may have been present since decades, have led to 

the birds’ displacement from high pressure areas. The impact index for marine 

mammals is highest in the southern Kattegat, where harbour porpoises are 

the most abundant. 

 

 

 

Figure 14.    The North Sea Impact Index with different weights for the fisheries and sensitivity scores calculated in two ways. 

Top row: Sensitivity scores s1, that is the “classic” approach; bottom row: sensitivity scores s2, resulting in large weights  for im-

pacts at the community level, medium weights for impacts at the population level, and small weights for impacts on individuals. 

Left: All fisheries together counted as one pressure layer (such as oil spills, commercial shipping and wind farms); middle: 

Counted like four pressure layers (i.e. having the potential to make four times greater contributions to the index than e.g. oil 

spills); right: Each of the nine fisheries data sets counted as one pressure layer (i.e. having the potential to make nine times 

greater contributions to the index than e.g. oil spills). 
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Figure 15.    The North Sea Impact Index (with a weight of 4/9 for the nine fisheries layers), and the sensitivity scores empha-

sizing community-level impacts. 
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4.5 Comparison to results from HELCOM HOLAS in the  
Kattegat 

The pressure and impact indices calculated for the Baltic Sea (BSPI and BSII; 

HELCOM 2010a, 2010b, Korpinen et al. 2012) and the respective indices cal-

culated for the eastern North Sea (NSPI and NSII) in this project overlap in 

the Kattegat. 

 

Figure 16.    Separate impact indices for the five main groups of ecosystem components included in the NSII. Note that the im-

pact indices for the five groups are relative; i.e. in each of the maps, blue areas have the lowest index values within this group, 

whereas red areas have the highest index values within this group. Direct comparisons between groups are not possible. For 

example, a fully red area in the index for fish does not necessarily indicate the same level of impact as a similarly red area in the 

index for mammals. 
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Figure 17 shows a comparison. Both pressure indices are high in the Sound 

(location e in the maps) and the northern Kattegat (a); the BSPI is higher along 

the Danish coast right north of the Limfjord. Furthermore, the BSPI shows 

the most intensive fisheries to occur just north of the Sound, whereas the 

NSPI shows comparatively low fishing efforts in this area. This difference 

may have been caused by the use of fisheries data from different years, and 

by distinguishing different gear types. The NSPI is much higher than the 

BSPI in the Isefjord and the Limfjord (d and c). 

While the NSII and the BSII are similar in some areas (a, e), the NSII is much 

higher in the Limfjord (c), the Isefjord (d) and the central southern Kattegat 

(b). One likely reason for these differences is the inclusion of different data 

sets on human stressors and on ecosystem components. For example, the 

Limfjord is the site of intensive dredge fisheries and mussel farming, and is 

surrounded by agricultural lands; also the Isefjord suffers from e.g. land-

based nutrient enrichment and pollution. The high NSII just north of the 

Isefjord (b), where the BSII is low, is probably caused by the different choice 

of ecosystem component layers for the eastern North Sea: In the Baltic Sea, 8 

of the included 14 ecosystem components were benthic, 2 pelagic, 2 related 

to mammals, 1 to birds and 1 to fish. In addition, the ecosystem components 

were represented by presence-absence (e.g. the range of harbour porpoises, 

meaning that “hot spots” could not be distinguished from areas with low 

numbers). Indeed, according to Korpinen et al. (2012), only a medium num-

ber of ecosystem components were modelled to be present in this area, which 

could explain the relatively low BSII. In contrast, the NSII considers the spa-

tial distribution and sensitivities of 6 benthic habitats, 2 plankton communi-

ties, 8 fish species, 5 seabird species and 3 marine mammal species, many of 

which were modelled on a continuous scale (e.g. biomass distributions or 

probability of presence); in addition to the broad-scale habitats and plankton 

communities, which are found everywhere, many of the fish and seabird 

species, as well as harbour porpoises, are predicted to occur at high densities 

in this area. Furthermore, the NSII was explicitly corrected to “even out” the 

differences between the number and characteristics of the data sets describ-

ing the ecosystem components, resulting in a comparable weighting of the 

five included groups. Indeed, in the area marked with “b” in Figure 17, the 

North Sea models predict high impacts on all groups of ecosystem compo-

nents (see Figure 16). The NSII including all groups is consequently also 

high. 
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Figure 17.    Comparison between the pressure and impact indices calculated for the North Sea (NSPI, NSII) in this project and 

for the Baltic Sea by Korpinen et al. (2012; BSPI, BSII). 
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5 Discussion 

5.1 Data availability and gaps 

Much of the efforts to produce the North Sea Impact Index went into the col-

lection and production of data on human stressors and ecosystem compo-

nents. Concerning ecosystem components, broad-scale benthic habitats were 

readily available from EUSeaMap. Survey data were available for key spe-

cies of fish, marine mammals and seabirds. However, the surveys of marine 

mammals and seabirds used to predict their spatial distributions were rather 

old, covering the period from 1995-2004 for seabirds and the years 1995 and 

2004 for marine mammals. The maps of the spatial distribution of fish have a 

major gap off the Norwegian coast, as no survey data were available for this 

area. The gap filling with only one value for each species, as described in 

Appendix F, is far from being an optimal solution.  

As indicated by comments on the online survey, the NSII would have bene-

fitted from a more detailed classification of plankton; unfortunately, no maps 

on the spatial distribution of phyto- and especially zooplankton covering 

our whole study area were available. Data on most ecosystem components 

were unreliable in coastal areas, which could however be mitigated by the 

separate mapping of impacts on broad-scale “coastal ecosystems” such as 

the Wadden Sea. It should be noted that these coastal ecosystems were based 

on administrative and data set boundaries rather than ecological boundaries. 

In summary, most of the data on ecosystem components presented in this 

report could be improved given access to better source data, time and money. 

At the same time, the use of fuzzy measures (for example, predicted proba-

bilities of presence) of the spatial distribution of most ecosystem components 

helped to mitigate some inaccuracies. 

Data on human uses of the sea were collected from external sources, mostly 

from government agencies. Some of these data were very difficult to obtain, 

in spite of HARMONY being supported by government agencies from all 

four countries for which the pressure and the impact indices were developed. 

Some basic data sets were not available from official and quality-assured 

sources in one or more countries; for example, Norwegian industrial ports 

and leisure harbours had to be extracted from a private database, with no in-

formation on data quality available. In a few cases, institutions denied the 

sharing of existing data, sometimes even of data that had already been pub-

lished in reports or nautical charts. In all four countries involved in HAR-

MONY, but especially in Germany, data were spread over many institutions. 

It was often very time-consuming to find out who exactly was responsible 

when searching for national data on a given theme. 

Many of the available data sets contained only basic information. For example, 

it was straightforward to obtain the locations of shellfish farms, but impossible 

to receive information about the intensity of the farming (e.g. mean annual 

production) and potential impacts (e.g. measurements of introduced nutri-

ents). In some cases, such data were simply not collected at all or at least not 

in a centralized data set; in others, laws prohibited the publication of busi-
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ness-related information. If detailed data were available, this was often not 

the case in all four countries included in this study. Thus, in order to make 

the data from different countries comparable, national data sets often had to 

be generalized to a “greatest common denominator”, which in many cases 

was rather small. 

Two problems limit the usefulness of the fisheries data included in this 

study. First, we were not able to obtain data from the Norwegian fleet in 

time for this project’s completion, which is likely to have caused an underes-

timation of the impacts of fisheries in Norwegian waters. Second, the resolu-

tion at which fisheries data were available (ICES rectangles) was too coarse 

to tell exactly where impacts occur. For example, most areas protected from 

some or all kinds of fishing are somewhat smaller than ICES rectangles. Low 

levels or absence of fisheries in such a protected area would decrease the 

value for the whole ICES rectangle in which the area is located, but not show 

with the area’s boundaries on the map. If fishing were intense in the ICES 

rectangle outside the protected area, such important effects would not be 

visible in the pressure and impact indices at all. 

Several stressors could not be included in this work because no data were 

available (see Table 4). Many of these stressors, such as anchoring outside 

harbours and marine construction works, could add considerable local im-

pacts to the maps of pressures and impacts presented here; an inclusion of 

stressors related to global change, although not desired with regard to the 

MSFD, could have the potential to considerably change pressure and impact 

patterns throughout the study area. For example, Crain et al. (2009) list 

ocean acidification, climate change and ocean warming in general (with ef-

fects on all scales, for example the dispersal of larvae) and salinity changes 

(which may, among other causes, be related to climate change) among the 

top threats to global coastal and marine ecosystems. While some stressors re-

lated to global change may be less important in the North Sea than in some 

other seas, these global change stressors occur at wide spatial scales, poten-

tially affecting species and communities across the whole North Sea. Also in 

our online survey, the responding experts rated thermal changes to be an 

important threat to the North Sea ecosystem (see Table 7). 

While acknowledging the problems with the completeness and accuracy of 

our data, we have presented the to our knowledge only comprehensive col-

lection of data on human uses and key ecosystem components of the eastern 

North Sea. In the process of creating the North Sea Impact Index, we have 

encountered and pointed out data gaps. Most of the included data sets could 

be improved, given sufficient resources. For example, existing methods al-

low mapping the distribution of fishing efforts within ICES squares based on 

VMS (Vessel Monitoring System) and EU logbook data (e.g. Fock 2008; 

Pedersen et al. 2009). We hope that the data basis for comprehensive anal-

yses like the NSPI and NSII will continue to improve, e.g. driven by the re-

quirements of the MSFD Initial Assessments in all EU Member States. The 

cumulative impact mapping software prepared in HARMONY makes up-

dating of the indices presented in this report straightforward, once im-

proved or additional data become available. It also allows the relatively fast 

and simple creation of national maps of human pressures and impacts, mak-
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ing use of the best available data at the national level (while sacrificing the 

possibility to compare pressures and impacts across boundaries). 

At the same time, building an information basis for ecosystem-based envi-

ronmental management at the level of the European regional seas may re-

quire more than improving national data sets. We often found data from dif-

ferent countries to be difficult to combine (for example, the Swedish data set 

on leisure harbours was more detailed than the other countries’, leading to a 

potential over-estimation of pressures and impacts from recreational ship-

ping along the Swedish coast). Data sets missing in at least one country had 

to be completely excluded from this study (for example, spatial data on the 

dredging of shipping lanes were available only for Sweden). 

5.2 Critical review of the applied methods 

The methods applied in this study are adapted from earlier, peer-reviewed 

work (Halpern et al. 2007, 2008, 2009; Selkoe et al. 2009; Ban et al. 2010; Kor-

pinen et al. 2012). While the basic approach remained essentially unchanged, 

the later studies have improved the methods of the earlier ones; also we have 

presented some improvements such as the introduction of fuzzy models of 

the spatial distribution of ecosystem components. Still, important uncertain-

ties remain and must be understood in order to make the maps presented 

here useful for communication and decision-making; ignoring uncertainties 

may lead to misinformed and unfavourable decisions (Agumya & Hunter 

2002; Couclelis 2003). 

Data on stressors and ecosystem components may be inaccurate. As an ex-

ample, we used the number of people living in river catchments as a proxy 

for the discharges of synthetic pollutants from these rivers into the sea. 

While, in the absence of measured concentrations of synthetic pollutants at 

the river mouths or biogeochemical modelling results, this may be a reason-

able solution, it is a crude generalization. 

Availability of input data. Some important stressors and ecosystem compo-

nents had to be omitted from the analyses because spatial data were not 

available and impossible to prepare with the resources available for this 

work. 

Selection and detail of included data sets. Human stressors and ecosystem 

components for which many data layers are available can be over-represented 

in the pressure and impact indices. As an example, Ban et al. (2010) investi-

gated how the combination of commercial fisheries data into a different 

number of pressure layers affected analysis results. Of the 38 pressures con-

sidered in that study, 25 were fishing-related. Depending on whether data 

on commercial fisheries were included as individual pressure layers (one 

layer each for different gear types and target species), grouped by impact 

category (e.g. several gear types grouped into a “high-bycatch pelagic fisher-

ies” layer), or all commercial fisheries data combined into one pressure layer, 

they accounted for 75% (all commercial fisheries data as individual pressure 

layers) down to 12.7% (only one combined commercial fishing layer) of im-

pacts on benthic ecosystems. Accordingly, the relative importance of other 

pressure types varied. 



55 

To mitigate this effect, we have explicitly adjusted the weights of the ecosys-

tem components to compensate for different types and numbers of data layers 

for the five broad groups (benthic habitats, plankton, fish, seabirds, marine 

mammals) included in the indices. We have also demonstrated the effects of 

the number of layers into which fisheries are classified (e.g. Figure 14). While 

this is no final solution to the problem, the possibility to easily re-make the in-

dices with changed weights for any data layer by using the HARMONY cu-

mulative impact mapping software will allow to explore this problem fur-

ther. 

Last but not least, considering pressures resulting from global climate change 

could have a strong influence on the pressure and impact indices. 

Reliability of expert judgement. While we could involve the opinions of 

more than 50 experts, many combinations of human stressors and ecosystem 

components were covered by only few replies. Also the method with which 

the experts’ replies were translated into sensitivity is reasonable but not per-

fect (Teck et al. 2010). We have proposed another (also imperfect) method for 

this purpose and compared how this influenced the impact index; it did not 

change major patterns (Figure 14). Also a basic Monte Carlo Simulation con-

ducted by Halpern et al. (2008) showed a low sensitivity of their global map 

of human impacts on marine ecosystems to the results of the expert judge-

ment. A similar sensitivity analysis was conducted for the NSII in spring 

2012, demonstrating that the large-scale (but not local) patterns of the NSII 

were surprisingly little affected by errors of the sensitivity scores. 

The impacts of multiple pressures are not always additive (Crain et al. 2009; 

Ban & Alder 2007); they can as well be antagonistic or synergistic. Further-

more, a linear relationship between pressure intensity and impact was as-

sumed, whereas in reality, thresholds may exist but are often unknown 

(Halpern et al. 2008). 

The dynamics and complexity of coastal and marine ecosystems are not 

sufficiently covered. For example, our data on the spatial distribution of fish 

consider only biomass, and thus emphasize adult life stages, while e.g. pres-

sures on spawning areas may be of ecological importance, too. Furthermore, 

indirect effects (e.g. the consequences of the local depletion of fish stocks on 

the birds feeding on them) are not covered sufficiently. While the North 

American studies (Halpern et al. 2008, 2009; Selkoe et al 2009; Ban et al. 2010) 

based their cumulative impact maps exclusively on broad-scale habitats (e.g. 

“pelagic surface waters”) and their communities, this study (and to a lesser 

extent Korpinen et al. 2012) based the impact index partially on the spatial 

distribution of individual species. If this level of detail is required, it be-

comes especially important to investigate ways to better model the interlink-

ages of ecosystem components in the future. The way in which we calculat-

ed the sensitivity scores emphasizes community impacts, but can only miti-

gate this problem in part. 

We miss a historical baseline, and past anthropogenic impacts cannot be 

properly accounted for (i.e., the most sensitive ecosystem components may 

already be gone from areas with high levels of pressures, and only more re-
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silient ones remain both in reality and thus in our models, many of which 

are based on recent observations). 

Pressures with mostly local impacts (e.g. dredging) are hardly visible in the 

pressure and impact maps, although they may have devastating impacts 

where they occur. 

In spite of these unresolved problems, this report presents a step forward in 

cumulative impact mapping. It describes the first published effort to use 

fuzzy representations of the spatial distribution of ecosystem components to 

map cumulative human impacts, leading to a better representation of the real 

world and in general reduced uncertainties. For example, areas with high 

uncertainty about an ecosystem component can have small to intermediate 

values rather than having to decide between presence and absence, with the 

risk of being “completely wrong”. The approach presented here is (after Ban 

et al. 2010) only the second one to explicitly consider the distances over 

which pressures travel from their sources before they diminish, and the first 

one to allow different ecosystem components to be affected by the same hu-

man activity by different pressures and over different distances. It is also the 

only study where a human activity can affect an ecosystem component by 

more than one pressure. For example, offshore wind turbines can locally 

lead to the complete loss of natural benthic habitat due to sealing, but can also 

cause impacts due to noise (from vibrations). The latter impacts can be mi-

nor, but stretch over a larger distance. While making the model more realis-

tic, allowing multiple pressures per combination of a human activity and an 

ecosystem component greatly increases complexity (especially of the expert 

survey). Making use of this possibility to its full extent would require many 

more expert replies (partially because the pressures listed in the MSFD are 

sometimes overlapping, e.g. abrasion and siltation changes). While the strong 

linking of this project with the MSFD justifies the use of this set of pressures, 

similar initiatives with other objectives should carefully weigh the benefits (a 

gain in the model’s realism and higher relevance with regard to the MSFD) 

against the costs of the resulting additional complexity. 

The cumulative impact mapping software (the first of its kind), which will 

be developed further to support additional types of analyses, allows easy 

updating of the different indices presented here, for example if better data 

become available. It also facilitates data exploration: Instead of confronting 

decision-makers with one map of cumulative human impacts (which they 

may believe in or not), it allows them to calculate own indices, for example 

to explore the effects of turning on and off particular human activities, pres-

sures and ecosystem components. Still, this is only a first step towards making 

maps of cumulative human impacts, with all their assumptions, more useful 

to planners and decision-makers. 
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Appendix A - Ecosystem component data  

layers 

List of the ecosystem components 

 

Broad-scale benthic habitats 

Broad-scale coastal ecosystems 

Plankton communities 

…in nutrient-rich waters 

…nutrient-poor waters 

 

Fish 

 

Biomass distribution of:  

 Cod (Gadus morhua) 

 Dab (Limanda limanda) 

 Haddock (Melanogrammus aeglefinus) 

 Herring (Clupea harengus) 

 Norway Pout (Trisopterus esmarkii) 

 Plaice (Pleuronectes platessa) 

 Saithe (Pollachius virens) 

 Rays and skates 

 

Not included in the impact index: 

 

 Large rays and skates 

 Whiting (Merlangius merlangus) 

 Sandeel (Ammodytes marinus) fishing grounds 

 Abundance of sensitive non-assessed fish species 

 Large Fish Indicator (LFI) 

 Size spectrum height 

 Size spectrum slope 

 Species evenness 

 Species richness 

 

Birds 

 

Probability of presence: 

 Fulmar (Fulmarus glacialis) 

 Gannet (Morus bassanus) 

 Guillemot (Uria aalge) 

 Kittiwake (Rissa tridactyla) 

 Razorbill (Alca torda) 

 

Mammals 

 

Probability of presence: 

 Harbour porpoise (Phocoena phocoena) 

 Minke whale (Balaenoptera acutorostrata) 

 White-beaked dolphin (Lagenorhynchus albirostris) 
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Broad-scale benthic habitats 
Broad-scale benthic habitats for the North Sea provided by 

the EUSeaMap project. They were generalized into six broad 

classes for the HARMONY project based on substrate and 

light availability. 

 

Data sources 

 EUSeaMap (http://jncc.defra.gov.uk/page-5020) 

Spatial extent North Sea 

Lineage and data quality 

Data quality varies throughout the North Sea region depending on the quality of the data on which the original habitat map is 

based. See the EUSeaMap report (http://jncc.defra.gov.uk/page-5020) for a detailed description of data quality and uncertainties. 

 

The original data contain seven substrate types, six biological zones, as well as several salinity and energy classes, resulting 

in more than 50 combinations occurring in the North Sea region at the finest level of detail. Within HARMONY, the data have 

been generalized based on substrate and light availability, distinguishing only six broad classes (substrate: mud; sand, 

coarse or mixed; rock and other hard; light: aphotic; euphotic). 

 

The data cover the whole North Sea region, however there are some gaps. First, relatively large areas – especially off the 

Norwegian coast – have the substrate type “seabed”, which means that the substrate is unknown. Second, in some areas 

close to the coastline there are spots without any data, e.g. most of the Danish Limfjord. 

 

For the North Sea impact index, the benthic habitats were summarized on the 1 km grid as follows. In each cell c, the density 

of benthic habitat h was set to p(h) / n(c), where p(h) is presence or absence (1 or 0) of h and n(c) is the number of benthic 

habitats (1…6) present in c. For example, in a cell containing euphotic rock, aphotic rock and aphotic mud, the density of 

each of the three benthic habitats would be set to 1/3, and that of all other benthic habitats to 0. However, in some cells no 

information on substrate was available, but it was known whether it contained aphotic bottoms, euphotic bottoms or both. In 

these cases, the densities of the three aphotic or, respectively, euphotic benthic habitats were set to 1/3 each. Similarly, in 

cells without any information on benthic habitats, the densities of all 6 benthic habitats were set to 1/6. Finally, in the areas 

covered by broad-scale coastal ecosystems (for which data on benthic habitats were mostly missing), the densities of all six 

benthic habitats were set to 0. 

Scale or resolution Habitats originally modelled at about 250 m resolution (smallest representable habitat patch 

size). However, some source data were much coarser. 

Time period covered N/A. Date of publication is February 2011 

Data access Contact the HARMONY Team. For the original data, see “Data sources”.  

Conditions of use: 

http://jncc.defra.gov.uk/plugins/newmapper/EUSeaMap_webGIS_Terms_&_Conditions_and_Pr

ivacy _Privacy_Policy_(WEB).pdf. 

Additional information 

sources 

The EUSeaMap project report can be downloaded from the EUSeaMap website (see “Data 

sources”). 

  

http://jncc.defra.gov.uk/page-5020
http://jncc.defra.gov.uk/plugins/newmapper/EUSeaMap_webGIS_Terms_&_Conditions_and_Privacy_Policy_(WEB).pdf
http://jncc.defra.gov.uk/plugins/newmapper/EUSeaMap_webGIS_Terms_&_Conditions_and_Privacy_Policy_(WEB).pdf
http://jncc.defra.gov.uk/plugins/newmapper/EUSeaMap_webGIS_Terms_&_Conditions_and_Privacy_Policy_(WEB).pdf
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Broad-scale coastal ecosystems 
Four broad-scale coastal ecosystems were defined: 

The Wadden Sea. Western Swedish rocky archipelagos, 

Danish and south-western Swedish Kattegat bays (such as 

the Limfjord and Skäldervik), and Norwegian Fjords. They 

represent areas where other biological data such as mod-

elled species distributions were unreliable, and were thus 

analysed separately. 

 

Data sources 

Baselines:  

 Norway: Statens Kartverk (via WMS); http://www.statkart.no/nor/Land/Kart_og_produkter/Grenser/Sjogrenser/ 

 Germany, Denmark and Sweden: EEA maritime boundaries; http://www.eea.europa.eu/data-and-maps/data/maritime-

boundaries 

 

Spatial extent Eastern North Sea 

Lineage and data quality 

The four broad-scale coastal ecosystems were primarily defined because the data used for the open sea were not available 

or very unreliable for these morphologically complex coastal seas. 

 

The broad-scale coastal ecosystems were first delineated following the baselines. Their seaward boundaries were then 

checked against the data coverage of the ecosystem components for offshore waters, many of which had major data gaps in 

coastal waters. In a few cases, the data gaps extended some kilometres seaward of the baselines. In these cases, the areas 

of the coastal ecosystems were extended accordingly to allow a full coverage of the HARMONY study area. 

 

For the impact index, all cells within or intersecting a given coastal ecosystem were assigned a value of 1, and all others a 

value of 0. Note that the values of all other ecosystem components were set to 0 within the coastal ecosystems. 

 

Scale or resolution 1 km 

Time period covered n/a 

Data access Contact the HARMONY team. 

The baselines are available online (see “Data sources”). 

Additional information 

sources 

None 

 

 
  

http://www.statkart.no/nor/Land/Kart_og_produkter/Grenser/Sjogrenser/
http://www.eea.europa.eu/data-and-maps/data/maritime-boundaries
http://www.eea.europa.eu/data-and-maps/data/maritime-boundaries
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Plankton communities (in nutrient-rich and nutrient-poor waters) 
Nutrient-rich and nutrient-poor waters were used as a proxy 

for the spatial distribution of plankton communities, because 

no other spatial data on phytoplankton and zooplankton were 

available. 

 

Data sources 

 Annual chlorophyll concentrations from 2003-2010. MODIS L3 standard product at 4 km resolution. 

http://oceancolor.gsfc.nasa.gov/ (follow the link to L3 Browser). 

 

Spatial extent North Sea 

Lineage and data quality 

Global annual averages for 2003-2010 of marine chlorophyll concentrations were downloaded as MODIS Aqua L3 product at 

4 km resolution in HDF format. Physical values and geographic coordinates for the North Sea were extracted using SeaDAS 

6.2.0 and interpolated (inverse distance weighted) to 1 km rasters. Values for the eight years were averaged. 

 

Wasmund et al. (2001) suggest the following thresholds for classifying trophic state based on chlorophyll (chl): Oligotrophic 

< 0.8 mg m-3, mesotrophic 0.8-4 mg m-3, eutrophic 4-10 mg m-3, poly/hypertrophic > 10 mg m-3. Accordingly, the densities of 

nutrient-rich waters were set to 1 for chl ≥ 4 mg m-3, to 0 for chl ≤ 0.8 mg m-3, and ranging linearly from 0 to 1 for values in 

between. The densities of nutrient-poor waters have been set to 1 – dr, where dr is the density of nutrient-rich waters in this 

location. 

 

Finally, for the index calculations, the densities for plankton communities in nutrient-rich as well as nutrient-poor waters were 

set to 0 in areas covered by the broad-scale coastal ecosystems. 

 

Scale or resolution 1 km (original chlorophyll data: 4 km) 

Time period covered 2003-2010 

Data access Contact the HARMONY team. 

Original data: Public domain, see “Data sources”. 

Additional information 

sources 

None. 

 
  

http://oceancolor.gsfc.nasa.gov/
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Biomass distribution of Cod (Gadus morhua) 
Biomass distribution of cod was predicted from observations of 

catch rates from scientific surveys. For quarters 1 and 3 sepa-

rately, caught biomass per unit effort local (proxy for densities) 

were estimated from Delta-lognormal GAM models, using 

catch position, depth, bottom substrate, year and survey as 

explanatory variables. Predicted biomass distributions by quar-

ter were derived from the model parameters and maps of bot-

tom substrate and water depth. An average “annual” biomass 

distribution was calculated as a simple mean of the standard-

ized quarterly distributions. 

 

Cod has been chosen to represent the group of large gadoids. 

The shown biomass distribution is standardized to the mean. 

 
 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the  

ICES DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys. 

Lineage and data quality 

Cod has a high commercial value, is widely distributed in the Greater North Sea, has a high growth rate and obtains a rela-

tively large body size. This makes the species vulnerable to almost all demersal fisheries in the area, which has resulted in a 

too high fishing mortality for almost fifty years. Cod has a preference for habitats with coarse sediments but is found on al-

most all sediments and depths in the North Sea. 

 

The distribution map gives only a broad picture of the distribution of cod. Data sets used for modelling are extensive, but the 

distribution area of cod is not fully represented as the surveys cover only “smooth” grounds that can be trawled and mainly 

grounds with depths larger than 20 m. Predictions in coastal areas are highly uncertain. It is also assumed in the model that 

the survey catchability of cod is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degrees (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Dab (Limanda limanda) 
Biomass distribution of dab was predicted from observations of 

catch rates from scientific surveys. For quarters 1 and 3 sepa-

rately, caught biomass per unit effort local (proxy for densities) 

were estimated from Delta-lognormal GAM models, using catch 

position, depth, bottom substrate, year and survey as explanato-

ry variables. Predicted biomass distributions by quarter were 

derived from model parameters and maps of bottom substrate 

and water depth. An average “annual” biomass distribution was 

calculated as a simple mean of the standardized quarterly distri-

butions. 

 

Dab represents the group of small to medium sized flatfish. The 

shown biomass distribution is standardized to the mean. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded from: 

http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Dab is one of the most abundant demersal species in the North Sea mainly found on sandy and softer bottom types in the cen-

tral and southern North Sea. Dab is caught in high numbers in demersal fisheries, but mainly discarded due to its small size and 

low price.  

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully covered as the surveys cover only “smooth” grounds which can be trawled and mainly 

grounds with depth larger than 20 m. Predictions in coastal areas are highly uncertain. It is also assumed in the model that the 

survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the bio-

mass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Haddock (Melanogrammus aeglefinus) 
Biomass distribution of haddock was predicted from observa-

tions of catch rates from scientific surveys. For quarters 1 and 

3 separately, caught biomass per unit effort local (proxy for 

densities) were estimated from Delta-lognormal GAM models, 

using catch position, depth, bottom substrate, year and survey 

as explanatory variables. Predicted biomass distributions by 

quarter were derived from model parameters and maps of bot-

tom substrate and water depth. An average “annual” biomass 

distribution was calculated as a simple mean of the standard-

ized quarterly distributions. 

 

Haddock represents gadoid fishes on soft bottom habitats. The 

shown biomass distribution is standardized to the mean. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Haddock is a medium body sized gadoid mainly found on soft bottom types in the central and northern North Sea. It is in-

cluded in this study due to its choice of habitat, high biomass and economic importance. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully covered as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is also assumed in the model 

that the survey catchability of haddock is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166x0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Herring (Clupea harengus) 
Biomass distribution of herring was predicted from observa-

tions of catch rates from scientific surveys. For quarter 1 and 3 

separately, caught biomass per unit effort local (proxy for den-

sities) were estimated from Delta-lognormal GAM models, us-

ing catch position, depth, bottom substrate, year and survey as 

explanatory variables. Predicted biomass distributions by quar-

ter were derived from model parameters and maps of bottom 

substrate and water depth. An average “annual” biomass dis-

tribution was calculated as a simple mean of the standardized 

quarterly distributions. 

 

Herring represents the group of pelagic medium sized and 

plankton eating fish. The shown biomass distribution is stand-

ardized to the mean. 
 

Data sources 

 Survey catch rates: ICES coordinated IBTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Herring in the Greater North Sea consist of two main stocks, the North Sea herring and the Western Baltic herring. Both 

stocks can be divided in a number of sub-stocks according to their spawning time and area. Stock distribution is highly relat-

ed to body size, where juveniles of the North Sea stock are mainly in the eastern area, and adults are more western and nor-

therly distributed. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully covered as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is assumed that the survey 

catchability of the species is independent of body size, area and depth, which is not the case. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 
  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040


69 

Biomass distribution of Norway pout (Trisopterus esmarkii) 
Biomass distribution of Norway pout was predicted from ob-

servations of catch rates from scientific surveys. For quarter 1 

and 3 separately, caught biomass per unit effort local (proxy 

for densities) were estimated from Delta-lognormal GAM mod-

els, using catch position, depth, bottom substrate, year and 

survey as explanatory variables. Predicted biomass distribu-

tions by quarter were derived from model parameters and 

maps of bottom substrate and water depth. An average “an-

nual” biomass distribution was calculated as a simple mean of 

the standardized quarterly distributions. 

 

Norway pout is chosen to represent an important forage spe-

cies in the Northern North Sea. The shown biomass distribu-

tion is standardized to the mean. 
 

Data sources 

 Survey catch rates: ICES coordinated IBTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Norway pout is an important commercial and prey species with a more northerly and deeper distribution than sandeel. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully represented as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is also assumed in the model 

that the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Plaice (Pleuronectes platessa) 
Biomass distribution of plaice was predicted from observations 

of catch rates from scientific surveys. For quarter 1 and 3 sep-

arately, caught biomass per unit effort local (proxy for densi-

ties) was estimated from Delta-lognormal GAM models, using 

catch position, depth, bottom substrate, year and survey as 

explanatory variables. Predicted biomass distributions by quar-

ter were derived from model parameters and maps of bottom 

substrate and water depth. An average “annual” biomass dis-

tribution was calculated as a simple mean of the standardized 

quarterly distributions. 

 

The shown biomass distribution is standardized to the mean. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Plaice is a medium to large body sized flatfish with a preference for sandy sediments in the central and southern North Sea. It 

is a commercially important species with a high biomass. Discards are substantial. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully represented as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is also assumed in the model 

that the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Saithe (Pollachius virens) 
Biomass distribution of Saithe was predicted from observa-

tions of catch rates from scientific surveys. For quarter 1 and 3 

separately, caught biomass per unit effort local (proxy for den-

sities) were estimated from Delta-lognormal GAM models, us-

ing catch position, depth, bottom substrate, year and survey as 

explanatory variables. Predicted biomass distributions by quar-

ter were derived from model parameters and maps of bottom 

substrate and water depth. An average “annual” biomass dis-

tribution was calculated as a simple mean of the standardized 

quarterly distributions. 

 

The shown biomass distribution is standardized to the mean. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Saithe is a large body sized semi-pelagic gadoid that mainly occupies the deeper waters over the shelf edge and beyond. 

However, juveniles are mainly found in inshore habitats, e.g. the Norwegian fjords. This distribution pattern does not fit to the 

present survey coverage. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully represented as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is also assumed in the model 

that the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of rays and skates 
Biomass distribution of the species group “Rays and skates” 

was predicted from observations of catch rates from scientific 

surveys. For quarter 1 and 3 separately, caught biomass per 

unit effort local (proxy for densities) was estimated from Delta-

lognormal GAM models, using catch position, depth, bottom 

substrate, year and survey as explanatory variables. Predicted 

biomass distributions by quarter were derived from model pa-

rameters and maps of bottom substrate and water depth. An 

average “annual” biomass distribution was calculated as a 

simple mean of the standardized quarterly distributions. 

 

The group of rays and skates represents elasmobranchs, sen-

sitive to fishing pressure. The shown biomass distribution is 

standardized to the mean. 
 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

The group of “rays and skates” is defined as all species of rays and skates found in the area. The abundance of “rays and 

skates” has declined substantially over the last century. Today species with a relative small L-infinity, Amblyraja radiate and 

Leucoraja naevus, dominate the group in the central and western North Sea, respectively. Raja clavata is the dominant spe-

cies in south eastern North Sea. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully represented as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is assumed in the model that 

the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of large rays and skates 
Biomass distribution of the species group “large rays and 

skates” was predicted from observations of catch rates from 

scientific surveys. For quarters 1 and 3 separately, caught bi-

omass per unit effort local (proxy for densities) were estimated 

from Delta-lognormal GAM models, using catch position, 

depth, bottom substrate, year and survey as explanatory vari-

ables. Predicted biomass distributions by quarter were derived 

from model parameters and maps of bottom substrate and wa-

ter depth. An average “annual” biomass distribution was calcu-

lated as a simple mean of the standardized quarterly distribu-

tions. 

 

The group of large rays and skates represents large body 

sized elasmobranchs, which are sensitive to fishing pressure. 

The shown biomass distribution is standardized to the mean. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

The group of “Large rays and skates” is here defined as the species of rays and skates found in the area with the exception 

of the species Amblyraja radiate and Leucoraja naevus which have a relatively small l-infinity and seem to be more resistant 

to the present high fishing pressure. The abundance of the group of “large rays and skates” has declined substantially over 

the last century. Today Raja clavata is the dominant species in the group. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully covered as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Prediction in coastal areas are highly uncertain. It is assumed in the model that 

the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

As no observations from the deeper parts of the North Sea and Skagerrak, e.g. the Norwegian trench, were available, the 

biomass for these deep areas was simply estimated as described in Appendix F. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 
 
  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Biomass distribution of Whiting (Merlangius merlangus) 
Biomass distribution of whiting was predicted from observa-

tions of catch rates from scientific surveys. For quarters 1 and 

3 separately, caught biomass per unit effort local (proxy for 

densities) was estimated from Delta-lognormal GAM models, 

using catch position, depth, bottom substrate, year and survey 

as explanatory variables. Predicted biomass distributions by 

quarter were derived from model parameters and maps of bot-

tom substrate and water depth. An average “annual” biomass 

distribution was calculated as a simple mean of the standard-

ized quarterly distributions. 

 

Whiting has been chosen to represent the group of small, fish 

eating demersal roundfish. The shown biomass distribution is 

standardized to the mean. 

 

Note: This data set was not included in the North Sea Im-

pact Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS, BTS and BITS surveys 1998-2010. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 Bathymetric maps: The General Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net) 

 Bottom substrate: EMODnet - EUSeaMap, predictive seabed habitat map for the North Sea. Data can be downloaded 

from: http://jncc.defra.gov.uk/page-5040 

 

Spatial extent North Sea area covered by ICES coordinated surveys 

Lineage and data quality 

Whiting is a small sized gadoid widely distributed in the greater North Sea. Since the late1970s stock size and commercial 

landings have declined gradually to a historic minimum. Discard rates of whiting are high. Whiting is a fish predator that feeds 

heavily on many commercially important species. 

 

The distribution map gives only a broad picture of the species distribution. Data sets used for modelling are extensive, but the 

distribution area of the species is not fully represented as the surveys cover only “smooth” grounds which can be trawled and 

mainly grounds with depth larger than 20 m. Predictions in coastal areas are highly uncertain. It is also assumed in the model 

that the survey catchability of the species is independent of body size, area and depth, which is not the case in reality. 

 

Scale or resolution Depth map used for prediction: 0.0166 x 0.0166 decimal degree (app. 1.85 km) 

Time period covered 1998-2010 

Data access Original data: See “Data sources”. Model and predictions: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

  

http://datras.ices.dk/
http://www.gebco.net/
http://jncc.defra.gov.uk/page-5040
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Sandeel (Ammodytes marinus) fishing grounds 
The sandeel fishing grounds are areas with the right type of 

habitat (see description below) and high density of sandeel. To 

map the spatial distribution of foraging habitat of sandeel three 

types of information were combined:  

 Global positioning system (GPS) records from individual 

ships 

 Vessel monitoring system (VMS) data, and 

 Maps provided by fishermen 

 

Fishermen from different ports have evaluated the map of the 

fishing grounds, after which it has been modified according to 

guidelines they gave. Such evaluation resulted in the inclusion 

of additional grounds (from more navigation data) and the de-

letion of non-sandeel grounds. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 GPS and logbook information from the fishing industry and VMS data from the sandeel fishing fleet. 

 

Spatial extent North Sea 

Lineage and data quality 

Sandeel (Ammodytes marinus) constitute a large proportion of the fish biomass in the North Sea and are an important prey 

species for many fish species, seabirds and mammals. High concentrations of sandeel are limited to shallow, turbulent sandy 

areas, located at depths of 20–70 m where the content of the finest particles of silt and clay is low. Because of the limited 

availability of such substratum, the distribution of post-settled sandeel is very patchy. 

 

The data quality of the distribution map is considered high, because the mapping of the sandeel grounds is based on a con-

siderably large data set and it has been prepared in cooperation with the fishing industry. 

 

Scale or resolution Unknown 

Time period covered Most recent years 

Data access See “Additional information sources”. 

Additional information 

sources 

Jensen, H., Rindorf, A., Wright, P. & Mosegaard, H. 2011: Inferring the location and scale of 

mixing between habitat areas of lesser sandeel through information from the fishery. - ICES 

Journal of Marine Science 68(1): 43-51. 
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Abundance of sensitive non-assessed fish species 
Large (vulnerable) species are species with an asymptotic 

length of very old fish (Linfinity) larger than 100 cm, as Dulvy et al. 

(2003) have shown that extinction risk is related to maximum 

length. Only euhaline fish species where included. Further-

more, species for which formal assessments are provided by 

ICES (Atlantic cod, hake and saithe) were excluded from fur-

ther analyses. The data used to estimate distribution were 

catch rates in the IBTS for the years 1983 to 2010 (quarter 1). 

Only the hauls where all species caught were recorded were 

used.  

 

The figure shows the average survey catch rate of large (vul-

nerable) species.  

 

Note: This data set was not used in the North Sea Impact 

Index. 
 

Data sources 

 Survey catch rates: ICES coordinated IBTS surveys 1991-2010, quarter 1. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate abundance were catch rates of fish in the IBTS for the years 1983 to 2010 (quarter 1). Only hauls 

of the duration between 25 and 35 minutes and where all species were recorded were used. Data were corrected for known 

and obvious errors using an algorithm kindly provided by Niels Daan (pers. comm., Daan 2011). 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1983-2010 

Data access Original data: See “Data sources”. Analysis and results: contact, DTU Aqua, Denmark. 

Additional information 

sources 

Dulvy, N.K., Sadovy, Y & Reynolds, J.D. 2003: Extinction vulnerability in marine populations. - 

Fish and Fisheries 4: 25-64. 

 
 
  

http://datras.ices.dk/
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Large Fish Indicator (LFI) 
The Large Fish Indicator (LFI) describes the proportion (by 

weight) of the fish community that is larger than 40 cm. Trawl 

survey time series are used to estimate LFI. The analysis 

shows that large fish dominate in the Norwegian trench and in 

the south western part of the North Sea. Additionally it is seen 

that large fish dominate more in the eastern part of the NS 

compared to the western part. 

 

On the map, LFI is depicted on a logarithmic scale. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS survey 1983-2010, quarter 1. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate LFI were catch rates of fish from the IBTS for the years 1983 to 2010 (quarter 1) where the pelagic 

species have been removed. Only hauls of the duration between 25 and 35 minutes and where all species were recorded 

and measured in length were used. Only ICES rectangles that provided more than 28 hauls in the period (one haul per year) 

were used. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1983-2010 

Data access Original data: See “Data sources”. Analysis and results: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
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Size spectrum height 
The height of the size-spectrum is an indicator of the total 

community abundance level. Size spectrum slope and height 

for demersal fish species were calculated from trawl survey 

time series. The heights of the size-spectra are smallest in the 

north western part of the NS. 

 

On the map, the size-spectrum height is depicted on a loga-

rithmic scale. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS survey 1983-2010, quarter 1. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk). 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate size-spectrum were catch rates of fish in the IBTS for the years 1983 to 2010 (quarter 1) where the 

pelagic species have been removed. Only hauls of the duration between 25 and 35 minutes and where all species were re-

corded and measured in length were used. Only ICES rectangles that provided more than 28 hauls in the period (one haul 

per year) were used. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1983-2010 

Data access Original data: See “Data sources”. Analysis and results: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
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Size spectrum slope 
The slope of the size-spectrum indicates the ratio between 

small and large fish in the community. A steepening slope of 

the size spectrum indicates an increasing ratio of smaller indi-

viduals. Size spectrum slope and height for demersal fish spe-

cies were calculated from trawl survey time series. The slope 

is most shallow in the Norwegian trench and in the south 

western part of the NS (large individuals dominate). Additional-

ly it is seen that the slopes in the eastern part of the NS are 

shallower than in the western part, meaning that large fish 

dominate more in the eastern part.  

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS survey 1983-2010, quarter 1. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate size-spectrum were catch rates of fish in the IBTS for the years 1983 to 2010 (quarter 1) where the 

pelagic species have been removed. Only hauls of the duration between 25 and 35 minutes and where all species were re-

corded and measured in length were used. Only ICES rectangles that provided more than 28 hauls in the period (one haul 

per year) were used. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1983-2010 

Data access Original data: See “Data sources”. Analysis and results: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
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Species evenness 
Species evenness is an indicator of how evenly the population 

abundances are distributed among species, and is defined as 

1 minus the Simpson index (Simpson 1949). The indicator is 

estimated from trawl survey time series. As the number of rec-

orded species increases with sample size the indicator is 

standardised to 25 hauls. Species evenness is in general quite 

high and decreases in the northern part of the NS, and in the 

central part of the southern NS. 

 

The figure shows the species evenness index, standardised to 

25 hauls. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS survey 1991-2010, quarter 1 and 3. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate abundance were catch rates of fish in the IBTS for the years 1991 to 2010 (quarters 1 and 3). Only 

data from 1991 on onwards is used as the procedures for identifying species on board the research vessels changed in 1991. 

Only hauls of the duration between 25 and 35 minutes and where all species were recorded were used. Data were corrected 

for known and obvious errors using an algorithm kindly provided by Niels Daan (pers. comm., Daan 2011). Further, in the few 

cases where fish were only recorded to family, the fish were allocated to the most frequently encountered species in the family. 

Only ICES squares that provided more than 40 hauls in the period (~2 hauls per year) were used. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1991-2010 

Data access Original data: See “Data sources”. Analysis and results: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 
 
  

http://datras.ices.dk/
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Species richness 
Species richness is an indicator of the number of species 

(species diversity). The indicator is estimated from trawl sur-

vey time series. As the number of recorded species increases 

with sample size the indicator is standardised to 25 hauls. 

Species richness is highest where different bodies of water 

meet (Atlantic and English Channel boundary).  

 

The figure shows the number of species recorded, standard-

ised to 25 hauls. 

 

Note: This data set was not used in the North Sea Impact 

Index. 

 

Data sources 

 Survey catch rates: ICES coordinated IBTS survey 1991-2010, quarter 1 and 3. Data can be downloaded from the ICES 

DATRAS database (http://datras.ices.dk) 

 

Spatial extent North Sea 

Lineage and data quality 

The data used to estimate abundance were catch rates of fish in the IBTS for the years 1991 to 2010 (quarters 1 and 3). Only 

data from 1991 on onwards is used as the procedures for identifying species on board the research vessels changed in 1991. 

Only hauls of the duration between 25 and 35 minutes and where all species were recorded were used. Data were corrected 

for known and obvious errors using an algorithm kindly provided by Niels Daan (pers. comm., Daan 2011). Further, in the few 

cases where fish were only recorded to family, the fish were allocated to the most frequently encountered species in the family. 

For the ecosystem component layer only ICES squares that provided more than 40 hauls in the period (~2 hauls per year) 

were used. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 1991-2010 

Data access Original data: See “Data sources”. Analysis and results: contact DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

http://datras.ices.dk/
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Fulmar (Fulmarus glacialis), probability of presence 
Probability of presence of birds modelled using Multivariate 

Adaptive Regression Splines (MARS) based on observa-

tions (presence/absence) and environmental predictors for 

Fulmar (Fulmarus glacialis). 

 

 

Data sources 

 Species data used: 

From the European Seabird at Sea (ESAS) database. The 

processing of the data is described in Fauchald et al. 2011 

(Ecology 92: 228-239). The period used was 1995-2004, 

and the observations are from the months October-March. 

The abundance of birds was converted to presence/ab-

sence. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using 

the standard slope tool), distance to land, chlorophyll 

(MODIS Aqua, mean chlorophyll concentration mg/m3 dur-

ing 2003-2010), U velocity at 3 m, V velocity at 3 m, tem-

perature at surface (mean values for a winter season Octo-

ber 2003 - March 2004, source: http://www.myocean.eu/), 

current speed (calculated based on U an V velocities), sa-

linity at surface (mean values for 2003-2004) was consid-

ered but was not used as it was highly correlated with tem-

perature. 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13:265-

275). The R version 1.7-6 was used. The data used are described above. The model was fitted using a multispecies MARS 

model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and predictions were created 

based on the model. Evaluation of the predictive performance was made using AUC based on a 10-fold cross validation. The 

mean AUC value for fulmar was 0.8 and the deviance explained by the model 0.29. 

 

Scale or resolution 10 km 

Time period covered 1995-2004 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 
  

http://www.myocean.eu/
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Gannet (Morus bassanus), probability of presence 
Probability of presence of birds modelled using Multivariate 

Adaptive Regression Splines (MARS) based on observa-

tions (presence/absence) and environmental predictors for 

Gannet (Morus bassanus). 

 

 

Data sources 

 Species data used: 

From the European Seabird at Sea (ESAS) database. The 

processing of the data is described in Fauchald et al. 2011 

(Ecology 92: 228-239). The period used was 1995-2004, and 

the observations are from the months October-March. The 

abundance of birds was converted to presence/absence. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the 

standard slope tool), distance to land, chlorophyll (Modis, 

mean chlorophyll concentration mg/m3 during 2003-2010), U 

velocity at 3 m, V velocity at 3 m, temperature at surface 

(mean values for a winter season October 2003 - March 2004, 

source: http://www.myocean.eu/), current speed (calculated 

based on U an V velocities). Salinity at surface (mean values 

for 2003-2004) was considered but was not used as it was 

highly correlated with temperature. 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 

265-275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multi-

species MARS model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and pre-

dictions were created based on the model. Evaluation of the predictive performance was made using AUC based on a 

10-fold cross validation. The mean AUC value for gannet was 0.71 and the deviance explained by the model 0.13.  

 

Scale or resolution 10 km 

Time period covered 1995-2004 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 

  

http://www.myocean.eu/
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Guillemot (Uria aalge), probability of presence 
Probability of presence of birds modeled using Multivari-

ate Adaptive Regression Splines (MARS) based on ob-

servations (presence/absence) and environmental predic-

tors for Guillemot (Uria aalge). 

 

 

Data sources 

 Species data used: 

From the European Seabird at Sea (ESAS) database. The 

processing of the data is described in Fauchald et al. 2011 

(Ecology 92: 228-239). The period used was 1995-2004, and 

the observations are from the months October-March. The 

abundance of birds was converted to presence/absence. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the 

standard slope tool), distance to land, chlorophyll (Modis, 

mean chlorophyll concentration mg/m3 during 2003-2010), U 

velocity at 3 m, V velocity at 3 m, temperature at surface 

(mean values for a winter season October 2003 - March 

2004, source: http://www.myocean.eu/), current speed (cal-

culated based on U an V velocities). Salinity at surface 

(mean values for 2003-2004) was considered but was not 

used as it was highly correlated with temperature. 

 

Spatial extent North Sea (top 4410000, left 3460000, right 4500000, bottom 3120000) 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 

265-275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multi-

species MARS model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and pre-

dictions were created based on the model. Evaluation of the predictive performance was made using AUC based on a 

10-fold cross validation. The mean AUC value for guillemot was 0.69 and the deviance explained by the model 0.1. 

 

Scale or resolution 10 km 

Time period covered 1995-2004 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 

  

http://www.myocean.eu/
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Kittiwake (Rissa tridactyla), probability of presence 
Probability of presence of birds modelled using Multivariate 

Adaptive Regression Splines (MARS) based on observations 

(presence/absence) and environmental predictors for Kittiwake 

(Rissa tridactyla). 

 

 

Data sources 

 Species data used: 

From the European Seabird at Sea (ESAS) database. The pro-

cessing of the data is described in Fauchald et al. 2011 (Ecology 

92: 228-239). The period used was 1995-2004, and the observa-

tions are from the months October-March. The abundance of birds 

was converted to presence/absence. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the 

standard slope tool), distance to land, chlorophyll (Modis, mean 

chlorophyll concentration mg/m3 during 2003-2010), U velocity at 

3 m, V velocity at 3 m, temperature at surface (mean values for a 

winter season October 2003 - March 2004, source: 

http://www.myocean.eu/), current speed (calculated based on U 

an V velocities). Salinity at surface (mean values for 2003-2004) 

was considered but was not used as it was highly correlated with 

temperature. 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 265-

275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multispecies MARS 

model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and predictions were created 

based on the model. Evaluation of the predictive performance was made using AUC based on a 10-fold cross validation. 

The mean AUC value for kittiwake was 0.65 and the deviance explained by the model 0.07.  

 

Scale or resolution 10 km 

Time period covered 1995-2004 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 
  

http://www.myocean.eu/
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Razorbill (Alca torda), probability of presence 
Probability of presence of birds modelled using Multivariate 

Adaptive Regression Splines (MARS) based on observa-

tions (presence/absence) and environmental predictors for 

Razorbill (Alca torda). 

 

 

Data sources 

 Species data used: 

From the European Seabird at Sea (ESAS) database. The 

processing of the data is described in Fauchald et al. 2011 

(Ecology 92: 228-239). The period used was 1995-2004, and 

the observations are from the months October-March. The 

abundance of birds was converted to presence/absence. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the 

standard slope tool), distance to land, chlorophyll (Modis, 

mean chlorophyll concentration mg/m3 during 2003-2010), U 

velocity at 3 m, V velocity at 3 m, temperature at surface 

(mean values for a winter season October 2003 - March 2004, 

source: http://www.myocean.eu/), current speed (calculated 

based on U an V velocities). Salinity at surface (mean values 

for 2003-2004) was considered but was not used as it was 

highly correlated with temperature. 

Spatial extent North Sea (top 4410000, left 3460000, right 4500000, bottom 3120000) 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 

265-275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multi-

species MARS model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and pre-

dictions were created based on the model. Evaluation of the predictive performance was made using AUC based on 

a 10-fold cross validation. The mean AUC value for razorbill was 0.78 and the deviance explained by the model 0.22. 

 

Scale or resolution 10 km 

Time period covered 1995-2004 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

  

http://www.myocean.eu/
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Harbour porpoise (Phocoena phocoena), probability of presence 
Probability of presence of Harbour porpoises (Phocoena phocoena) 

modelled using Multivariate additive regression splines (MARS) 

based on species observations and environmental predictors. 

 

 

Data sources 

 Species data used: 

SCANS surveys (Small Cetacean Abundance in the North Sea) 1994 

and 2005, both surveys were combined. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the stand-

ard slope tool), distance to land, chlorophyll (Modis, mean chlorophyll 

concentration mg/m3 during 2003-2010), U velocity at 3 m, V velocity 

at 3 m, temperature at surface (mean values for July 2003 and July 

2004, source: http://www.myocean.eu/), current speed (calculated 

based on U an V velocities) and salinity at surface (mean values for 

2003-2004). 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 265-

275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multispecies MARS 

model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and predictions were created 

based on the model. Evaluation of the predictive performance was made using AUC based on a 10-fold cross validation. The 

mean AUC value for harbour porpoises was 0.65, and the deviance explained by the model was 0.07. 

 

Scale or resolution 10 km 

Time period covered 1994 and 2005 surveys combined 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 

  

http://www.myocean.eu/
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Minke whale (Balaenoptera acutorostrata), probability of presence 
Probability of presence of Minke whales (Balaenoptera acutorostrata) 

modelled using Multivariate additive regression splines (MARS) 

based on species observations and environmental predictors. 

 

 

Data sources 

 Species data used: 

SCANS surveys (Small Cetacean Abundance in the North Sea) 1994 

and 2005, both surveys were combined. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the stand-

ard slope tool), distance to land, chlorophyll (Modis, mean chlorophyll 

concentration mg/m3 during 2003-2010), U velocity at 3 m, V velocity 

at 3 m, temperature at surface (mean values for July 2003 and July 

2004, source: http://www.myocean.eu/), current speed (calculated 

based on U an V velocities) and salinity at surface (mean values for 

2003-2004). 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 265-

275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multispecies MARS 

model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and predictions were created 

based on the model. Evaluation of the predictive performance was made using AUC based on a 10-fold cross validation. The 

mean AUC value for minke whales was 0.72, and the deviance explained by the model was 0.12. 

 

Scale or resolution 10 km 

Time period covered 1994 and 2005 surveys combined 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 
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White-beaked dolphin (Lagenorhynchus albirostris), probability of 

presence 
Probability of presence of White-beaked dolphins (Lagenorhynchus 

albirostris) modelled using Multivariate additive regression splines 

(MARS) based on species observations and environmental predictors. 

 

 

Data sources 

 Species data used: 

SCANS surveys (Small Cetacean Abundance in the North Sea) 1994 

and 2005, both surveys were combined. 

 

 Environmental data used: 

Depth, slope (calculated based on depth in ArcGIS using the standard 

slope tool), distance to land, chlorophyll (Modis, mean chlorophyll 

concentration mg/m3 during 2003-2010), U velocity at 3 m, V velocity 

at 3 m, temperature at surface (mean values for July 2003 and July 

2004, source: http://www.myocean.eu/), current speed (calculated 

based on U an V velocities) and salinity at surface (mean values for 

2003-2004). 

 

Spatial extent North Sea 

Lineage and data quality 

The model was created using the MARS R functions written by Elith & Leathwick (2007, Diversity & Distributions 13: 265-

275). The R version 1.7-6 was used. The data used is described above. The model was fitted using a multispecies MARS 

model with a binomial distribution (see Elith & Leathwick 2007). Species-specific responses and predictions were created 

based on the model. Evaluation of the predictive performance was made using AUC based on a 10-fold cross validation. The 

mean AUC value for white beaked dolphins was 0.79, and the deviance explained by the model was 0.23. 

 

Scale or resolution 10 km 

Time period covered 1994 and 2005 surveys combined 

Data access Original data: See “Data sources”. Predicted distribution: Contact the HARMONY Team. 

Additional information 

sources 

None. 

 

  

http://www.myocean.eu/
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Appendix B - Stressor data layers 

List of the human stressors 

 

 Bridges and coastal dams 

 Coastal nuclear power plants 

 Coastal population density 

 Coastal waste water treatment plants 

 Disposal sites for dredged material 

 Dumped munitions 

 Heavy metal inputs from rivers and the atmosphere 

 Industrial ports 

 Marine aquaculture sites 

 Military areas 

 Nutrient enrichment 

 Offshore oil and gas installations 

 Offshore wind turbines 

 Oil and gas pipelines 

 Oil spills 

 Recreational shipping (in deep/shallow waters) 

 Riverine discharges of radionuclides 

 Riverine discharges of synthetic pollutants 

 Sea cables 

 Sediment extraction sites 

 (Commercial) Shipping intensity 

 Fishery effort from the Dregde segment 

 Fishery effort from the beam trawl > 80 mm segment 

 Fishery effort from the small-meshed beam trawl (Crangon crangon) seg-

ment 

 Fishery effort from the pelagic segment 

 Fishery effort from the TR1 (demersal trawl and seine with meshes ≥ 100 

mm) segment 

 Fishery effort from the TR2 (trawl with 70-99 mm meshes) segment 

 Fishery effort from the “other trawl” segment 

 Fishery effort from the pots and traps segment 

 Fishery effort from the set net segment 

 

  



92 

Bridges and coastal dams 
Major bridges and coastal dams in the North Sea, drawn in 

Google Earth. 

 

Data sources 

 Google Earth 

 

Spatial extent German, Danish, Swedish, and Norwegian North Sea 

Lineage and data quality 

Bridges and coastal dams were identified and drawn in Google Earth. Most environmental effects of coastal bridges and 

dams are higher for a dam than for a bridge of the same length. For example, a bridge still allows water flow between piers, 

and the seabed is only sealed below the feet of the piers and potential surrounding protection structures. Thus, for the cumu-

lative impact index, all cells containing a bridge were assigned a value of 0.5. All cells containing a coastal dam were as-

signed a value of 1. 

 

Scale or resolution 1 km 

Time period covered Recent snapshot (2010) 

Data access Contact the HELCOM Secretariat or the HARMONY team. 

Additional information 

sources 

None. 
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Coastal nuclear power plants 
Operational coastal nuclear power plants in the German, 

Danish and Swedish parts of the North Sea. There are no 

coastal nuclear power plants in the Norwegian part of the 

study area. 

 

Data sources 

 OSPAR 

 

Spatial extent Danish, Swedish, Norwegian and German North Sea 

Lineage and data quality 

Coastal nuclear power plants were extracted from a data set on nuclear installations in the OSPAR area. Represented on the 

mapping grid as presence/absence (i.e. each installation was assigned to the closest cell). 

 

Scale or resolution Unknown 

Time period covered Recent snapshot (2011) 

Data access Contact the OSPAR Secretariat. 

Additional information 

sources 

http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#

page=16  

 

  

http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#page=16
http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#page=16
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Coastal population density 
Population density in coastal administrative units, and the 

number of people living within 25 km from the coastline. 

 

Data sources 

 Germany: Administrative units with numbers of inhabitants for the two states Niedersachsen and Schleswig Holstein, 

extracted from the ATKIS DLM (data provided by UBA, otherwise subject to payment). 

 Denmark: Municipalities with population provided by NST. Also a fine-resolution population grid is available but was not 

used for this data set as similar data were lacking for the other countries. 

 Sweden: Population density in administrative units such as census regions. Data from SCB, provided by Metria. 

 Norway: Administrative units (kommuner) provided by KLIF, population numbers manually added from the SSB statisti-

cal yearbook 2010 (http://www.ssb.no/aarbok). 

 Netherlands (included for the boundary region): Eurostat. NUTS-3 areas from GISCO, manually added population. 

 

Spatial extent German, Danish, Norwegian, and Swedish North Sea 

Lineage and data quality 

The national data sets containing total population or population densities in different administrative units were merged and 

unless already contained in the original data, the land area in the unit was calculated and the number of inhabitants/km2 de-

rived. In addition to the German, Danish, Norwegian and Swedish data, the three Dutch NUTS-3 areas closest to the study 

area were added in order to receive realistic values at the German-Dutch boundary. 

 

For the impact index, the number of people living within a 25 km radius was calculated for each cell touching the coastline. 

For all other cells (not touching the coastline), the value was set to zero. 

 

Scale or resolution 1 km (original data: administrative areas varying in size) 

Time period covered Norway: 2010; Germany: unknown (recent snapshot); Sweden: 2000-2009 (mean); Denmark: 

unknown (recent snapshot) 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. Permission from owners may be needed. 

Additional information 

sources 

None. 

 

 

  

http://www.ssb.no/aarbok
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Coastal waste water treatment plants 
Coastal waste water treatment plants in the German,  

Danish, Swedish and Norwegian parts of the North Sea. 

 

Data sources 

 Denmark: locations provided by NST. 

 Germany: extracted from the ATKIS DLM (provided by UBA). 

 Sweden: coastal locations provided by SMHI. 

 Norway: locations and discharges for different substances provided by KLIF. 

 

Spatial extent Danish, Swedish, Norwegian and German North Sea 

Lineage and data quality 

The data set was compiled from national data sources (see above). The German, Danish and Norwegian data sets also con-

tained inland locations. Only locations within 5 km of the sea where included in the compiled data set. The Swedish data 

contained only urban waste water treatment plants close to the sea. Thus, smaller plants are missing in the Swedish data. 

 

In order to calculate the impact index, each waste water treatment plant was assigned to the closest cell of the mapping grid. 

The values of cells with an assigned plant were set to 1, and those of all others to 0. 

 

Scale or resolution Unknown 

Time period covered Denmark: 2009; Norway: 2007-2008; Sweden and Germany: data provided in 2011 but exact 

period covered is unknown 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. Permission from owners may be needed. The German 

data are part of a data product (the ATKIS DLM) which is subject to payment. 

Additional information 

sources 

None. 
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Disposal sites for dredged material 
Disposal sites for dredged material in the in the Danish, 

Swedish, Norwegian and German parts of the North Sea. 

 

Data sources 

 Germany: CONTIS database, hosted by BSH: http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp. 

 Denmark: Provided by NST. 

 Sweden: Compilation of disposal sites made by the Environmental Protection Agency, based on reports from county ad-

ministrative boards and supplemented by information from reports and the internet (provided by Metria). 

 Norway: Data reported to OSPAR in 2009, available on EIONET: http://cdr.eionet.europa.eu/no/ospar/Dumping. 

 

Spatial extent Swedish, German, Danish, and Norwegian North Sea 

Lineage and data quality 

Data were merged from national sources. In general, the data do not cover a longer period, but only a recent year. With the 

exception of the Swedish data, no information on the disposed volumes was included. 

 

For calculating the impact index, the values of all cells containing at least one sediment dumpsite were set to 1, and the values 

of all other cells to 0. 

 

Scale or resolution Unknown 

Time period covered Denmark and Norway: Snapshot (2009); Germany: Snapshot (end 2010); Sweden: Unknown 

Data access Contact the HARMONY team. 

Original data: See ”Data sources”. Owners’ permissions may be needed. 

Additional information 

sources 

None. 

 

  

http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
http://cdr.eionet.europa.eu/no/ospar/Dumping
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Dumped munitions 
Locations of dumped munitions in the North Sea. 

 

 

Data sources 

 OSPAR Secretariat. 

 

Spatial extent North Sea 

Lineage and data quality 

The original data cover the entire OSPAR area. The locations of known dumped munitions were used in HARMONY without 

further processing, and assigned to the mapping grid as presence/absence. 

 

Scale or resolution Unknown 

Time period covered 2004-2008 

Data access Contact the OSPAR Secretariat. 

Additional information 

sources 

OSPAR QSR 2010: 

http://qsr2010.ospar.org/en/ch09_09.html 

 

  

http://qsr2010.ospar.org/en/ch09_09.html
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Heavy metals from rivers and the atmosphere 
Riverine loads of cadmium (Cd), mercury (Hg) and lead (Pb) 

were predicted for catchments around the North Sea based 

on monitoring data, land use and population statistics. Heavy 

metal loads in the sea were then estimated based on 

distance from the river mouths and salinity (as an indicator 

for the extent of freshwater plumes). The resulting data set 

on riverine discharges was finally combined with EMEP data 

on atmospheric deposition of the three heavy metals. 

 

Data sources 

 Monitored riverine discharges of heavy metals: RID data. 

 Catchments: Norway – NVE; Sweden – SMHI; other countries: EEA  

(http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1). 

 Land cover: CORINE Land Cover 2006, 250m raster, Level 2 classification. Downloaded from EEA: 

http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-1. 

 Population density: In Norway data on community population from SSB, with community boundaries provided by KLIF. 

Elsewhere: Population density disaggregated with Corine land cover 2000, http://www.eea.europa.eu/data-and-

maps/data/population-density-disaggregated-with-corine-land-cover-2000-2 

 Salinity: Atlantic Margin Model, Access via the MyOcean portal: Product “Atlantic- European North West Shelf - Ocean 

Biogeochemistry Hindcast”, HINDCAST RUN 1, http://www.myocean.eu/web/24-catalogue.php. 

 Atmospheric deposition: EMEP, http://www.emep.int/ 

Spatial extent North Sea 

Lineage and data quality 

Because of insufficient coverage of the North Sea region with monitoring data on riverine discharges of heavy metals, riverine 

discharges were estimated in four steps: 

 

1. A data set of catchments draining into the North Sea was compiled and statistics on land cover (based on CORINE level 

2 classification) and population were calculated. The included variables were “urban fabric”, “industrial, commercial and 

transport units”, “mine, dump and construction sites”, “arable land” and population. Also other variables, such as total ag-

ricultural area and area of pastures, were tested but turned out to be strongly correlated to and worse predictors than the 

variables listed first. 

2. Measured discharges of three heavy metals – cadmium, lead, and mercury – were assigned to catchments covered by 

monitoring data (no monitoring data on other heavy metals were available). For some monitoring data, a clear assign-

ment to a catchment was not possible and they were thus omitted. In total, 23 catchments had monitoring data. All vari-

ables were divided by catchment areas to avoid the dominance of catchment size in modelling (e.g. using population 

density, % of arable land, and discharges per km2
 catchment). Using simple multivariate linear models, discharges per 

km2 catchment could be predicted with satisfactory accuracy for all three substances (Cd: function of urban and industri-

al area, R2 = 0.84; Hg: function of mines/construction sites and population, R2 = 0.73; Pb: function of urban and industrial 

areas, R2 = 0.82). 

3. The linear models were used to predict discharges (per km2 catchment area) of N, Cd, Hg and Pb for all catchments in 

the study area. 

4. One point was assigned as “discharge location” to each catchment. The spread of the modelled substances in the sea 

was calculated with an algorithm similar to that proposed by Halpern et al. (Science, 2008). This original algorithm cre-

ates “artificial plumes” by assigning a fixed percentage (1%) of the total discharged amount to the cell containing the 

source. Then, to each of the neighbouring cells, 1% of the remaining amount is assigned. This is repeated until the re-

http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1
http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-1
http://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
http://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
http://www.myocean.eu/web/24-catalogue.php
http://www.emep.int/
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maining amount falls under a given threshold. This algorithm lets the plumes wrap around e.g. headlands, but does oth-

erwise assume even spread into all directions. Also in our version, the plume initially contains only the cell with the river 

mouth, and then, all cells neighbouring the plume are step-wise added. However, we did not assign the same proportion 

of the remaining amounts of the substances in question to all cells. Instead, in each step, the amounts “deposited” in all 

cells that were newly added to the plume were based on their salinity. Furthermore, we did not allow the plumes to 

spread into waters with salinity above 34.5 PSU, considered as the limit of the influence of riverine waters. 

 

The algorithm described above involves several parameters, such as the percentage of the remaining amounts to distribute, 

which is retained in each cell. Consequently, the algorithm was first tested by modelling the spread of nitrogen discharges 

from major rivers, and comparing the resulting patterns to nitrate concentration from the NORWECOM model. The parame-

ters were adjusted so that a good fit with this model’s results was reached, and then applied for calculating the “heavy metal 

plumes”. 

 

Finally, modelled atmospheric depositions were added to the amounts of the three heavy metals. The resulting data sets for 

cadmium, mercury and lead were rescaled to range from 0 to 1 and then averaged in order to produce one heavy metal data 

set. 

 

Scale or resolution 1 km 

Time period covered 2003-2009 averages 

Data access Contact the HARMONY team. Original data: See “Data sources”. 

Additional information 

sources 

Halpern et al. (2008): http://www.nceas.ucsb.edu/globalmarine/impacts 

http://www.nceas.ucsb.edu/globalmarine/impacts
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Industrial ports 
Industrial ports with average annual gross cargo weight 

2005-2009. 

 

Data sources 

 Locations for Germany, Denmark and Sweden: EuroStat GISCO: 

(http://epp.eurostat.ec.europa.eu/portal/page/portal/gisco_Geographical_information_maps/introduction) 

 Locations for Norway: www.havneportalen.no 

 Cargo statistics: EuroStat, ”Maritime transport - Goods (mar_go)”: 

(http://epp.eurostat.ec.europa.eu/portal/page/portal/transport/data/database) 

 

Spatial extent German, Danish, Swedish and Norwegian North Sea 

Lineage and data quality 

Locations of German, Danish and Swedish ports were downloaded from the Eurostat GISCO website. As no data set for 

Norway was available from Eurostat and no comprehensive national data set existed (Kystverket, personal communication, 

spring 2011), Norwegian industrial ports were located on an online map provided by a newspaper (see “Data sources”) and 

checked against Google Earth and the list of harbours in the SBB Havnestatistik 

(http://www.ssb.no/emner/10/12/60/havn/arkiv/), to make sure that all major ports were covered and their locations correct. 

 

Statistics on annual gross cargo weight were downloaded from Eurostat for 2005-2009. This period was chosen because it 

was covered for most ports (in some cases, data were available for fewer years in this period). The average of the available 

years was assigned to the port locations. 

 

However, the Eurostat cargo statistics cover only major ports, typically 30-40 in each country. To assign values to smaller 

ports, the annual gross cargo weight for the ports covered by data was compared to the 2005-2009 total gross cargo weight 

reported for all ports in the respective countries. The difference between the national total and the sum of cargo weight re-

ported for the individual ports in this country was equally distributed to the ports for which no statistics were available. 

 

The total number of ports was assumed to be the number of ports in the GISCO data for Germany, Denmark and Sweden. 

For Norway, it was assumed to be the number of industrial ports registered on havneportalen.no. 

 

Scale or resolution 1:1,000,000 

Time period covered Recent snapshot (2005-2009) 

Data access Contact the HARMONY team. 

Original data: see “Data sources”. 

Additional information 

sources 

None. 

 

  

http://epp.eurostat.ec.europa.eu/portal/page/portal/gisco_Geographical_information_maps/introduction
http://www.havneportalen.no/
http://epp.eurostat.ec.europa.eu/portal/page/portal/transport/data/database
http://www.ssb.no/emner/10/12/60/havn/arkiv/
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Marine aquaculture sites 
Locations of fish farms and shellfish farms in the North Sea. 

 

Data sources 

Data have been compiled from the following national sources: 

 Germany: BSH (CONTIS database) 

 Denmark: provided by NST 

 Sweden: National Board of Fisheries (provided by Metria) 

 Norway: Fiskeridirektoratet (Havbruksdatabasen) 

 

Spatial extent Swedish, German, Danish, and Norwegian North Sea 

Lineage and data quality 

The original data contained descriptive information (e.g. on farmed species) at different levels of detail. No information on the 

size of the aquaculture sites or the intensity of activities (e.g. annual production) was available. Thus, the compiled data set 

on marine aquaculture in the North Sea contains only locations.  

 

Fish farms and shellfish farms were distinguished in the original data with the exception of German waters. There, only site 

locations (all in the Wadden Sea) without any additional information were available. As mostly blue mussels and oysters are 

grown in the German Wadden Sea, these sites were classified as shellfish farms. The Norwegian data set also included in-

land sites which were removed by erasing all sites more than 1 km landwards from a reference shoreline (GSHHS full resolu-

tion). 

 

For the North Sea Impact Index, values were assigned to the mapping grid as follows (on the example of shellfish farms, but 

done similarly for fish farms): Cells containing at least one shellfish farm have a value of 1 (presence), and all other cells have 

a value of 0. An alternative would have been to count the number of shellfish farms in each cell, but as it was impossible to ac-

count for the size of the sites, a simple presence-absence approach was considered more robust. 

 

Scale or resolution Unknown 

Time period covered Snapshot (2010-2011) 

Data access Germany: http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp 

Norway: http://kart.kystverket.no/default.aspx?gui=1&lang=2) 

Sweden and Denmark: Contact the institutions listed in the “Data sources” section. 

Owners’ permissions may be needed for the national data. 

Compiled data set: Please refer to the HARMONY website. 

Additional information 

sources 

None. 

 

  

http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
http://kart.kystverket.no/default.aspx?gui=1&lang=2
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Military areas 
Military areas in the Danish, Swedish, Norwegian and  

German parts of the North Sea. 

 

Data sources 

 Germany: Drawn manually based on the BSH CONTIS WMS 

 (http://gdisrv.bsh.de/arcgis/services/CONTIS/Administration/MapServer/WMSServer) 

 Norway: Data collected and provided by KLIF (permissions required for data access) 

 Denmark: Drawn manually on top of nautical charts and provided by NST 

 Sweden: National Land Survey (provided by Metria) 

 

Spatial extent Swedish, German, Danish, Norwegian North Sea 

Lineage and data quality 

The German military areas are included in the BSH CONTIS database, and the data are owned by the Bundeswehr (Armed 

Forces). As both institutions refused to share the data set, German military areas were drawn manually based on the BSH 

CONTIS WMS (URL under “Data sources”). 

 

Otherwise, this data set is a simple compilation of data from national sources, and military areas are represented on the 

mapping grid as presence/absence.  

 

Note that because no information on the frequency of use was available, some very large military areas could be very domi-

nant in the pressure and impact indices. To counter this effect, they were included in the North Sea Impact Index with a 

weight of 0.5. 

 

Scale or resolution Unknown 

Time period covered Snapshot (2011) 

Data access Contact the HARMONY team. 

Original data: see “Data sources”. Owners’ permissions may be needed.  

Additional information 

sources 

None. 

 

  

http://gdisrv.bsh.de/arcgis/services/CONTIS/Administration/MapServer/WMSServer
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Nutrient enrichment 
Concentrations of nitrate at 5 m depth, modelled based on 

field measurements and salinity in the Kattegat, and extracted 

from the NORWECOM model for the rest of the North Sea. 

 

Data sources 

 NORWECOM nitrate concentrations: Access via the MyOcean portal: Product “Atlantic- European North West Shelf - 

Ocean Biogeochemistry Hindcast”, HINDCAST RUN 2, http://www.myocean.eu/web/24-catalogue.php; direct data  

access via OpenDAB: http://thredds.met.no/thredds/dodsC/sea/dataset-na4-norwecom-nws-myocean-ts.html. 

 Nitrate concentrations in the Kattegat: HELCOM COMBINE, download via the HELCOM Map and Data Service 

(http://maps.helcom.fi/website/mapservice/index.html). 

 Salinity: Atlantic Margin Model, Access via the MyOcean portal: Product “Atlantic- European North West Shelf - Ocean 

Biogeochemistry Hindcast”, HINDCAST RUN 1, http://www.myocean.eu/web/24-catalogue.php 

 

Spatial extent North Sea 

Lineage and data quality 

Average nitrate concentrations at 5m depth were extracted from the NORWECOM model for 2003-2004. The model is de-

scribed in detail elsewhere. While repeatedly used and validated in peer-reviewed publications in the North Sea and Skagerrak, 

the modelled nitrate concentrations are unrealistically low in the Kattegat, as the Baltic outflow seems not to be considered at all. 

 

Consequently, nitrate concentrations in the Kattegat were predicted separately. Annual average nitrate concentrations at 8 

monitoring stations in the Kattegat (which had all twelve months covered by at least one measurement from 2003 or later) 

were combined with average 2003-2004 salinity from the Atlantic Margin Model. A linear regression function (R2 = 0.46) was 

then used to predict nitrate concentrations based exclusively on salinity. 

 

The data from the NORWECOM model and the predicted nitrate concentrations in the Kattegat were merged following the 

32 PSU isohaline, close to the boundary of the Swedish and the Norwegian EEZ in the northern Kattegat. 

 

Note that although the data used do not distinguish anthropogenic and natural nutrient loads, we found a strong link between 

monitored nutrient discharges from river catchments in the study area and the proportion of agricultural land as well as popu-

lation densities the catchments (R2 = 0.79). Consequently, it is acceptable to assume that nutrient levels in the study area 

are dominated by human activity. 

 

Scale or resolution 1/9 deg lat x 1/6 deg lon; ~12 km, but interpolated to 1 km 

Time period covered 2003-2004 average 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. 

Additional information 

sources 

Detailed documentation of the NORWECOM and Atlantic Margin Model in the MyOcean Data 

Catalogue: http://www.myocean.eu/web/24-catalogue.php. 

  

http://www.myocean.eu/web/24-catalogue.php
http://thredds.met.no/thredds/dodsC/sea/dataset-na4-norwecom-nws-myocean-ts.html
http://maps.helcom.fi/website/mapservice/index.html
http://www.myocean.eu/web/24-catalogue.php
http://www.myocean.eu/web/24-catalogue.php
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Offshore oil and gas installations 
Oil and gas installations in the German, Danish, Norwegian 

and Dutch parts of the North Sea. 

 

Data sources 

 Norway: NPD 

(http://www.npd.no/engelsk/cwi/pbl/en/factmap/download/shapes_welcome.htm). 

 Denmark: NST. 

 Germany: Covered by Danish and Norwegian data. Alternative source: CONTIS database 

(http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp). 

 Sweden: No oil and gas installations in the North Sea. 

 Netherlands: Data from 2007 provided by the OSPAR secretariat. 

 UK (not included here):  

https://www.og.decc.gov.uk/information/maps_offshore.htm. 

 

Spatial extent Danish, Swedish, Norwegian, German and Dutch North Sea 

Lineage and data quality 

Data on offshore oil and gas installations have been compiled from the sources listed above. The Norwegian data contain 

both surface and subsurface installations. Both have been included in this data set. 

 

Note that the original Norwegian data also contained onshore facilities such as landings and refineries. These have been 

identified and removed from the compiled data set manually. Furthermore, it should be noted that the Norwegian data contain 

some installations which are not in use any more (also outside Norwegian waters). 

 

For calculating the impact index, the values of all cells containing at least one installation were set to 1, and the values of all 

other cells to 0. 

 

Scale or resolution Unknown 

Time period covered Norway and Denmark: 2011 snapshot, but including some installations which are out of use; 

Netherlands: 2007 snapshot 

Data access Compiled data set: contact the HARMONY team. 

Original (national) data: see “Data sources”. 

Additional information 

sources 

None. 

 

  

http://www.npd.no/engelsk/cwi/pbl/en/factmap/download/shapes_welcome.htm
http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
https://www.og.decc.gov.uk/information/maps_offshore.htm
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Offshore wind turbines 
Operational offshore wind turbines in the Norwegian, Swe-

dish, Danish and German parts of the North Sea (note that in 

Norway, there is only one experimental floating wind turbine). 

 

Data sources 

 Germany: BSH (CONTIS database); http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp. 

 Sweden: Metria (compiled from country administrative boards). 

 Denmark: NST Original source: ENS; http://www.ens.dk/DA-

DK/INFO/TALOGKORT/STATISTIK_OG_NOEGLETAL/OVERSIGT_OVER_ENERGISEKTOREN/STAMDATAREGIST

ER_VINDMOELLER/Sider/forside.aspx. 

 Norway: NVE. 

 

Spatial extent Swedish, German, Danish and Norwegian North Sea 

Lineage and data quality 

Locations of operational wind turbines and accompanying information were provided by national sources. For the only existing 

wind farm in the German North Sea, only the wind farm area was provided. Its twelve turbines were drawn by hand, so that 

they evenly covered this area. 

 

The data include a wind turbine in Lövstaviken (Sweden) that is placed on a small ”pier” stretching out from the land, and 

thus may not be considered “offshore” in all contexts. 

 

Note that more wind farms are planned in parts of the study area. 

 

Scale or resolution Unknown 

Time period covered Snapshot (2011) 

Data access Contact the HARMONY team. 

Original (national) data: see “Data sources”. 

Additional information 

sources 

Interactive map with offshore wind farms at http://www.4coffshore.com/offshorewind/; data also 

available as shapefile against payment. 

 

  

http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
http://www.ens.dk/DA-DK/INFO/TALOGKORT/STATISTIK_OG_NOEGLETAL/OVERSIGT_OVER_ENERGISEKTOREN/STAMDATAREGISTER_VINDMOELLER/Sider/forside.aspx
http://www.ens.dk/DA-DK/INFO/TALOGKORT/STATISTIK_OG_NOEGLETAL/OVERSIGT_OVER_ENERGISEKTOREN/STAMDATAREGISTER_VINDMOELLER/Sider/forside.aspx
http://www.ens.dk/DA-DK/INFO/TALOGKORT/STATISTIK_OG_NOEGLETAL/OVERSIGT_OVER_ENERGISEKTOREN/STAMDATAREGISTER_VINDMOELLER/Sider/forside.aspx
http://www.4coffshore.com/offshorewind/
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Oil and gas pipelines 
Major oil and gas pipelines in the North Sea. The data shown 

on the right are possibly incomplete outside German, Nor-

wegian and Danish waters. There are no oil and gas pipe-

lines in the Swedish part of the North Sea. 

 

Data sources 

 Germany: BSH, CONTIS database (http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp). 

 Norway: NPD, data can be downloaded from http://factpages.npd.no/factpages/Default.aspx?culture=en. 

 Denmark: Data provided by NST. 

 

Spatial extent North Sea Data are probably incomplete outside German, Norwegian, Danish and Swedish waters 

Lineage and data quality 

The original data sets have been collected from national authorities and simply merged. The German data also included 

planned and approved but not yet constructed pipelines, which were removed. 

 

For calculating the impact index, the values of all cells intersected by a pipeline were set to 1, and the values of all other cells 

to zero.  

 

Data are probably incomplete outside German, Norwegian, Danish and Swedish waters. 

 

Scale or resolution Unknown 

Time period covered Recent snapshot (2010 to 2011) 

Data access Contact the HARMONY Team. 

Original data: See “Data sources”. 

For data sets which cannot be downloaded, permission from owners may be needed. 

Additional information 

sources 

None. 

 
  

http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
http://factpages.npd.no/factpages/Default.aspx?culture=en
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Oil spills 
Oil spills in the North Sea, detected by monitoring under the 

Bonn Agreement and by HELCOM. Based on the detected 

spill locations, an “oil spill risk index” was calculated. 

 

Data sources 

 Bonn Agreement data, 2003-2009, OSPAR Secretariat (North Sea excluding most of the Kattegat). 

 Kattegat: HELCOM Map and Data Service. 

 

Spatial extent North Sea 

Lineage and data quality 

Oil spills in the North Sea are regularly surveyed under the Bonn Agreement based on aerial and satellite observations. 

However, the data did not cover most of the Kattegat. This gap was filled using a data set on oil spills provided by HELCOM. 

The comparability of data in the Kattegat with the rest of the North Sea may be affected by differences in monitoring efforts. 

The Bonn Agreement data did not contain information on the size of the detected spills, although for some spills, they are 

reported in annual surveillance reports. 

 

Not all oil spills and discharges can be detected. Spills affect an area rather than one point, and they persist over some time 

and move before and after detection. But given that the surveillance data cover 7 years, it is more likely that damage from oil 

pollution has occurred in a location where many spills have been detected close-by, than in a location where fewer spills 

have been detected close-by. Based on this assumption, the detected locations of oil spills were used to calculate an “oil 

spill index”. The value of the index in any location has been calculated as a distance-weighted number of oil spills within a 25 

km radius. Weights were linearly diminishing from 1 to 0 over 25 km. As an example, an oil spill being detected directly at a 

given location would add 1 to this location’s index value, and another spill detected 12.5 km away would add 0.5. Detections 

more than 25 km away do not influence the index. 

 

Scale or resolution 1 km 

Time period covered 2003-2009 

Data access Contact the HARMONY Team. 

Original data: Contact the OSPAR Secretariat for Bonn Agreement data. HELCOM data: 

http://www.helcom.fi/GIS/en_GB/HelcomGIS/. 

Additional information 

sources 

Bonn Agreement: http://www.bonnagreement.org/. 

 

 

  

http://www.helcom.fi/GIS/en_GB/HelcomGIS/
http://www.bonnagreement.org/
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Recreational shipping (in deep/shallow waters) 
The intensity of recreational shipping was estimated based 

on the number of and distance to leisure harbours in each 

location’s surroundings. To account for potential impacts on 

the sea bottom (such as re-suspension of sediment), the 

data set was split up into two layers: Recreational shipping 

in deep waters and in shallow waters. 

 

Data sources 

 Germany: Harbours and landing piers from the ATKIS DLM (provided by UBA) for the states Schleswig-Holstein and 

Niedersachsen. 

 Denmark: Leisure harbours extracted from Top10DK (provided by NST). 

 Sweden: Leisure harbours provided by Metria (layer produced in collaboration with the Swedish Maritime Administration). 

 Norway: www.havneportalen.no. 

Spatial extent German, Danish, Norwegian and Swedish North Sea 

Lineage and data quality 

Locations of leisure harbours were provided for the Swedish and the Danish part of the study area by the national institu-

tions. However, the Swedish data were more detailed than the other countries’, for example distinguishing marinas from ad-

jacent roll-on-roll-off-terminals. To make the four countries’ data more comparable, only locations marked as marinas were 

extracted from the Swedish data set. 

 German leisure harbours were identified by extracting the locations of harbours and landing piers from a national topo-

graphic database. Google Earth and photographs on the Internet were used to check if the respective locations were at 

least partially aimed at recreational activities (e.g. ferry harbours were removed).  

 For Norway, no official data were available and leisure harbours were located on an online map provided by a newspa-

per (see “Data sources”). 

 The locations of leisure harbours were used to estimate the intensity of recreational shipping as follows: All leisure har-

bours within 20 km distance were assigned values based on the normalized inverse squared distance to the point in ques-

tion. For example, a leisure harbour right at the point in question would have a value of 1. A leisure harbour 20 km or further 

away would have a value of 0. Between these extremes, values diminish proportional to the square of the distance. The 

method corresponds to inverse square-distance weighted interpolation, but differs in that a sum rather than an average is 

calculated. The maximum distance of 20 km was chosen based on the assumption that most recreational boating trips in the 

study area’s coastal waters are short-term trips, and that potential pressures are dominated by motor boats, but is otherwise 

arbitrary. Thus, a different maximum distance might be more appropriate for some purposes. 

 The depth to which impacts on the sea bottom occur depends on a variety of factors, e.g. for physical impacts the wave-

length of the produced waves. Here, a depth of 10 m was chosen as a threshold. 

 

Scale or resolution 1 km (original data: about 1:10,000 to 1:25,000) 

Time period covered Recent snapshot 

Data access Processed data set: contact the HARMONY team. 

Original data: see “Data sources”. Permission from owners may be required. 

Additional information 

sources 

None. 

 

  

http://www.havneportalen.no/
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Riverine discharges of radionuclides 
The number of nuclear facilities within the North Sea’s river 

basins was used as a proxy for the riverine discharges of 

radionuclides from these basins. 

 

Data sources  

 Nuclear facilities: OSPAR Secretariat. 

 Catchments: Norway – NVE; Sweden – SMHI; other countries: EEA  

(http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1). 

 Salinity: Atlantic Margin Model, Access via the MyOcean portal: Product “Atlantic- European North West Shelf - Ocean 

Biogeochemistry Hindcast”, HINDCAST RUN 1, http://www.myocean.eu/web/24-catalogue.php. 

 

Spatial extent German, Danish, Swedish, and Norwegian North Sea 

Lineage and data quality 

In the absence of recent monitoring data, riverine discharges of radionuclides had to be estimated as a function of the num-

ber of nuclear facilities in the river catchments. 

 

The number of nuclear installations in each catchment was assigned to the cell containing the river mouth, assuming that the 

discharged radionuclides would be linearly proportional to the number of installations in the catchment. The spread of these 

potential riverine loads was then modelled using the same salinity-based algorithm as described for the heavy metals. 

 

Scale or resolution 1 km 

Time period covered Recent snapshot (2011) 

Data access Contact the HARMONY team. Original data: See “Data sources”. 

Additional information 

sources 

http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#

page=16. 

 

  

http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1
http://www.myocean.eu/web/24-catalogue.php
http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#page=16
http://qsr2010.ospar.org/media/assessments/p00456_Liquid_Discharges_data_report_2007.pdf#page=16
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Riverine discharges of synthetic pollutants 
Population density in the North Sea’s river basins was used 

as a proxy for the riverine discharges of synthetic pollutants 

from these basins, and the spread of these discharges in the 

sea modelled based on salinity. 

 

Data sources 

 Population density: In Norway data on community population from SSB. Elsewhere: Population density disaggregated 

with Corine Land Cover 2000, http://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-

corine-land-cover-2000-2. 

 Catchments: Norway – NVE; Sweden – SMHI; other countries: EEA  

(http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1). 

 Salinity: Atlantic Margin Model, Access via the MyOcean portal: Product “Atlantic- European North West Shelf - Ocean 

Biogeochemistry Hindcast”, HINDCAST RUN 1, http://www.myocean.eu/web/24-catalogue.php. 

 

Spatial extent German, Danish, Swedish, and Norwegian North Sea 

Lineage and data quality 

In the absence of recent monitoring data, riverine loads of synthetic pollutants had to be estimated as a function of the number of 

people living in the river catchments. All data were processed as described for the heavy metals, and a linear relationship 

between the population of the river basins and the amounts of synthetic compounds released from these basins into the sea 

was assumed. 

 

Scale or resolution 1 km 

Time period covered Recent snapshot 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. 

Additional information 

sources 

None. 

  

http://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
http://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
http://www.eea.europa.eu/data-and-maps/data/european-river-catchments-1
http://www.myocean.eu/web/24-catalogue.php
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Sea cables 
Cables in the German, Danish, Swedish and Norwegian 

parts of the North Sea. 

 

Data sources 

 Norway: NVE (only power cables), data received upon request; checked against online sea charts available from 

Kystverket, resulting in the addition of one additional cable (http://kart.kystverket.no/default.aspx?gui=1&lang=2). 

 Denmark: provided by NST. 

 Germany: BSH, CONTIS database (http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp) 

 OSPAR: data set from the QSR 2010; used to add some cables missing from the national data, such as telecommunica-

tion cables in Norway. 

 

Spatial extent Danish, Swedish, Norwegian and German North Sea 

Lineage and data quality 

Underwater cables data were compiled from national sources, merged, and compared against two other data sets: 

 A shapefile with cables compiled by OSPAR. The exact locations of cables existing in both data sets differed by dis-

tances up to several kilometres in a few cases. In such situations, the locations given in the national data sets were 

assumed to be more reliable. Cables shown in the OSPAR data, but missing from the national data sets, have been 

searched for in Kystverket’s (Norway) online nautical charts and (if a name was given in the OSPAR data set) gen-

erally on the internet. If either of the searches verified the existence of the cable in question, it was added to the fi-

nal compiled data set. 

 Norwegian nautical charts from Kystverket, on which one additional cable was identified and added manually. 

 

The data were finally clipped to the Norwegian, Swedish, Danish and German EEZ. Given the discrepancies between the 

different data sets, it must expected that some cables are missing from the data, especially old cables which have been out 

of use for long time. Furthermore, some cable locations may not be exact. 

 

Planned cables have not been considered. The BorWin 1 cable marked as “under construction” in the original German data 

was completed in 2009 and is operational, and was thus normally included in this data set. 

 

For the impact index calculation, the values of all cells intersected by a cable were set to 1, and the values of all other cells to 0. 

 

Scale or resolution Unknown 

Time period covered Norway: 2011; Sweden: 2011; Denmark: 2011; Germany: 2009 or earlier, OSPAR data are older 

Data access Compiled data set: contact the HARMONY team. 

Original data: See “Data sources”. Please request permission from owners. 

Additional information 

sources 

None. 

  

http://kart.kystverket.no/default.aspx?gui=1&lang=2
http://www.bsh.de/en/Marine_uses/Industry/CONTIS_maps/index.jsp
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Sediment extraction sites 
Sediment extraction sites in the German and Danish parts of 

the North Sea. There is no dredging for sediments in the 

Norwegian and Swedish North Sea. 

 

Data sources 

 Germany: Landesamt für Bergbau, Energie und Geologie (LBEG) Niedersachsen, Referat L 1.4 – Markscheidewesen. 

 Denmark: NST. Data can be downloaded from 

http://www.naturstyrelsen.dk/Vandet/Havet/Raastoffer/Raastoffer_paa_havet/Kort_og_data/. 

 

Spatial extent German, Danish, Swedish, and Norwegian North Sea 

Lineage and data quality 

The data have been collected from the German and Danish authorities and simply merged. There are no sediment extraction 

sites in the Swedish part of the North Sea (SEPA, personal communication). Also in Norway, there are no nationally managed 

permits for sediment extraction from the seafloor. However, minor local activities may occur irregularly (NGU, personal com-

munication). 

 

For calculating the impact index, the values of all cells intersecting an area, where sand or gravel extraction is permitted, was 

set to 1, and the values of all other cells to 0, because no information on the intensity of activities was available. However, to 

avoid an over-dominance of the sometimes large areas in the North Sea Impact Index, they were included with a weight of 

0.5. 

 

Scale or resolution Unknown 

Time period covered Recent snapshot (2011) 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. Owners’ permission may be required for other uses. 

Additional information 

sources 

http://www.naturstyrelsen.dk/Vandet/Havet/Raastoffer/Raastoffer_paa_havet - exploitation of  

marine resources in Denmark. 

 

  

http://www.naturstyrelsen.dk/Vandet/Havet/Raastoffer/Raastoffer_paa_havet/Kort_og_data/
http://www.naturstyrelsen.dk/Vandet/Havet/Raastoffer/Raastoffer_paa_havet
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(Commercial) Shipping intensity 
Shipping intensity (annual average) in the Danish, Swedish, 

Norwegian and German parts of the North Sea.   

 

Data sources 

 Denmark: Shipping intensity raster provided by NST. 

 Norway: AIS points provided by Kystverket. 

 Sweden: Classified shipping intensity raster provided by Metria (not used because fully covered by the Danish data). 

 Germany: No shipping data received. Thus, global data set described in Halpern et al. (2008) was used. 

 

Spatial extent Norwegian, Danish, Swedish and German North Sea 

Lineage and data quality 

First, the national data sets were prepared: 

 Denmark: Shipping density was provided as a ready-made raster. It was resampled to 1 km spatial resolution and 

LAEA-ETRS1989 projection (corresponding to the EEA’s 1 km reference grid). These data covered the Swedish 

and also parts of the German and Norwegian North Sea. 

 Sweden: The Swedish part of the North Sea was fully covered by the Danish data set and thus, no Swedish data 

were used. 

 Germany: No national data were received. Thus, a global data set (see “Data sources”) was resampled exactly like 

the Danish data. 

 Norway: Data were provided as AIS points for one year. However, most points were not having a timestamp or another 

indication of their order, and it was thus impossible to convert the points to ship tracks. Instead, the number of rec-

orded points in each cell of the EEA’s 1 km reference grid was counted. In spite of this coarse approach, major 

shipping routes could be identified, but in areas with few ships, using points instead of tracks resulted in a “salt and 

pepper” effect. 

 

Because the Danish data stretched into Norwegian and German waters, they were used to rescale these other data sets. For 

this purpose, an area well covered by both data sets was extracted, zeros in either data set were removed and a linear re-

gression equation passing through the origin was calculated. By this equation, the Norwegian data were rescaled to match 

the Danish data. The German data were rescaled in a similar way, but they fitted the Danish values much worse, probably 

because of the coarser and less accurate global data set from which they were extracted.  

 

Finally, all three data sets were mosaicked using a smooth blending function. The Danish part of the study area is covered by 

the Danish data set, the German part by the global data set, and the Norwegian part by a blend of the Danish and the Nor-

wegian data set up to a few kilometres from the boundary, and the Norwegian data alone further away. 

 



114 

To account for potential impacts on the sea bottom, the final shipping data set was split up into two layers (shipping in shal-

low waters, shipping in deep waters), using 10m water depth as a threshold. 

 

Scale or resolution 1 km 

Time period covered 2008 (Norway), 2009 (Denmark, Sweden), October 2004 – October 2005 (global/German data) 

Data access Contact the HARMONY team. 

Original data: See “Data sources”. Owners’ permissions are needed for Norwegian and Danish 

data. Halpern et al. (2008): http://www.nceas.ucsb.edu/globalmarine/impacts. 

Additional information 

sources 

Global data set used for German waters: 

http://www.sciencemag.org/content/suppl/2008/02/12/319.5865.948.DC1.fullService. 

 

  

http://www.nceas.ucsb.edu/globalmarine/impacts
http://www.sciencemag.org/content/suppl/2008/02/12/319.5865.948.DC1.fullService
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Fishery effort from the Dregde segment 
Effort data (kW-days) by fleet segment and ICES rectangle 

were estimated from total national effort (kW-days) by man-

agement area and information on “hours fished” by ICES rec-

tangles. Basic effort data have initially been collated for 

management purposes by the STECF-SGMOS Effort Man-

agement Working Group. Norwegian effort data were not 

available. 

 

The dredge segment fish mainly for scallops and blue  

mussels. 

 

On the figure, the area of the dots is proportional to effort. 

The total effort (Mega Watt Days) and the maximum effort 

per ICES rectangle are shown. A red dot indicates that effort 

has been recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessels seems to be missing, such that the coastal fishing effort becomes underestimated. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10 m vessel group for which there exist efforts from most countries. To estimate kW-days 

for that group, it is assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 

  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the beam trawl > 80 mm segment 
Effort data (kW-days) by fleet segment and ICES rectangle were 

estimated from total national effort (kW-days) by management 

area and information on “hours fished” by ICES rectangles. 

Basic effort data have initially been collated for management 

purposes by the STECF-SGMOS Effort Management Working 

Group. Norwegian effort data were not available. 

 

The BT > 80 segment includes beam trawl with meshes ≥ 80 

mm fishing mainly for sole and plaice. 

 

On the figure, the area of the dots is proportional to effort. The 

total effort (Mega Watt Days) and the maximum effort per ICES 

rectangle are shown. A red dot indicates that effort has been 

recorded for the given ICES rectangle.  

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG were used for fisheries regulation within the European Union and can be considered as 

high quality data. The quality of the total effort by segment and area are high; however, data with higher spatial resolution 

(ICES rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort 

from small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed ef-

fort is derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No 

kW-days data are available for the < 10 m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it is assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

 

Norwegian data are not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 
  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the small-meshed beam trawl (Crangon  
crangon) segment 
Effort data (kW-days) by fleet segment and ICES rectangle 

were estimated from total national effort (kW-days) by man-

agement area and information on “hours fished” by ICES 

rectangles. Basic effort data have initially been collated for 

management purposes by the STECF-SGMOS Effort Man-

agement Working Group. Norwegian effort data were not 

available. 

 

The BT-Crangon segment includes small meshed beam 

trawl fishing for brown shrimps (Crangon crangon). 

 

On the figure, the area of the dots is proportional to effort. 

The total effort (Mega Watt Days) and the maximum effort 

per ICES rectangle are shown. A red dot indicates that effort 

has been recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however, data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessels seems to be missing, such that the coastal fishing effort becomes underestimated. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it was assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 

  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the pelagic segment 
Effort data (kW-days) by fleet segment and ICES rectangle were 

estimated from total national effort (kW-days) by management 

area and information on “hours fished” by ICES rectangles. 

Basic effort data have initially been collated for management 

purposes by the STECF-SGMOS Effort Management Working 

Group. Norwegian effort data were not available. 

 

The pelagic segment includes pelagic trawl and purse seine fish-

ing mainly for herring and mackerel. 

 

On the figure, the area of the dots is proportional to effort. The 

total effort (Mega Watt Days) and the maximum effort per ICES 

rectangle are shown. A red dot indicates that effort has been 

recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle.  No kW-

days data were available for the < 10m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it is assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 
  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the TR1 (demersal trawl and seine with  

meshes ≥ 100 mm) segment 
Effort data (kW-days) by fleet segment and ICES rectangle 

were estimated from total national effort (kW-days) by man-

agement area and information on “hours fished” by ICES 

rectangles. Basic effort data have initially been collated for 

management purposes by the STECF-SGMOS Effort Man-

agement Working Group. Norwegian effort data were not 

available. 

 

The TR1 segment includes demersal trawl and seine with 

meshes ≥ 100 mm fishing mainly for roundfish. 

 

On the figure, the area of the dots is proportional to effort. 

The total effort (Mega Watt Days) and the maximum effort 

per ICES rectangle are shown. A red dot indicates that effort 

has been recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it was assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources.  

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 
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Fishery effort from the TR2 (trawl with 70-99 mm meshes)  

segment 
Effort data (kW-days) by fleet segment and ICES rectangle were 

estimated from total national effort (kW-days) by management 

area and information on “hours fished” by ICES rectangles. 

Basic effort data have initially been collated for management 

purposes by the STECF-SGMOS Effort Management Working 

Group. Norwegian effort data were not available. 

 

The TR2 segment includes trawl with 70-99 mm meshes in the 

cod end, fishing mainly for Nephrops. 

 

On the figure, the area of the dots is proportional to effort. The 

total effort (Mega Watt Days) and the maximum effort per ICES 

rectangle are shown. A red dot indicates that effort has been 

recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10 m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it was assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries 

data somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the “other trawl” segment 
Effort data (kW-days) by fleet segment and ICES rectangle 

were estimated from total national effort (kW-days) by man-

agement area and information on “hours fished” by ICES 

rectangles. Basic effort data have initially been collated for 

management purposes by the STECF-SGMOS Effort Man-

agement Working Group. Norwegian effort data were not 

available. 

 

The “Other trawl” segment includes small meshes trawl fish-

ing mainly for industrial species and Pandalus. 

 

On the figure, the area of the dots is proportional to effort. 

The total effort (Mega Watt Days) and the maximum effort 

per ICES rectangle are shown. A red dot indicates that effort 

has been recorded for the given ICES rectangle.  

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however, data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10 m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it was assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 
  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the pots and traps segment 
Effort data (kW-days) by fleet segment and ICES rectangle 

were estimated from total national effort (kW-days) by man-

agement area and information on “hours fished” by ICES rec-

tangles. Basic effort data have initially been collated for man-

agement purposes by the STECF-SGMOS Effort Management 

Working Group. Norwegian effort data are not available. 

 

The pots and trap fishery are mainly coastal and small scale 

fisheries targeting crustacean (e.g. lobster, Nephrops, brow 

crabs and spider crabs), molluscs (e.g. whelks and cuttlefish) 

and fish (e.g. eels). 

 

On the figure, the area of the dots is proportional to effort. The 

total effort (Mega Watt Days) and the maximum effort per IC-

ES rectangle are shown. A red dot indicates that effort has 

been recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and must be considered as 

high quality data. The quality of the total effort by segment and area are high; however, data with higher spatial resolution 

(ICES rectangles) are not required for management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data are available for the < 10 m vessel group for which there exist spatial efforts from most countries. To estimate kW-

days for that group, it is assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data are not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact DTU Aqua, 

Denmark. 

Additional information 

sources 

None. 

 

  

https://stecf.jrc.ec.europa.eu/
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Fishery effort from the set net segment 
Effort data (kW-days) by fleet segment and ICES rectangle were 

estimated from total national effort (kW-days) by management 

area and information on “hours fished” by ICES rectangles. 

Basic effort data have initially been collated for management 

purposes by the STECF-SGMOS Effort Management Working 

Group. Norwegian effort data were not available. 

 

The set net segment includes all types and mesh sizes of set 

nets fishing for sole (southern NS and Kattegat), cod and plaice 

(central NS) and monkfish (north eastern NS). 

 

On the figure, the area of the dots is proportional to effort. The 

total effort (Mega Watt Days) and the maximum effort per ICES 

rectangle are shown. A red dot indicates that effort has been 

recorded for the given ICES rectangle. 

 

Data sources 

 Anon. 2011, (DRAFT) Report of the SGMOS-10-05 Working Group on Fishing Effort Regimes, Regarding Annexes IIA, 

IIB and IIC of TAC & Quota Regulations, Celtic Sea and Bay of Biscay. 27 September – 1 October 2010, Edinburgh 

Scotland. 355 pp. Effort data are available from: https://stecf.jrc.ec.europa.eu. 

 

Spatial extent Greater North Sea 

Lineage and data quality 

The quality of the total effort is high, but the spatial distribution of effort should be considered as preliminary. Effort data col-

lated by the STECF SGMOS WG are used for fisheries regulation within the European Union and can be considered as high 

quality data. The quality of the total effort by segment and area are high; however, data with higher spatial resolution (ICES 

rectangles) are not used for these management purposes and the quality might be much lower. In some cases effort from 

small vessel seems to be missing, such that the coastal fishing effort becomes an underestimate. Spatial distributed effort is 

derived from reported kW-days by country, area and gear segment, and reported “hours fished” by ICES rectangle. No kW-

days data were available for the < 10 m vessel group for which there exist spatial efforts from most countries. To estimate 

kW-days for that group, it was assumed that one “hour fished” for vessel < 10 m is 75% of the pressure for a 10-15 m vessel. 

Norwegian data were not available through the EU WG. Spatial effort information could not be obtained from other sources. 

 

For calculating the impact index, fishing efforts were divided by the sea area of the respective ICES rectangles (kW days per 

km2), ignoring that some parts of the sea are not fished (e.g. too shallow). Note that the coarse resolution of the fisheries data 

somewhat limit the accuracy of predicted impacts from fisheries. 

 

Scale or resolution ICES rectangles 1.0 degree longitude x 0.5 degree latitude 

Time period covered 2009 

Data access Original data: See “Data sources”. Estimation of spatial kW-days effort: Contact Morten 

Vinther, DTU Aqua, Denmark. 

Additional information 

sources 

None. 

 

  

https://stecf.jrc.ec.europa.eu/
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Appendix C - Online survey: By ecosystem 
component 

To which components of the North Sea Ecosystem do your responses apply? 

Please fill in the survey for all ecosystem components for which your exper-

tise allows you to make judgements. You can only submit responses for one 

ecosystem component at a time. For example, you might want to fill in the 

survey for all three marine mammal species listed below. In this case, start 

with filling in the survey for the first species (e.g. harbour porpoise) and 

submit your response. Then, change the ecosystem component to the next 

species (e.g. minke whale). Your replies for harbour porpoises will still be 

set. Adjust the replies as needed for minke whales, then submit the survey 

again. 

If you need a break in taking the survey, you can submit your replies and 

later reload them using the “load last replies” button below. You can also 

use this function to update your earlier replies. You can make a safety copy 

of your replies by submitting your replies (using the button at the bottom of 

the site) at any time while replying to the survey. 

For which ecosystem component are you filling the survey in? 

[followed by a list of the ecosystem components, of which one could be chosen] 

If you have already submitted the questionnaire for the ecosystem compo-

nent you chose, you can reload your last replies using the button below. You 

can use this function to resume filling in the survey after a break, to reload 

your replies for updating or to use them as a foundation for filling in the 

survey for another ecosystem component. 

  

How many years of work or research experience do you have in relation to 

this ecosystem component?  

 

Sensitivity to human activities 

The purpose of this part of the online survey is to find out which human ac-

tivities have the greatest potential negative impacts where they coincide 

with the ecosystem component in question. Please read the instructions care-

fully.  

Below, you will find a list of several human activities or infrastructure, such 

as commercial shipping and marine construction works. Please go through 

the activities one by one and rate their potential impacts in the six-step ap-

proach described below.  

Load replies for this ecosystem component
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STEP 1. For each activity, you can choose up to two pressures (e.g. noise, in-

troduction of microbial pathogens) by which it affects the ecosystem com-

ponent. If you think that the activity causes more than two pressures affect-

ing the ecosystem component, please choose the two pressures to which you 

find that the ecosystem component is the most vulnerable. For example, if 

you are filling out the survey for minke whales, you may choose that the ac-

tivity ”commercial shipping” affects the whales mostly by two pressures: 

”physical collisions” and ”noise”. If you think that these are the two most 

important pressures by which commercial shipping in the North Sea affects 

minke whales, this is what you should choose. Of course, if you think that 

the activity affects the ecosystem component mostly by causing only one 

pressure, leave the second pressure blank. Similarly, if you think that the 

impacts of the activity on the ecosystem component are negligible, just skip 

the activity without filling in any fields other than your confidence in this 

judgement.  

Most of the pressures you can choose from are defined in the Marine Strate-

gy Framework Directive, we have however added some additional pres-

sures such as physical collisions. See here [link to table with pressure descrip-

tions as in Table 1] for a description of the pressures. Furthermore, some hu-

man activities are clearly related to a certain pressure in the Marine Strategy 

Framework Directive, and some pressures are caused by global changes ra-

ther than particular activities. In these cases, we have pre-chosen a pressure, 

and would be glad if you could fill in the fields for this pre-chosen activity-

pressure combination. For example, the activity “oil spills” (of course, spilling 

oil is not an activity in a strict sense) has the pre-chosen pressure “Introduc-

tion of hazardous substances: non-synthetic substances and compounds”. 

STEP 2. Once you chose a pressure, you should judge how far from the loca-

tion of the activity the pressure will occur. We call this the Pressure distance. 

In the minke whale example, in order for a collision to occur, the whale and 

the ship have to be in the same location, and thus the pressure distance 

should be ”local”. In contrast, noise can travel large distances in water, and 

consequently, you should set the pressure distance for noise to the greatest 

distance at which you think that the noise from passing ships will still have a 

diminished but significant impact on the whales.  

STEP 3. In this step, you are asked to rate the the Impact extent. Does the 

pressure cause harm on the level of individuals, or are there effects on the 

population or even community level? Consider, for example, the impact of 

fisheries on a given fish species. The activity ”Fisheries: Pelagic trawl and 

seiners” would cause the pressure ”Biological disturbance: Extraction of liv-

ing resources”. Clearly, individuals are affected; but at a typical intensity of 

effort in the North Sea, does the extraction of individuals lead to effects on 

the population level, such as a significant decline in numbers, or changes in 

age and size structure? And do these lead to further effects at the community 

level, such as a change in species composition? 

STEP 4. In this step, you will rate the Impact level. It describes the degree to 

which the ecosystem component is affected by the pressure and ranges from 

”minor disturbance” to ”devastating/lethal”. This aspect is a measure of both 

the intensity of the pressure, caused by the activity at its typical intensity 
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and frequency, and the sensitivity of the ecosystem component. For instance, 

harbour porpoises are sensitive to noise. If you think that marine construc-

tion works cause much noise, you may judge that this is a major disturbance. 

Also recreational shipping causes the pressure ”noise”. However, you may 

think that it typically doesn’t cause enough noise to be a ”major disturbance”, 

and thus rate its impact level as ”medium disturbance” or ”minor disturbance”. 

The impact level should be defined in close vicinity of the pressure source, 

not as an average over the pressure distance. 

STEP 5. In this step you are asked to estimate the Recovery time, that means 

the time it typically takes for the ecosystem component to recover after it has 

been affected by the activity/pressure. For example, how long does it take 

for a certain benthic habitat affected by physical damage from bottom trawl-

ing to return to its natural state? Please relate the recovery time to the impact 

level. For example, a fish does not recover from being caught; however, if 

you have rated the impact extent of a certain fishery as ”population” or 

”community”, think of the time it takes the population or community to re-

turn to their natural state once the pressure ceases. For permanent pressures 

- e.g. sealing of the seabed due to the fundaments of wind turbines - please 

choose the longest recovery time. 

STEP 6. Last but not least, please indicate your Confidence in your judge-

ment. The confidence score should reflect the basis on which you base your 

answer, which is both your personal level of expertise and the amount and 

quality of the information on which you base your answer. Please check this 

document [link to the document in Appendix E] for more examples. 

In general, when filling in the survey, you should imagine the human activi-

ties as they typically occur in the eastern North Sea. For instance, when fill-

ing in the survey for fish farms, imagine a typical fish farm, neither extreme-

ly big nor small. For commercial shipping, you should think of a busy, but 

not extraordinarily busy, shipping route. Also, assume that the activity and 

the ecosystem component occur together in the same place. As an example, 

if you know that an ecosystem component does not naturally occur close to 

any existing offshore wind farms, this does not mean that you should give it 

low sensitivity values. Instead, rate its sensitivity for the (hypothetical) case 

that the activity and the ecosystem component DO occur in the same place, 

and the activity is at a typical intensity and frequency.  

Please consider each human activity, even if you’re not sure of its potential 

impacts. By default, all activities are set not to cause any pressures or im-

pacts on the ecosystem component. If you agree, just set the confidence. You 

can also indicate that you don’t know if the activity can have an impact on 

the ecosystem component. In this case, you don’t need to fill in any of the 

fields for this activity. However, if you have an opinion on if the human ac-

tivity causes a pressure on the ecosystem component for which you’re filling 

in the survey, but you’re not sure, it’s better to give your best estimate with 

the confidence set to low, rather than just keeping the default “no impact” 

setting or using the “don’t know” option. 

[followed by the list of ecosystem components as in the example in Figure 8.] 
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As a final summary, which three pressures do you think pose the greatest 

threat to the ecosystem component for which you are filling in the survey? 

The order doesn’t matter. 

 

 

 

And which three pressures do you think pose the greatest threat to the 

North Sea ecosystem in general (NOT any particular ecosystem compo-

nent)? The order doesn’t matter. If you already filled in these fields earlier, 

you may leave them blank. 

 

 

 

Comments 

[Text box for comments] 

Submit replies 

[Submit button] 

Thank you very much for taking the time to fill in our survey! Please click 

the ”Submit replies” button below to send your replies to us. 

  

no pressure

no pressure

no pressure

no pressure

no pressure

no pressure
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Appendix D - Online survey: By human activity 

Please fill in the survey for all human activities for which your expertise al-

lows you to make judgements, also if the activity has only negligible impacts 

on the marine environment in your opinion (this is something we would like 

to know!). 

You can only submit responses for one activity at a time. For example, if 

you’re a fisheries expert, you might want to fill in the survey for all types of 

fisheries listed below. In this case, start with filling in the survey for the first 

fishery type (e.g. ”Fishery for scallops and blue mussels using dredge”) and 

submit your response. Then, change the activity to the next fishery type (e.g. 

”Pots and traps”). Your replies for the dredge fisheries will still be set. Ad-

just the replies as needed for pots and traps, then submit the survey again. 

If you need a break in taking the survey, you can submit your replies and 

later reload them using the ”Load last replies” button below. You can also 

use this function to update your earlier replies. 

For which human activity are you filling in the survey? Human activities 

marked with * require the choice of a specific pressure. See the continued in-

structions below for more information. 

[Followed by a list of human activities, of which one could be chosen. It was also 

possible to define an “own” human activity if the respondents thought that we were 

missing something important.] 

If you have already submitted the questionnaire for the activity you chose 

above, you can reload your last replies using the button below. You can use 

this function to resume filling in the survey after a break, to reload your re-

plies for updating or to use them as a foundation for filling in the survey for 

another activity. 

 

How many years of work or research experience do you have in relation to 

this human activity? 

 

Impacts on the ecosystem components 

The purpose of this part of the online survey is to find out which compo-

nents of the North Sea ecosystem (broad-scale coastal ecosystems, benthic 

habitats and their communities, plankton communities and selected species 

of fish, birds and marine mammals) could be negatively impacted by the 

human activity for which you are filling in the survey. Please read the in-

structions carefully. 

Load replies for this human activity



129 

Below, you will find a list of the ecosystem components. Please go through 

the ecosystem components one by one and rate the potential impacts of the 

human activity you chose above, following the six-step approach described 

below. 

STEP 1. For each ecosystem component, you can choose up to two pressures 

(e.g. noise, introduction of microbial pathogens) by which the human activi-

ty affects it. If you think that the activity causes more than two pressures af-

fecting the ecosystem component, please choose the two pressures to which 

you find that the ecosystem component is the most vulnerable. For example, 

if you are filling out the survey for ”commercial shipping”, you may choose 

that it mostly affects the ecosystem component ”minke whales” by two pres-

sures: ”physical collisions” and ”noise”. If you think that these are the two 

most important pressures by which commercial shipping in the North Sea 

affects minke whales, this is what you should choose. Of course, if you think 

that the activity affects the ecosystem component mostly by causing only 

one pressure, leave the second pressure blank. Similarly, if you think that 

the impacts of the activity on the ecosystem component are negligible, just 

skip the ecosystem component without filling in any fields other than your 

confidence in this judgement. 

Most of the pressures you can choose from are defined in the Marine Strate-

gy Framework Directive, we have however added some additional pres-

sures such as physical collisions. See here [link to document describing the 

pressures, as in Table 1] for a description of the pressures. Furthermore, 

some human activities are clearly related to a certain pressure in the Marine 

Strategy Framework Directive. Such human activities are marked with a * in 

the list above. If you fill in the survey for one of these activities, please 

choose the following pressures for each ecosystem component on which the 

activity can have an impact. For example, the activity ”oil spills” (of course, 

spilling oil is not an activity in a strict sense) must always have the assigned 

pressure ”Introduction of hazardous substances: non-synthetic substances 

and compounds”. 

Activity Pressure 

Oil spills Introduction of hazardous substances: 

Non-synthetic 

Increased sedimentation from 
land (e.g. because of deforesta-
tion) 

Physical damage: Siltation changes 

Decreased sedimentation from 
land (e.g. because of river dams) 

Physical damage: Siltation changes 

Acidification Others: Changes in pH 

Ocean warming Hydrological interference: Thermal 

changes 

Increased UV radiation Others: Electromagnetic disturbance 

Riverine inputs of organic matter Nutrient and organic matter enrich-

ment: Organic matter 
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Activity Pressure 

Riverine inputs, direct discharges 
and atmospheric deposition of 
nutrients 

Nutrient & organic matter enrichment:  
Nutrients 

Riverine inputs, direct discharges 
and atmospheric deposition of 
heavy metals 

Introduction of hazardous substances: 

Non-synthetic 

Riverine inputs, direct discharges 
and atmospheric deposition of 
radio-nuclides 

Introduction of hazardous substances: 

Radio-nuclides 

Riverine inputs, direct discharges 
and atmospheric deposition of 
PCBs 

Introduction of hazardous substances: 

Synthetic 

Riverine inputs, direct discharges 
and atmospheric deposition of 
PAHs 

Introduction of hazardous substances: 

Synthetic 

Riverine inputs, direct discharges 
and atmospheric deposition of 
other synthetic compounds 

Introduction of hazardous substances: 

Synthetic 

 

STEP 2. Once you chose a pressure, you should judge how far from the loca-

tion of the activity the pressure will occur. We call this the Pressure distance. 

In the minke whale example, in order for a collision to occur, the whale and 

the ship have to be in the same location, and thus the pressure distance 

should be ”local”. In contrast, noise can travel large distances in water, and 

consequently, you should set the pressure distance for noise to the greatest 

distance at which you think that the noise from passing ships will still have a 

diminished but significant impact on the whales.  

STEP 3. In this step, you are asked to rate the Impact extent. Does the pres-

sure cause harm on the level of individuals, or are there effects on the popu-

lation or even community level? Consider, for example, the impact of fisher-

ies on a given fish species. The activity ”Fisheries: Pelagic trawl and seiners” 

would cause the pressure ”Biological disturbance: Extraction of living re-

sources”. Clearly, individuals are affected; but at a typical intensity of effort 

in the North Sea, does the extraction of individuals lead to effects on the 

population level, such as a significant decline in numbers, or changes in age 

and size structure? And do these lead to further effects at the community 

level, such as a change in species composition? 

STEP 4. In this step, you will rate the Impact level. It describes the degree to 

which the ecosystem component is affected by the pressure and ranges from 

”minor disturbance” to ”devastating/lethal”. This aspect is a measure of 

both the intensity of the pressure, caused by the activity at its typical intensi-

ty and frequency, and the sensitivity of the ecosystem component. For in-

stance, harbour porpoises are sensitive to noise. If you think that marine 

construction works cause much noise, you may judge that this is a major dis-

turbance. Also recreational shipping causes the pressure ”noise”. However, 

you may think that it typically doesn’t cause enough noise to be a ”major 
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disturbance”, and thus rate its impact level as ”medium disturbance” or 

”minor disturbance”. The impact level should be defined in close vicinity of 

the pressure source, not as an average over the pressure distance. 

STEP 5. In this step you are asked to estimate the Recovery time, that means 

the time it typically takes for the ecosystem component to recover after it has 

been affected by the activity/pressure. For example, how long does it take 

for a certain benthic habitat affected by physical damage from bottom trawl-

ing to return to its natural state? Please relate the recovery time to the impact 

level. For example, a fish does not recover from being caught; however, if 

you have rated the impact extent of a certain fishery as ”population” or 

”community”, think of the time it takes the population or community to re-

turn to their natural state once the pressure ceases. For permanent pressures 

- e.g. sealing of the seabed due to the fundaments of wind turbines - please 

choose the longest recovery time. 

STEP 6. Last but not least, please indicate your Confidence in your judge-

ment. The confidence score should reflect the basis on which you base your 

answer, that is both your personal level of expertise and the amount and 

quality of the information on which you base your answer. 

Please check this document [link to descriptions in Appendix E] for more ex-

amples. 

In general, when filling in the survey, you should imagine the human activi-

ties as they typically occur in the North Sea. For instance, when filling in the 

survey for fish farms, imagine a typical fish farm, neither extremely big nor 

small. For commercial shipping, you should think of a busy, but not ex-

traordinarily busy, shipping route. Also, assume that the activity and the 

ecosystem component occur together in the same place. As an example, if 

you know that an ecosystem component does not naturally occur close to 

any existing offshore wind farms, this does not mean that you should give it 

low sensitivity values. Instead, rate its sensitivity for the (hypothetical) case 

that the activity and the ecosystem component DO occur in the same place, 

and the activity is at a typical intensity and frequency. 

Please consider each ecosystem component, even if you’re not sure about 

potential impacts from the activity for which you are filling in the survey. By 

default, all ecosystem components are set to not being affected by the activi-

ty. If you agree, just set the confidence. You can also indicate that you don’t 

know if the activity can have an impact on the ecosystem component. In this 

case, you don’t need to fill in any of the fields for this ecosystem component. 

However, if you think that the activity causes a pressure on the ecosystem 

component in question, but you’re not sure, it’s better to give your best es-

timate with the confidence set to low, rather than keeping the default ”no 

impact” setting or using the ”don’t know” option. 

[followed by the list of ecosystem components as in the example in Figure 8.] 

As a final summary, which three pressures do you think pose the greatest 

threat to the North Sea ecosystem in general (NOT any particular ecosystem 
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component)? The order doesn’t matter. If you already filled in these fields 

earlier, you may leave them blank. 

 

 

 

Comments 

[Text box for comments] 

Submit replies 

[Submit button] 

Thank you very much for taking the time to fill in our survey! Please click 

the ”Submit replies” button below to send your replies to us. 

 

  

no pressure

no pressure

no pressure
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Appendix E - Online survey: Additional  
explanations for sensitivity criteria 

Field Meaning for broad-scale habitats, communities, 

coastal ecosystems 

Meaning for species 

Pressure dis-

tance 

How far from the location of the activity will the 

pressure diminish to a negligible level, given the 

sensitivity of the community, habitat or the coastal 

ecosystem as a whole? For instance, a wind turbine 

may affect benthic habitats and their communities 

by the pressure “sealing”, which is local (only the 

area under the wind turbine’s foundation is sealed). 

In contrast, pollutants released by an activity can be 

transported and may affect benthic communities far 

away from the site of the activity causing the pollu-

tion, and thus the pressure distance should be ra-

ther large. 

 

How far from the location of the activity will the 

pressure diminish to a negligible level, given the 

sensitivity of the species? For instance, a wind 

turbine may affect a given bird species by the 

pressure “physical collisions”, which is local (if the 

bird is just 20m away from the wind turbine, they 

still don’t collide). In contrast, oil spills travel and 

may affect birds far away from where the spills 

originally occurred, and thus the pressure distance 

should be rather large. 

Impact  

extent 

Does the pressure cause harm on the level of indi-

viduals, or are there effects on the population or 

even community level? Consider, for example, the 

impact of bottom trawling on a given benthic habitat 

and its community. Clearly, individuals of different 

benthic species are killed or damaged. But does 

bottom trawling lead to lasting changes at the level 

of one or more benthic populations? And does it 

even have an effect on the whole benthic communi-

ty, e.g. because the effects on populations disrupt 

the trophic network or the habitat is physically 

strongly altered (e.g. complete destruction of struc-

turally important macroflora)? 

Does the pressure cause harm on the level of in-

dividuals, or are there effects on the population or 

even community level? Consider, for example, the 

impact of fisheries on a given fish species. The 

activity ”Fisheries: Pelagic trawl and seiners” 

would cause the pressure ”Biological disturbance: 

Extraction of living resources”. Clearly, individu-

als are affected; but at a typical intensity of effort 

in the North Sea, does the extraction of individuals 

lead to effects on the population level, such as a 

significant decline in numbers, or changes in age 

and size structure? And do these lead to further 

effects at the community level, such as a signifi-

cant change in species composition? 

 

Impact level How strongly are the community and its habitat, or 

the coastal ecosystem, affected? This aspect is a 

measure of both the intensity of the pressure, 

caused by the activity at its typical intensity and fre-

quency, and the sensitivity of the ecosystem com-

ponent. 

 

A minor disturbance means that the habitat and its 

biological community are negatively affected, but no 

major changes are caused. An example for a minor 

disturbance could be temporary thermal changes 

due to cooling water emissions, which might mean 

thermal stress for some species. In contrast, a me-

dium disturbance would mean that the thermal 

stress more strongly affects important species or 

physical properties, and may also lead to a greater 

How strongly is the species affected? This aspect 

is a measure of both the intensity of the pressure, 

caused by the activity at its typical intensity and 

frequency, and the sensitivity of the ecosystem 

component. 

 

For instance, harbour porpoises are sensitive to 

noise. If you think that marine construction works 

cause much noise, you may judge that this is a 

major disturbance. Also recreational shipping 

causes the pressure ”noise”. However, you may 

think that it typically doesn’t cause enough noise 

to be a ”major disturbance”, and thus rate its im-

pact level as ”medium disturbance” or ”minor 

disturbance”. The impact level should be defined 

in close vicinity of the pressure source, not as an 
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Field Meaning for broad-scale habitats, communities, 

coastal ecosystems 

Meaning for species 

vulnerability to other stressors such as invasions by 

non-native species. A major disturbance would 

mean that the community and habitat are strongly 

affected, resulting in considerable and not easily 

reversible changes compared to its natural state. 

Ultimately, the impact level should be set to devas-

tating/lethal if the habitat and its community is com-

pletely destroyed by the activity at its typical intensi-

ty (e.g. a benthic habitat under the foundation of a 

wind turbine). The impact level should be defined in 

close vicinity of the pressure source, not as an av-

erage over the pressure distance. 

 

average over the pressure distance. 

Recovery time How long does it typically take for the community, 

its habitat or the coastal ecosystem to recover after 

it has been affected by the activity/pressure, assum-

ing that the pressure stops? For instance, how long 

does it take a given benthic habitat and its commu-

nity to return to a natural state after a bottom trawl? 

For permanent pressures - e.g. sealing of the sea-

bed due to the fundaments of wind turbines - please 

choose the longest recovery time. 

How long does it typically take for individuals, the 

population or community to recover after it has 

been affected by the activity/pressure, assuming 

that the pressure stops? 

If you rate the recovery time for species, please 

relate it to the impact level. For example, a fish 

does not recover from being caught; however, if 

you have rated the impact extent of a certain fish-

ery as ”population” or ”community”, think of the 

time it takes the population or community to return 

to their natural state once the pressure ceases. 

For permanent pressures - e.g. sealing of the 

seabed due to the fundaments of wind turbines - 

please choose the longest recovery time. 
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Appendix F - Gap-filling for fish distribution  
layers 

The main sources for mapping the distribution and density of fish species 

were the ICES coordinated IBTS, BTS and BITS survey. These surveys cover 

areas with water depth in the range 5-225 m. Most coastal areas, for example 

fjords, were not covered. Likewise, observations from the deeper parts of the 

North Sea and Skagerrak, e.g. the Norwegian trench, were missing. 

The densities of fish populations were estimated from spatial GAM models 

of survey CPUE with location and water depth as the main explanatory var-

iables. Based on bathymetric maps, the densities in the full area could then 

be calculated (see the data sheets for fish biomass). Predictions outside the 

observed depth and spatial range are very uncertain, and give in most cases 

unrealistic results. As an alternative, the densities in the area outside the 

survey coverage were estimated from the densities in the surrounding areas 

and the biology of the species. These estimates are only made for the off-

shore and deeper part of the North Sea and Skagerrak lacking data. Within 

this area, only one estimate was used without out considering the depth var-

iation within the area. 

1. Cod: According to the prediction, cod biomass is highest (density index is 

3-5 times the average density) at the slope (100-200m) of the Norwegian 

trench. Cod occurs down to depth of 500-600 m. The density in the deep part 

is estimated to 1. 

2. Haddock: The biomass of haddock is highest in the north western part of 

the North Sea. Along the Norwegian trench, the biomass index is less than 

0.5. Haddock occurs in general at 10-200 m depth. The density in the deep 

part is estimated to 0.1. 

3. Saithe: The biomass index of saithe is highest (> 10) along the slopes of 

the trench at depth of around 200 m. The distribution of the catches (ICES 

WGNSSK, 2011) follows closely the predicted distribution, and only limited 

catches are taken in the deeper part of the trench. The biomass index for the 

trench area is guesstimated to 5. 

4. Norway pout: The biomass index is highest in the north western part of 

the North Sea. Along the trench the biomass index is estimated in the range 

2-10. Norway pout lives mainly at depths of 40-300 m. The biomass index for 

the trench is estimated as 3. 

5. Plaice: The species is mainly found in the eastern part of the central 

North Sea. The species is in general found at depths of 20-50 m but occurs 

down to 200 m. The density index in the trench area is set to 0.05. 

6. Dab: The biomass index of dab is highest in the central North Sea. The 

species is mainly found in shallow waters. The biomass index in the trench 

area is set to 0. 
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7. Herring: The biomass distribution of the pelagic herring is highly sea-

sonal. The mean annual biomass index shows the highest concentrations 

(index 3-4) in the north western part of the North Sea and in the southern 

Kattegat. Catch distribution (ICES HAWG, 2011) follows largely the estimated 

index. Catches in the trench area are in general low except for the eastern 

part of the Skagerrak area. The biomass index in the trench area is set to 1. 

8. Rays and skates: The distribution of the biomass index reflects the con-

tributions from the different species of rays and skates. Raja clavata is most 

common in the south eastern part of the North Sea while smaller species like 

Amblyraja radiate and Leucoraja naevus dominates the relative high index in 

the central and western North Sea. Catches of mainly Dipturus linteus are 

still taken from the trench area. The index in the trench area is set to 1. 
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a b s t r a c t

Analysis of cumulative human impacts in the marine environment is still in its infancy but developing

rapidly. In this study, existing approaches were expanded upon, aiming for a realistic consideration of

cumulative impacts at a regional scale. Thirty-eight human activities were considered, with each

broken down according to stressor types and a range of spatial influences. To add to the policy

relevance, existing stressors within and outside of conservation areas were compared. Results indicate

the entire continental shelf of Canada’s Pacific marine waters is affected by multiple human activities at

some level. Commercial fishing, land-based activities and marine transportation accounted for 57.0%,

19.1%, and 17.7% of total cumulative impacts, respectively. Surprisingly, most areas with conservation

designations contained higher impact scores than the mean values of their corresponding ecoregions.

Despite recent advances in mapping cumulative impacts, many limitations remain. Nonetheless,

preliminary analyses such as these can provide information relevant to precautionary management and

conservation efforts.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Knowing the location and impacts of human activities on the
marine ecosystems is critical to effective marine management
[1–3]. Identifying, mapping and quantifying the cumulative
impact of human activities on ecosystems are essential elements
of operationalizing the practice of ecosystem-based management
(EBM) [3]. Recent studies have paved the way for analyses of
human impacts globally [4], and regionally [5–9]. Mapping
potential cumulative effects is relevant to conservation and
marine spatial planning in that reducing the stressors resulting
from human activities can become an explicit goal. In this paper,
regional human use data for Canada’s Pacific marine waters were
used to map and analyze cumulative impacts and to assess the
efficacy of existing spatial conservation designations. The applic-
ability and limitations of this approach is discussed.

The oceans are affected by many marine and terrestrial human
activities, yet there is much unknown about the effect of stressors
[4,10,11]. Two recent meta-analyses show that stressor interac-

tions are variable and hard to predict [12,13]. The majority of
studies on anthropogenic stressors focus on impacts of single
stressors [14]. While the understanding of interactive effects may
be limited, studies of individual stressors can be used to
hypothesize where cumulative effects might occur [4,5], and
begin identifying appropriate management measures. Similarly,
marine environments differ in their resilience to external
stressors, and the cumulative interactions of multiple stressors
are poorly understood. While detailed information of the
resilience of various habitat types to stressors is lacking, expert
opinion can be used as a preliminary basis by which to evaluate
and rank the vulnerability of habitats to different anthropogenic
stressors [10].

Mapping human impacts in the marine environment is a
recent scientific endeavor. Key studies include a simple approach
to mapping impacts in British Columbia [5], a global study [4], and
subsequent regional approaches [8,9]. These studies use or build
upon estimated measures of sensitivity and vulnerability of
ecosystems or species to stressors [10,15,16], and rely on spatial
data of human activities and resulting stressors. Given the recent
emergence of this area of enquiry, opportunities for refinement
and application exist, such as this study.

Even though multiple human activities affect most areas and
multiple parts of an ecosystem, ocean management has been
carried out primarily through a sector-by-sector approach [3,17].
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Potential cumulative effects are thereby not necessarily dealt
with. Fisheries, for example, continue to be managed primarily on
a species-by-species basis, and their management does not
account for other stressors on fish such as pollution or habitat
destruction [18] or the impact of fishing on other parts of the
marine ecosystem [3,17]. With anthropogenic pressures generally
increasing, managing each activity in isolation is insufficient to
conserve marine ecosystems [3,17].

This paper advances understanding and application of cumu-
lative impacts by (1) including a zone of likely influence for each
of the human activity datasets that attempts to better estimate
the actual footprint of stressors; and (2) spatially analyzing
stressors within and outside of conservation designations as a
coarse-scale evaluation of whether or not existing management
mitigates cumulative impacts. Although the nature of these
cumulative impacts remains unknown, mapping them is a first
necessary step in identifying both ‘‘hotspots’’ and relatively
unimpacted areas, both of which could warrant further study
and management attention.

2. Method

Using the exclusive economic zone (EEZ) of Canada’s Pacific
coast as the study area (Fig. 1), four categories of information
were combined: (1) spatial data on the location of activities and
their intensities if known; (2) types of stressors resulting from
these activities; (3) relative impact of activities on habitats; and
(4) distance to which the effect of activities is likely distributed
(Fig. 2). Unlike other mapping exercises [4,6,7,9], the likely zone
of influence of human activities is explicitly included, recognizing
that the impacts of these such activities often extend beyond their
immediate footprint (see Table 1 and Supplementary Table 1).

The cumulative impact score (Ic) was calculated based on
Halpern et al. [8]:

Ic ¼
Xn

i ¼ 1

ðmÞ
Xm

j ¼ 1

ðDi � Ei � mijÞ

where Di is the intensity of the activity at location i, derived from
a linear decay function from all locations of that activity, binned
into one of three intensity categories (low=0.5, medium=1,
high=1.5) (as per [19]). This is based on the spatial extent of
the impacts beyond the source location (Table 1, Suppl. Tables 1–
3). Because the vulnerability scores do not consider the intensity
of activities (i.e., an activity has the same score if it is light
intensity as heavy intensity), these binned categories were used
to seed the density decay. The linear decay of these binned values
subsequently gets multiplied by the vulnerability scores (see
below). Marine and land-based threats were treated the same,
with linear decays starting at the source of the activity. Land-
based activities were buffered from the source (i.e., a plume
model was not used)—an admittedly simplistic, but easily
implementable, approach. Ej is the presence or absence of a
habitat. mij is the vulnerability score for activity i and habitat j. n is
the number of activities, and m is the number of habitats. The
values for all activities and all habitat types were summed to
arrive at the cumulative impact score, using a 200 m grid. Each
grid cell contains one benthic habitat type. Supplementary Fig. 1
depicts the steps comprising the mapping approach.

Several types of data were used to map the impact scores.
Spatial data for 38 activities were incorporated (Table 1, Suppl.
Table 1–2). All available datasets depict activities, not stressors,
and likewise management in its current form predominantly
addresses regulation of activities, not stressors. The analyses were
undertaken at the activity level with the desire to generate

information applicable to current management. Stressors result-
ing from each activity were established through an extensive
literature review of published articles and gray literature (Suppl.
Table 3). Expert judgement was relied upon to provide vulner-
ability scores [10]. Other relevant stressors are noted in the
Supplementary Materials (Suppl. Table 4). The predominant
stressor from each activity was determined from the literature
review, and used to link the activity to a vulnerability score
(Suppl. Table 5). Scores were taken from expert surveys for the
California Current region [15]—the closest area for which such
data existed and which has a similar ecological regime to British
Columbia (BC). To translate commercial fisheries types in BC to
fishing activity categories used in the survey, the fishing gear
impact assessment from Chuenpagdee et al.’s [20] review was
used. A habitat map was created that corresponded with the
habitats used in the survey (Fig. 1; methods described in Suppl.
Table 2).

Given that 25 of the 38 activities included in the analysis were
fishing-related, sensitivity tests were carried out to ascertain the
influence of these data on the results. Three scenarios were used:
(1) include each fishery (i.e., each dataset) separately; (2)
summarize fisheries by type of impact; and (3) include only one
layer for commercial and one for recreational fisheries. Commer-
cial fisheries catch data (in tonnes) were summarized in three
categories (high, medium, low intensity) using natural breaks,
whereas recreational fishing data were used in their original
format of relative importance (i.e., catch data are not available for
recreational fisheries). Other studies have carried out sensitivity
tests on the expert-informed vulnerability weightings, and have
shown the results to be robust to changes to the weightings [4,15].

Potential cumulative impacts were modeled for three broad
habitat classes, the benthos, shallow pelagic waters, and deep
pelagic waters. The benthos was subdivided into 14 benthic
habitats (Fig. 1), whereas both classes of pelagic waters contain no
subdivisions. Shallow waters encompass the top 200 m of the
water column, and deep pelagic waters are defined as deeper than
200 m. For deep pelagic impacts, it was assumed that connectivity
between depth strata exists, and associated effects such as trophic
cascades occur. Fishing in shallow waters is therefore assumed to
affect deep pelagic habitats, as supported by the latest work on
pelagic trawling [21].

To analyze the modeled cumulative impacts, the sum total
cumulative impact score for all grid cells was calculated as well as
the mean impact scores per grid cell for all of BC’s marine waters,
for each ecoregion [22], for each activity, and by habitat type. The
mean impact scores were also calculated within the boundaries of
existing designated MPAs, candidate MPAs, Rockfish Conservation
Areas, and important areas designated as critical habitat for two
populations of species at risk: northern and southern resident
orca whales (Orcinus orca), which are listed federally as threa-
tened and endangered, respectively. The mean impact score
within each designated area was compared to the mean impact
score for the ecoregion in which it occurs.

3. Results

The modeled cumulative impact maps (scores) indicated that
the entire continental shelf of Canada’s Pacific marine waters is
being affected by multiple human activities at some level (Fig. 2).
When using individual fisheries as separate layers and other
impacts as outlined in Table 1, impacts on shallow pelagic waters
accounted for 49.0% of the sum total cumulative impact score,
followed by impacts on benthic habitats (42.7%) and deep pelagic
waters (8.4%) (Table 2). No part of the continental shelf’s benthic
habitats and shallow waters appeared impact-free. In deeper and

N.C. Ban et al. / Marine Policy 34 (2010) 876–886 877
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offshore areas—the subarctic Pacific and transitional Pacific
ecoregions—impacts were notably less than on the continental
shelf.

The sensitivity tests for inclusion of fisheries data on benthic
habitats revealed that the number of layers included did influence
the overall results (Table 3). If fisheries are treated as individual
layers (i.e., each fishery is considered a separate impact), fisheries
appeared as the predominant benthic stressor (Table 3). When
fisheries are included by impact type, land-based stressors
became comparatively more significant. When fisheries are
included as only two layers—one for commercial fisheries, one
for recreational fisheries—fisheries contributed less of the overall
impact score, but retained the second-most place for impact
contribution after land-based impacts. Because the study was
intended to examine management measures, the remaining
results section reports results for the fisheries scenario that
includes each fishery as a separate impact, reflecting the current
management approach that focuses on either a single-species or
fishing gear type. While this single-fisheries approach could over-
estimate cumulative effects, it allows for the differences amongst

fisheries to be explicitly incorporated and adjusted in the analysis,
as appropriate.

Commercial fishing (i.e., each fishery as a separate layer in the
analysis), land-based activities and marine transportation ac-
counted for 57.0%, 19.1% 17.7% of the sum total cumulative
impacts score in Canada’s Pacific waters, respectively (Table 2).
The activities that affected BC’s marine waters varied in their
impact scores, spatial extent and relative impact per unit area
(Fig. 3). Commercial groundfish bottom trawling, and water
quality effects from land-based mining operations affect a
comparatively large extent of area and have high impacts per
unit area on benthic habitats. Fishing methods using nets (squid,
herring, salmon net) and mining effects appear to have the
highest impact per unit area on pelagic habitats though they
occur in varying spatial extents. In the deep pelagic realm,
biomass removals from commercial salmon netting and trolling
(including bycatch)—assumed to have an impact on the deep
pelagic realm [21]—and water quality effects of land-based
mining discharging into the deep coastal fjords were the
predominant stressors.

Fig. 1. Overview map and maps depicting the ecoregions and habitats used to summarize impacts. The inset in the benthic habitats map shows the level of detail contained

therein.

N.C. Ban et al. / Marine Policy 34 (2010) 876–886878
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The mapped results indicated that potential cumulative
impacts were very likely (Figs. 2–4), with the maximum number
of overlapping effects from activities within any 200 m grid cell
adding up to 19 out of 38 possible activities for which data were
available. While all ecoregions were affected by multiple
anthropogenic impacts that impacted benthic habitats, shallow
and deep pelagic waters (Fig. 4), the Strait of Georgia was the
most highly stressed ecoregion, with a per-unit area impact score
(mean pixel score) almost 160% (i.e., over 21

2 times) greater than
the next most stressed ecoregion, the Queen Charlotte Strait. In
contrast, the Transitional Pacific and Subarctic Pacific ecoregions
had low average impact scores. Ten out of 14 benthic habitat
types were affected by multiple activities (Fig. 4). Rocky reefs and
seagrasses had the greatest impact per unit area.

Perhaps surprisingly, many of the existing and candidate MPAs
had mean impact scores higher than the mean for their
corresponding ecoregions (Table 4). Designated MPAs showed
higher mean benthic impact scores in 9 out of 12 ecoregions, and
higher mean impact scores for shallow pelagic waters in 8 out of
12 ecoregions. Three large proposed candidate MPAs spanned 6
ecoregions, and higher mean impact scores were found in 3 of the

6 ecoregions in at least one habitat component. Rockfish
Conservation Areas, designed to protect mainly demersal
Sebastes species, as designated in 2004, showed lower mean
benthic impact scores in 5 of the 8 ecoregions, but higher mean
shallow pelagic impact scores in 6 of the 8 ecoregions within
which they occur (Table 4).

Critical habitats for northern and southern resident orcas
varied in their relative impact scores compared to ecoregion
means (Table 4). All important habitat areas of northern resident
orcas showed mean impact scores higher than that of the
ecoregions in which they were found. The mean impact scores
for southern resident critical habitat areas were comparable to
scores in northern areas. However, they occurred in an ecoregion
with higher mean background scores (Strait of Georgia), and
hence had lower scores than that of the ecoregion.

4. Discussion

This study provides a regional quantitative estimate of human
impacts and potential cumulative impacts on three broad

Fig. 2. Modeled impact scores for Canada’s Pacific maritime area. Deep pelagic environments are defined as deeper than 200 m. The triangular shape seen off the west coast

of the island of Haida Gwaii is the effect of a large fisheries management area where fishing occurs.

N.C. Ban et al. / Marine Policy 34 (2010) 876–886 879
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ecosystem components types (benthic, shallow pelagic, and deep
pelagic) for the Pacific Waters of Canada. A previous study in
British Columbia did not distinguish between these ecosystem
components, nor did it consider as many stressors [5]. This study
is one of the first such regional studies (see also [5,8,9]). By
including the likely zone of influence of human activities, more
realistic spatial scenarios were created than previously. The
additive estimates of cumulative impacts, though admittedly
coarse, provide relative spatial indications of where likely
cumulative impacts are occurring, as well as identifying those
habitats and regions that are likely the most impacted overall.
Cumulative impact maps can inform planning decisions where
reductions in human-induced stressors should be an explicit goal,
and thus it is important that these techniques continue to be
tested and refined to provide meaningful results.
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Table 2
Summary of modeled impact scores for each of the activity group on benthic

habitats, shallow pelagic waters and deep pelagic waters.

Benthic

impact:

% of total

Shallow

pelagic

impact:

% of total

Deep

pelagic

impact:

% of total

% of

total

Aquaculture 0.4 2.1 0.0 2.5

Marine transportation 1.1 16.6 0.0 17.7

Other 0.0 0.0 0.0 0.1

Land-based 7.9 9.6 1.7 19.1

Recreational fishing 1.2 2.4 0.0 3.6

Commercial fishing 32.0 18.3 6.7 57.0

Sub-totals 42.6 49.0 8.4 100.0

Each fishery is considered as a separate layer in these results.

Table 3
Sensitivity analysis of the influence of fisheries on benthic habitats, depending on

how the fisheries data are considered in the analysis.

Scenarios Total

impact

score

% of

total

benthic

Fisheries included as a

separate layer for each

fishery (original scenario)

Aquaculture 65,740 1.0

Marine transportation 173,133 2.6

Other 3,791 0.1

Land-based 1,221,166 18.4

Recreational fishing—each fishery included separately 191,883 2.9

Commercial fishing—each fishery included separately 4,965,935 75.0

Total 6,621,648

Commercial fisheries included by impact category,

recreational as one layer

Aquaculture 65,740 2.9

Marine transportation 173,133 7.6

Other 3,791 0.2

Land-based 1,221,166 53.9

Recreational fishing included as one layer 48,941 2.2

commercial fishing—each impact group included

separately 754,472 33.3

Total 2,267,243

Commercial fisheries included as one layer, recreational

fisheries as one layer

Aquaculture 65,740 3.8

Marine transportation 173,133 10.0

Other 3,791 0.2

Land-based 1,221,166 70.5

Recreational fishing included as one layer 48,941 2.8

Commercial fishing included as one layer 220,242 12.7

Total 1,733,013
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Unlike other impact mapping studies [4,5,8,9], the effective-
ness of conservation designations at mitigating such impacts was
gauged. Existing spatial conservation designations within BC’s
waters, while they may address a specific activity, do not appear
very successful at mitigating spatial human impacts overall,
suggesting that existing designations may be failing to meet their
overarching conservation objectives and mandates. Several
potential explanations exist: first, the conservation designations
may not provide sufficient protection, allowing many of the

stressors to continue within their boundaries. Second, enforce-
ment may not be sufficient to ensure compliance of regulations.
Finally, some of the stressors may originate outside of the
boundaries of the designations. Regardless of which explanation
may be most correct—likely some combination thereof—the
conservation designations and associated regulations should be
examined to ensure that they provide adequate protection to
achieve their intent. These troubling results emphasize the need
for similar impact mapping studies in other geographic regions, as

Fig. 3. Relative impact of activities in Canada’s Pacific maritime area based on the number of cells the activity influences, and the mean impact score of each activity.

a=surface pelagic waters, fisheries; b=benthic habitats, fisheries; c=surface pelagic waters, other activities; d=benthic habitats, other activities; e=deep pelagic habitats,

all activities.
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well as finer scale investigations. This initial study suggests that
instead of taking a piecemeal approach, conservation designations
would be more effective if a broader range of human impacts
were restricted within protected area boundaries and environs.

4.1. Limitations

While there is utility in impact mapping studies for conserva-
tion, there are also many gaps in knowledge about cumulative
impacts, and limitations in the current analysis. In particular,
three core assumptions underlie the analysis: (1) impacts were
treated as additive, (2) linear decay from the origin of activities
was assumed, and (3) assumed, without dedicated field studies,
was that the impact scores approximately reflect relative
conditions in the water.

First, stressors are considered additive or incremental when
impacts are repeated additions of the same type [23]. This is what
mapping studies such as this one assume [4,5,8,9]. However,
stressors can be synergistic or interactive when the combined
effect is larger than the additive effect of each stressor would
predict [23–25]. Both additive and synergistic effects are
considered cumulative. Yet stressors can also be antagonistic,
when the impact is less than expected [24,25]. Information on
stressor interactions was lacking, and hence additivity was
assumed. Recent meta-analyses have shown that stressor inter-
actions are additive, synergistic, and antagonistic with little
ability to predict which will occur when, and with roughly equal
proportions [12,13], and therefore, barring additional information,
assuming additivity is appropriate [4,5,8,9]. Similarly, the impact
levels at which ecosystem functioning is compromised is an
unknown, and will vary from ecosystem to ecosystem [12]. Thus,
while this analysis approach can show relative impacts, and areas
of particular concern, a better understanding of quantified effects
is a critical next step if future analyses are to be explicitly
employed to set specific quantitative limits and thresholds for
human activities in order to maintain ecosystem resilience.
Studies of common marine stressor interactions and their effect

on ecosystems would improve both the accuracy of, and
confidence in, impact maps.

Secondly, linear decay of impacts from their origin was
assumed. In reality, varying distance decays are likely associated
with different stressors [3,23]. Overall, not enough is known about
the effects of stressors to apply specific functions for each type of
stressor. Similarly, the linear decay assumes that stressors diffuse
equally in all directions, when in fact currents and river plumes are
likely to influence the diffusion of stressors. Further assumptions
include that deep pelagic habitats (>200 m) will also be affected by
activities that occur or are able to diffuse in surface waters over
deep habitats (e.g. chemical pollution, trophic cascade effects,
noise, etc.). Future analyses could model such linkages, informa-
tion permitting, though given the uncertainty of many issues
surrounding marine connectivity, there is a risk that after a great
deal of effort the results may not be much more accurate, and
elaboration of this approach should be taken with care [26].

Thirdly, cumulative impact scores were assumed to reflect
relative in-the-water estimates of condition—lower scores in-
dicate a healthier ecosystem, higher scores indicate cumulative
impacts are likely occurring. Visually, the results ‘‘make sense’’ to
the authors and reflect knowledge of the BC marine environment.
Unfortunately data were not available to ground-truth the results
of the mapping exercise, an often intrinsic problem also faced by
broad regional-scale impact mapping exercises [5,8,9]. The impact
scores of the analysis are intended to capture the relative impact
of human activities; even if ground-truthing data were available,
cumulative impact assessment would help to explain ocean
conditions for each location. However, such modeling is not
intended to provide an absolute indication of the health of any
given place in the ocean, but rather a relative indication. In the
absence of absolute field measurements, relative modeled
measures can still be used to direct future management and field
research actions.

As with any study that applies information from the marine
environment, there are substantial data gaps, as would apply for
any region of the world. Spatial distribution of anthropogenic
pressures was available for most, but not all, maritime activities
thought to be of possible concern. However, the information

Fig. 4. Mean impact score (per 200 m pixel) on benthic habitats in Canada’s Pacific maritime area broken down by activity category.
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necessary to incorporate climate change related stressors was not
available, which have been shown to be significant factors in
other studies [8,9]. Other activities for which data did not
exist—tourism activities such as whale watching, kayaking and
diving, and research activities—have low vulnerability scores and
would be unlikely to change the results. Historical data or
potential future activities were likewise unavailable, and there-
fore the analysis presents only a snapshot in time. The mapping
was limited to the main stressor type for each activity. If better
information about the zone of influence of different stressors for
each activity becomes available, it would be possible to focus on
mapping multiple stressor types for each activity. Another gap is
that the analysis, and others like it [4,5,8,9], has not attempted to
incorporate spatial-temporal dynamics such as changing habitat
types (e.g., kelp, seagrass). These gaps represent opportunities for
further refinement of the approach.

Many uncertainties are associated with inputs into cumulative
impact maps. The analysis of the effect of summarizing fisheries
in different ways showed the sensitivity of the results to the
number of layers included in the analysis. At present there is no
correct way of deciding how many layers to include, but the
context of a study and knowledge about the stressors and
activities can help inform the choice of layers. In this case, there
was interest in relating the study to management actions, and
hence focused on mapping the main stressor for each managed
activity. The sensitivity of results to impact weighting schemes
has been analyzed and shown to be robust [4,15], but there may
be sensitivities to the stressor distance, accuracy of the habitat
map, and the number of categories used for the intensity of
activities. When better field data become available, future studies
could test the effect of these components.

4.2. Conservation and management applicability

While the modeled cumulative impact maps from this project
are constrained by data and methodology, as discussed above,
they remain the best approximation available in the study region.
Therefore such maps should be useful in developing integrated
management plans, and in helping to identify strategies for
examining, and if required, reducing, anthropogenic impacts in
areas of high scores. Such maps can assist in prioritizing both
areas for protection (‘‘naturalness’’ based on low impacts) [6,27],
and areas to focus on for recovery/restoration (known ecological
values existing in areas of high impacts). In addition, such maps
can inform precautionary management measures to reduce and
manage impacts from existing human activities and those
planned for the future. This work may help initiate discussions
among management agencies and interested stakeholders with
regard to quantifying and managing cumulative impacts in the
Pacific waters of Canada and its other oceans.

Human impacts are pervasive on the continental shelf,
particularly near populated areas, and hence associated impacts
will need to be taken into account in management of the marine
environment. While there is much room to improve knowledge of
impacts, there is sufficient information available to begin to
model and identify vulnerable areas where cumulative impacts
likely occur. Further research should seek to help improve
understanding of interactions between various stressors and help
inform management thresholds (triggers) and limits for impacts
from individual activities and cumulative impacts from multiple
activities in a given area. Nonetheless, a precautionary approach
would suggest that additional management measures should
already be considered for those areas of high relative cumulative
impacts, even though absolute limit values cannot yet be
assigned.

Acknowledgments

We would like to thank Michele Patterson for initiating this
project after discussions with JAA. We gratefully acknowledge Ben
Halpern for sharing his vulnerability scores with us and for
feedback on earlier versions of the manuscript, the Province of BC,
Fisheries and Oceans Canada and others for providing data. We
would also like to thank Chris McDougall and Elaine Leung for
technical assistance with spatial summaries, Genevieve Layton-
Cartier for assistance with the literature searches, and anonymous
reviewers for helpful comments. This work was funded in part by
the R.H.Webster Foundation and Gordon and Betty Moore
Foundation.

Appendix A. Supplementary material

Supplementary data associated with this article can be found
in the online version at 10.1016/j.marpol.2010.01.010.

References

[1] Margules CR, Pressey RL. Systematic conservation planning. Nature
2000;405:243–53.

[2] Pressey RL, Cabeza M, Watts MEJ, Cowling RM, Wilson KA. Conservation
planning in a changing world. Trends in Ecology and Evolution 2007(22):
583–92.

[3] Halpern BS, McLeod KL, Rosenberg AA, Crowder LB. Managing for cumulative
impacts in ecosystem-based management through ocean zoning. Ocean and
Coastal Management 2008(51):203–11.

[4] Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’Agrosa C, et al. A
global map of human impact on marine ecosystems. Science 2008;319:948–
52, doi:10.1126/science1149345.

[5] Ban N, Alder J. How wild is the ocean? Assessing the intensity of
anthropogenic marine activities in British Columbia, Canada DOI:10.1002/
aqc.816. Aquatic conservation: marine and freshwater ecosystems. 2008;
(18): 55–85.

[6] Tallis H, Ferdana Z, Gray E. Linking terrestrial and marine conservation
planning and threats analysis. Conserv Biol 2008;22:120–30.

[7] Eastwood PD, Mills CM, Aldridge JN, Houghton CA, Rogers SI. Human
activities in UK offshore waters: an assessment of direct, physical pressure on
the seabed. ICES Journal of Marine Science: Journal du Conseil 2007;64:453.

[8] Halpern BS, Kappel CV, Selkoe KA, Micheli F, Ebert C, Kontgis C, et al.
Mapping cumulative human impacts to California current marine ecosys-
tems. Conserv Lett 2009(2):138–48.

[9] Selkoe K, Halpern B, Ebert C, Franklin E, Selig E, Casey K, et al. A map of
human impacts to a ‘‘pristine’’ coral reef ecosystem, the papah naumoku kea
marine national monument. Coral Reefs 2009;28:635–50.

[10] Halpern BS, Selkoe KA, Micheli F, Kappel CV. Evaluating and ranking the
vulnerability of global marine ecosystems to anthropogenic threats. Conserv
Biol 2007;21:1301–15.

[11] Adams SM. Assessing cause and effect of multiple stressors on marine
systems. Mar Pollut Bull 2005(51):649–57.

[12] Crain CM, Kroeker K, Halpern BS. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol Lett 2008;11:1304–15.
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Decision support tool
Symphony-tool
entail a local shift of environmental impact, causing positive or negative consequences for ecosystem compo-
nents. The results fromSwedishMSP in theNorth Sea and Baltic Sea illustrate thatMSP certainly has the potential
to lower net cumulative environmental impact, both locally and across sea basins, as long as environmental
values are rated high and prevailing pressures derive from activities that are part of MSP. By synthesizing innu-
merous data into comprehensible decision support that informs marine planners of the likely environmental
consequences of different options, CIA enables ecosystem-based MSP in practice.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Marine Spatial Planning (MSP) is being implemented across the
world, with the goal of supporting marine policy through strategic
designation of space for various interests (Domínguez-Tejo et al.,
2016). MSP encourages integrated marine management and has
the potential to reduce investment risks for new industries (PRC,
2011). Guidelines (Ehler et al., 2009) and regulatory instruments
emphasize that MSP should be ecosystem-based. Two fundamental
aspects of this ecosystem-based approach to MSP are the respect
for the structure and function of ecosystems, and strong stakeholder
participation. To follow such principles through a long and partially
political planning process that is concerned with large areas and var-
ious ecological entities, requires sufficient decision support includ-
ing comprehensive assessment of environmental impact. Marine
spatial plans cover vast geographic areas with diverse ecological en-
tities, various human activities, and associated pressures. Through
this myriad of information, planners need to envisage how all con-
curring uses of the sea affect the marine environment, in addition
to pressures from land-based sources. At the grand scale of MSP, cu-
mulative effects assessments are key (Hodgson et al., 2019;
Willsteed et al., 2018).

A decade ago, Halpern et al. (2008) devised a method for Cumu-
lative Impact Assessment (CIA) based on a geospatial index describ-
ing the relative impact of multiple human pressures on the marine
environment, resembling previous work by Landis and Wiegers
(1997). The CIA index is a function of (i) relevant human pressures
expressed by intensity maps, (ii) representative ecosystem compo-
nents expressed as value maps, and (iii) a sensitivity index defining
how sensitive each ecosystem component is to each human pressure.
The method has since been applied in many regions (Korpinen and
Andersen, 2016) and over time to track changes to environmental
impact (Halpern et al., 2019). The transparency and holistic scope
of CIA makes it particularly suitable for MSP. However, it may be
challenging to incorporate comprehensive data-intensive analyses
into the dynamic planning and stakeholder dialogue that is at the
heart of MSP. Planning support tools must be scientifically robust
to capture ecosystem complexity, but also transparent and simple
enough to be understood and accepted by its users, namely planners,
stakeholders, and policy makers.

Scholars introduced CIA in support of MSP (Depellegrin et al., 2017;
Fernandes et al., 2017), and Sweden is the first country to use CIA inte-
gratedwith nationalMSP formarinemanagement. The Swedish Agency
for Marine and Water Management (SwAM), the governmental body
responsible for drafting the national MSP in Sweden, has developed
and used a CIA-based GIS-application for MSP here called the
Symphony-tool. It has a scenario component that allows adding or
adjusting the intensity of human pressures in any delimited area. This
functionality has enabled the comparison of expected environmental ef-
fects of different plan alternatives.

This example from Swedish ecosystem-based MSP, where CIA has
been used directly bymarineplanners and as a fundamental component
of strategic environmental assessment, aims to illustrate the integration
of CIA with MSP in practice.
2. Methods

2.1. Legal context and geographical scope

Following the national ordinance under the EU framework for mar-
itime spatial planning (European Commission, 2014), Sweden will be
adopting its first national marine spatial plans by March 2021. Three
plans are being developed by SwAM: North Sea (NS), Baltic Sea (BS),
and Bothnian Bay (not included in this paper). The plan proposals pre-
sented in this paper were published in 2019 after four years of develop-
ment and stakeholder consultations.

Swedish national MSP covers offshore water (122,095 km2) beyond
1 nautical mile from the coastal baseline, including territorial water and
the Exclusive Economic Zone (Fig. 1),while coastal waters are under the
responsibility of local municipalities. Swedish marine spatial plans are
guiding but not legally binding. However, theMSP ordinance designates
the plans to be the principal decision support for future marine policy,
consenting procedures, and local development plans.

The MSP proposals indicate the “most appropriate use of space”
among shipping, fishing, energy, mineral mining (sand), defense, recre-
ation, cultural values, and nature protection (Appendix A). Overlapping
priorities indicate coexistence. In addition to priorities, the plan pro-
posals also indicate “precaution areas” where other uses should be
planned with particular caution and regard for sensitive environments.

2.2. Basic model and included components

The Symphony GIS-model is based on generic CIA principles
(Halpern et al., 2008) where cumulative environmental impact is calcu-
lated as the sum of all impacts of all identified pressures on all selected
ecosystem components in each pixel of the map. Human pressures are
changes to the marine environment (physical, chemical, biological)
caused by human activities, directly or indirectly. Ecosystem compo-
nents are made up of habitats or populations based on distribution
maps where the ecological value of each component is evaluated. The
number and type of human pressures (N=37; Table 1) and ecosystem
components (N=33; Table 2) were adapted to regional conditions in a
selection process where lists based on previous work were reviewed
and adjusted. First, a gross list of human pressures and ecosystem com-
ponentswas gathered frompublications covering the North Sea and the
Baltic Sea (Andersen et al., 2020; Korpinen et al., 2012). This list was
then scrutinized with respect to ecological relevance and human activ-
ities, respectively, in Swedishwaters, andwith respect to Swedish polit-
ical commitments, resulting in adjusted, regionally relevant lists. The
marine pollution (plastic debris andmicroplastics) and invasive species
pressures were later removed because of insufficient data access and
difficulties with spatial representation, respectively. Ecosystem compo-
nent lists differ slightly between NS and BS due to species distributions.
See Appendix B for metadata.

The datasets underpinning each map represent data from 1989 to
2016, with most data from the last decade. Seasonal variations were
not included. Only persistent or recurring pressures were included.
The resulting baseline analyses therefore represent the current cumula-
tive impact status in NS and BS, respectively.

http://creativecommons.org/licenses/by/4.0/


Fig. 1.Geographical scope of this study. Solid lines frame the total Swedish nationalMSP areawhile the dotted red box indicates theparts of the area included in this study. The color legend
shows the level of aggregation of ecosystem components, indicating where ecological values accumulate (yellow and green fields). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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2.3. Data collection and assumptions

The collection of spatial data took place between 2016 and 2018.
Preexisting and openly available data were gathered from a wide
range of sources by multiple partners including academia,
governmental agencies and consultancies. Data were reanalyzed
through spatial modelling to produce individual maps for each human
pressure and ecosystem component (Appendix B). The spatial resolu-
tion of the map grid was 250 × 250 m, although most input data were
of lower resolution.



Table 1
Included pressures and their proportional contribution to cumulative environmental impact under current conditions (baseline), given for all waters and the parts covered by theMSP, in
Swedish North Sea (NS) and Baltic Sea (BS).

Baseline results Pressure Contribution to cumulative impact (%)

Offshorewaters (MSP-area) All waters (coast included)

Type Category / sector NS BS NS BS

Pressures Eutrophication Phosphorous background 1.78 19.20 2.56 19.89
Anoxia background 3.28 33.14 6.71 30.76
Nitrogen background 10.29 10.62 11.72 10.86

General pollution Heavy metals background 3.01 9.43 2.60 8.64
Oilspill wreck 0.70 b0.00 0.92 0.01
Synthetic toxins background 12.21 14.74 10.55 13.98
Toxic munition dump 1.57 0.78 1.08 0.67
Heavy metals mine dump 0.28 0.36 0.28 0.31

Shipping Turbidity shipping 0.02 0.03 0.10 0.05
Noise 2000 Hz shipping 0.04 0.04 0.05 0.04
Oilspill shipping 2.16 1.51 1.98 1.55
Noise 125 Hz shipping 10.46 6.43 10.33 7.00

Coastal development Synthetic toxins treatment plant 0.00 0.00 0.12 0.05
Habitat loss dumping 0.00 0.00 0.06 0.01
Habitat loss infrastructure 0.00 0.04 0.02 0.05
Habitat loss coastal exploitation 0.00 0.00 0.95 0.47

Recreation Pollution boating 0.06 0.02 1.70 0.38
Noise boating 0.03 0.01 1.09 0.26
Bird hunt 0.05 0.04 0.73 0.17

Fisheries Abrasion bottom trawl 26.01 0.97 19.59 0.86
Catch gillnet 0.58 0.41 0.71 0.50
Turbidity bottom trawl 12.80 0.39 9.64 0.35
Catch bottom trawl 13.60 0.60 10.16 0.53
Catch pelagic trawl 0.24 0.26 0.26 0.23

Industry Synthetic toxins industry 0.00 0.00 0.35 0.07
Synthetic toxins harbor 0.00 0.00 4.52 1.17

Sand extraction Turbidity sand extraction 0.00 0.01 0.00 0.01
Habitat loss sand extraction 0.00 0.01 0.00 0.01

Defense Heavy metals military area 0.03 0.25 0.06 0.30
Explosions Sound Exposure Level (SEL) 0.79 0.64 1.12 0.78
Explosions peak b0.00 0.04 b0.00 0.04

Aquaculture Habitat loss mussel farm 0.00 0.00 0.01 0.00
Habitat loss fish farm – 0.00 – b 0.00
Nutrients fish farm – 0.00 – b 0.00

Energy Disturbance wind power 0.00 0.01 0.00 0.01
Noise 125 Hz wind power 0.00 b0.00 0.00 b 0.00
Electromagnetic field 0.01 0.01 0.02 0.01

TOTAL Sum of pressure contributions 100 100 100 100

Statistics
Impact score Average impact (score per pixel*) 2.13 2.09 2.08 1.98

S.D. 0.76 0.70 0.99 0.79
Minimum 0.2 0.38 0.09 0.05
Maximum 5.51 7.11 17.90 15.22

Area km2 9564 74,834 14,203 91,805
* 1 pixel = 0.0625 km2
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Resulting maps of human pressures and ecosystem components
were normalized to a scale from 0 (no exposure/no value) to 100
(upper threshold representing highest exposure disregarding outliers).
Human pressures data were not transformed prior to normalization,
with the exception of data describing habitat loss frombottom trawling,
which were log-transformed in accordance with the non-linear rela-
tionship between trawling intensity and effect on benthos (Lambert
et al., 2014). This approach differs from other CIA studies where log-
transformations were applied on human pressure data (Halpern et al.,
2008). We believe that a general log-transformation of pressure data
is not suitable within the context of MSP because it may enhance the
relative impact from low-intensity pressures.

Ecosystem components representing habitat coverage and ecological
functions were not transformed prior to normalization (0−100). In con-
trast, ecosystem components representing species abundance (e.g. cod
and herring) were first transformed linearly from 0 to 100 to standardize
the logarithmic effect, and then log-transformed. This method was con-
sidered necessary because abundance data of heavily fished species are
patchy with outliers that otherwise diminish the value of areas utilized
by more healthy populations. Porpoise, a species with spatially distinct
populations of very different numbers, was normalized on population
level in order to account for population-specific impacts.

The aggregation of ecosystem components across space, calculated
as the mean value of all components per pixel, are shown in Fig. 1.
This representation reflects areas of higher and lower ecological value,
according to this analysis.

2.4. Spatial representation of data uncertainty

It is important for planners and other users to have an idea of the
confidence in the underlying data. Marine data is sparse, particularly
for ecosystem components, and all maps included in Symphony or any
other CIA tool involve some level of modelling or interpolation to fill
areas where field sampled data are missing. A multitude of different
ecosystem components may enhance uncertainty and thus the confi-
dence of the results. There are several ways to describe the uncertainty
of CIA models (Halpern and Fujita, 2013; Stock andMicheli, 2016) from
ananalytical standpoint. To assist practitionerswith an immediate over-
view of the confidence in ecological input-data in different areaswe col-
lated a raster of average confidence and a raster of data availability. This



Table 2
Included ecosystem components and how affected they are in terms of their proportional contribution to cumulative environmental impact under current conditions (baseline), given for
all waters and the parts covered by the MSP, in Swedish North Sea (NS) and Baltic Sea (BS).

Baseline results Ecosystem component Contribution to cumulative impact (%)

Offshore water (MSP-area) All water (coast included)

Type Category NS BS NS BS

Ecosystem components Birds Coastal birds 0.06 0.09 1.14 0.55
Seabird coastal wintering 0.01 0.04 1.20 0.35
Seabird offshore wintering 0.49 1.11 0.69 1.50

Fish Cod 12.22 12.11 11.84 11.69
Herring 8.90 11.13 8.59 11.16
Sprat 6.29 5.40 6.59 5.50
Rivermouth fish – – 0.02 b0.00

Fish functions Fish spawning 13.25 4.98 11.14 5.10
Eel migration 0.63 0.08 1.19 0.16

Habitats Plankton pelagic community 8.01 12.66 7.13 11.69
Hard bottom photic 0.20 0.39 1.62 1.07
Hard bottom aphotic 0.27 1.23 0.25 1.07
Hard bottom deep 0.38 0.89 0.55 1.19
Transport bottom photic 0.73 0.92 2.04 1.99
Transport bottom aphotic 1.49 4.77 1.22 4.80
Transport bottom deep 0.47 4.92 0.35 4.26
Rough bottom photic 0.06 0.01 0.36 0.19
Rough bottom aphotic 0.20 0.24 0.19 0.30
Rough bottom deep 1.35 2.12 1.02 1.84
Soft bottom photic 2.25 0.23 5.34 1.08
Soft bottom aphotic 11.11 3.39 8.87 3.55
Soft bottom deep 16.62 29.17 11.89 25.29
Shoreline shallows – – 1.24 0.68

Mammals Porpoise North Sea population 8.16 – 7.73 –
Porpoise Baltic population – 2.40 – 2.31
Porpoise Belt Sea population 1.76 0.18 1.61 0.21
Harbor seal 4.95 0.12 5.58 0.21
Grey seal – 1.25 – 1.71

Plants Angiosperms (seagrass) 0.00 0.01 0.19 0.29
Reef habitats Deep reef 0.09 0.00 0.13 b0.00

Artificial reef 0.02 0.13 0.04 0.12
Mussel reef 0.02 0.02 0.25 0.15
Haploops reef b0,00 – b0.00 b0.00

TOTAL Sum of contributions 100 100 100 100
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was accomplished by producing individual confidence-maps for each
ecosystem component, prior to use in the CIA. Predefined numerical
data quality categories were used: 0= no data value; 0.25= interpola-
tion; 0.5 = distribution model; 0.75 = accurate validated model; 1 =
field measurement. These categories were assigned to every data pixel
for every ecosystem component, based on assessment by the data pro-
vider for each specific ecosystem component. An index (0–1) of average
confidence was then calculated for each pixel and represented to plan-
ners as a raster, superimposed on the resultsmaps. Additionally, a raster
with frequency of “no data” were provided. By this method, areas with
high and low input-data uncertainty are easily distinguished, as well
as areas with low data availability. Although the index only involves a
small part of the combined model uncertainty, it provides a valuable
spatial representation for the user.

2.5. Sensitivity matrix

Weused expert judgement to develop amatrix representing ecosys-
temcomponent sensitivity to each pressure (Appendix C). For twomain
reasons, preexisting sensitivity matrices (Korpinen et al., 2012;
Andersen et al., 2017; HELCOM, 2018a) were not used. Firstly, the pres-
sures and ecosystem components in Sweden did not fully match any
previous CIA. Secondly, the question posedwhen collecting the sensitiv-
ity score must refer to a specified level of pressure intensity. For in-
stance, high levels in the noise pressure data corresponds to a
recurring sound exposure level of 150 dB re 1 μPa. This noise level inten-
sity was thus communicated to the experts while assessing its effect on
different ecosystem components, rather than simply asking how noise
in general affects ecosystem components.
Carefully designed questionnaires with defined categories and
assessment criteria (Table C3) were distributed to and answered
by experts (N = 34); ecologists and managers with expertise on
specific ecosystem components. Answers where the respondent ac-
knowledged a low level of confidence were disregarded, and the
mode value of the remaining responses was used to set the sensitiv-
ity scores. Where applicable, we compared these scores to pub-
lished sensitivity scores (Andersen et al., 2017) for adjustments
where deviations were substantial (N30%).
2.6. Analyzing future MSP scenarios

Two different MSP scenarios were evaluated with respect to environ-
mental impact: negotiated plans and eco-alternative plans. Negotiated
plans are the marine spatial plan proposals developed after extensive
stakeholder dialogue (Fig. 2). Eco-alternative plans are closely related ver-
sions of the negotiated plans, but with more priority given to the
safeguarding of ecological functions and the ambition for achieving
good environmental status in accordance with the Marine Strategy
Framework Directive 2008/56/EC (European Commission, 2008) of the
European Union (Carneiro et al., 2019). The negotiated plans were further
developed and proposed asmain alternatives in the SwedishMSP process
while the eco-alternative plans were only presented in the strategic envi-
ronmental assessment of the MSP (Carneiro et al., 2019; SwAM, 2020).
Because planning is prospective, each of the two MSP scenarios were
compared to a Business As Usual (BAU) scenario for the year 2030. The
BAU scenario represents a future situation with no implemented MSP,
based on a simple projection from current industry trends (Table D.1).
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MSP scenarioswere analyzed through the following procedure: each
plan was incorporated as a group of polygons, overlaying the human
pressure maps (Appendix A). Each polygon represents a planning area
where one or several uses, such as fishing or wind energy, have priority
Fig. 2. MSP for negotiated plans as of March 2019 for Swedish (a) North Sea (NS) and (b) B
appropriate use of space”. E = Energy, N=Conservation/marine protection, F = Military d
(sensitive environment). Information on individual polygons and reference to eco-alternative p
over the others (see Fig. 2). Additional pressures associated to new ac-
tivities were added where MSP polygons indicated their priority. The
amount of added pressure in each such polygon was based on the aver-
age pressure intensity of pre-existing areas with the same use (e.g.
altic Sea (BS) with inlet showing Öresund. Legends indicate priorities in terms of “most
efense, G = Multi-use/no priority, f = precaution (military defense), n = precaution
lans are provided in Appendix A.



Fig. 2 (continued).
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existingwind farms). The resulting increase of cumulative impact varies
because different areas have different ecosystem components. Likewise,
pressure scores were removed or lowered within polygons where MSP
polygons indicated priority for uses incompatible with current activi-
ties. In the case of displacement of activities, such as trawl fishing in
wind farms, these were rectified by removing pressure from the
incompatible polygon and redistributing the same amount in neighbor-
ing polygons (see Table D.2).

Precaution areas, where the MSP indicated that human activities
should adopt precautionary measures to safeguard sensitive environ-
ments, were simulated through altering the sensitivity matrix. In the
resulting “precaution matrix”, the sensitivity of particular ecosystem
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components to particular pressures were reduced in accordance with
expected mitigation effects (Table D.3). For example, if the MSP pro-
vided guidance relative to the use of bycatch-reducing fishing gear
within a precaution area, then the sensitivity of birds and mammals to
gill net fishingwas reduced in the precautionmatrix, while the sensitiv-
ity for targeted fish was unchanged. This way, pressure-specific mitiga-
tionmeasureswith effect only on selected ecosystem components could
be evaluated. MSP guidance also includes specific precaution areaswith
respect to military defense. In such areas human activities should seek
to avoid interference with military interests. Since these guidelines
have no direct bearing on the environment it was not included as part
of the analysis.

With the MSP scenarios incorporated as described, cumulative im-
pact scores were calculated using the same model as for the baseline
analysis (current status of cumulative impact). The evaluation of the ne-
gotiated and eco-alternative plans involved subtracting the results of the
BAU scenario (2030) from each of the two MSP scenarios. The applied
analytic framework is depicted in Fig. 3.

For the Symphony-tool or any other CIA tool to be valuable over
time it is necessary for the tool, as well as the analytic framework,
to be flexible. Pressures and even ecosystem components may need
to be introduced, exchanged, or removed. New scientific findings
will also require updates and sometimes even immediate adjust-
ments. This is no problem if assessors keep track of changes when
comparisons are done. The scenario component presented here
also facilitates the quick introductions of new pressures, such as a
new oil spill or the introduction of invasive species. Details on the
geographical extent, dispersal, and sensitivity scores are obviously
needed. The simplicity of the CIA method makes most updates and
developments manageable.

3. Results

3.1. Baseline results

The resulting heat-map of baseline cumulative impact (Fig. 4) in-
dicates high spatial variation, with patches of both high and low im-
pact across the Swedish waters. These pre-planning baseline results
can be valuable for planners, indicating where high pressure cur-
rently overlaps with ecologically valuable and sensitive areas. In
the Swedish MSP, environmental precaution areas were designated
Fig. 3. Analytic framework where boxes indicate CIA analyses and arrows denote key assump
paper are provided for orientation.
using criteria including both heavy cumulative impact and vulnera-
ble marine ecosystems (i.e. low impact and high or susceptible natu-
ral values).

When aggregating results,fisheries (53%), pollution (18%), eutrophi-
cation (15%), and shipping (13%) clearly dominate the current impact in
the NS. In the BS, the pressures contributing the most to cummulative
environmental impact are eutrophication (63%), pollution (25%), and
shipping (8%) (Table 1).

Even if impacts from coastal activities are only evident close to shore,
it should be noted that several of these sources also contribute to the
general pollution and eutrophication levels in offshore waters over
time. Some of the hypoxic areas in the BS are actually naturally occur-
ring, though there has also been a large degree of expansion of hypoxic
bottoms from eutrophication-related pollution in the past decades
(Diaz and Rosenberg, 2008).

3.2. Comparison of future scenarios

Considering the modelled changes in human uses, caused by the
MSP in each basin, the negotiated plans would reduce cumulative en-
vironmental impact by 3% in the NS, compared to BAU, but have no
net effect (b 1%) in the BS. The eco-alternative plans would generate
a much greater (6%) impact reduction in the NS while only a 1% re-
duction in the BS (in terms of impact scores the net reductions are
rather similar between NS (26900) and BS (21200), but the total
number of impact scores are higher in the BS (2908600) than the
NS (467700) mainly because of its greater size). These results may
give planners a rough overview of the environmental performance
of each MSP alternative, at the sea basin level.

The simulations also demonstrate changes and redistributions of cu-
mulative environmental impact across space. These differences be-
tween BAU and the two MSP scenarios, as shown in Fig. 5, provide
planners with a valuable overview of where MSP may relieve or inten-
sify environmental impacts. For example, Fig. 5 clearly shows how the
negotiated plan for NS can drastically reduce impact in certain areas
(designated for wind power andmarine conservation) while surround-
ing areas may experience little change and even increases (due to relo-
cation of fishing pressures). Figs. 6 and 7 further exemplify how CIA
analyses can support planners by illustrating the details of MSP-
related change for any given area. In NS, the negotiated plan reduces en-
vironmental impact from trawl fishing, to the benefit of soft bottom
tions and procedures for each analysis. Reference to tables, figures and appendices in this



Fig. 4. Baseline cumulative impact across parts of Swedish North Sea (NS) and Baltic Sea (BS). The heat map shows the spatial variation of impact scores, at a resolution of 250 m, before
MSP is implemented. The color ramp is scaled by percentiles from the lowest to the highest impact score for each sea basin (NS and BS), including coastal waters. Overlay polygons
represent MSP zonation (Fig. 2). The overlay pattern indicates the average confidence level of the ecosystem component data layers.
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habitats and fish spawning (Fig. 6B). The corresponding additional im-
pacts from offshore wind power (Fig. 6A), caused by the sameMSP sce-
nario, is 60 times smaller than the decreases of trawl fishing impacts
and thus insignificant on a sea basin level. Locally, at specific wind
power areas, the small impact increase may be more relevant, namely
because of effects on seabirds (Fig. 6A).
For the BS, the negotiated plan implies a shift of impact from pres-
sures of bottom trawling and military exercises to sand extraction
and wind power, to the benefit of fish and soft bottom habitats and
at the expense of seabirds and transport (sand) bottom habitats
(Fig. 6 C-D). Impact reductions are approximately twice as high as
the increases.



Fig. 5. The change in cumulative impact after implemented MSP for scenarios negotiated plans (upper panel) and eco-alternative plans (lower panel) in comparison with BAU scenario
(2030). Colors indicate the level of change (decrease/increase) in cumulative impact as the percentage of the maximum impact in each sea basin (left: NS; right: BS).
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The correspondingMSP induced changes for the eco-alternative plans,
which include more wind power and environmental precaution in the
NS, and a major relocation of shipping through the BS, are shown in
Fig. 7. As an illustrative example, by studying impact increases and reduc-
tions from shipping in Fig. 7C and D, respectively, it is clear that the net
effect of relocating the ship route (see Fig. 5)wouldmean reduced impact
(i.e. by 15,500 impact scores). At sea basin level this reduction corre-
sponds to about 6% of the total calculated impact contribution from ship-
ping. Locally, the change could be important, in particular for those
ecosystem components most sensitive to shipping-related pressures.
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Fig. 6.MSP-related change in environmental impact for the negotiated plan scenarios compared to BAU scenario (2030), for the Swedish North Sea (NS, A-B) and Baltic Sea (BS, C-D). The
diagrams illustrate how implemented MSP can be expected to increase (A, C) and reduce (B, D) environmental impact. The width of each flow between pressures (left) and ecosystem
components (right) indicates the relative magnitude of change, calculated as the proportion of the total increase/reduction of impact scores (total number of increased or reduced
scores are given at top of each diagram). The following observations can be made relative to the changes in impact scores between the two diagrams: for NS, impact reductions (B) are
60 times greater than the increases (A); for BS, impact reductions (D) are about twice as great as the increases (C). This means that, for both NS and BS, the net effect of MSP is a
reduced environmental impact. The full model total impact scores for the BAU scenarios are 467,700 for NS and 2,908,600 for BS (note that BS has a much larger geographical area).
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4. Discussion

In essence, the application of CIA inMSP visualizes the complexities of
howmultiple pressures fromdifferent activities affectmarine ecosystems
and how this impact can be altered by different planning solutions.More-
over, the compilation and standardization of open source marine data is
an asset for both planners and stakeholders (Hodgson et al., 2019).
These benefits are however accompanied by a range of challenges associ-
ated with the model's shortcomings, assumptions, and uncertainties.

4.1. Cumulative impact as a baseline for ecosystem-based MSP

The baseline results provide holistic views of the current state of envi-
ronmental impacts in the two sea basins. Results indicate that the
dominating impact-driver in theNS is trawlfishing, followedbypollution,
eutrophication, and shipping. In the BS, the main drivers are eutrophica-
tion, pollution, and to a lesser degree shipping. This conforms with previ-
ous pressure-specific studies (Fleming-Lehtinen et al., 2015;Gascuel et al.,
2016; Pommer et al., 2016). Previous attempts to validate the CIAmethod
showa significant correlation between high impact and lowenvironmen-
tal status (Andersen et al., 2015). It is, however, noted that baseline results
from the Symphony-tool (this study) only partially concur with the paral-
lel CIA for the whole Baltic Sea region published by the Helsinki Commis-
sion (HELCOM, 2018b). Differences are due to the HELCOM study having
a different selection of source data, which do not cover the entirety of
Swedish waters. Major differences are easily identified: for example,
there is a lower level of detail where pressures are grouped; HELCOM in-
cludes a proxy for invasive species (not included in the Symphony-tool);
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Fig. 7. MSP-related changes in environmental impact for the eco-alternative plan scenarios compared to BAU scenario, for the Swedish North Sea NS (A-B) and Baltic Sea BS (C-D). The
diagrams illustrate how implemented MSP can be expected to increase (A, C) and reduce (B, D) environmental impact. The width of each flow between pressures (left) and ecosystem
components (right) indicates the relative magnitude of change, calculated as the proportion of the total increase/reduction of impact scores (the total number of increased or reduced
scores are given at top of each diagram). Considering the total changes of impact scores, the reductions are far greater than increases, indicating that eco-alternative plans would mean
lower environmental impact in both NS and BS.
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and considers hypoxic areas as an ecosystem component (while hypoxia
is considered a human pressure in the Symphony-tool). While these dif-
ferences can be identified and explained, too large deviations between
different CIAs in the same region may be problematic for the general ac-
ceptance of CIA-based tools. It is therefore important to strive towards
methodological conformity (Judd et al., 2015; Korpinen and Andersen,
2016; Willsteed et al., 2018). As highlighted by Stelzenmüller et al.
(2020), it is also important to allow formethodological differences related
to the purpose of the chosen method, where CIA tools for marine spatial
planning serve different purposes than cumulative assessments for re-
gional policy advice, which may require bespoke source data.

In the Swedish example provided here, marine planners used the
baseline results to early identify areaswhereMSP guidance for environ-
mental precaution were particularly important and to understand
which human activities were already contributing to a greater impact
in any given area.
4.2. CIA scenarios for ecosystem-based MSP

Scenario-based CIA enables planners and stakeholders to transpar-
ently compare differentMSP optionswith respect to environmental im-
pact. In the Swedish case, this was used both for evaluating expected
effectiveness of precautionary measures in the planning and for com-
paring different locations of new activities. Scenario analyses were
also a fundamental pillar of the Strategic Environmental Assessment of
the MSP proposals. At the local (polygon) level, such comparisons
sometimes revealed significant differences between alternatives, as
demonstrated in Fig. 5.

Another insight was that even a more stringent ecosystem-based
MSP would probably do little to relieve impact of the dominating pres-
sures on the BS, as they relate to emissions from land (runoff, point
source pollution and atmospheric emissions). However, MSP may still
make an important contribution to improving the environmental
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condition by limiting the cumulative impact from additional pressures
on sensitive species and habitats in particular areas. It should also be
noted that neither the effects of historical pressure from fishing in the
Baltic Sea, nor food web interactions are covered by the analysis.

The results provided here for NS, where trawl fishing and (to a lesser
degree) shipping are major contributors to environmental degradation,
indicate that the negotiated plan provides a slight improvement, while
the eco-alternative plan allows for substantial impact reductions. The
Swedish marine plan proposals submitted in December, 2019, which are
more similar to the negotiated plans (SwAM, 2020), show that MSP im-
plies a compromise among many interests: the ambition of ecosystem-
based MSP may, in practice, stop at the level of avoiding additional envi-
ronmental impact. Whether or not such a level of ambition fulfills the re-
quirements of the ecosystem-based approach to MSP depends on the
status and the functioning of the ecosystems in each area (Douvere, 2008).

MSP is a political process and decision-makers often require that
complex scientific information be synthesized and presented in ways
that are easy to grasp for non-specialists. CIA tools such as the Sym-
phony-tool fulfil such requirement, in particularwith respect to howdif-
ferent policy scenarios and planning decisions affect ecosystems. In
doing so, they play a central role in the practical application of
ecosystem-based MSP, by enabling a broader group of practitioners
and decision-makers to engage with often very disparate and complex
information. The transition to ecosystem-based management across
all maritime sectors remains, despite MSP and the novel approaches ac-
companying it, a lengthy process, though. MSP is but one among many
different legal and policy instruments, and is often implemented
through those other, sector-specific, instruments. It is mostly through
gradual shifts in practice and cross-sectorial negotiations, involving in
particular fishing and shipping, that MSP will operate that transition.

4.3. Transboundary CIA

Despite the holistic aspiration of CIA, each application of the
method is delimited by its geographical scope. Sovereign nations
plan their own waters, even when instructed by a common legal or
policy framework, such as the EUmaritime spatial planning directive
(European Commission, 2014). This is the reason that the application
of the Symphony tool presented here has been confined to the Swed-
ish MSP area, even though marine ecosystems have no such borders.
But transboundary dialogues are important components of any MSP
process and environmental impacts are typically core issues for con-
sultation, not least because of the Espoo convention on environmen-
tal impact assessment in a transboundary context, with its general
obligation of states to notify and consult each other on projects and
plans that may cause significant environmental impact across bor-
ders (United Nations, 1991). Multiple CIA have been conducted in
the North Sea and Baltic Sea region (Andersen et al., 2020;
Korpinen and Andersen, 2016) and several tools or studies have re-
cently been developed for explicit support to MSP. This includes
transboundary CIA work within the Pan Baltic Scope (Bergström
et al., 2019), founded on both the Swedish Symphony-tool and the
Baltic Sea Impact Index by the Helsinki Commission (HELCOM,
2018b). Future MSP processes, in this part of the world and else-
where, will have opportunities to co-develop and use transboundary
CIA tools, even if the planning remains under national jurisdiction.

4.4. Limitations of the applied method

While CIA facilitates for planners and assessors to conduct
ecosystem-based MSP, it also implies a range of challenges. The appar-
ent power of the method calls for careful consideration and communi-
cation of its limitations and underlying assumptions.

The basic CIAmodel involves uncertainties atmultiple levels (Halpern
and Fujita, 2013; Stock andMicheli, 2016). First and foremost, marine en-
vironmental data are sparse and maps representing ecosystem
components are based on models with a varying, but always significant,
degree of uncertainty. Here, the way of illustrating average in-data confi-
dence in a spatial dimension has added value for planners who can get a
visual representation of the areaswith less reliable input data (Fig. 4). The
CIA model also has ecological limitations (namely food-web interactions
and connectivity) and the selection of pressures and ecosystem compo-
nents implicate bias. Moreover, ecosystem components are typically
based on the current or recent state of the environment and CIA therefore
fails to account for historical losses, for example already reduced fish
abundances lead to lower impact scores of fisheries in certain areas. In
the examples described in this paper, that is particularly explicit for the
BS, where impact contributions from current fisheries are minuscule
compared to the previous very large stock declines (Gascuel et al.,
2016). Other issues concern temporal mismatches by not accounting for
seasonality, as well as the assumption of simply additive effects despite
that response tomultiple pressuresmay also be synergistic or even antag-
onistic, and dose-response relationships are often not linear (Cabral et al.,
2019; Hodgson et al., 2019).

The scenario analyses demonstrated in this paper are new features
to the CIA methodology. Scenarios imply a full range of new assump-
tions and uncertainties. For instance, it is uncertain how theMSP guide-
lines will be implemented in practice. The assumptions in Table D2-D3
are approximations, but can have a strong influence on results. Assump-
tions related to future sector developments, used for setting the BAU
scenario (2030), are even more uncertain, but also have less influence
on the results, since all scenarios that are compared are based on the
same projections. This all means that results presented in this paper
must be interpreted with emphasis on relative measures and orders of
magnitude rather than on absolute values.

As shownbyHodgson andHalpern (2019), no single tool can resolve
all questions by itself and therefore combinations are needed. CIA appli-
cations such as the Symphony-tool should preferably be used for deci-
sion support at a strategic level, not replacing mechanisms for local
impact assessment and conservation measures.

4.5. Methodological contributions

The main methodological contributions from this paper may be
listed as:

• Incorporation of scenario analyses in CIA enables transparent compar-
ison of expected environmental performance between different plan-
ning options and management measures (Fig. 3 and Figs. 5-7).

• By adjusting scores in the sensitivity matrix CIA can simulate the ten-
tative effects of specific mitigation measures that target only certain
ecosystem components, such as selective fishing gear that keeps af-
fecting target species but reduces the effect on by-catch (Table D3).

• Superimposed maps of average input-data confidence, based on spa-
tially represented confidence levels for each ecosystem component,
provide a simple but comprehensible way of presenting data uncer-
tainty to CIA practitioners (Fig. 4).

5. Conclusions

This paper exemplifies how CIA can support ecosystem-based MSP in
practice, and it providesmethodological advancements to traditional CIA.

Swedish MSP has utilized the Symphony-tool in support of the MSP
process. Among planners and stakeholders, the greatest benefits from
the use of the Symphony-tool were in terms of a better understanding
of (i) how cumulative impact varies across space; (ii) how environmen-
tal impact from different sectors and activities differs by orders of mag-
nitude; and (iii) how environmental impact of different planning
solutions can be evaluated throughout the planning process.

The use of CIA inMSPmay improve the capacity of planners to address
environmental impacts from a spatial perspective and may increase the
transparency of planning decisions during stakeholder consultations.
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This works in favor of the ecosystem approach, which should underpin
MSP, and enables policymakers to better balance the benefits and conse-
quences of plans and policies prior to implementation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139024.

CRediT authorship contribution statement

Linus Hammar: Conceptualization, Funding acquisition, Methodol-
ogy, Data curation, Formal analysis, Validation, Project administration,
Writing - original draft, Writing - review & editing. Sverker Molander:
Conceptualization, Supervision,Writing - original draft, Writing - review
& editing. Jonas Pålsson: Formal analysis, Validation, Project administra-
tion, Writing - original draft. Jan Schmidtbauer Crona: Conceptualiza-
tion, Methodology, Formal analysis, Writing - original draft, Writing -
review & editing. Gonçalo Carneiro: Formal analysis, Writing - original
draft. Thomas Johansson: Conceptualization, Funding acquisition, Su-
pervision, Project administration. Duncan Hume: Methodology, Data
curation, Formal analysis, Validation, Writing - original draft, Writing -
review & editing. Gustav Kågesten: Conceptualization, Methodology,
Data curation, Formal analysis, Writing - original draft, Writing - review
& editing. Daniel Mattsson: Data curation, Visualization. Oscar
Törnqvist:Data curation, Visualization. Lovisa Zillén: Conceptualization,
Funding acquisition, Supervision, Project administration. Martin
Mattsson:Data curation, Software, Formal analysis, Visualization, Valida-
tion.Ulf Bergström:Methodology, Data curation,Writing - original draft,
Writing - review& editing.Diana Perry:Methodology,Writing - original
draft, Writing - review & editing. Chris Caldow: Conceptualization,
Methodology, Writing - original draft. Jesper H. Andersen: Supervision,
Writing - original draft, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The work behind this paper has received support from the
ClimeMarine project funded by FORMAS Swedish Research Council for
Sustainable Development (grant no. 2017-01949). Authors would also
like to acknowledge the important work by data deliverers and proces-
sors, with special gratitude to Antonia Nyström Sandman, Patrik
Lindström, Duncan McConnachie, Martin Rask, and Mårten Erlandsson.

References

Andersen, J.H., Halpern, B.S., Korpinen, S., Murray, C., Reker, J., 2015. Baltic Sea biodiversity
status vs. cumulative human pressures. Estuar. Coast. Shelf Sci. 161, 88–92. https://
doi.org/10.1016/J.ECSS.2015.05.002.

Andersen, J.H., Harvey, T., Kallenbach, E., Murray, C., Al-Hamdani, Z., Stock, A., 2017. Under
the surface: a gradient study of human impacts in Danishmarinewaters. Available at.
https://niva.brage.unit.no/niva-xmlui/handle/11250/2452464.

Andersen, J., Al-Hamdani, Z., Harvey, E., Kallenbach, E., Murray, C., Stock, A., 2020. Relative
impacts of multiple human stressors in estuaries and coastal waters in the North Sea
- Baltic Sea transition zone. Sci. Total Environ. 704, 135316. https://doi.org/10.1016/J.
SCITOTENV.2019.135316.

Bergström, L., Miloš, A., Haapaniemi, J., Saha, C., Arndt, P., Schmidtbauer Crona, J., Kotta, J.,
Kaitaranta, J., Husa, S., Pålsson, J., Pohja-Mykrä, M., Ruskule, A., Matczak, M., Strake, S.,
Zych, A., Nummela, A., Wesolowska,M., Carneiro, G., 2019. Cumulative impact assess-
ment for maritime spatial planning in the Baltic Sea region, Pan Baltic scope. Pan Bal-
tic Scope. https://doi.org/10.4324/9780429306303-7.

Cabral, H., Fonseca, V., Sousa, T., Leal, M.C., 2019. Synergistic effects of climate change and
marine pollution: an overlooked interaction in coastal and estuarine areas. Int.
J. Environ. Res. Public Health 16, 1–17. https://doi.org/10.3390/ijerph16152737.

Carneiro, G., Schmidtbauer Crona, J., Hammar, L., Pacariz, S., 2019.
Miljökonsekvensbeskrivning av förslag till havsplaner för Bottniska viken, Östersjön
och Västerhavet - Granskningshandling. Available at. https://www.havochvatten.se/
hav/uppdrag–kontakt/publikationer/publikationer/2019-03-14-
miljokonsekvensbeskrivning-av-havsplaner-granskningshandling.html.
Depellegrin, D., Menegon, S., Farella, G., Ghezzo, M., Gissi, E., Sarretta, A., Venier, C.,
Barbanti, A., 2017. Multi-objective spatial tools to inform maritime spatial planning
in the Adriatic Sea. Sci. Total Environ. 609, 1627–1639. https://doi.org/10.1016/J.
SCITOTENV.2017.07.264.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine ecosys-
tems. Science (80-. ) 321, 926 LP–929. https://doi.org/10.1126/science.1156401.

Domínguez-Tejo, E., Metternicht, G., E, J., Hedge, L., 2016. Marine spatial planning advanc-
ing the ecosystem-based approach to coastal zone management: a review. Mar. Pol-
icy 72, 115–130.

Douvere, F., 2008. The importance of marine spatial planning in advancing ecosystem-
based sea use management. Mar. Policy 32, 762–771. https://doi.org/10.1016/J.
MARPOL.2008.03.021.

Ehler, C., Douvere, F., IOC, 2009. Marine Spatial Planning: A Step-by-Step Approach to-
ward Ecosystem-Based Management. IOC/2009/MG/53.

European Commission, 2008. 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). Off. J. Eur.
Union 164, 19–40.

European Commission, 2014. Directive of the European Parliament and of the council of
23 July 2014, establishing a framework for maritime spatial planning 2014/89/EU.
Off. J. Eur. Union 257, 135–145.

Fernandes, M. da L., Esteves, T.C., Oliveira, E.R., Alves, F.L., 2017. How does the cumulative
impacts approach support maritime spatial planning? Ecol. Indic. 73, 189–202.
https://doi.org/10.1016/j.ecolind.2016.09.014.

Fleming-Lehtinen, V., Andersen, J.H., Carstensen, J., Łysiak-Pastuszak, E., Murray, C.,
Pyhälä, M., Laamanen, M., 2015. Recent developments in assessment methodology
reveal that the Baltic Sea eutrophication problem is expanding. Ecol. Indic. 48,
380–388. https://doi.org/10.1016/J.ECOLIND.2014.08.022.

Gascuel, D., Coll, M., Fox, C., Guénette, S., Guitton, J., Kenny, A., Knittweis, L., Nielsen, J.R.,
Piet, G., Raid, T., Travers-Trolet, M., Shephard, S., 2016. Fishing impact and environ-
mental status in European seas: a diagnosis from stock assessments and ecosystem
indicators. Fish Fish. 17, 31–55. https://doi.org/10.1111/faf.12090.

Halpern, B.S.B.S., Fujita, R., 2013. Assumptions, challenges, and future directions in cumu-
lative impact analysis. Ecosphere 4, art131. https://doi.org/10.1890/ES13-00181.1.

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C., Bruno, J.F.,
Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin, E.M.P.,
Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008. A global map of
human impact on marine ecosystems. Science (80-. ) 319, 948–952. https://doi.org/
10.1126/science.1149345.

Halpern, B.S., Frazier, M., Afflerbach, J., Lowndes, J.S., Micheli, F., O’Hara, C., Scarborough,
C., Selkoe, K.A., 2019. Recent pace of change in human impact on the world’s.
ocean. Sci. Rep. 9, 1–8. https://doi.org/10.1038/s41598-019-47201-9.

HELCOM, 2018a. Thematic assessment of cumulative impacts on the Baltic Sea 2011-
2016. http://www.helcom.fi/baltic-sea-trends/holistic-assessments/state-of-the-bal-
tic-sea-2018/reports-and-materials/.

HELCOM, 2018b. State of the Baltic Sea – second HELCOM holistic assessment 2011-2016.
Balt. Sea Environ. Proc. 155, 155.

Hodgson, E.E., Halpern, B.S., 2019. Investigating cumulative effects across ecological
scales. Conserv. Biol. 33, 22–32. https://doi.org/10.1111/cobi.13125.

Hodgson, E.E., Halpern, B.S., Essington, T.E., 2019. Moving beyond silos in cumulative ef-
fects assessment. Front. Ecol. Evol. 7, 1–8. https://doi.org/10.3389/fevo.2019.00211.

Judd, A.D., Backhaus, T., Goodsir, F., 2015. An effective set of principles for practical imple-
mentation of marine cumulative effects assessment. Environ. Sci. Pol. 54, 254–262.
https://doi.org/10.1016/j.envsci.2015.07.008.

Korpinen, S., Andersen, J.H., 2016. A global review of cumulative pressure and impact as-
sessments in marine environments. Front. Mar. Sci. 3, 1–11. https://doi.org/10.3389/
fmars.2016.00153.

Korpinen, S., Meski, L., Andersen, J.H., Laamanen, M., 2012. Human pressures and their po-
tential impact on the Baltic Sea ecosystem. Ecol. Indic. 15, 105–114. https://doi.org/
10.1016/j.ecolind.2011.09.023.

Lambert, G.I., Jennings, S., Kaiser, M.J., Davies, T.W., Hiddink, J.G., 2014. Quantifying recov-
ery rates and resilience of seabed habitats impacted by bottom fishing. J. Appl. Ecol.
51, 1326–1336. https://doi.org/10.1111/1365-2664.12277.

Landis,W., Wiegers, J., 1997. Design considerations and a suggested approach for regional
and comparative ecological risk assessment. Hum. Ecol. Risk. Assess. 3, 287–297.

Pommer, C., Olesen, M., Hansen, J., 2016. Impact and distribution of bottom trawl fishing
on mud-bottom communities in the Kattegat. Mar. Ecol. Prog. Ser. 548, 47–60.

PRC, 2011. Study on the Economic Effects of Maritime Spatial Planning. Final Report.
European Commission, Maritime Affairs and Fisheries, Brussels.

Stelzenmüller, V., Coll, M., Cormier, R., Mazaris, A.D., Pascual, M., Loiseau, C., Claudet, J.,
Katsanevakis, S., Gissi, E., Evagelopoulos, A., Rumes, B., Degraer, S., Ojaveer, H., Moller,
T., Giménez, J., Piroddi, C., Markantonatou, V., Dimitriadis, C., 2020. Operationalizing
risk-based cumulative effect assessments in the marine environment. Sci. Total Envi-
ron. 724, 138118. https://doi.org/10.1016/J.SCITOTENV.2020.138118.

Stock, A., Micheli, F., 2016. Effects of model assumptions and data quality on spatial cumu-
lative human impact assessments. Glob. Ecol. Biogeogr. 25, 1321–1332. https://doi.
org/10.1111/geb.12493.

SwAM, 2020. Swedish National Marine Spatial Planning [WWW document]. URL https://
www.havochvatten.se/en/swam/eu–international/marine-spatial-planning.html
(accessed 1.8.20).

United Nations, 1991. Espoo convention on environmental impact assessment in a
transboundary context. Available at. https://www.unece.org/environmental-policy/con-
ventions/environmental-assessment/about-us/espoo-convention/enveiaeia/more.html.

Willsteed, E.A., Birchenough, S.N.R., Gill, A.B., Jude, S., 2018. Structuring cumulative effects
assessments to support regional and local marine management and planning obliga-
tions. Mar. Policy 98, 23–32. https://doi.org/10.1016/j.marpol.2018.09.006.

https://doi.org/10.1016/j.scitotenv.2020.139024
https://doi.org/10.1016/j.scitotenv.2020.139024
https://doi.org/10.1016/J.ECSS.2015.05.002
https://doi.org/10.1016/J.ECSS.2015.05.002
https://niva.brage.unit.no/niva-xmlui/handle/11250/2452464
https://doi.org/10.1016/J.SCITOTENV.2019.135316
https://doi.org/10.1016/J.SCITOTENV.2019.135316
https://doi.org/10.4324/9780429306303-7
https://doi.org/10.3390/ijerph16152737
https://www.havochvatten.se/hav/uppdrag--kontakt/publikationer/publikationer/2019-03-14-miljokonsekvensbeskrivning-av-havsplaner-granskningshandling.html
https://www.havochvatten.se/hav/uppdrag--kontakt/publikationer/publikationer/2019-03-14-miljokonsekvensbeskrivning-av-havsplaner-granskningshandling.html
https://www.havochvatten.se/hav/uppdrag--kontakt/publikationer/publikationer/2019-03-14-miljokonsekvensbeskrivning-av-havsplaner-granskningshandling.html
https://doi.org/10.1016/J.SCITOTENV.2017.07.264
https://doi.org/10.1016/J.SCITOTENV.2017.07.264
https://doi.org/10.1126/science.1156401
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0045
https://doi.org/10.1016/J.MARPOL.2008.03.021
https://doi.org/10.1016/J.MARPOL.2008.03.021
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0065
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0065
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0065
https://doi.org/10.1016/j.ecolind.2016.09.014
https://doi.org/10.1016/J.ECOLIND.2014.08.022
https://doi.org/10.1111/faf.12090
https://doi.org/10.1890/ES13-00181.1
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345
https://doi.org/10.1038/s41598-019-47201-9
http://www.helcom.fi/baltic-sea-trends/holistic-assessments/state-of-the-baltic-sea-2018/reports-and-materials/
http://www.helcom.fi/baltic-sea-trends/holistic-assessments/state-of-the-baltic-sea-2018/reports-and-materials/
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0105
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0105
https://doi.org/10.1111/cobi.13125
https://doi.org/10.3389/fevo.2019.00211
https://doi.org/10.1016/j.envsci.2015.07.008
https://doi.org/10.3389/fmars.2016.00153
https://doi.org/10.3389/fmars.2016.00153
https://doi.org/10.1016/j.ecolind.2011.09.023
https://doi.org/10.1016/j.ecolind.2011.09.023
https://doi.org/10.1111/1365-2664.12277
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0140
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0140
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)32541-9/rf0150
https://doi.org/10.1016/J.SCITOTENV.2020.138118
https://doi.org/10.1111/geb.12493
https://doi.org/10.1111/geb.12493
https://www.havochvatten.se/en/swam/eu--international/marine-spatial-planning.html
https://www.havochvatten.se/en/swam/eu--international/marine-spatial-planning.html
https://www.unece.org/environmental-policy/conventions/environmental-assessment/about-us/espoo-convention/enveiaeia/more.html
https://www.unece.org/environmental-policy/conventions/environmental-assessment/about-us/espoo-convention/enveiaeia/more.html
https://doi.org/10.1016/j.marpol.2018.09.006


MBCDH1 and MBCDH2 lack the CCD and the
M. brevicollis genome lacks a b-catenin ortholog.

Metazoan E-cadherins and flamingo cadherins
are bound by pathogenic bacteria which exploit
them as extracellular tethers during host cell in-
vasion (31–33). It is possible that choanoflagellate
cadherins fill an equivalent role in binding bacte-
rial prey for recognition or capture, functions con-
sistent with the enrichment of MBCDH1 and
MBCDH2 on the feeding collar (Fig. 2). If an-
cient cadherins bound bacteria in the unicellular
progenitor of choanoflagellates and metazoans,
cadherin-mediated cell adhesion in metazoans
may reflect the co-option of a class of proteins
whose earliest function was to interpret and re-
spond to cues from the extracellular milieu. In-
deed, the transition tomulticellularity likely rested
on the co-option of diverse transmembrane and
secreted proteins to new functions in intercellular
signaling and adhesion.
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The management and conservation of the world’s oceans require synthesis of spatial data on the
distribution and intensity of human activities and the overlap of their impacts on marine
ecosystems. We developed an ecosystem-specific, multiscale spatial model to synthesize 17 global
data sets of anthropogenic drivers of ecological change for 20 marine ecosystems. Our analysis
indicates that no area is unaffected by human influence and that a large fraction (41%) is strongly
affected by multiple drivers. However, large areas of relatively little human impact remain,
particularly near the poles. The analytical process and resulting maps provide flexible tools for
regional and global efforts to allocate conservation resources; to implement ecosystem-based
management; and to inform marine spatial planning, education, and basic research.

Humans depend on ocean ecosystems for
important and valuable goods and ser-
vices, but human use has also altered

the oceans through direct and indirect means
(1–5). Land-based activities affect the runoff of
pollutants and nutrients into coastal waters (6, 7)
and remove, alter, or destroy natural habitat.
Ocean-based activities extract resources, add
pollution, and change species composition (8).
These human activities vary in their intensity of
impact on the ecological condition of commu-
nities (9) and in their spatial distribution across
the seascape. Understanding and quantifying,
i.e., mapping, the spatial distribution of human
impacts is needed for the evaluation of trade-
offs (or compatibility) between human uses of
the oceans and protection of ecosystems and the

services they provide (1, 2, 10). Such mapping
will help improve and rationalize spatial man-
agement of human activities (11).

Determining the ecological impact of hu-
man activities on the oceans requires a method
for translating human activities into ecosystem-
specific impacts and spatial data for the activi-
ties and ecosystems. Past efforts to map human
impacts on terrestrial ecosystems (12), coral reefs
(13), and coastal regions (14–16) used either
coarse categorical or ad hoc methods to translate
human activities into impacts. We developed a
standardized, quantitative method, on the basis of
expert judgment, to estimate ecosystem-specific
differences in impact of 17 anthropogenic drivers
of ecological change (table S1) (9). The results
provided impact weights (table S2) used to

Fig. 2. Subcellular local-
ization of MBCDH1 and
MBCDH2 (A and F),
compared with polymer-
ized actin stained with
rhodamine-phalloidin (B
and G), or antibodies
against b-tubulin (C and
H). Cells were exposed
to antibodies against
MBCDH1 after (A to E)
or before (F to J) perme-
abilization. Overlay of
MBCDH1 and MBCDH2
(green), actin (red), and b-tubulin (blue) reveals colocalization of MBCDH1 and MBCDH2 with actin
(yellow) on the collar and at the basal pole (D and I). Differential interference contrast microscopy shows
cell morphology (E and J). Brackets, collar of microvilli; arrow, apical organelle; arrowhead, basal pole;
asterisk, cluster of autofluorescent bacterial detritus.
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combine multiple drivers into a single compara-
ble estimate of cumulative human impact on 20
ecosystem types (17). We focused on the current
estimated impact of humans on marine ecosys-

tems (within the last decade), as past impacts and
future scenarios of human impacts are less
tractable, though also important (17).

Predicted cumulative impact scores (IC)
were calculated for each 1 km2 cell of ocean

as follows: IC ! !
n

i!1
!
m

j!1
Di"Ej" m i; j whereDi is

the log-transformed and normalized value [scaled
between 0 and 1 (17)] of an anthropogenic driver
at location i, Ej is the presence or absence of
ecosystem j (either 1 or 0, respectively), and mi, j is
the impact weight for the anthropogenic driver
i and ecosystem j [range 0 to 4 (table S2)], given
n = 17 drivers and m = 20 ecosystems (fig. S1).
We modeled the distribution of several inter-
tidal and shallow coastal ecosystems lacking
global data (17). Weighting anthropogenic
drivers by their estimated ecological impact in
this way resulted in a different picture of ocean
condition compared with simply mapping the
footprints of human activities or drivers (fig.
S1). Summing across ecosystems allows cells
withmultiple ecosystems to have higher potential
scores than areas with fewer ecosystems; sensi-
tivity analyses showed that summing or averag-
ing across ecosystems within cells resulted in
similar global pictures of human impacts on
marine ecosystems (17). The global impact of a

particular driver (ID) is ID ! !
n

i!1
Di"Ej" m i; j and

of all drivers on a particular ecosystem type (IE)

is IE ! !
m

j!1
Di"Ej" m i; j. This method produced

IC scores ranging from 0.01 to 90.1. The IC
scores were significantly correlated with inde-
pendent estimates of ecological condition in 16
mixed-ecosystem regions containing coral reefs
(17, 18). The linear equation relating the two
scores [R2 = 0.63, P = 0.001 (fig. S5)] was then
used to divide IC scores into six categories of
human impact ranging from very low impact
(IC < 1.4) to very high impact (IC > 15.5) (17).

Predicted human impact on the oceans shows
strong spatial heterogeneity (Fig. 1) with a
roughly bimodal distribution of per-cell IC scores
(Fig. 2), but with every square kilometer affected
by some anthropogenic driver of ecological
change. Over a third (41%) of the world’s oceans
have medium high to very high IC scores [>8.5
(17)], with a small fraction (0.5%) but relatively
large area (~2.2 million km2) experiencing very
high impact (IC > 15.5). Most of the highest
predicted cumulative impact is in areas of con-
tinental shelf and slope, which are subject to both
land- and ocean-based anthropogenic drivers.
Large areas of high predicted impact occur in the
North andNorwegian seas, South and East China
seas, Eastern Caribbean, North American eastern
seaboard, Mediterranean, Persian Gulf, Bering
Sea, and the waters around Sri Lanka (Fig. 1).

1National Center for Ecological Analysis and Synthesis, 735
State Street, Santa Barbara, CA 93101, USA. 2Hawai’i Institute
of Marine Biology, Post Office Box 1346, Kane‘ohe, HI 96744,
USA. 3Hopkins Marine Station, Stanford University, Oceanview
Boulevard, Pacific Grove, CA 93950–3094, USA. 4Wildlife
Conservation Society, 2300 Southern Boulevard, Bronx, NY
10460, USA. 5Department of Marine Sciences, University of
North Carolina at Chapel Hill, Chapel Hill, NC 27599–3300,
USA. 6National Oceanographic Data Center, National Oceanic
and Atmospheric Administration (NOAA), 1315 East-West
Highway, Silver Spring, MD 20910, USA. 7Conservation Science
Program, World Wildlife Fund—United States, 1250 24th
Street NW, Washington, DC 20037, USA. 8Environmental
Defense, 5655 College Avenue, Suite 304, Oakland, CA, 94618,
USA. 9Ocean Conservancy, 1300 19th Street, NW,Washington,
DC 20006, USA. 10Bren School of Environmental Science and
Management, University of California, Santa Barbara, CA
93106, USA. 11Department of Ecology, Evolution, and Marine
Biology, University of California, Santa Barbara, CA 93106,
USA. 12Curriculum in Ecology, University of North Carolina at
Chapel Hill, Chapel Hill, NC 27599–3275, USA. 13Conservation
Strategies Division, the Nature Conservancy, 93 Centre Drive,
Newmarket, CB8 8AW, UK. 14School of Marine Sciences,
University of Maine, Darling Marine Center, Walpole, ME
04353, USA. 15Fisheries Center, 2202 Main Mall, University of
British Columbia, Vancouver, V6T 1Z4, Canada.

*These authors contributed equally to this work.
†Present address: School of Life Sciences, Arizona State
University, Tempe, AZ 85287–4501, USA.
‡To whom correspondence should be addressed. E-mail:
halpern@nceas.ucsb.edu, selkoe@nceas.ucsb.edu

Fig. 1. Global map (A)
of cumulative human
impact across 20 ocean
ecosystem types. (Insets)
Highly impacted regions
in the Eastern Caribbean
(B), the North Sea (C),
and the Japanese waters
(D) and one of the least
impacted regions, in
northern Australia and
the Torres Strait (E).
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Ecoregions, a classification of coastal (<200 m
depth) areas based on species composition and
biogeography (19), also showed variation in
scores indicating differential risks to unique
marine assemblages (table S3).

The majority of very low impact areas (3.7%
of the oceans) occurs in the high-latitude Arctic
and Antarctic poles (Fig. 1), in areas with sea-
sonal or permanent ice that limits human access.
However, our analyses did not account for illegal,
unregulated, and unreported (IUU) fishing,

which may be extensive in the Southern Ocean
(20), or atmospheric pollution, which may be
particularly high in the Arctic (21). Furthermore,
projections of future polar ice loss (22) suggest
that the impact on these regions will increase
substantially. In general, small human population
and coastal watershed size predict light human
impact (Fig. 1E) but do not ensure it, as shipping,
fishing, and climate change affect even remote
locations—e.g., impact scores are relatively high
in the international waters of the Patagonian

shelf. In some places, predicted impact scores
may be higher than anticipated because many
anthropogenic drivers are not readily observable.
Conversely, impact scores may seem unexpect-
edly low in other locations because a more
abundant but less-sensitive ecosystem (e.g., soft
sediment) surrounds a sensitive, but rare, eco-
system (e.g., coral reefs).

Ecosystems with the highest predicted cumu-
lative impact scores include hard and soft con-
tinental shelves and rocky reefs (Fig. 3). Coral
reefs, seagrass beds, mangroves, rocky reefs and
shelves, and seamounts have few to no areas
remaining anywhere in the world with IC < 1.5
(Fig. 3). Indeed, our data suggest that almost half
of all coral reefs experience medium high to very
high impact (13, 17, 23). Shallow soft-bottom
and pelagic deep-water ecosystems had the
lowest scores (>50% of these ecosystems have
IC < 1.1 and 1.2, respectively), partly because of
the lower vulnerability of these ecosystems to
most anthropogenic drivers (table S2). Overall,
these results highlight the greater cumulative im-
pact of human activities on coastal ecosystems.

Perhaps not surprisingly, anthropogenic driv-
ers associated with global climate change are
distributed widely (Fig. 4A) and are an important
component of global cumulative impact scores,
particularly for offshore ecosystems. Other driv-
ers, in particular commercial fishing, are also
globally widespread but have smaller cumulative
impacts because of their uneven distribution.
Land-based anthropogenic drivers have relatively
small spatial extents and predicted cumulative
impacts (Fig. 4A), but their cumulative impact
scores approach those of other more widespread
drivers within coastal areas where they occur
(Fig. 4B). The spatial distribution of land-based
impacts is highly heterogeneous but positively
spatially correlated. Therefore, management of
coastal waters must contend with multiple drivers
in concert. Coordination with regulating agencies
for urban and agricultural runoff is warranted,
although such efforts can be challenging when
watersheds cross jurisdictional boundaries.Where
anthropogenic drivers tend to be spatially distinct
(uncorrelated), as with commercial shipping
versus pelagic high-bycatch fishing, management
will require independent regulation and conser-
vation tools. Assessing positive and negative spa-
tial correlations among drivers can help anticipate
potential interactions (24) and provides guidance
in adjusting spatial management accordingly.

Our approach may be used to identify re-
gions where better management of human activ-
ities could achieve a higher return-on-investment,
e.g., by reducing or eliminating anthropogenic
drivers with high impact scores (fig. S2). It may
also be used to assess whether or how human
activities can be spatially managed to reduce their
negative impacts on ecosystems. For example,
fishing zones have been shifted to decrease im-
pacts on sensitive ecosystems (25), and naviga-
tion lanes have been rerouted to protect sensitive
areas of the ocean (26). Wide-ranging fish stocks

Fig. 2. Histogram of cumulative impact scores depicting the fraction of global area that falls within
each impact category. There are no zeros; histogram bars are in bins of 0.1. Categories described in
(17). (Insets) Expanded views of the tail of values.

Fig. 3. The distribution of
cumulative impact scores for each
ecosystem in our analyses (means
in parentheses). Individual eco-
system scores have a smaller
range of values than cumulative
impact scores (Fig. 2) because the
latter sum all ecosystem-specific
scores within a cell. Ground-
truthed estimates of coral reef
condition (17) were used to
identify IE values at which coral
reefs experience medium high to
very high impact, as indicated on
the coral reef histogram. Note
differences in y-axis scales.
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and those that occur primarily in international
waters present challenges in determining who
must take responsibility for management. If
ecosystem-specific weighting values (mi, j) are
excluded, we can also evaluate the distribution,
or footprint, of summed anthropogenic drivers of
ecosystem change. This global footprint of driv-
ers correlates with the distribution of cumulative
impact scores (R2 = 0.83), but ignores the
important small-scale spatial patterns that emerge
when accounting for ecosystem vulnerability
(fig. S1) (17).

Our results represent the current best esti-
mate of the spatial variation in anthropogenic
impacts. Although these estimates are conserva-
tive and incomplete for most of the ocean, they
potentially inflate human impacts on coastal
areas because we used an additive model (17).
Averaging impacts across ecosystems produced
highly correlated results, very similar to those
from the additive model (17), which suggests
such inflation is limited, if it exists. Furthermore,
the large extent of the ocean that our model
predicts to be negatively affected by human
activities will likely increase once additional
drivers, their historical effects, and possible

synergisms are incorporated into the model.
Key activities with significant impacts on marine
ecosystems but without global data include
recreational fishing (27), aquaculture (28, 29),
disease (30), coastal engineering (habitat altera-
tion), and point-source pollution (31). Most of
these activities primarily affect intertidal and
nearshore ecosystems rather than offshore eco-
systems, which suggests that our estimates for
nearshore areas are particularly conservative. In
addition, the spatial data for many anthropogenic
drivers were derived from valid but inexact
modeling approaches (17). Ecosystem data were
highly variable in quality, both within and among
ecosystem types, and in many cases, we may
have underestimated the full extent of these
ecosystems and, therefore, the cumulative impact
scores. Furthermore, many changes occurred in
the past with lasting negative effects, but the
drivers no longer occur at a particular location,
e.g., historical overfishing (4) or past coastal
habitat destruction (32). Although we used a
conservative, additive model, some drivers may
have synergistic effects (24). Despite these
limitations, this analysis provides a framework
and baseline that can be built upon with future

incorporation or refinement of data. It is note-
worthy that the data gaps emphasize the need for
research on the most basic information, such as
distribution of habitat types andwhether and how
different anthropogenic drivers interact.

Humans depend heavily on goods and ser-
vices from the oceans, and these needs will
likely increase with a growing human popula-
tion (10). Our approach provides a structured
framework for quantifying the ecological trade-
offs associated with different human uses of
marine ecosystems and for identifying locations
and strategies to minimize ecological impact
and maintain sustainable use. In some places,
such strategies can benefit both humans and
ecosystems, for example, using shellfish aqua-
culture both to provide food and to improve
water quality. Our analytical framework can
easily be applied to local- and regional-scale
planning where better data are available and can
be extended by incorporating other types of in-
formation, such as species distribution or diver-
sity data (33–35) to identify hot spots with
both high diversity and high cumulative hu-
man impacts that perhaps deserve conserva-
tion priority. A key next research step will be

Fig. 4. Total area affected (square kilometers, gray bars) and summed threat scores (rescaled units, black bars) for each anthropogenic driver (A)
globally and (B) for all coastal regions <200 m in depth. Values for each bar are reported in millions.
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to compile regional and global databases of
empirical measurements of ecosystem con-
dition to further validate the efficacy of our
approach.
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Effects of Predator Hunting Mode on
Grassland Ecosystem Function
Oswald J. Schmitz

The way predators control their prey populations is determined by the interplay between predator
hunting mode and prey antipredator behavior. It is uncertain, however, how the effects of such
interplay control ecosystem function. A 3-year experiment in grassland mesocosms revealed that
actively hunting spiders reduced plant species diversity and enhanced aboveground net primary
production and nitrogen mineralization rate, whereas sit-and-wait ambush spiders had opposite
effects. These effects arise from the different responses to the two different predators by their
grasshopper prey—the dominant herbivore species that controls plant species composition and
accordingly ecosystem functioning. Predator hunting mode is thus a key functional trait that can
help to explain variation in the nature of top-down control of ecosystems.

Species are most likely to have strong ef-
fects on ecosystems when they alter fac-
tors that regulate key ecosystem functions

such as production, decomposition, and nitrogen
mineralization (1). These effects can be direct,
as when selectively feeding herbivores alter
plant community composition and hence alter
the quality and quantity of plant material en-
tering the soil organic matter pool to be de-
composed and mineralized (1–6); or indirect, as
when predators alter the way in which herbi-
vores affect plant community composition (7–10).
The exact nature of a species’ effect will, however,
depend on traits that determine the way it

functions (1, 11). Explaining such trait dependen-
cy is an important hurdle to overcome in
developing predictive theories of species effects
on ecosystem function (1). This endeavor is
currently hampered by a limited understanding
of what kinds of species’ traits control function-
ing (11–15).

Here I report on a 3-year experiment quan-
tifying the effect of one important functional trait
of top predator species—their hunting mode—
on the nature of indirect effects emerging at the
ecosystem level (Fig. 1). Predators can propa-
gate indirect effects down trophic chains in at
least two ways (16). They can alter the numer-
ical abundance of herbivore prey by capturing
and consuming them. Alternatively, their mere
presence in a system can trigger herbivore prey
to modify foraging activity in a manner that
reduces predation risk. A general rule, derived

from empirical synthesis, is that these different
kinds of effect are related to predator hunting
mode, irrespective of taxonomic identity (17).
Sit-and-wait ambush predators cause largely
behavioral responses in their prey because prey
species respond strongly to persistent point-
source cues of predator presence. Widely roam-
ing, actively hunting predators may reduce prey
density, but they produce highly variable pre-
dation risk cues and are thus unlikely to cause
chronic behavioral responses in their prey.
These hunting mode–dependent herbivore re-
sponses should lead to different cascading ef-
fects on the composition and abundance of
plant species within ecosystems (9, 18) that
should further cascade to affect ecosystem func-
tion (10). Predator effects do indeed cascade to
influence ecosystem functions, and they vary
with predator species (10, 19–22). But the basis
for variation in predator species effects remains
unresolved.

This study was carried out in a grassland
ecosystem in northeastern Connecticut. The im-
portant plant species in this ecosystem (deter-
mined by their interaction strengths) may be
effectively represented within three functional
groups of plants: (i) the grass Poa pratensis,
(ii) the competitively dominant herb Solidago
rugosa, and (iii) a variety of other herb spe-
cies, including Trifolium repens, Potentilla
simplex, Rudbekia hirta, Crysanthemum leu-
canthemum, and Daucus carota. The important
animal species are the generalist grasshopper
herbivore Melanopuls femurrubrum and the
spider predators Pisaurina mira and Phidippus
rimator (23). Pisaurina mira is a sit-and-wait
predator in the upper canopy of the meadow.
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Abstract

Quantitative assessment of the spatial patterns of all human uses of the oceans
and their cumulative effects is needed for implementing ecosystem-based man-
agement, marine protected areas, and ocean zoning. Here, we apply methods
developed to map cumulative impacts globally to the California Current using
more comprehensive and higher-quality data for 25 human activities and 19
marine ecosystems. This analysis indicates where protection and threat mitiga-
tion are most needed in the California Current and reveals that coastal ecosys-
tems near high human population density and the continental shelves off Ore-
gon and Washington are the most heavily impacted, climate change is the top
threat, and impacts from multiple threats are ubiquitous. Remarkably, these
results were highly spatially correlated with the global results for this region
(R2 = 0.92), suggesting that the global model provides guidance to areas with-
out local data or resources to conduct similar regional-scale analyses.

Introduction
Recent calls for ecosystem-based management of the
oceans have emphasized the fundamental need to as-
sess and account for cumulative impacts of human ac-
tivities (POC 2003; USCOP 2004; McLeod et al. 2005;
Ruckelshaus et al. 2008). Management focused on
impacts of a single stressor is inefficient and often in-
effective because co-occurring human activities lead to
multiple simultaneous impacts on communities and in-
dividual species (Halpern et al. 2008b). This shift in focus
has gained particular traction on the West Coast of the
United States, where the Pew and U.S. Ocean Commis-
sions reports (POC 2003; USCOP 2004), three-state gov-
ernors’ agreement (WCGA 2006), and California Marine
Life Protection Act (MLPA; http://www.dfg.ca.gov/mlpa)
have all articulated the need to evaluate cumulative im-

pacts in management. Consequently, there is a pressing
need for high-resolution spatial information on cumula-
tive impacts to provide an assessment of the state of the
oceans within the California Current and help identify
priority areas and issues for ongoing conservation and
management.

A global map of the cumulative impact of human ac-
tivities on marine ecosystems showed the California Cur-
rent region to have many areas of high impact and few
refuges of low impact (Halpern et al. 2008c). However,
the reliability of the global results for local or regional
use is unclear (Halpern et al. 2008c). When higher-quality
data are available, updating the cumulative impact map
for a focal region should give more accurate results
that better inform regional management (Selkoe et al.

2008). Additionally, comparing a regional-scale analysis
to the global results can address how well the global data
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sets and analysis predict regional and local cumulative
impacts.

With this regional-scale focus, we address several ques-
tions for management action within the California Cur-
rent: (1) Which are the most and least impacted areas?
(2) What are the top threats to the region? (3) What is the
relative contribution to the cumulative impact of different
sets of drivers (e.g., land-based sources, climate change
stressors, and fishing), and how does this vary between
coastal and offshore areas? (4) Which ecosystems are
most and least impacted? (5) How do the regional- and
the global-scale results compare? The results also pro-
vide a comprehensive baseline of ocean condition against
which future assessments can be compared.

Methods

The analytical framework for calculating cumulative im-
pact scores (IC) is described elsewhere (Halpern et al.
2008c). Briefly, IC is calculated for each 1-km2 pixel
as IC = ∑n

i=1
1
m

∑m
j=1 Di × E j × μi, j , where Di is the log-

transformed and normalized value (scaled between 0 and
1) of intensity of an anthropogenic driver at location i, Ej

is the presence or absence of ecosystem j, μi,j is the impact
weight for anthropogenic driver i and ecosystem j, and
1/m produces an average impact score across ecosystems.
We calculated the average here rather than the sum, as
was done before (Halpern et al. 2008c; see Supporting In-
formation), although we also calculated the sum for com-
parison.

Impact weights (μi,j) were estimated using expert judg-
ment to quantify vulnerability of ecosystems to human
drivers of ecological change (Neslo et al. 2008; Teck et al.
in review; see Table S1). We found or created spatial data
sets for n = 25 drivers and m = 19 ecosystems (Table 1)
from a comprehensive list of 53 potential drivers and 20
ecosystems relevant to the California Current identified
by several regional experts. Cumulative impact to indi-
vidual ecosystems (IE) was calculated as IE = ∑n

i=1 Di ×
E j × μi, j , impact of individual drivers across all ecosystem
types (ID) was calculated as ID = ∑m

j=1 Di × E j × μi, j ,
and the footprint (unweighted by ecosystem vulnerabil-
ity) of a driver (FD) was calculated as FD = ∑n

i=1 Di . The
sources and methods used to develop each data layer
are detailed in the Supporting Information and briefly in
Table 1. All major ecosystems and nearly all major human
stresses to them are captured, including locations of pos-
itive “stresses” where extractive activities are prohibited
(marine reserves).

We evaluated percent contribution of each individual
driver and four categories of drivers (land, climate, fish-
ing, and other) to IC in each 1 km2. We calculated the

mean, variance, and maximum percent contribution val-
ues across all pixels for each driver. We correlated per-
pixel values (pairwise linear regressions) to assess how
well each component layer could predict overall spatial
patterns. We did not test sensitivity of results to im-
pact weights because previous Monte Carlo simulations
showed the global results to be insensitive to the weights
(Halpern et al. 2008c) and additional analyses have shown
them to be robust (Teck et al. in review).

We also correlated IC scores to results for the region
from the global-scale analysis (Halpern et al. 2008c). A
high correlation indicates that the relative magnitude of
human impact among locations in the region is simi-
lar despite very different data sources, resolution, and
quality.

Results

U.S. coastal and continental shelf areas had the high-
est impact scores, while coastal Baja California had some
of the lowest (Figure 1). The highest scores are concen-
trated around areas of large human populations, such
as Puget Sound and locations in Central and Southern
California, and areas of heavily polluted watersheds such
as Tijuana and southern Oregon. Offshore, IC generally
increased with latitude, peaking over Washington and
Oregon’s continental shelves. Spatial patterns of stres-
sor subsets vary, highlighting intraregional variation in
the relative importance of different stressors (Figure 1).
Climatic stressors have the highest impacts in northern
offshore waters. Impacts of land-based activities are con-
centrated not only in U.S. coastal waters but also in high-
latitude offshore waters because of atmospheric pollution
deposition. Fishing impacts are concentrated in coastal
waters, but in contrast with most other stressor cate-
gories, also affect offshore waters in California and Baja
California. Impacts from other commercial activities (e.g.,
shipping) are distributed throughout the region, except in
northern Baja California.

Increased sea surface temperature (SST), ultraviolet ra-
diation (UV), and atmospheric deposition best predict
cumulative impact patterns, as indicated by high cor-
relations with IC values (Table 2). Per-pixel scores are
mostly driven by these variables plus ocean acidifica-
tion (Table 2) because of the widespread presence of
these stressors (Figure 2). However, even stressors poorly
correlated with IC , such as organic pollution, increased
sediment input, invasive species, and recreational and
demersal destructive fishing, can contribute a relatively
large fraction to the per-pixel scores (“Max” column in
Table 2). Locally high impacts of these drivers contribute
to high cumulative scores in coastal areas.
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Table 1 Data details for anthropogenic drivers and ecosystems included in our analyses. Full descriptions, data sources (with expanded acronyms), and

additional details and full references for sources are provided in the Supporting Information

Anthropogenic

Code driver Brief description Source Native resolution

N Nutrient input

Fertilizer and manure input Fertilizer use for crops and confined

manure (dairy farms)

USGS 1 km2

Atmospheric deposition of

nitrogen

Wet deposition of ammonium and

nitrate

NADP Point, kriged to 1 km2

OP Organic pollution Pesticide use on agricultural land Halpern et al. (2008c) 1 km2

IP Inorganic pollution

Nonpoint source Impervious surface area (urban areas) NGDC 1 km2

Point source Factories, mines, and other point

sources

EPA Point, converted to 1 km2

CE Coastal engineering Linear extent data on consolidated

and riprap structures

ESI, Google 1 km2

DH Human trampling Modeled by beach attendance at each

access point

MLPA, OGEO, WADOE 1 km2

PP Coastal power plants Cooling water entrainment from

power plants

Platts 1 km2

SI Sediment increase Global warming caused increases in

sediment runoff

SRTM60plus, PRISM,

Syvitski et al. (2003)

1 km2

SD Sediment decrease Sediment captured by dams SRTM60plus, PRISM,

Syvitski et al. (2003)

1 km2

LP Noise/light pollution Satellite nighttime images of light

intensity

NGDC 1 km2

AD Atmospheric deposition of

pollutants

Wet deposition of sulfate NADP Point, kriged to 1 km2

La
nd

-b
as

ed

CS Commercial shipping Commercial shipping and ferry routes

and traffic

CalTrans, WADOT,

Halpern et al. (2008c)

1 km2

IS Invasive species Modeled as a function of ballast water

release in ports

Modified from

Halpern et al. (2008c)

Modeled to 1 km2

P Ocean-based pollution Pollution derived from commercial

ships and ports

CalTrans, WADOT,

Halpern et al. (2008c)

1 km2

MD Marine debris (trash) Coastline trash picked up by annual

beach clean-up

CCCPEP County level, modeled

to 1 km2

AQ Aquaculture Salmon and tuna fish pens Google 1 km2

RF Recreational fishing Number of recreational charter boat

and private skiff trips

CRFS, CPFV 1′ microblocks

PLB Pelagic low bycatch Total annual catch for all gear types in

this class

CalDFG, SAUP 1/2 degree and 10′ blocks

PHB Pelagic high bycatch Total annual catch for all gear types in

this class

CalDFG, SAUP 1/2 degree and 10′ blocks

DD Demersal destructive Total annual catch for all gear types in

this class

CalDFG, SAUP 1/2 degree and 10′ blocks

DNLB Demersal nondestructive low

bycatch

Total annual catch for all gear types in

this class

CalDFG, SAUP 1/2 degree and 10′ blocks

DNHB Demersal nondestructive high

bycatch

Total annual catch for all gear types in

this class

CalDFG, SAUP 1/2 degree and 10′ blocks

Fi
sh

in
g

OR Oil rigs Offshore oil platforms NGDC, MLPA 1 km2

SST SST Recent anomalously high sea

temperature

Halpern et al. (2008c) 21 km2

UV UV Recent anomalously high UV

irradiance

Halpern et al. (2008c) 1 degree

OC Ocean acidification Modeled patterns of change to ocean

acidity

Guinotte et al. (2003) 1 degreeC
lim

at
e

Continued
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Table 1 Continued.

Ecosystem Brief description Source Native resolution

Beach Sandy shoreline ESI, TNC, Google 1 km2

Rocky intertidal Hard-substrate shoreline ESI, TNC, Google 1 km2

Mud flats Tidal flats with mud and sand substrate ESI, TNC, Google 1 km2

Salt marsh Vegetated tidal flats ESI, TNC, Google 1 km2In
te

rt
id

al

Suspension-feeding reefs Oyster reefs Polson et al. (2009) 1 km2

Seagrass Shallow, subtidal vegetated substrate PSMFC 1 km2

Kelp forest Canopy-forming kelp forests CDFG, TNC, Broitman & Kinlan (2009) 1 km2

Rocky reef Hard substrate <30 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Shallow soft-bottom Soft sediment <30 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Hard shelf Hard substrate 30–200 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Soft shelf Soft sediment 30–200 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Hard slope Hard substrate 200–2,000 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Soft slope Soft sediment 200–2,000 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Hard deep benthic Hard substrate >2,000 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Soft deep benthic Soft sediment >2,000 m depth MLPA, TNC, Halpern et al. (2008c) 1 km2

Canyons Hard and soft substrate canyons across all depths PSMFC 1 km2

Seamounts Peaks with >1,000 m rise and circular or elliptical Halpern et al. (2008c) 1 km2

Surface pelagic All surface waters over areas >30 m depth SRTM30 DEM data 1 km2

Deep pelagic All waters >200 m depth SRTM30 DEM data 1 km2

Su
b

tid
al

Figure 1 Cumulative impact map of 25 different human activities on 19

different marine ecosystems within the California Current with close-up

views of three regions (Washington State, central California, and central

Baja California), and impact partitioned into four sets of human activities

of particular interest: climate change (n = 3 layers), land-based sources of

stress (n = 9 layers), all types of fishing (n = 6 layers), and other ocean-

based commercial activities (n = 7 layers). Puget Sound is the reticulated

bay in Washington, San Francisco Bay is the large bay in Central California,

and Tijuana is at the Mexican border with California.
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Table 2 The influence of each driver layer and subsets of layers on

cumulative impact maps. Spatial correlations (R2) indicate how well each

layer predicts overall patterns, while the values for “per-pixel fraction of

the total” indicate the relative contribution of each layer to IC on a per-pixel

basis. Drivers ordered by R2 values.

Per-pixel fraction of total

Layer R2 Average SD Max

Atmospheric deposition 0.68 0.0826 0.0257 0.2472

SST 0.66 0.0949 0.0989 0.3462

UV 0.62 0.1662 0.0419 0.3579

Ocean-based pollution 0.47 0.0112 0.0103 0.1267

Nutrient input 0.37 0.0015 0.0072 0.1263

Inorganic pollution 0.30 0.0008 0.0061 0.1301

Organic pollution 0.28 0.0021 0.0148 0.3349

Noise/light pollution 0.27 0.0004 0.0037 0.1466

Recreational fishing 0.27 0.0050 0.0182 0.3593

Invasive species 0.26 0.0031 0.0227 0.3352

Commercial shipping 0.25 0.0356 0.1279 0.1279

Ocean acidification 0.24 0.5313 0.0928 0.9941

Sediment decrease 0.24 0.0009 0.0083 0.1771

Demersal destructive 0.24 0.0097 0.0187 0.2805

Coastal engineering 0.20 0.0001 0.0035 0.2518

Demersal nondestructive 0.16 0.0046 0.0094 0.0938

high bycatch

Sediment increase 0.16 0.0026 0.0193 0.3296

Marine debris (trash) 0.15 0.0001 0.0029 0.2258

Human trampling 0.13 0.0001 0.0022 0.1629

Demersal nondestructive 0.07 0.0105 0.0192 0.1697

low bycatch

Pelagic high bycatch 0.06 0.0137 0.0394 0.2384

Coastal power plants 0.05 0.0000 0.0007 0.1273

Oil rigs 0.01 0.0000 0.0028 0.2230

Aquaculture 0.01 0.0000 0.0000 0.0202

Pelagic low bycatch −0.09 0.0215 0.0261 0.1187

Climate 0.74 0.7933 0.0932 0.9941

Land-based 0.62 0.0902 0.0479 0.6977

Other 0.44 0.0496 0.0337 0.4825

Fishing 0.18 0.0654 0.0648 0.4503

IC values are partly driven by ecosystem-specific im-
pact weights; when weights are removed (i.e., footprints
are mapped), all fishing types, commercial shipping, and
ocean-based pollution emerge as key stressors (Figure 2).
These results highlight how the distribution and magni-
tude of activities and relative vulnerabilities of affected
ecosystems all contribute to cumulative impact patterns,
which cannot be anticipated from independent compo-
nents. No single pixel in the study region experiences
fewer than five stressors, nearly all experience more
than 10 (Figure 2, counts; mean = 10.1 ± 1.6 SE), and
coastal areas experience up to 15–20 coexisting stressors
(mean = 13.2 ± 3.1 SE, max = 23).

Marine ecosystems vary greatly in relative anthro-
pogenic impacts (Figure 3). Intertidal ecosystems (salt

marsh, mudflats, rocky intertidal, and beach) and
nearshore ecosystems (rocky reefs, kelp forests, oys-
ter reefs, and seagrass beds) are most impacted, with
the highest average per-pixel IC and most pixels with
scores greater than 8.0 (Figure 3). Continental shelf and
pelagic ecosystems also have relatively high average IC .
Least impacted ecosystems are shallow soft-bottoms and
seamounts (Figure 3).

Spatial correlation between the regional and the global
cumulative sum model results was remarkably high (R2 =
0.92), despite only four full (and several partial) stressor
data sets and one ecosystem map being shared between
the models. Correlation was also high in coastal (<200 m)
areas (R2 = 0.76) where differences between data sets
are greatest. Given this high correlation, we regressed the
global cumulative impact (sum) model with the cumula-
tive impact (average) model presented here and used the
equation (ScoreGlobal = 2.217 × (ScoreRegional) – 3.683) to
translate global ocean condition category values into new
values for the California Current that we used to color
code pixels as nearly pristine (blue) to highly impacted
(red; Figure 4).

Discussion

Quantifying ecosystem vulnerability is fundamental to
understanding how oceans are affected by human ac-
tivities (Halpern et al. 2007; Teck et al. in review). The
distribution and relative vulnerability of marine ecosys-
tems play a major role in producing observed spatial vari-
ation in cumulative impact. For instance, in both the
global-scale and the present analysis, the relatively low
vulnerability of soft-bottom ecosystems creates low im-
pact in most places it is found, even where affected by
multiple overlapping drivers (Figure 1) (Halpern et al.

2007, 2008c), but this blue band disappears in threat
footprint maps unweighted by ecosystem vulnerabilities
(Figure 2). Where cumulative impact scores are high over
soft-bottom ecosystems, as in San Francisco Bay, the ex-
tremely high number and severity of drivers influence the
scores. In contrast, other intertidal and continental (soft
and hard) shelf ecosystems are some of the most vulner-
able, producing bands of red (heavy impact) where these
ecosystems exist (Figure 1).

The quality of ecosystem data is therefore important for
evaluating the accuracy of these maps. Many ecosystem
layers have been extensively vetted, but several highly
vulnerable ecosystems have poorer data quality. Rocky
reefs (especially smaller patches) are not well mapped
along most of the coast (notable exceptions, Monterey
Bay and the Channel Islands, California). These patches
exist within the blue band of low impact described above,
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Figure 2 Cumulative impact scores (weighted values), footprint (unweighted values), and pixel count (presence/absence values) for each of the 25

human drivers used in our analyses. Inset maps show the summed output of the 25 layers; bar graphs show total values for each driver. Human stressors

are abbreviated using labels from Table 1.
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Figure 3 Histograms of per-pixel IC calculated independently for each ecosystem. Mean scores for each ecosystem are provided in parentheses under

the ecosystem name. Note the large differences in y-axes among ecosystem types.

warranting caution when assessing allowable levels of ac-
tivities if local rocky reef data are of poor quality. The
spatially modeled data used for deep hard-bottom ecosys-
tems (Halpern et al. 2008c) likely underestimate the dis-

Figure 4 Maps of ocean condition for the California Current region based

on (A) global results using ocean condition categories derived in (Halpern

et al. 2008c) and (B) results from the analyses here binned into ocean

condition categories based on the regression of the two models. Inset

panels show a zoom-in view of the same region from the (C) global and

(D) California Current model. Colors are designated uniquely for each map

based on the impact scores indicated on the adjacent side of the color

bar.

tribution of this ecosystem, so deep-water activities (such
as bottom trawling) may have a larger impact than that
estimated here. Suspension-feeding (oyster) reefs are also
incompletely mapped. Finally, intertidal and nearshore

144 Conservation Letters 2 (2009) 138–148 Copyright and Photocopying: c©2009 Wiley Periodicals, Inc.



B. S. Halpern et al. Mapping human impacts to California Current ecosystems

ecosystems are often patchy at scales smaller than 1 km2,
yet such data rarely exist, so we assigned these ecosys-
tems as present or absent at a 1-km2 scale. These ecosys-
tems are some of the most vulnerable, so cumulative
impact scores for some shoreline pixels may be slightly
overestimated.

Not surprisingly, climate change drivers (SST, UV, and
ocean acidification) exhibit the greatest impacts across
the region (Figure 2) because of their widespread dis-
tribution and high vulnerability of many ecosystems to
these stressors. Indeed, cumulative impact scores were
highly correlated with individual climate drivers as well
as with their sum, and these drivers contributed signif-
icantly to the values within each pixel (Table 2). How-
ever, these data may not accurately predict actual impacts
of these stressors. Ocean acidification data were derived
from a model that performs poorly for shallow coastal ar-
eas (Guinotte et al. 2003). Data on patterns of increased
UV and SST came from remote satellite sensors that only
capture ocean surface values. In addition, climate oscilla-
tions in the California Current region (Chavez et al. 2003)
make it difficult to isolate the role of anthropogenic fac-
tors in climate change here. For these reasons, we also ran
the model with climate layers removed. We found similar
overall patterns in relative cumulative impact, but fishing
and land-based stressors played a larger role in driving re-
gional patterns and per-pixel values (Figure S2). Impacts
from fishing peak not only in coastal areas from demersal
fisheries but also offshore of northern and central Califor-
nia and southern Baja California where pelagic fisheries
are intense.

Intertidal and nearshore ecosystems are most heavily
impacted because of exposure to stressors from both land-
and ocean-based human activities. Two of the top three
most impacted ecosystems are mudflats and oyster reefs,
which rarely receive management or conservation atten-
tion (Lenihan & Peterson 1998). Historic overharvesting
of oysters and subsequent disease outbreaks that accom-
panied introduction of non-native species and expansion
of invasive cordgrass, Spartina alterniflora, into mudflats
have been identified as key threats to these ecosystems
(Callaway & Josselyn 1992; Ruesink et al. 2005), neither
of which were addressed well in our analyses, suggest-
ing these ecosystems are likely even more impacted than
shown here.

Observed low cumulative impacts to seamounts are,
at first, puzzling. Yet, expert assessment revealed that
seamounts are likely vulnerable to very few human ac-
tivities (Teck et al. in review), although vulnerability to
these few stressors (in particular, trawling and ocean
acidification) is high. The small number of stressors with
high impacts and limited overlap of these activities with
seamounts in the region result in low cumulative impacts.

Replicating the framework from the global analysis
(Halpern et al. 2008c) allowed a test of the usefulness of
the global model at regional scales. Spatial correlation be-
tween the global model output for this same region and
the results here was remarkably high (R2 = 0.92), even
when focused only on coastal areas (<200 m) where the
number, quality, and sources of data are most different
between the two analyses (R2 = 0.76; Figure 4). This
result suggests that the data-poorer global model can
provide guidance on ocean condition for regional-scale
management elsewhere in the world and is perhaps not
surprising, as key groups of human stressors (land-based,
climate, and fishing) tend to have similar spatial patterns
across scales (e.g., land-based stressors are always great-
est in nearshore waters). The global model is most reli-
able for regions where (1) the global ecosystem data are
accurate and (2) the 17 global driver data sets represent
well the top threats. A regional replication of the cumula-
tive impact model for the Northwestern Hawaiian Islands
produced lower correlation between the global and the
regional models because of inaccuracies in global ecosys-
tem data for this region (Selkoe et al. 2009). Once ecosys-
tem data were updated, the correlation greatly improved,
suggesting that adjustments and/or additions to the global
model may be sufficient in many regions as an alternative
to full replication (Selkoe et al. 2009).

For the global analysis, we groundtruthed cumulative
impact scores with in situ measurements of ocean condi-
tion relative to a pristine baseline. Unfortunately, appro-
priate groundtruthing data do not exist for the California
Current region. While ecotoxicology studies of shallow
soft-bottom infaunal community composition or fish and
water quality data (e.g., EPA 2005) are not uncommon,
they are insufficient to groundtruth condition (relative to
historic status) because they focus on a subset of stressors
(pollution) in a single ecosystem. While the strong corre-
lation between the global and the regional results can be
used to extrapolate ocean condition cutoff values for this
analysis (Figure 4), they require further testing.

Data do not exist for the full suite of 53+ potential
stressors to the California Current system (Teck et al.
in review), precluding a complete picture of cumula-
tive impacts here. However, many missing stressors likely
have minimal impacts at the regional scale, as most
ecosystems have low impact weights for these stressors
(e.g., scuba diving, kayaking, and scientific research; Teck
et al. in review). However, missing stressors such as al-
tered freshwater input, hypoxic zones, sea level rise, and
disease likely have significant impacts on particular sys-
tems (e.g., salt marshes and seagrass beds) or locations
(e.g., hypoxia in Oregon; Chan et al. 2008).

Our maps do not capture dynamic processes such as
annual variation in vegetated ecosystems (e.g., kelp),
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dispersal and migration, or oceanographic currents,
which may change a stressor’s distribution and/or spread
its impacts among locations. In some cases, the absence
of dynamic processes may not affect the overall picture
that emerges (Selkoe et al. 2008); in others, it may be
fundamentally important (Halpern et al. 2008a). For ex-
ample, high levels of land-based stressors caused large
patches of high impact in Monterey Bay, yet known up-
welling likely disperses and dilutes most input, thus re-
ducing impacts (e.g., Chase et al. 2005). Incorporating
dynamic realism to the model would greatly improve
it.

Finally, our analyses capture the current status of
the oceans without considering historical impacts, such
as habitat loss and historical overfishing, or potential
(near-term) future impacts, particularly from climate
change and coastal development. An assessment of po-
tential future impacts is critical for management plan-
ning efforts, but their absence should not affect our
results. However, historical depletion of key species
(e.g., sea otters, abalone, giant seabass, and some
rockfish) and past coastal development that converted
coastal habitat (e.g., estuaries) are unaccounted for in
our maps. Consequently, cumulative impact is under-
estimated where these ecosystems and activities once
existed.

Policy implications and policy limitations

The cumulative impact map and component ecosystem,
stressor, and ecosystem vulnerability data sets can each
be useful to management and conservation objectives
and policy initiatives. Many data sets were developed
for the first time in this study and are now freely avail-
able for management efforts aimed at addressing spe-
cific issues (http://www.nceas.ucsb.edu/GlobalMarine).
For example, land-based pollution intensity and distri-
bution data can be used in local- and regional-scale
water quality management. In addition, the cumulative
impact maps provide concrete guidance on where con-
servation action may be most critical (e.g., last remain-
ing low-impact areas), where mitigation of key stressors is
most needed, and where various activities are compatible.
Our approach to assessing cumulative impacts allows one
to decompose impact scores into component values for
each ecosystem or stressor to assess the drivers of a par-
ticular score, and this in turn provides clear direction to
management and conservation efforts on the most press-
ing needs. An interactive mapping website associated
with this project can assist in this sort of usage (http://
globalmarine.nceas.ucsb.edu/california current.html).

Policy and management can be local to global in scale,
and the scale of data used to guide those decisions should

ideally match the scale of decisions. Our results are
ideal for regional-scale (state and federal) decisions. For
example, given the increased interest in ecosystem-based
management and marine spatial planning within the Cal-
ifornia Current (Sivas & Caldwell 2008), these results
provide key information for ranking management priori-
ties and for the development of spatially explicit manage-
ment plans such as comprehensive ocean zoning. Sim-
ilarly, the West Coast Governors’ Agreement on Ocean
Health commits the states to implement ecosystem-based
management (http://westcoastoceans.gov/), which will
require consideration of cumulative impacts and may be
informed by these results and maps. Data layers from
our analyses can also be fed into optimization algorithms,
such as MARXAN (Ball & Possingham 2000; Possingham
et al. 2000), to identify efficient strategies for preserving
and improving ocean health.

Our results may also be appropriate for some local-scale
decisions, but could be made more useful by incorporat-
ing better high-resolution local data where they exist, as
is being done for the MLPA Initiative in California be-
cause of known inaccuracies in the commercial fishing
data (see Supporting Information). Ideally, such efforts
would also gather higher-resolution data for all types of
human activities so that marine protected area (MPA)
planning could accurately consider fishing in the context
of cumulative impacts.

Our results serve as a baseline against which to com-
pare future ocean condition as well as a platform for
forecasting future impacts and predicting costs and bene-
fits of different management scenarios. As new data and
ocean uses emerge, analyses can be repeated to assess
how ocean health has changed. The framework can easily
incorporate new data so that cumulative impact assess-
ments can be updated quickly to evaluate and appropri-
ately permit various uses of the ocean. For instance, our
framework could assist siting of wave energy facilities by
finding where they will have the least impact on overall
ocean health while still meeting design needs.

We have presented a number of ways in which the re-
sults could inform several prominent ongoing and pend-
ing management activities within the California Cur-
rent by showing where the most and least impacted
areas are, which stressors are having the greatest im-
pacts, and which ecosystems are most heavily impacted.
These results do not prescribe particular actions, but in-
stead provide information that can help improve the
rationality, effectiveness, and efficiency of management
decision making. The ubiquity of overlapping stressors
shows that human impacts within the California Cur-
rent go beyond any single sector, issue, or vulnera-
ble species, and that addressing cumulative impacts is
essential.
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T
he ocean is crowded with human uses1. As human
populations continue to grow and migrate to the coasts,
demand for ocean space and resources is expanding,

increasing the individual and cumulative pressures from a range
of human activities. Marine species and habitats have long
experienced detrimental impacts from human stressors2,3, and
these stressors are generally increasing globally4. However, the
spatial patterns of these stressors are varied and the amount of
recent change is largely unknown. In many places, we know little
about which stressors are having the biggest impact on ecosystem
condition, their cumulative effect or how the composition of
pressures is changing over time.

Quantifying and mapping local- and global-scale stressors in a
standardized, comparable manner offers a powerful means to
assess both the spatial pattern and temporal change of individual
human pressures, as well as their total impact on natural systems
across highly variable geographies2. Quantitative methods to map
cumulative human impacts were recently developed and initially
applied to marine ecosystems globally2. To date, these methods
have been applied to marine and freshwater regions around the
world to assess spatial patterns of cumulative impact2,5–9, and to
explore how cumulative impacts affect or relate to other
ecological processes or conservation needs (for example, refs
10,11). These efforts have helped identify which areas and
ecosystem types are relatively pristine or heavily impacted, where
hotspots of biodiversity and impacts overlap, and which stressors

dominate human impact12–14, in turn informing biodiversity
conservation, threat mitigation and spatial planning decision
processes (for example, ref. 15). Missing from these studies is an
assessment of the location and intensity of change in cumulative
impacts over time. Such temporal assessments would illuminate
where and to what degree stressors are increasing or decreasing in
intensity and impact, thus providing a means to assess
management efficacy and adaptively respond to change. They
can also support proactive management by informing our
expectation of future states by tracking current trajectories.

Here we calculate and map the cumulative impact of 19
different types of anthropogenic stress on 20 global marine
ecosystem types using best available global-scale data as of 2013
(Supplementary Tables 1–2). For 12 of these anthropogenic
stressors, we used equivalent methods and data sources in the
current and previous (5 years before) time periods, allowing
assessment of the 5-year change in their individual and
cumulative impacts (see Supplementary Methods). To help
identify regions with different management and conservation
needs, we identify areas experiencing the greatest and least
cumulative impact and highest or lowest amount of change.

Results
Change in cumulative impact. Nearly 66% of the ocean experi-
enced increases in cumulative impact over the 5-year study span

Permanent ice cover Seasonal ice cover
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Figure 1 | Change in cumulative human impact to marine ecosystems. (a) Absolute difference between current (as of 2013) and earlier (as of 2008) per-

pixel cumulative impact scores based on 12 anthropogenic stressors that could be compared across time (max cumulative impact score for both

periods¼ 11.1). Positive scores represent an increase in cumulative impact. (b) Extreme combinations of cumulative impact and impact trend include areas

with combinations of the highest (top quartile) and lowest (bottom quartile) impact and increasing (top quartile) and decreasing (bottom quartile) impact.

In both panels, areas of permanent sea ice are shaded white and the area within maximum sea ice extent is shaded to indicate where scores are less certain

because change in sea ice extent could not be included (see Supplementary Methods).
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(Fig. 1a, Supplementary Fig. 1). Increases tended to be located in
tropical, subtropical and coastal regions, with average increases in
77% of all exclusive economic zones (EEZs; Supplementary Data
1–2). In contrast, only 13% of the ocean experienced decreases
over the study span (Supplementary Data 3), with these areas
concentrated in the Northeast and Central Pacific and Eastern
Atlantic (Fig. 1a). The Southern Ocean showed a patchy mix of
increases and decreases. The largest average increases were in
French territorial holdings in the Indian Ocean, Tanzania and the
Seychelles. The greatest average decreases were within the EEZs of
several remote South Pacific islands, the Alaskan coast and several
European countries (Slovenia, Albania, Denmark and the
Netherlands; Fig. 1a and 2, Supplementary Fig. 2; Supplementary
Data 2 and 4). Change in cumulative impact was uncorrelated
with current cumulative impact (Supplementary Table 3). Over-
all, countries with greater increases in coastal population had
larger 5-year changes in cumulative impacts. Absolute coastal
population size was unrelated to change in cumulative impact.
Nevertheless, many places that are largely uninhabited or have
relatively low population densities still experienced large increases
in impacts (Fig. 2), suggesting that population size may not
always drive decreases in ecological condition.

Globally, increases in climate change stressors (sea surface
temperature anomalies, ocean acidification and ultraviolet
radiation) drove most of the increase in cumulative impact
(Fig. 3a, Supplementary Fig. 3; Supplementary Table 4),
confirming the need to address climate change to maintain and
sustain marine ecosystems globally. Commercial fishing impacts
increased in o10% of the ocean for any type of commercial
fishing, and on average in only 40 (17%) of 239 EEZs (Fig. 3c,d,

Supplementary Fig. 3). In fact, impacts from four of the five types
of commercial fishing decreased in 70–80% of the ocean,
consistent with results suggesting global catch has stabilized or
is declining in most parts of the ocean16 and that well-managed
fisheries are achieving sustainable yields17. However, we used
fisheries catch as a measure of impact on ecosystems, which does
not account for potential longer-lasting impacts of overfishing.
We also had to assume that the proportion of catch per gear type
remained constant within each EEZ, and so we may
underestimate the impact of fishing. In addition, legacy effects
of overfishing would not be captured by this analysis, and are
likely greatest with habitat-modifying gear and long-lived species
that primarily occur along continental shelves and pelagic waters,
respectively. Such legacy effects may also be pronounced for
invasive species, where current shipping intensity (and associated
ballast water release and hull fouling) does not reflect past
exposure and establishment of invasive species. Land-based
stressors all increased globally (Fig. 3b, Supplementary Fig. 3;
Supplementary Table 4), but these increases were concentrated in
coastal areas of only 27–52% of all EEZs (depending on type of
stressor; Supplementary Data 1).

Current cumulative impact. This updated assessment of cumu-
lative impact confirms previous findings2 that no part of the global
ocean is without human influence. Nearly the entire ocean (97.7%)
is affected by multiple stressors. Several ‘hotspots’ of cumulative
impact exist where nearly all stressors overlap, most notably in the
North Sea and South and East China Seas (Fig. 4, Supplementary
Fig. 4). The many stressors associated with climate change
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(anomalously high sea surface temperatures, ocean acidification
and increasing ultraviolet radiation) dominate humanity’s footprint
on the open ocean, but commercial fishing and shipping also cover
large areas of the oceans and contribute significantly to overall
impact (Supplementary Figs 5–7; Supplementary Data 5 and 6). In
nearshore coastal waters, stressor combinations are more complex
and varied (Supplementary Figs 4 and 8; Supplementary Data 7
and 8). National waters currently experiencing highest estimated
impacts include those off Singapore, Jordan, Slovenia and Bosnia
(Supplementary Fig. 5), while the most impacted coastal
ecoregions18 include the Faroe Islands, Eastern Caribbean, Cape
Verde and Azore islands (Supplementary Data 1 and 3). Least
impacted geographic areas are primarily in the poles, but also
include relatively large areas in the central Pacific like the waters
surrounding Jarvis Island and Palmyra Atoll (USA) and the
Line Group of Kiribati, as well as temperate ecoregions around
Argentina and the northeast Pacific (Fig. 4; Supplementary Data 1
and 3).

Discussion
These patterns of change in pressures over time offer guidance on
where mitigation efforts are most needed (that is, where
cumulative impacts are strongly increasing) and where past
management actions may be paying dividends (impacts are high
but strongly decreasing; Fig. 1a). Furthermore, overlaying the
current (best available data as of 2013) cumulative impact map
with 5-year changes in cumulative impact (Fig. 1b) reveals two
scenarios of particular importance to management: areas of high
and increasing impact, and areas of low and decreasing impact.
The former scenario (5% of the ocean) merits immediate
management action, focusing on pressure mitigation; the latter
scenario (10% of the ocean) may be a lower priority, although
controlling or decreasing pressures on already low impact areas
could be strategic (Fig. 1b; Supplementary Table 5). Several areas
of very high impact (North Sea, Mediterranean Sea and East
China Sea; Fig. 4) experienced decreases in cumulative impact,
while many offshore regions in the subtropical Atlantic and
Indian Oceans that previously had relatively low impact scores
saw large increases (Fig. 1b).

Decreases in individual stressors were generally relatively small
on average and limited in area, but occurred for each stressor type
and included areas of notable decrease (Supplementary Fig. 3).
For example, demersal destructive (for example, trawl) fishing
decreased significantly in many European countries, pelagic high
bycatch (for example, longline) fishing decreased in several parts
of the Middle East, sea surface temperature anomalies decreased
in the Line Islands in the Pacific and around Alaska, USA and
nutrient input decreased in the Adriatic Sea. Because of legacy
effects of overfishing, decreases in catch may not translate into
improved ecosystem condition or sustainable yields. Few stressors
expanded their global footprint (Supplementary Table 4),
primarily because their extent was already nearly global2. In
short, even where some stressors show signs of decreasing,
cumulative impact across all stressors is generally increasing,
especially in coastal areas where human uses of the ocean are
the greatest.

Our results do not account for potential losses in habitat which
would likely occur with high intensity of multiple overlapping
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stressors, especially within intertidal and nearshore habitats.
Habitat extent is poorly known for most marine habitats, and
change in extent essentially unknown for all; our analyses used
the same habitat extent for all habitats for both time periods.
While change in sea ice extent is well mapped via satellites, we did
not include sea ice as a habitat because it is naturally highly
variable, or as a stressor because its impact on ecosystems
remains poorly understood19 (see Supplementary Methods); we
represent this uncertainty as shaded areas on mapped results of
cumulative human impact. Trends in sea ice extent over the 5
years of our analyses varied spatially but many locations had
already lost significant amounts of ice; where significant loss
occurred during the time period of our analyses, our estimates of
cumulative impact (and climate stressor impact in particular)
would be significantly underestimated.

Cumulative impact assessment currently relies on assumptions
of linear and additive responses of natural systems to stressors20.
However, marine ecosystems may exhibit threshold responses to
intense and cumulative stress21, creating nonlinear relationships of
cumulative impact to ecological condition. Recent syntheses show
that nonlinear responses of ecosystems to increases in
single stressors are common but difficult to predict22. Emerging
evidence also suggests that stressor interactions are more
commonly synergistic and mitigative than additive23. Currently,
insufficient information exists to allow incorporation of these
relationships into the cumulative impact assessment, but once
available they can be accommodated. Furthermore, several known
stressors to marine systems could not be included because of
insufficient global data, including offshore energy infrastructure
(for example, wind farms, submerged pipes and cables, deep
sea mining, marine debris). Nevertheless, cumulative impact
assessments remain one of the few comprehensive quantitative
tools to measure how humans are affecting natural systems, and
how actions targeting specific stressors may be expected to
improve or exacerbate overall impacts. Because the approach
allows direct comparisons, it is possible to measure change
through time, allowing for a detailed view of where individual and
cumulative human impacts are increasing or decreasing and which
stressors are most important for driving those changes. This
analysis of change over 5 years cannot fully account for natural
longer term climate variations (such as decadal oscillations), but it
provides a strong indication of direction (and location) of human-
caused change. This assessment is thus constructive both to set
management priorities and assess effectiveness of past actions, and
is particularly useful for marine spatial planning and ecosystem-
based management that must address the cumulative impact of
multiple human uses of the ocean24,25.

Empirically, measuring overall condition of natural systems
remains difficult and resource intensive. Few, if any, approaches
exist that allow direct comparison of condition globally and
across scales. Our assessment of cumulative impact, although a
prediction rather than measurement of condition, is highly
valuable because of its global, scalable and quantitative compar-
ability. Furthermore, previous global assessments2 and a regional
comparison of cumulative impact scores and ecosystem condition
in the Baltic Sea26 suggest modelled impact scores describe actual
condition reasonably well. Our approach also moves beyond
assessing change in intensity of stressors (that is, ‘ecological
footprints’) by accounting for vulnerability or resilience of
ecosystems to different stressor types27. In other words, our
approach accounts for the reality that increases in stressor
intensity may not lead to changes in ecosystem condition, while
in other cases (that is, more sensitive ecosystems) small increases
in intensity could cause large changes in condition.

Our results offer guidance for most management and
conservation strategies, both proactive and reactive. For example,

results can support prioritization of regions or stressors of
concern globally (for example, as is done by the Global
Environment Facility branch of the World Bank) and nationally
(for example, through US’s National Ocean Policy), track
progress towards meeting management and policy objectives
(for example, as mandated by the European Union’s Marine
Strategy Framework Directive) and potentially even set targets for
total acceptable cumulative human impact on ecosystems in
support of broader ecosystem-based management goals. If the
ocean is going to continue to support and sustain human values
and needs, addressing and mitigating cumulative impacts must
become standard. Our finding that the majority of global waters
are currently experiencing large and increasing cumulative impact
of human activities brings urgency to addressing this need.

Methods
General model. Calculation of cumulative impacts followed and built on the
approach developed previously2,6. Cumulative impact (IC) is the per-pixel average
of the habitat vulnerability-weighted stressor intensities (see Supplementary
Table 1 for list of stressors and habitats), where weights (mi,j) are determined by the
vulnerability of each i... m habitat (E) to each j... n stressor (D), such that:

IC ¼
Xn

j¼1

1
m

Xm

i¼1

Di�Ej�mi;j ð1Þ

In the previous global analyses2, the sum of weighted intensities was used to
account for the three-dimensionality of the ocean; here we calculate the average
(following ref. 6) to produce a single two-dimensional map. The previous approach
(and results) was not used for temporal comparisons (see ‘temporal comparisons’
below). We used ecosystem vulnerability weights (mi,j) developed previously27 for
all stressor–habitat combinations, including new ones added here, as all stressor–
habitat combinations were assessed in that study.

Habitat and stressor data. For nearshore areas, we assumed benthic habitats are
well-mixed with the water column above and so treat them as a single depth layer,
as done elsewhere6. At depths 460m, we treat the surface waters as a separate
pelagic habitat, and at depths 4200m we assume three distinct depth layers
(benthic, deep pelagic and surface pelagic). For offshore waters (460-m depth),
fully overlapping habitats from benthic and pelagic systems lead to imperfect
representations of three-dimensional impact in a two-dimensional representation;
in nearshore coastal areas there is only a single depth layer, removing this issue.

We updated most stressor data layers used previously2, and used newly
developed or significantly improved data sources for four layers (nutrient and
organic land-based pollution, commercial shipping and port volume, which is used
for invasive species, and ocean-based pollution), as well as data for two stressors
new to this analysis (light pollution and sea level rise; see Supplementary Table 1
for full list of data). The only data layers that could not be updated were inorganic
pollution from land-based sources, artisanal fishing and ocean acidification, and
thus in those cases we used the exact same data as used in the previous analyses.
Habitat data are infrequently updated and improved, and so all of the habitat data
remain the same as those used previously2. As such, changes in cumulative impact
scores are entirely due to changes in stressor intensities.

Normalization of stressor data. We first log[Xþ 1] transformed each stressor data
layer, except benthic structures. Benthic structures were treated as binary data since
an oil rig either exists or does not. The transformation of data appropriately reduces
the effect of extreme outliers when rescaling the data to assign the relative impact of
different levels of the anthropogenic stressors considered here28. All data layers were
then rescaled between 0 and 1, with the highest per-pixel transformed value for each
stressor across either time period set¼ 1. We rescaled data in this way to ensure
comparability across time periods (that is, using the same reference point across
time). If stressor intensities increase in the future beyond this reference value, then
analyses across all years of analyses would need to be redone. Rescaling allows for
direct comparison among drivers with dramatically different units of measurement.

Temporal comparisons. We recalculated previous (2008) scores using updated
methods to allow direct comparison with current (best available data as of 2013)
results. Because some data sources were new or were developed using new methods
that could not be applied to past data, we restricted temporal analyses to only those
data layers that could be directly compared across time. This left 12 stressor layers
and all habitat data (see Supplementary Table 1).

To help address potential management priorities, we classified each pixel as
high, medium or low current (2013) cumulative impact and as increasing, no
change and decreasing impact across the 5-year time frame of the study. High and
low impact categories were classified as the top and bottom 25% of values,
respectively, with all other values categorized as medium. This led to cutoff values
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of 44.02 (high impact) and o2.739 (low impact). Increasing and decreasing
impact were similarly classified as the top and bottom 25% of values, respectively,
with cutoff values of 40.602 (increasing) and o� 0.045 (decreasing).

Data projection and representation. We used the same land-sea mask (and
derived coastline) as we developed previously2. As was also done for that study, all
data were represented at B1 km2 resolution, even though several layers had native
resolutions at coarser scales. In doing so, we assumed the coarse-scale value was
evenly distributed across all 1 km2 cells within that region. For climate change
drivers (sea surface temperature (SST) and ultraviolet anomalies and changes in
ocean acidification), this assumption is reasonable given the scale at which those
drivers act. The land-based drivers, human population data and benthic structures
data were all available or produced at B1 km2 resolution, and spread of the impact
of these stressors into the ocean at the same resolution is reasonable. Regardless,
when coarse-scale data are distributed equally to all 1 km2 cells within the larger
area, the coarser scale pattern is essentially recreated while the finer resolution
information is preserved where and when it is appropriate. Finally, before all
analyses, we converted all data to the Mollweide projection with a WGS84 datum
as it is an accurate single global projection that preserves area and allows data
transfer and analysis among operating systems and software.

Summarizing results. To help aid decision making at regional, national and sub-
national scales, we summarized individual and cumulative impact of stressors, and
recent change in impact, by EEZs (using international standards for boundary
delineation; ref. 29), marine ecoregions18, large marine ecosystems and Food and
Agriculture Organization (FAO) high seas regions. In each case, we averaged per-
pixel values (current impact and change in impact), allowing direct comparison
among regions despite large differences in size.

Input data. Methods for preparing stressor data that were unchanged from the
previous analyses (Supplementary Table 1) are described in detail elsewhere2.
Stressors with updated data were prepared using more recent years from the same
data source. In these cases, we describe the new data but do not elaborate methods.
We primarily focus on describing those layers where updating required new
methods. Data for all habitats were unchanged from previous analyses2. The 20
different habitats included are listed in Supplementary Table 1.

Vulnerability weights. We used nearly identical vulnerability weights as developed
and used before27. Because global data layers used here do not perfectly match the
categories used in these vulnerability studies, we made the following adjustments.
Commercial activity was equated with our shipping layer, non-point source weights
were used for our pollution layers, nutrient input was the average of oligotrophic and
eutrophic weights, and demersal nondestructive low bycatch commercial fishing
weights were determined by multiplying high bycatch values by 0.75. The non-zero
weights for sea level rise in deeper habitats and pelagic waters did not make sense
and so were set equal to zero (N¼ 5). Light pollution weights had to be derived new
for this study; peer-reviewed literature and our own expert judgment were used to set
these values. Supplementary Table 2 provides the full set of vulnerability weights.

Methodological comparisons. To compare results from current methods and
updated data sources to those from past methods2, we correlated per-pixel output for
2008 from past and current approaches (results shown in Supplementary Fig. 9).
Differences are expected for at least two reasons. First, the past approach summed
rather than averaged impact scores across habitats within a pixel. This method was
changed, following previous methods6, to account for imperfect habitat extent data.
For pixels with only a single habitat, the two methods produce identical results. In
coastal areas, and in particular intertidal areas, multiple habitats typically exist within
a single pixel, and so differences in scores would be expected to be concentrated in
these areas. This is in fact what we found (see Supplementary Fig. 9).

Second, differences in how stressor data were normalized should lead to very
minor differences when maximum stressor intensity has increased over time, which
it has for many stressors. Previously2, stressors were normalized to the maximum
value for that time period, whereas in the current analysis comparing current to
previous time periods, stressors were normalized to the maximum across both time
periods. We controlled for this when doing the temporal analyses in this study, but
did not (and could not) control for this when comparing previously published
results to our current results.
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Decision support tool
Symphony-tool
entail a local shift of environmental impact, causing positive or negative consequences for ecosystem compo-
nents. The results fromSwedishMSP in theNorth Sea and Baltic Sea illustrate thatMSP certainly has the potential
to lower net cumulative environmental impact, both locally and across sea basins, as long as environmental
values are rated high and prevailing pressures derive from activities that are part of MSP. By synthesizing innu-
merous data into comprehensible decision support that informs marine planners of the likely environmental
consequences of different options, CIA enables ecosystem-based MSP in practice.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Marine Spatial Planning (MSP) is being implemented across the
world, with the goal of supporting marine policy through strategic
designation of space for various interests (Domínguez-Tejo et al.,
2016). MSP encourages integrated marine management and has
the potential to reduce investment risks for new industries (PRC,
2011). Guidelines (Ehler et al., 2009) and regulatory instruments
emphasize that MSP should be ecosystem-based. Two fundamental
aspects of this ecosystem-based approach to MSP are the respect
for the structure and function of ecosystems, and strong stakeholder
participation. To follow such principles through a long and partially
political planning process that is concerned with large areas and var-
ious ecological entities, requires sufficient decision support includ-
ing comprehensive assessment of environmental impact. Marine
spatial plans cover vast geographic areas with diverse ecological en-
tities, various human activities, and associated pressures. Through
this myriad of information, planners need to envisage how all con-
curring uses of the sea affect the marine environment, in addition
to pressures from land-based sources. At the grand scale of MSP, cu-
mulative effects assessments are key (Hodgson et al., 2019;
Willsteed et al., 2018).

A decade ago, Halpern et al. (2008) devised a method for Cumu-
lative Impact Assessment (CIA) based on a geospatial index describ-
ing the relative impact of multiple human pressures on the marine
environment, resembling previous work by Landis and Wiegers
(1997). The CIA index is a function of (i) relevant human pressures
expressed by intensity maps, (ii) representative ecosystem compo-
nents expressed as value maps, and (iii) a sensitivity index defining
how sensitive each ecosystem component is to each human pressure.
The method has since been applied in many regions (Korpinen and
Andersen, 2016) and over time to track changes to environmental
impact (Halpern et al., 2019). The transparency and holistic scope
of CIA makes it particularly suitable for MSP. However, it may be
challenging to incorporate comprehensive data-intensive analyses
into the dynamic planning and stakeholder dialogue that is at the
heart of MSP. Planning support tools must be scientifically robust
to capture ecosystem complexity, but also transparent and simple
enough to be understood and accepted by its users, namely planners,
stakeholders, and policy makers.

Scholars introduced CIA in support of MSP (Depellegrin et al., 2017;
Fernandes et al., 2017), and Sweden is the first country to use CIA inte-
gratedwith nationalMSP formarinemanagement. The Swedish Agency
for Marine and Water Management (SwAM), the governmental body
responsible for drafting the national MSP in Sweden, has developed
and used a CIA-based GIS-application for MSP here called the
Symphony-tool. It has a scenario component that allows adding or
adjusting the intensity of human pressures in any delimited area. This
functionality has enabled the comparison of expected environmental ef-
fects of different plan alternatives.

This example from Swedish ecosystem-based MSP, where CIA has
been used directly bymarineplanners and as a fundamental component
of strategic environmental assessment, aims to illustrate the integration
of CIA with MSP in practice.
2. Methods

2.1. Legal context and geographical scope

Following the national ordinance under the EU framework for mar-
itime spatial planning (European Commission, 2014), Sweden will be
adopting its first national marine spatial plans by March 2021. Three
plans are being developed by SwAM: North Sea (NS), Baltic Sea (BS),
and Bothnian Bay (not included in this paper). The plan proposals pre-
sented in this paper were published in 2019 after four years of develop-
ment and stakeholder consultations.

Swedish national MSP covers offshore water (122,095 km2) beyond
1 nautical mile from the coastal baseline, including territorial water and
the Exclusive Economic Zone (Fig. 1),while coastal waters are under the
responsibility of local municipalities. Swedish marine spatial plans are
guiding but not legally binding. However, theMSP ordinance designates
the plans to be the principal decision support for future marine policy,
consenting procedures, and local development plans.

The MSP proposals indicate the “most appropriate use of space”
among shipping, fishing, energy, mineral mining (sand), defense, recre-
ation, cultural values, and nature protection (Appendix A). Overlapping
priorities indicate coexistence. In addition to priorities, the plan pro-
posals also indicate “precaution areas” where other uses should be
planned with particular caution and regard for sensitive environments.

2.2. Basic model and included components

The Symphony GIS-model is based on generic CIA principles
(Halpern et al., 2008) where cumulative environmental impact is calcu-
lated as the sum of all impacts of all identified pressures on all selected
ecosystem components in each pixel of the map. Human pressures are
changes to the marine environment (physical, chemical, biological)
caused by human activities, directly or indirectly. Ecosystem compo-
nents are made up of habitats or populations based on distribution
maps where the ecological value of each component is evaluated. The
number and type of human pressures (N=37; Table 1) and ecosystem
components (N=33; Table 2) were adapted to regional conditions in a
selection process where lists based on previous work were reviewed
and adjusted. First, a gross list of human pressures and ecosystem com-
ponentswas gathered frompublications covering the North Sea and the
Baltic Sea (Andersen et al., 2020; Korpinen et al., 2012). This list was
then scrutinized with respect to ecological relevance and human activ-
ities, respectively, in Swedishwaters, andwith respect to Swedish polit-
ical commitments, resulting in adjusted, regionally relevant lists. The
marine pollution (plastic debris andmicroplastics) and invasive species
pressures were later removed because of insufficient data access and
difficulties with spatial representation, respectively. Ecosystem compo-
nent lists differ slightly between NS and BS due to species distributions.
See Appendix B for metadata.

The datasets underpinning each map represent data from 1989 to
2016, with most data from the last decade. Seasonal variations were
not included. Only persistent or recurring pressures were included.
The resulting baseline analyses therefore represent the current cumula-
tive impact status in NS and BS, respectively.

http://creativecommons.org/licenses/by/4.0/
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Fig. 1.Geographical scope of this study. Solid lines frame the total Swedish nationalMSP areawhile the dotted red box indicates theparts of the area included in this study. The color legend
shows the level of aggregation of ecosystem components, indicating where ecological values accumulate (yellow and green fields).
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2.3. Data collection and assumptions

The collection of spatial data took place between 2016 and 2018.
Preexisting and openly available data were gathered from a wide
range of sources by multiple partners including academia,
governmental agencies and consultancies. Data were reanalyzed
through spatial modelling to produce individual maps for each human
pressure and ecosystem component (Appendix B). The spatial resolu-
tion of the map grid was 250 × 250 m, although most input data were
of lower resolution.



Table 1
Included pressures and their proportional contribution to cumulative environmental impact under current conditions (baseline), given for all waters and the parts covered by theMSP, in
Swedish North Sea (NS) and Baltic Sea (BS).

Baseline results Pressure Contribution to cumulative impact (%)

Offshorewaters (MSP-area) All waters (coast included)

Type Category / sector NS BS NS BS

Pressures Eutrophication Phosphorous background 1.78 19.20 2.56 19.89
Anoxia background 3.28 33.14 6.71 30.76
Nitrogen background 10.29 10.62 11.72 10.86

General pollution Heavy metals background 3.01 9.43 2.60 8.64
Oilspill wreck 0.70 b0.00 0.92 0.01
Synthetic toxins background 12.21 14.74 10.55 13.98
Toxic munition dump 1.57 0.78 1.08 0.67
Heavy metals mine dump 0.28 0.36 0.28 0.31

Shipping Turbidity shipping 0.02 0.03 0.10 0.05
Noise 2000 Hz shipping 0.04 0.04 0.05 0.04
Oilspill shipping 2.16 1.51 1.98 1.55
Noise 125 Hz shipping 10.46 6.43 10.33 7.00

Coastal development Synthetic toxins treatment plant 0.00 0.00 0.12 0.05
Habitat loss dumping 0.00 0.00 0.06 0.01
Habitat loss infrastructure 0.00 0.04 0.02 0.05
Habitat loss coastal exploitation 0.00 0.00 0.95 0.47

Recreation Pollution boating 0.06 0.02 1.70 0.38
Noise boating 0.03 0.01 1.09 0.26
Bird hunt 0.05 0.04 0.73 0.17

Fisheries Abrasion bottom trawl 26.01 0.97 19.59 0.86
Catch gillnet 0.58 0.41 0.71 0.50
Turbidity bottom trawl 12.80 0.39 9.64 0.35
Catch bottom trawl 13.60 0.60 10.16 0.53
Catch pelagic trawl 0.24 0.26 0.26 0.23

Industry Synthetic toxins industry 0.00 0.00 0.35 0.07
Synthetic toxins harbor 0.00 0.00 4.52 1.17

Sand extraction Turbidity sand extraction 0.00 0.01 0.00 0.01
Habitat loss sand extraction 0.00 0.01 0.00 0.01

Defense Heavy metals military area 0.03 0.25 0.06 0.30
Explosions Sound Exposure Level (SEL) 0.79 0.64 1.12 0.78
Explosions peak b0.00 0.04 b0.00 0.04

Aquaculture Habitat loss mussel farm 0.00 0.00 0.01 0.00
Habitat loss fish farm – 0.00 – b 0.00
Nutrients fish farm – 0.00 – b 0.00

Energy Disturbance wind power 0.00 0.01 0.00 0.01
Noise 125 Hz wind power 0.00 b0.00 0.00 b 0.00
Electromagnetic field 0.01 0.01 0.02 0.01

TOTAL Sum of pressure contributions 100 100 100 100

Statistics
Impact score Average impact (score per pixel*) 2.13 2.09 2.08 1.98

S.D. 0.76 0.70 0.99 0.79
Minimum 0.2 0.38 0.09 0.05
Maximum 5.51 7.11 17.90 15.22

Area km2 9564 74,834 14,203 91,805
* 1 pixel = 0.0625 km2
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Resulting maps of human pressures and ecosystem components
were normalized to a scale from 0 (no exposure/no value) to 100
(upper threshold representing highest exposure disregarding outliers).
Human pressures data were not transformed prior to normalization,
with the exception of data describing habitat loss frombottom trawling,
which were log-transformed in accordance with the non-linear rela-
tionship between trawling intensity and effect on benthos (Lambert
et al., 2014). This approach differs from other CIA studies where log-
transformations were applied on human pressure data (Halpern et al.,
2008). We believe that a general log-transformation of pressure data
is not suitable within the context of MSP because it may enhance the
relative impact from low-intensity pressures.

Ecosystem components representing habitat coverage and ecological
functions were not transformed prior to normalization (0−100). In con-
trast, ecosystem components representing species abundance (e.g. cod
and herring) were first transformed linearly from 0 to 100 to standardize
the logarithmic effect, and then log-transformed. This method was con-
sidered necessary because abundance data of heavily fished species are
patchy with outliers that otherwise diminish the value of areas utilized
by more healthy populations. Porpoise, a species with spatially distinct
populations of very different numbers, was normalized on population
level in order to account for population-specific impacts.

The aggregation of ecosystem components across space, calculated
as the mean value of all components per pixel, are shown in Fig. 1.
This representation reflects areas of higher and lower ecological value,
according to this analysis.

2.4. Spatial representation of data uncertainty

It is important for planners and other users to have an idea of the
confidence in the underlying data. Marine data is sparse, particularly
for ecosystem components, and all maps included in Symphony or any
other CIA tool involve some level of modelling or interpolation to fill
areas where field sampled data are missing. A multitude of different
ecosystem components may enhance uncertainty and thus the confi-
dence of the results. There are several ways to describe the uncertainty
of CIA models (Halpern and Fujita, 2013; Stock andMicheli, 2016) from
ananalytical standpoint. To assist practitionerswith an immediate over-
view of the confidence in ecological input-data in different areaswe col-
lated a raster of average confidence and a raster of data availability. This



Table 2
Included ecosystem components and how affected they are in terms of their proportional contribution to cumulative environmental impact under current conditions (baseline), given for
all waters and the parts covered by the MSP, in Swedish North Sea (NS) and Baltic Sea (BS).

Baseline results Ecosystem component Contribution to cumulative impact (%)

Offshore water (MSP-area) All water (coast included)

Type Category NS BS NS BS

Ecosystem components Birds Coastal birds 0.06 0.09 1.14 0.55
Seabird coastal wintering 0.01 0.04 1.20 0.35
Seabird offshore wintering 0.49 1.11 0.69 1.50

Fish Cod 12.22 12.11 11.84 11.69
Herring 8.90 11.13 8.59 11.16
Sprat 6.29 5.40 6.59 5.50
Rivermouth fish – – 0.02 b0.00

Fish functions Fish spawning 13.25 4.98 11.14 5.10
Eel migration 0.63 0.08 1.19 0.16

Habitats Plankton pelagic community 8.01 12.66 7.13 11.69
Hard bottom photic 0.20 0.39 1.62 1.07
Hard bottom aphotic 0.27 1.23 0.25 1.07
Hard bottom deep 0.38 0.89 0.55 1.19
Transport bottom photic 0.73 0.92 2.04 1.99
Transport bottom aphotic 1.49 4.77 1.22 4.80
Transport bottom deep 0.47 4.92 0.35 4.26
Rough bottom photic 0.06 0.01 0.36 0.19
Rough bottom aphotic 0.20 0.24 0.19 0.30
Rough bottom deep 1.35 2.12 1.02 1.84
Soft bottom photic 2.25 0.23 5.34 1.08
Soft bottom aphotic 11.11 3.39 8.87 3.55
Soft bottom deep 16.62 29.17 11.89 25.29
Shoreline shallows – – 1.24 0.68

Mammals Porpoise North Sea population 8.16 – 7.73 –
Porpoise Baltic population – 2.40 – 2.31
Porpoise Belt Sea population 1.76 0.18 1.61 0.21
Harbor seal 4.95 0.12 5.58 0.21
Grey seal – 1.25 – 1.71

Plants Angiosperms (seagrass) 0.00 0.01 0.19 0.29
Reef habitats Deep reef 0.09 0.00 0.13 b0.00

Artificial reef 0.02 0.13 0.04 0.12
Mussel reef 0.02 0.02 0.25 0.15
Haploops reef b0,00 – b0.00 b0.00

TOTAL Sum of contributions 100 100 100 100
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was accomplished by producing individual confidence-maps for each
ecosystem component, prior to use in the CIA. Predefined numerical
data quality categories were used: 0= no data value; 0.25= interpola-
tion; 0.5 = distribution model; 0.75 = accurate validated model; 1 =
field measurement. These categories were assigned to every data pixel
for every ecosystem component, based on assessment by the data pro-
vider for each specific ecosystem component. An index (0–1) of average
confidence was then calculated for each pixel and represented to plan-
ners as a raster, superimposed on the resultsmaps. Additionally, a raster
with frequency of “no data” were provided. By this method, areas with
high and low input-data uncertainty are easily distinguished, as well
as areas with low data availability. Although the index only involves a
small part of the combined model uncertainty, it provides a valuable
spatial representation for the user.

2.5. Sensitivity matrix

Weused expert judgement to develop amatrix representing ecosys-
temcomponent sensitivity to each pressure (Appendix C). For twomain
reasons, preexisting sensitivity matrices (Korpinen et al., 2012;
Andersen et al., 2017; HELCOM, 2018a) were not used. Firstly, the pres-
sures and ecosystem components in Sweden did not fully match any
previous CIA. Secondly, the question posedwhen collecting the sensitiv-
ity score must refer to a specified level of pressure intensity. For in-
stance, high levels in the noise pressure data corresponds to a
recurring sound exposure level of 150 dB re 1 μPa. This noise level inten-
sity was thus communicated to the experts while assessing its effect on
different ecosystem components, rather than simply asking how noise
in general affects ecosystem components.
Carefully designed questionnaires with defined categories and
assessment criteria (Table C3) were distributed to and answered
by experts (N = 34); ecologists and managers with expertise on
specific ecosystem components. Answers where the respondent ac-
knowledged a low level of confidence were disregarded, and the
mode value of the remaining responses was used to set the sensitiv-
ity scores. Where applicable, we compared these scores to pub-
lished sensitivity scores (Andersen et al., 2017) for adjustments
where deviations were substantial (N30%).
2.6. Analyzing future MSP scenarios

Two different MSP scenarios were evaluated with respect to environ-
mental impact: negotiated plans and eco-alternative plans. Negotiated
plans are the marine spatial plan proposals developed after extensive
stakeholder dialogue (Fig. 2). Eco-alternative plans are closely related ver-
sions of the negotiated plans, but with more priority given to the
safeguarding of ecological functions and the ambition for achieving
good environmental status in accordance with the Marine Strategy
Framework Directive 2008/56/EC (European Commission, 2008) of the
European Union (Carneiro et al., 2019). The negotiated plans were further
developed and proposed asmain alternatives in the SwedishMSP process
while the eco-alternative plans were only presented in the strategic envi-
ronmental assessment of the MSP (Carneiro et al., 2019; SwAM, 2020).
Because planning is prospective, each of the two MSP scenarios were
compared to a Business As Usual (BAU) scenario for the year 2030. The
BAU scenario represents a future situation with no implemented MSP,
based on a simple projection from current industry trends (Table D.1).
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MSP scenarioswere analyzed through the following procedure: each
plan was incorporated as a group of polygons, overlaying the human
pressure maps (Appendix A). Each polygon represents a planning area
where one or several uses, such as fishing or wind energy, have priority
Fig. 2. MSP for negotiated plans as of March 2019 for Swedish (a) North Sea (NS) and (b) B
appropriate use of space”. E = Energy, N=Conservation/marine protection, F = Military d
(sensitive environment). Information on individual polygons and reference to eco-alternative p
over the others (see Fig. 2). Additional pressures associated to new ac-
tivities were added where MSP polygons indicated their priority. The
amount of added pressure in each such polygon was based on the aver-
age pressure intensity of pre-existing areas with the same use (e.g.
altic Sea (BS) with inlet showing Öresund. Legends indicate priorities in terms of “most
efense, G = Multi-use/no priority, f = precaution (military defense), n = precaution
lans are provided in Appendix A.



Fig. 2 (continued).
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existingwind farms). The resulting increase of cumulative impact varies
because different areas have different ecosystem components. Likewise,
pressure scores were removed or lowered within polygons where MSP
polygons indicated priority for uses incompatible with current activi-
ties. In the case of displacement of activities, such as trawl fishing in
wind farms, these were rectified by removing pressure from the
incompatible polygon and redistributing the same amount in neighbor-
ing polygons (see Table D.2).

Precaution areas, where the MSP indicated that human activities
should adopt precautionary measures to safeguard sensitive environ-
ments, were simulated through altering the sensitivity matrix. In the
resulting “precaution matrix”, the sensitivity of particular ecosystem
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components to particular pressures were reduced in accordance with
expected mitigation effects (Table D.3). For example, if the MSP pro-
vided guidance relative to the use of bycatch-reducing fishing gear
within a precaution area, then the sensitivity of birds and mammals to
gill net fishingwas reduced in the precautionmatrix, while the sensitiv-
ity for targeted fish was unchanged. This way, pressure-specific mitiga-
tionmeasureswith effect only on selected ecosystem components could
be evaluated. MSP guidance also includes specific precaution areaswith
respect to military defense. In such areas human activities should seek
to avoid interference with military interests. Since these guidelines
have no direct bearing on the environment it was not included as part
of the analysis.

With the MSP scenarios incorporated as described, cumulative im-
pact scores were calculated using the same model as for the baseline
analysis (current status of cumulative impact). The evaluation of the ne-
gotiated and eco-alternative plans involved subtracting the results of the
BAU scenario (2030) from each of the two MSP scenarios. The applied
analytic framework is depicted in Fig. 3.

For the Symphony-tool or any other CIA tool to be valuable over
time it is necessary for the tool, as well as the analytic framework,
to be flexible. Pressures and even ecosystem components may need
to be introduced, exchanged, or removed. New scientific findings
will also require updates and sometimes even immediate adjust-
ments. This is no problem if assessors keep track of changes when
comparisons are done. The scenario component presented here
also facilitates the quick introductions of new pressures, such as a
new oil spill or the introduction of invasive species. Details on the
geographical extent, dispersal, and sensitivity scores are obviously
needed. The simplicity of the CIA method makes most updates and
developments manageable.

3. Results

3.1. Baseline results

The resulting heat-map of baseline cumulative impact (Fig. 4) in-
dicates high spatial variation, with patches of both high and low im-
pact across the Swedish waters. These pre-planning baseline results
can be valuable for planners, indicating where high pressure cur-
rently overlaps with ecologically valuable and sensitive areas. In
the Swedish MSP, environmental precaution areas were designated
Fig. 3. Analytic framework where boxes indicate CIA analyses and arrows denote key assump
paper are provided for orientation.
using criteria including both heavy cumulative impact and vulnera-
ble marine ecosystems (i.e. low impact and high or susceptible natu-
ral values).

When aggregating results,fisheries (53%), pollution (18%), eutrophi-
cation (15%), and shipping (13%) clearly dominate the current impact in
the NS. In the BS, the pressures contributing the most to cummulative
environmental impact are eutrophication (63%), pollution (25%), and
shipping (8%) (Table 1).

Even if impacts from coastal activities are only evident close to shore,
it should be noted that several of these sources also contribute to the
general pollution and eutrophication levels in offshore waters over
time. Some of the hypoxic areas in the BS are actually naturally occur-
ring, though there has also been a large degree of expansion of hypoxic
bottoms from eutrophication-related pollution in the past decades
(Diaz and Rosenberg, 2008).

3.2. Comparison of future scenarios

Considering the modelled changes in human uses, caused by the
MSP in each basin, the negotiated plans would reduce cumulative en-
vironmental impact by 3% in the NS, compared to BAU, but have no
net effect (b 1%) in the BS. The eco-alternative plans would generate
a much greater (6%) impact reduction in the NS while only a 1% re-
duction in the BS (in terms of impact scores the net reductions are
rather similar between NS (26900) and BS (21200), but the total
number of impact scores are higher in the BS (2908600) than the
NS (467700) mainly because of its greater size). These results may
give planners a rough overview of the environmental performance
of each MSP alternative, at the sea basin level.

The simulations also demonstrate changes and redistributions of cu-
mulative environmental impact across space. These differences be-
tween BAU and the two MSP scenarios, as shown in Fig. 5, provide
planners with a valuable overview of where MSP may relieve or inten-
sify environmental impacts. For example, Fig. 5 clearly shows how the
negotiated plan for NS can drastically reduce impact in certain areas
(designated for wind power andmarine conservation) while surround-
ing areas may experience little change and even increases (due to relo-
cation of fishing pressures). Figs. 6 and 7 further exemplify how CIA
analyses can support planners by illustrating the details of MSP-
related change for any given area. In NS, the negotiated plan reduces en-
vironmental impact from trawl fishing, to the benefit of soft bottom
tions and procedures for each analysis. Reference to tables, figures and appendices in this



Fig. 4. Baseline cumulative impact across parts of Swedish North Sea (NS) and Baltic Sea (BS). The heat map shows the spatial variation of impact scores, at a resolution of 250 m, before
MSP is implemented. The color ramp is scaled by percentiles from the lowest to the highest impact score for each sea basin (NS and BS), including coastal waters. Overlay polygons
represent MSP zonation (Fig. 2). The overlay pattern indicates the average confidence level of the ecosystem component data layers.
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habitats and fish spawning (Fig. 6B). The corresponding additional im-
pacts from offshore wind power (Fig. 6A), caused by the sameMSP sce-
nario, is 60 times smaller than the decreases of trawl fishing impacts
and thus insignificant on a sea basin level. Locally, at specific wind
power areas, the small impact increase may be more relevant, namely
because of effects on seabirds (Fig. 6A).
For the BS, the negotiated plan implies a shift of impact from pres-
sures of bottom trawling and military exercises to sand extraction
and wind power, to the benefit of fish and soft bottom habitats and
at the expense of seabirds and transport (sand) bottom habitats
(Fig. 6 C-D). Impact reductions are approximately twice as high as
the increases.



Fig. 5. The change in cumulative impact after implemented MSP for scenarios negotiated plans (upper panel) and eco-alternative plans (lower panel) in comparison with BAU scenario
(2030). Colors indicate the level of change (decrease/increase) in cumulative impact as the percentage of the maximum impact in each sea basin (left: NS; right: BS).
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The correspondingMSP induced changes for the eco-alternative plans,
which include more wind power and environmental precaution in the
NS, and a major relocation of shipping through the BS, are shown in
Fig. 7. As an illustrative example, by studying impact increases and reduc-
tions from shipping in Fig. 7C and D, respectively, it is clear that the net
effect of relocating the ship route (see Fig. 5)wouldmean reduced impact
(i.e. by 15,500 impact scores). At sea basin level this reduction corre-
sponds to about 6% of the total calculated impact contribution from ship-
ping. Locally, the change could be important, in particular for those
ecosystem components most sensitive to shipping-related pressures.



A B

C D

Fig. 6.MSP-related change in environmental impact for the negotiated plan scenarios compared to BAU scenario (2030), for the Swedish North Sea (NS, A-B) and Baltic Sea (BS, C-D). The
diagrams illustrate how implemented MSP can be expected to increase (A, C) and reduce (B, D) environmental impact. The width of each flow between pressures (left) and ecosystem
components (right) indicates the relative magnitude of change, calculated as the proportion of the total increase/reduction of impact scores (total number of increased or reduced
scores are given at top of each diagram). The following observations can be made relative to the changes in impact scores between the two diagrams: for NS, impact reductions (B) are
60 times greater than the increases (A); for BS, impact reductions (D) are about twice as great as the increases (C). This means that, for both NS and BS, the net effect of MSP is a
reduced environmental impact. The full model total impact scores for the BAU scenarios are 467,700 for NS and 2,908,600 for BS (note that BS has a much larger geographical area).
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4. Discussion

In essence, the application of CIA inMSP visualizes the complexities of
howmultiple pressures fromdifferent activities affectmarine ecosystems
and how this impact can be altered by different planning solutions.More-
over, the compilation and standardization of open source marine data is
an asset for both planners and stakeholders (Hodgson et al., 2019).
These benefits are however accompanied by a range of challenges associ-
ated with the model's shortcomings, assumptions, and uncertainties.

4.1. Cumulative impact as a baseline for ecosystem-based MSP

The baseline results provide holistic views of the current state of envi-
ronmental impacts in the two sea basins. Results indicate that the
dominating impact-driver in theNS is trawlfishing, followedbypollution,
eutrophication, and shipping. In the BS, the main drivers are eutrophica-
tion, pollution, and to a lesser degree shipping. This conforms with previ-
ous pressure-specific studies (Fleming-Lehtinen et al., 2015;Gascuel et al.,
2016; Pommer et al., 2016). Previous attempts to validate the CIAmethod
showa significant correlation between high impact and lowenvironmen-
tal status (Andersen et al., 2015). It is, however, noted that baseline results
from the Symphony-tool (this study) only partially concur with the paral-
lel CIA for the whole Baltic Sea region published by the Helsinki Commis-
sion (HELCOM, 2018b). Differences are due to the HELCOM study having
a different selection of source data, which do not cover the entirety of
Swedish waters. Major differences are easily identified: for example,
there is a lower level of detail where pressures are grouped; HELCOM in-
cludes a proxy for invasive species (not included in the Symphony-tool);
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Fig. 7. MSP-related changes in environmental impact for the eco-alternative plan scenarios compared to BAU scenario, for the Swedish North Sea NS (A-B) and Baltic Sea BS (C-D). The
diagrams illustrate how implemented MSP can be expected to increase (A, C) and reduce (B, D) environmental impact. The width of each flow between pressures (left) and ecosystem
components (right) indicates the relative magnitude of change, calculated as the proportion of the total increase/reduction of impact scores (the total number of increased or reduced
scores are given at top of each diagram). Considering the total changes of impact scores, the reductions are far greater than increases, indicating that eco-alternative plans would mean
lower environmental impact in both NS and BS.
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and considers hypoxic areas as an ecosystem component (while hypoxia
is considered a human pressure in the Symphony-tool). While these dif-
ferences can be identified and explained, too large deviations between
different CIAs in the same region may be problematic for the general ac-
ceptance of CIA-based tools. It is therefore important to strive towards
methodological conformity (Judd et al., 2015; Korpinen and Andersen,
2016; Willsteed et al., 2018). As highlighted by Stelzenmüller et al.
(2020), it is also important to allow formethodological differences related
to the purpose of the chosen method, where CIA tools for marine spatial
planning serve different purposes than cumulative assessments for re-
gional policy advice, which may require bespoke source data.

In the Swedish example provided here, marine planners used the
baseline results to early identify areaswhereMSP guidance for environ-
mental precaution were particularly important and to understand
which human activities were already contributing to a greater impact
in any given area.
4.2. CIA scenarios for ecosystem-based MSP

Scenario-based CIA enables planners and stakeholders to transpar-
ently compare differentMSP optionswith respect to environmental im-
pact. In the Swedish case, this was used both for evaluating expected
effectiveness of precautionary measures in the planning and for com-
paring different locations of new activities. Scenario analyses were
also a fundamental pillar of the Strategic Environmental Assessment of
the MSP proposals. At the local (polygon) level, such comparisons
sometimes revealed significant differences between alternatives, as
demonstrated in Fig. 5.

Another insight was that even a more stringent ecosystem-based
MSP would probably do little to relieve impact of the dominating pres-
sures on the BS, as they relate to emissions from land (runoff, point
source pollution and atmospheric emissions). However, MSP may still
make an important contribution to improving the environmental
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condition by limiting the cumulative impact from additional pressures
on sensitive species and habitats in particular areas. It should also be
noted that neither the effects of historical pressure from fishing in the
Baltic Sea, nor food web interactions are covered by the analysis.

The results provided here for NS, where trawl fishing and (to a lesser
degree) shipping are major contributors to environmental degradation,
indicate that the negotiated plan provides a slight improvement, while
the eco-alternative plan allows for substantial impact reductions. The
Swedish marine plan proposals submitted in December, 2019, which are
more similar to the negotiated plans (SwAM, 2020), show that MSP im-
plies a compromise among many interests: the ambition of ecosystem-
based MSP may, in practice, stop at the level of avoiding additional envi-
ronmental impact. Whether or not such a level of ambition fulfills the re-
quirements of the ecosystem-based approach to MSP depends on the
status and the functioning of the ecosystems in each area (Douvere, 2008).

MSP is a political process and decision-makers often require that
complex scientific information be synthesized and presented in ways
that are easy to grasp for non-specialists. CIA tools such as the Sym-
phony-tool fulfil such requirement, in particularwith respect to howdif-
ferent policy scenarios and planning decisions affect ecosystems. In
doing so, they play a central role in the practical application of
ecosystem-based MSP, by enabling a broader group of practitioners
and decision-makers to engage with often very disparate and complex
information. The transition to ecosystem-based management across
all maritime sectors remains, despite MSP and the novel approaches ac-
companying it, a lengthy process, though. MSP is but one among many
different legal and policy instruments, and is often implemented
through those other, sector-specific, instruments. It is mostly through
gradual shifts in practice and cross-sectorial negotiations, involving in
particular fishing and shipping, that MSP will operate that transition.

4.3. Transboundary CIA

Despite the holistic aspiration of CIA, each application of the
method is delimited by its geographical scope. Sovereign nations
plan their own waters, even when instructed by a common legal or
policy framework, such as the EUmaritime spatial planning directive
(European Commission, 2014). This is the reason that the application
of the Symphony tool presented here has been confined to the Swed-
ish MSP area, even though marine ecosystems have no such borders.
But transboundary dialogues are important components of any MSP
process and environmental impacts are typically core issues for con-
sultation, not least because of the Espoo convention on environmen-
tal impact assessment in a transboundary context, with its general
obligation of states to notify and consult each other on projects and
plans that may cause significant environmental impact across bor-
ders (United Nations, 1991). Multiple CIA have been conducted in
the North Sea and Baltic Sea region (Andersen et al., 2020;
Korpinen and Andersen, 2016) and several tools or studies have re-
cently been developed for explicit support to MSP. This includes
transboundary CIA work within the Pan Baltic Scope (Bergström
et al., 2019), founded on both the Swedish Symphony-tool and the
Baltic Sea Impact Index by the Helsinki Commission (HELCOM,
2018b). Future MSP processes, in this part of the world and else-
where, will have opportunities to co-develop and use transboundary
CIA tools, even if the planning remains under national jurisdiction.

4.4. Limitations of the applied method

While CIA facilitates for planners and assessors to conduct
ecosystem-based MSP, it also implies a range of challenges. The appar-
ent power of the method calls for careful consideration and communi-
cation of its limitations and underlying assumptions.

The basic CIAmodel involves uncertainties atmultiple levels (Halpern
and Fujita, 2013; Stock andMicheli, 2016). First and foremost, marine en-
vironmental data are sparse and maps representing ecosystem
components are based on models with a varying, but always significant,
degree of uncertainty. Here, the way of illustrating average in-data confi-
dence in a spatial dimension has added value for planners who can get a
visual representation of the areaswith less reliable input data (Fig. 4). The
CIA model also has ecological limitations (namely food-web interactions
and connectivity) and the selection of pressures and ecosystem compo-
nents implicate bias. Moreover, ecosystem components are typically
based on the current or recent state of the environment and CIA therefore
fails to account for historical losses, for example already reduced fish
abundances lead to lower impact scores of fisheries in certain areas. In
the examples described in this paper, that is particularly explicit for the
BS, where impact contributions from current fisheries are minuscule
compared to the previous very large stock declines (Gascuel et al.,
2016). Other issues concern temporal mismatches by not accounting for
seasonality, as well as the assumption of simply additive effects despite
that response tomultiple pressuresmay also be synergistic or even antag-
onistic, and dose-response relationships are often not linear (Cabral et al.,
2019; Hodgson et al., 2019).

The scenario analyses demonstrated in this paper are new features
to the CIA methodology. Scenarios imply a full range of new assump-
tions and uncertainties. For instance, it is uncertain how theMSP guide-
lines will be implemented in practice. The assumptions in Table D2-D3
are approximations, but can have a strong influence on results. Assump-
tions related to future sector developments, used for setting the BAU
scenario (2030), are even more uncertain, but also have less influence
on the results, since all scenarios that are compared are based on the
same projections. This all means that results presented in this paper
must be interpreted with emphasis on relative measures and orders of
magnitude rather than on absolute values.

As shownbyHodgson andHalpern (2019), no single tool can resolve
all questions by itself and therefore combinations are needed. CIA appli-
cations such as the Symphony-tool should preferably be used for deci-
sion support at a strategic level, not replacing mechanisms for local
impact assessment and conservation measures.

4.5. Methodological contributions

The main methodological contributions from this paper may be
listed as:

• Incorporation of scenario analyses in CIA enables transparent compar-
ison of expected environmental performance between different plan-
ning options and management measures (Fig. 3 and Figs. 5-7).

• By adjusting scores in the sensitivity matrix CIA can simulate the ten-
tative effects of specific mitigation measures that target only certain
ecosystem components, such as selective fishing gear that keeps af-
fecting target species but reduces the effect on by-catch (Table D3).

• Superimposed maps of average input-data confidence, based on spa-
tially represented confidence levels for each ecosystem component,
provide a simple but comprehensible way of presenting data uncer-
tainty to CIA practitioners (Fig. 4).

5. Conclusions

This paper exemplifies how CIA can support ecosystem-based MSP in
practice, and it providesmethodological advancements to traditional CIA.

Swedish MSP has utilized the Symphony-tool in support of the MSP
process. Among planners and stakeholders, the greatest benefits from
the use of the Symphony-tool were in terms of a better understanding
of (i) how cumulative impact varies across space; (ii) how environmen-
tal impact from different sectors and activities differs by orders of mag-
nitude; and (iii) how environmental impact of different planning
solutions can be evaluated throughout the planning process.

The use of CIA inMSPmay improve the capacity of planners to address
environmental impacts from a spatial perspective and may increase the
transparency of planning decisions during stakeholder consultations.
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This works in favor of the ecosystem approach, which should underpin
MSP, and enables policymakers to better balance the benefits and conse-
quences of plans and policies prior to implementation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139024.
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1

 Cumulative impacts on species and hab-
itats are caused by multiple pressures 
acting together. The Baltic Sea is influ-

enced by a range of different pressures, as a result 
of human activities at sea and in its catchment 
area. If each activity and pressure is considered in-
dividually, it may appear to have little importance. 
However, the summed impact may be considera-
ble when the pressures take place in the same 
area, in particular when acting on sensitive species 
or habitats. 

This report gives the method description and 
results for an assessment of cumulative pressures 
and impacts in the Baltic Sea during the years 

2011-2016. The assessment focuses on the spatial 
dimension. The results are presented by two indi-
ces; the Baltic Sea Pressure Index gives information 
on areas where the greatest pressure from human 
activities likely occurs, and the Baltic Sea Impact In-
dex shows the distribution of potential cumulative 
effects from these pressures. 

The key results are also presented in the State 
of the Baltic Sea report, which summarizes the re-
sults from the second HELCOM holistic assessment 
of the ecosystem health of the Baltic Sea (HELCOM 
2018a). This report additionally gives a more de-
tailed description of the underlying assessment 
method, spatial data sets and sensitivity scores. 

Summary

View of the Martwa Wisła and Wisła Smiała rivers, Poland. © magro_kr (CC BY-NC-ND 2.0)
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Data included

The analyses are based on spatial data at the Bal-
tic Sea regional scale, to provide a broad regional 
overview. The assessment was enabled by a huge 
data collation effort, supported by national data 
calls, contributions from research projects and the 
dedicated work of HELCOM experts. In addition to 
providing the assessment results, this effort has 
resulted in a significant improvement in the avail-
ability of regional spatial data on species, habitats, 
pressures and human activities in the Baltic Sea. 
However, the accuracy and completeness of availa-
ble datasets vary. This should be considered when 
looking at the assessment results. A summary of 
quality aspects in the underlying spatial data is 
provided in this report. More detailed information 
is found in the metadata fact sheets, which are as-
sociated with each of the spatial data sets consid-
ered (HELCOM 2018b).

Assessment results in brief

The results show that impacts from human activi-
ties occur almost everywhere in the Baltic Sea but 
the highest cumulative pressures are seen by the 
coast, close to urban areas and in some freshwa-
ter outflows. The southwestern Baltic Sea is seen 
to experience more potential cumulative impact 
than many of the northern areas. In some areas 
with poor data coverage the cumulative impacts 
may currently be underestimated. 

 − There are great differences in the level of cu-
mulative impacts between different areas of 
the Baltic Sea. 

 − The pressures themes attributed to most of 
the identified impacts were concentrations 
of nutrients, hazardous substances, and 
non-indigenous species, followed by the ex-
traction of fish. The results reflect that these 
are widely distributed pressures in the Baltic 
Sea, which many species and habitats are 
sensitive to. 

 − Other pressures were associated with high 
sensitivity scores, such as oil slicks and spills, 
physical loss of seabed, but had relatively low 
impact at the overall regional scale, as they 
were not as widely distributed.

 − The most widely impacted ecosystem com-
ponents (species or habitats) in the Baltic Sea 
were identified as the water-column habitats 
which cover the entire sea area, marine mam-
mals, and cod.

 − Relatively higher impacts are seen in many 
coastal areas, which reflects that shallow hab-
itats typical for these areas were assessed as 
sensitive to several pressures, and that more 
ecosystem components are represented in 
coastal areas than in the open sea. 

 − Based on the data available for the assess-
ment and current knowledge, less than 1 % 
of the Baltic Sea seabed is potentially lost due 
to human activities while roughly 40 % of the 
seabed area is potentially disturbed during 
the assessment period (2011-2016). There is 
currently no regionally agreed method for as-
sessing how loss and disturbance are causing 
adverse effects on the marine environment 
and therefore the allocations made up to now 
are preliminary.

Aerial view of the river Martwa Wisła and Ostrów island, Gdansk, Poland. © magro_kr (CC BY-NC-ND 2.0)
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1. Background

The Baltic Sea environment is influenced by pres-
sures from various human activities at sea and 
in its catchment area. The pressures may affect 
living organisms directly, with impacts on their 
occurrence, abundance or physiological status. 
However, they can also cause indirect impacts 
via connections among species in the food web, 
or by affecting habitats on which the species de-
pend. When considered individually, some activ-
ities and pressures may appear to have little im-
portance in this respect. However, the summed 
impact may be considerable when the impacts 
of different pressures are taken together. This is 
likely to occur when several pressures occur in the 
same place in the sea or act on the same sensitive 
species, for example.

Based on their primary way of impact on the 
environment, pressures from human activities 
can be broadly categorised into four groups; in-
puts of substances (including for example nutri-
ents and hazardous substances), inputs of energy 
(underwater sound, heat), biological pressures 
(non-indigenous species, disturbance of species 
and extraction of species, for example), and phys-
ical pressures (disturbance to the seabed, loss of 
seabed, and changes to hydrological conditions). 
These groups are presented in Figure 1, together 
with a comprehensive overview of human activ-
ities which can be linked to them. Some of the 
listed human activities are well established in the 
Baltic Sea and its catchment areas today, whereas 
others are more limited. 

Figure 1. Human activities in the Baltic Sea and their connection to pressure types. The lines show which pressures are potentially connected to a certain human activity, without inferring 
the pressure intensity nor potential impacts in each case. The figure illustrates the level of complexity involved in the management of environmental pressures. 
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1. Background Thematic assessment of cumulative impacts  
on the Baltic Sea 2011–2016

The results are presented in two indices: 

 − The assessment of cumulative pressures is 
based on the Baltic Sea Pressure Index, which 
identifies geographic areas in the Baltic Sea 
where the cumulative amount of human in-
duced pressures is likely the highest. It can 
also be used to identify the most widely dis-
tributed pressures. 

 − The Baltic Sea Impact Index estimates the 
probable cumulative burden on the marine 
environment, by additionally considering the 
distribution of species and habitats, as well as 
sensitivities of species to different pressures. 

This report presents the method description, 
data and results for the assessment of cumula-
tive pressures and impacts as carried out within 
the project to develop a second HELCOM holistic 
assessment of ecosystem health in the Baltic Sea.  
The key results are also presented in chapter 6 
of summary report ‘State of the Baltic Sea 2011-
2016’ (HELCOM 2018a).

Offshore wind farm in the Øresund strait, Denmark.

© OCEANA/Pitu Rovirosa

The current assessment aims to consider impacts 
from all human activities listed in Figure 1 and 
occurring in the Baltic Sea during 2011-2016, as 
defined based on information from the countries 
around the Baltic Sea. The assessment is based 
on information on the spatial distribution of the 
pressures they are likely to be causing. In some 
cases, however, a pressure that is seen as relevant 
in relation to human activities has not been pos-
sible to include due to lack of data, as specified 
further in Chapter 2. 
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2. Spatial data sets 

The assessments were based on original spatial 
data sets for 39 human activities occurring in the 
Baltic Sea, and 6 data sets on pressures estimated 
by direct measurements at sea. These data were 
compiled into 18 aggregated pressure layers which 
were used in the Baltic Sea Pressure Index (BSPI) 
and the Baltic Sea Impact Index (BSII). In addition, 
36 spatial data sets representing different ecosys-
tem components were for assessing cumulative 
impacts in the Baltic Sea Impact Index.

The layers were collated in order to generally 
be representative of the years 2011-2016.  Data 
were obtained from the countries through na-
tional data calls, by enquiries to the HELCOM 
expert networks and projects, and from the 
EUSeaMap project for broad-scale habitats, as 
explained in more detail in the HELCOM map 
and data service (HELCOM 2018b) and HELCOM 
metadatabase (HELCOM 2018c). 

All spatial data were collated with the aim to 
be harmonized and comparable for different 
geographic areas of the Baltic Sea, and hence 
allow for a broad regional overview of pressures 
and impacts. The vast data collection has gener-
ally improved regional coherence in key data sets 
and increased the number of spatial data sets 
available at Baltic Sea regional scale. However, 
some data gaps and variation in the level of ac-
curacy are still present when comparing different 
data sets and geographic areas, and should be 
considered if examining results in more detail.

2.1. Spatial resolution and scaling

The assessments were carried out at the scale of 
the whole Baltic Sea, applying a spatial resolution 
of 1 square kilometre. Hence, original data sets of 
different types were all transformed to grid cells of 
1x1km size prior to use in the analyses. 

Since the original data sets were quantified in 
various ways, typically using different metrics and 
ranges of values, all values were normalised prior 
to the analyses in order to make them comparable 
with each other on a more similar scale. As a result 
of the normalisation, all data sets were entered 
with a minimum value of 0 and a maximum value 
of 1 in the assessments. The data sets represent 
continuous, ordinal and binary data, as specified in 
each of the metadata fact sheets.

Although it would be preferential to scale the 
pressures in relation to their intensity, it was not 
possible at this time to obtain information on rele-
vant cut-off values for most pressure layers. Unless 
otherwise indicated in the data descriptions, the 
lowest and highest values in each data set represent 
the actual range of values based on measurements, 
albeit normalized. Cut-offs were used when there 
was reason to assume that the values representing 
the lowest measured range were too low to likely im-
pact on species and habitats, based on inputs from 
the project workshops and the HOLAS II Core Team. 
It should be noted, however, that this fact is account-
ed for by sensitivity scores applied for estimating 
impacts, as they estimate sensitivities in relation to 
ambient conditions of the pressure at sea (Annex 2).

Fields on top of a cliff in the Baltic Sea © Pixabay
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2.2. Pressure layers 

The list of pressures to include in the assessment 
(Table 1) was identified in order to represent pres-
sures which commonly occur in the Baltic Sea, 
and are attributed to human activities currently 
taking place in the Baltic Sea or its watershed (Fig-
ure 1). The structure of the list was aligned with 
the revised Annex III of the Marine Strategy Frame-
work Directive (EC 2017 a, b, see also section 2.6). 

The number of data sets representing each 
pressure was kept low and as similar as possible 
between pressures, in order to avoid a situation 
where pressures represented by more data would 
have stronger influence on the results. Hence, 
some of the pressure layers used in the assess-
ment are based on an aggregation of several origi-
nal data sets representing the same pressure. The 
approaches are described in more detail below 
and are specified in Annex 1. Spatial data sets rep-
resenting nutrient concentrations (nitrogen and 
phosphorus) as well as fishing (catches of cod, 
sprat and herring) were analyzed both separately 
and grouped as pressure themes. 

The pressure layers to represent inputs of sub-
stances were based on monitoring of each relevant 
parameter. When available, data from monitoring 
at sea were used, in order to represent the total 
levels (not only inputs from land or atmosphere), 
and in order to give a more realistic representation 
of the spatial distribution. The continuous sound 
layer was based on monitoring at sea combined 
with modelling. In the other cases, no direct data 
were available at Baltic-wide scale, and the spa-
tial distributions of the pressures were estimated 
indirectly. This was in some cases achieved by a 
parameter representing the effect size of the asso-
ciated human activity. For example, catches of fish 
were used to represent the spatial distribution of 
the pressure “Extraction of fish”, and the number 
of hunted seals was used to represent the pressure 
“Seal hunting”. In other cases, the distribution of 
pressure was estimated based on the distribution 
of the underlying human activities, after adjusting 
for the likely spatial extent and intensity of the pres-
sure to which it was associated. All pressure layers 
were defined in order to quantify the relative spa-
tial distribution of the pressure at sea, over a Bal-
tic-wide scale (See below and Annex 1). 

Table 1. Overview of pressure layers included in the assessment. The list of pressures is structured as in Figure 1, but the names of individual pressures may differ, 
as the pressure layers used in the assessment were named in order to correspond to the data/approach used for developing them. Pressures representing marine litte’, 
organic matter, genetically modified species and microbial pathogens are listed in Figure 1 but were not included due to poor availability of data with Baltic Sea regional 
coverage. For more detailed information on the layers, see further below in this chapter, and Annex 1. 

Pressure layer
Primary data source/approach for layer 
development

Input of substances

Relative distribution of nitrogen concentration monitoring

Relative distribution of phosphorus concentration monitoring

Hazardous substances concentrations monitoring

Radionuclides monitoring

Oil slicks and spills monitoring

Input of energy

Continuous anthropogenic sound monitoring combined with modelling

Impulsive anthropogenic sound reports on activities causing impulsive sound

Input of heat reports from main cooling water outlets

Biological

Introduction of non-indigenous species based on available reporting

Disturbance of species due to human presence indirect, based on attributed human activities

Fishing of herring (included in theme fish extraction) reported landings

Fishing of cod (included in theme fish extraction) reported landings

Fishing of sprat (included in theme fish extraction) reported landings

Hunting and predator control of seabirds national reporting

Hunting of seals national reporting

Physical

Physical disturbance to seabed indirect, based on attributed human activities

Physical loss to seabed indirect, based on attributed human activities

Altered hydrological conditions indirect, based on attributed human activities
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Pressure layers representing input of substances

Relative distribution of nutrient concentration 
(Nitrogen concentrations and phosphorus)
The layer was based on data on total nitrogen con-
centrations measured in surface waters (0-10 m), 
extracted from the  oceanographic databases of 
ICES, the Swedish Meteorological and Hydrological 
Institute (SMHI), the EEA Eionet database and data 
from the “Gulf of Finland year 2014” project1. The 
data set included almost 50,000 observations of 
nutrient concentrations from the years 2011-2016 
from more than 1,000 measuring locations at sea, 
and Baltic-wide layers with full coverage were ob-
tained by interpolation (spline with barriers). To not 
overestimate values from a certain season, average 
values for winter (Dec-Feb), spring: (Mar-May), 
summer (Jun-Aug), and autumn (Sept-Nov) were 
used to calculate the annual average. The layer 
was log-transformed and normalized. In this pro-
cess, all values above the 95th and below the fifth 
percentile were grouped together, to avoid undue 
influence of extreme values. 

The layer on phosphorus concentrations was 
developed in the same way as for nitrogen, using 
data on total phosphorus measured in surface 
waters (0-10 m), from the same data sources, in all 
representing the years 2011-2016.

When impacts from concentrations of nitrogen 
and phosphorus were assessed together as one 
theme (see Figure 4 in the Results chapter), the 
sum of both impacts was used; the impact of both 
nutrient layers to all ecosystem components were 
summed to assess the impact introduced by con-
centration of nutrients.

Hazardous substances concentrations
The layer was interpolated based on the data used 
in the CHASE integrated assessment of hazardous 
substances, using the assessment component 
concentration. CHASE contamination ratios were 
calculated with respect to hazardous substances 
monitored in water, sediment and biota. The ratios 
were classified into five classes, values were inter-
polated to cover the whole Baltic Sea, and normal-
ized to produce the final pressure layer. 

Radionuclides
The layer is based on HELCOM MORS Discharge 
data for 2011-2014. The isotopes taken into ac-
count were: Cesium-137, Strontium-90, and Co-
balt-60. The decay-corrected annual average of 
the sum of radionuclide discharges (in Becquerels) 
was calculated for the pressure layer. A 10 km buff-
er with a linearly decreasing function was used to 
represent the impact distance from the monitoring 
stations. The data set was normalized to produce 
the final pressure layer. 

1  http://www.syke.fi/projects/gulfoffinlandyear2014

Oil slicks and spills
The pressure layer is a combination of data sets on 
illegal oil discharges and polluting ship accidents. 
The illegal oil discharges data set is based on aerial 
surveillance data and on polluting ship accidents 
from HELCOM Contracting parties’ reporting on 
shipping accidents. The data sets were handled 
separately as explained in more detail in Annex 1. 
They were then summed and again normalized to 
produce the final pressure layer. 

Pressure layers representing input of energy

Continuous anthropogenic sound
The layer was based on data from the BIAS project 
representing ambient underwater noise, modelled 
into a 0.5 km x 0.5 km grid. The layer represents 
sound pressure levels at one 1/3 octave band of 
125 Hz exceeded at least 5% of the time. The data 
were normalized setting level 0 at 92 db re 1µPa 
and level 1 at 127 db re 1µP, where the former is set 
to represent natural levels in the Baltic Sea, and the 
latter is the maximum of the 5th percentile of the 
distribution (HELCOM 2018d). 

Impulsive anthropogenic sound
The layer is based on the following impulsive sound 
events: Seismic surveys, explosions, pile driving, 
and air guns, as reported to the HELCOM-OSPAR 
Registry, hosted by ICES, and a national data call. 
For all event types, numeric intensity values were 
used to represent the pressure as they are cate-
gorized in the registry (‘very low’= 0.25, ‘low’= 0.5, 
‘medium’= 0.75, and ‘high’= 1). The values were 
used to represent the pressure intensity. No impact 
distance was applied due to different types of data 
sets included. The layer shows areas in the Baltic 
Sea where impulsive sound events have occurred 
in 2011-2016, however the pressure was present 
during a short period of time (days-months-weeks) 
compared to the other pressures included. 

Input of heat
The layer is a combination of two data sets: dis-
charge of cooling water from nuclear power plants 
and from fossil fuel energy production. The data set 
on discharge of cooling water from nuclear pow-
er plants was obtained by a direct data request to 
HELCOM Contracting Parties. The location of fossil 
fuel energy production facilities was identified and 
data extracted from the European Pollutant Release 
and Transfer Register (E-PRTR). A heat load value of 
1 TWh was given to all fossil fuel production sites, 
based on average value for individual production 
sites. A buffer of 1 km was used for the extent of pres-
sure, with sharp decline from the center. Heat loads 
from both data sets were summed and normalized 
to produce the final pressure layer. 
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Pressure layers representing biological 
disturbances

Introduction of non-indigenous species
The layer is based on information from the devel-
opment of the core indicator trends in the arrival of 
new non-indigenous species (HELCOM 2012). The 
information represents the number of non-indige-
nous species in each assessment unit at HELCOM 
assessment scale 2 in 2011. Hence, the layer indi-
cates the spatial distribution of areas with elevated 
risk for introduction of non-indigenous species. 
It does not consider impacts associated with the 
identity of individual species. Values were normal-
ized to produce the final pressure layer. 

Disturbance of species due to human presence
The layer is an aggregation of the following human 
activities data sets: urban land use, recreational 
boating and sports, and bathing sites. Individual 
data sets were handled separately as presented in 
Annex 1. The layers were summed and normalized 
to produce the final pressure layer. 

Extraction of fish: Fishing of herring, sprat and cod
Pressures layers representing extraction of fish 
were based on data on commercial landings of the 
three main commercial species in the Baltic Sea; 
herring, sprat and cod, during 2011-2016. The land-
ings data were available at the spatial scale of ICES 
statistical rectangles and extracted from the EU 
Joint Research Centre’s data collection framework 
for fisheries data, for Contracting Parties which 
are part of the European Union. Data for Russia 
were obtained from ICES annual reports, and were 
only available at the scale of ICES sub-divisions. 
The Russian landings data were equally distribut-
ed over all ICES rectangles within the concerned 
sub-divisions. To obtain spatially more detailed in-
formation, the landings data were further redistrib-
uted within each ICES rectangle based on informa-
tion on fishing effort (including all gears; c-squares) 
during 2011-2013. Information on effort was not 
available for Russia, and average values for the sub 
basins were used. In the scaling, the maximum val-
ue of tons per square kilometer from the original 
ICES rectangles was used to scale the  maximum 

pressure. The data set was log-transformed and 
normalized to produce the final pressure layer. 

The data layers representing catches does not 
account for whether catches correspond to the 
agreed reference point for fishing pressure, FMSY. 
The catches are used directly with the implicit as-
sumption that large catches correspond to high 
pressure. In reality, stocks providing high catches 
may be large and sustainably exploited, whereas 
stocks providing low catches may be at a low level 
but with a high exploitation rate, and catches alone 
do not provide information on the status of the ex-
ploitation relative to the agreed reference point.

Hunting and predator control of seabirds
The layer is a combination of data sets represent-
ing game hunting of seabirds and predator control 
of seabirds. Both data sets were made available by 
HELCOM Contracting Parties in response to a data 
request. The number of hunted birds per square 
kilometer were calculated for both datasets. The 
datasets were summed and normalized to pro-
duce the final pressure layer.  

Hunting of seals
The layer is based on data reported by Contracting 
Parties on the number of hunted seals per report-
ing unit for grey seal (Halichoerus grypus), ringed 
seal (Phoca hispida) and harbour seal (Phoca vitu-
lina), and covers the years 2011-2014. The size and 
scale of the reporting units varies from county to 
country. Values were averaged over 2011-2014 and 
the number of hunted seals per square kilometer 
was calculated. Data sets were normalized so that 
value 0.5 was set at the quota for hunting in the 
Baltic Sea. The following quotas for hunting were 
used: Grey seal: 2000, Ringed seal: 350, Harbour 
seal 230. The datasets were normalized to produce 
the final pressure layer.  

Pressure layers representing physical disturbances

Physical disturbance to seabed
Physical disturbance is defined as a change to the 
seabed which can be reverted if the activity caus-
ing the disturbance ceases (EC 2017a). The same 
activities as in the assessment of physical loss, 
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and on the shoreline (also including cables and 
pipelines, marinas and harbours, land claim, and 
mariculture), extraction of sand and gravel, and 
dredging2 (Box 1, Figure B.1). However, it should 
be noted that the identification of “loss” as applied 
here has a provisional character, and that the avail-
able data does not allow for the classification of the 
effect of exact operations.

To represent the lost area, the total area covered 
by the abovementioned human activities was 
used, based on data represented as polygons. For 
point and line objects, impact distances for individ-
ual layers were estimated based on literature and 
expert evaluations and implemented accordingly 
(Annex 1), hence resulting in polygons for these as 
well. To produce one aggregated pressure layer out 
from individual human activity data sets, all layers 
were merged, overlapping areas were removed, 
and the data were clipped with coastline to remove 
buffered areas that overlapped with land. The re-
sulting area was considered as potentially lost and 
no attenuation functions were added. The area lost 
in square kilometres in each grid cell was used as 
the pressure value. Hence, if all of the area of one 
grid call was covered by the aggregated pressure 
layer, it was given a pressure value 1. 

Altered hydrological conditions
The layer is combination of activities causing 
changes to hydrological conditions: hydropower 
dams, watercourse modifications, wind farms and 
oil platforms. Impact distances and attenuation 
gradients for individual human activities were 
estimated based on literature and expert evalu-
ations and implemented accordingly. Data sets 
were handled separately, summed together and 
overlapping areas were removed to avoid double 
counting. The layer was normalized to produce the 
final pressure layer. 

2  Any identification and assessments of losses and distur-
bances caused by dredging/depositing operations at this stage have 
a preliminary character.

Table 2. Weighting factors applied when producing the aggregated pressure layer physical disturbance based on 
spatial data sets on human activities. The weighting factors were implemented based on information from literature 
(HELCOM 2017b).

Rank Human activity Weight

High pressure intensity 
and/or slow recovery

Coastal defense, Deposit of dredged material, 
Dredging, Extraction of sand and gravel, Trawling

1

Moderate to high Pipelines, Shipping 0.8

Moderate Finfish mariculture, Shellfish mariculture, Wind 
farms (under construction)

0.6

Low to moderate Cables (under construction) 0.4

Low Furcellaria harvesting, Recreational boating and 
sports, Wind farms (operational)

0.2

No pressure  0

and trawling, were considered as causing physical 
disturbance (acting via the pressures of siltation, 
smothering, and abrasion). In addition, shipping 
was included as potentially causing physical dis-
turbance (Box 1, Figure B.1). However, it should be 
noted that the identification of “disturbance” and 
its extent, as applied here, has provisional charac-
ter, as the available data does not allow for the clas-
sification of the effect of exact operations.

To represent the pressure of physical distur-
bance, impact distances and attenuation gradients 
for each individual human activities layer were esti-
mated based on literature and expert evaluations, 
and were implemented by adding corresponding 
buffers to the human activity data layers (for de-
tails, see Annex 1). When merging the individual 
layers into one aggregated layer on physical dis-
turbance, weighting factors were applied (Table 2). 
These were included in order to account for the fact 
that the intensity of the pressure varies between 
the different human activities. After the weighting, 
the human activity data layers (adjusted with buff-
ers) were summed together and normalized to pro-
duce the final aggregated pressure layer. 

Physical loss to seabed
Physical loss is defined as a permanent change of 
seabed substrate or morphology, meaning that 
there has been change to the seabed which has 
lasted or is expected to last for a long period (more 
than twelve years; EC 2017a). The following activ-
ities were considered in the assessment as poten-
tially causing loss of seabed: construction at sea 
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Box 1.
Human activities potentially attributed to seabed loss and disturbance

Construction and installations

Off-shore wind farms, harbours, underwater cables and pipelines are examples of constructions that cause a local but per-
manent loss of habitat. In addition, disturbance to the seabed may occur during the period of construction and installation. 
The pressures exerted during the construction phase have similarities with those during seabed extraction or dredging (see 
below). Installation of off-shore construction may also encompass drilling, pile driving, or the relocation of substrate for use 
as scour protection. The area lost by scour protection around the foundation of a wind farm turbine has been estimated to 
be in the order of tens of metres from the wind turbine (van der Wal and Tamis 2014). The scour protection will give rise to 
a new man-made habitat. 

Pipelines may be placed in a trench and then covered with sediment extracted elsewhere, so that the sediment composi-
tion differs from surrounding habitat (Schwarzer et al. 2014). On hard substrates, cables are often covered with a protective 
layer of steel or concrete casings. The loss of habitats by smothering and sealing from cables may occur up to a couple of 
metres from the cable (OSPAR 2008). 

Open systems of mariculture affect the seabed habitat through sedimentation of excrements under the fish and shellfish 
farms, as the accumulated material changes the seabed substrate. However, the extent of the effects in terms of loss and 
disturbance of the seabed depends on the hydrological conditions and on the properties of the mariculture, and currently 
limited information exists on the recovery rate when the pressure is removed (but see Kraufvelin et al. 2001).

Dredging

Dredging activities are usually divided into capital dredging and maintenance dredging. Capital dredging is carried out 
when building new constructions, increasing the depth in existing waterways, or making new waterways, while mainte-
nance dredging is done in order to maintain existing waterways. 

Dredging causes different types of pressure on the seabed; removal of substrate alters physical conditions through 
changes in the seabed topography, increased turbidity caused by re-suspended fine sediments, and smothering and sil-
tation of nearby areas due to settling of suspended load. Physical loss occurs during capital dredging, which usually occurs 
once at a specific location. It may also be connected to maintenance dredging when performed repeatedly at regular inter-
vals. The physical loss is limited to the dredging site, whilst physical disturbance through sedimentation may have a wider 
spatial extent. 

Disturbance through sedimentation may affect animals and vegetation even farther away from the dredging activity, 
on the scale of hundreds of metres (LaSalle et al. 1990, Boyd et al. 2003, Orviku et al. 2008). In addition, remobilisation of 
polluted deposited sediments may contribute to contamination and eutrophication effects.

Sand and gravel extraction

During sand and gravel extraction sediment is removed from the seabed, for use in construction, coastal protection, beach 
nourishment and land-fills, for example. 

Sand and gravel extraction can be performed using either static dredging or trailer dredging. When static dredging is 
used, the exerted pressures are of similar type as during dredging, potentially leading to partial or complete physical loss of 
habitat (depending on the extraction technique and on how much sand or gravel is removed) and altered physical condi-
tions (through changes in the seabed topography, increased turbidity caused by re-suspended fine sediments, smothering 
or siltation on nearby areas). When performing trailer dredging, the pressure exerted to the seabed is more limited com-
pared to static dredging, although the dredged area is greater. The intensity of the pressure is also dependent on the site. 
In areas where sediment mobility and dynamics are naturally high, the impacts of sand and gravel extraction are typically 
lower than in areas with more stable sediment types. 

There is high mortality of benthic organisms at the site of sand and gravel extraction, as the species are removed togeth-
er with their habitat (Boyd et al. 2000, 2003, Barrio Frojan et al. 2008). Since the extracted material is sieved at sea (to the 
required grain size) and the unwanted matter is discharged, the extraction may also result in changed grain size of the local 
sediment on the seabed. Adjacent areas are also affected by the activity albeit less severely (Vatanen et al. 2010).

Importantly, there are modern techniques and concepts which, if applied, can help to reduce the extent and intensity of 
physical disturbance of benthic organisms. Recolonization by sand- and gravel dwelling organisms is for example facilitated 
if the substrate is not completely removed. Precautionary measures are also recommended in HELCOM Recommendation 
19/1 on ‘Marine Sediment Extraction in the Baltic Sea Area’.
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Deposit of dredged material

Deposit of dredged material may cause covering of the seabed, smothering of benthic organisms, and lead to loss of hab-
itat if the sediment characteristics are permanently changed. In addition, increased turbidity during the activity causes 
increased siltation on the site and in its adjacent areas. In some cases, deposited material may contain elevated concentra-
tions of hazardous substances or nutrients. 

The impacts on the species depends mainly on the seabed habitat type, and the type and amount of deposited material. 
Burial of benthic organisms may cause mortality, but some species have the ability to re-surface (Olenin 1992, Powilleit et 
al. 2009). The probability of survival is higher on unvegetated soft bottoms, whereas vegetation and fauna on hard sub-
strates die when covered by a few centimetres of sediment (Powilleit et al. 2009, Essink 1999). The spatial extent of the 
disturbance is similar to that during dredging (Syväranta and Leinikki 2015, Vatanen et al. 2015).

Shipping

Ship traffic can cause disturbance to the seabed in several ways; propeller induced currents may cause abrasion, resuspen-
sion and siltation of sediments, ship-bow waves may cause stress to littoral habitats, and dragging of anchors may cause 
direct physical disturbance to the seabed. 

Disturbances to the seabed from shipping mainly occur in shallow areas. The effects are often local, concentrated to 
shipping lanes, and in the vicinity of harbours. For larger vessels, the effect on turbidity has been observed down to depths 
of thirty metres (Vatanen et al. 2010). Mid-sized ferry traffic has been estimated to increase turbidity by 55 % in small inlets 
(Eriksson et al. 2004). Erosion of the sea-floor can be substantial along heavy shipping lanes, and has been observed to 
cause up to one metre of sediment loss due to abrasion (Rytkönen et al. 2001).

Bottom trawling

Bottom contacting fishing gear causes surface abrasion. During bottom trawling it may also reach deeper down into the 
sediment, causing subsurface abrasion to the seabed. 

The substrate that is swept by bottom trawling is affected by temporary disturbance, and bottom dwelling species are 
removed from the habitat or relocated (Dayton et al. 1995). The impact is particularly strong on slow growing sessile species 
which may be eradicated. Since the same areas are typically swept repeatedly, and due to high density of trawling in some 
areas, the possibility to recover may also be low for more resilient organisms, and a change in species composition may be 
seen (Kaiser et al. 2006, Olsgaard et al. 2008). 

In addition, the activity may mobilise sediments into the water, which may be transported to other areas and cause 
smothering of hard substrates, or may release hazardous substances that have been previously buried in the seabed (Jones 
1992, Wikström et al. 2016).

ShippingDredging DepositExtractionConstruction Trawling

AbrasionSiltation SmotheringExtractionSealing

SEABED DisturbanceLoss

Figure B.1. Generalised overview of human activity types and the physical pressures they may exert on the 
seabed. The pressures are further grouped into those causing loss and disturbance of the seabed. Black lines link to 
potential physical loss of seabed habitats, and blue lines link to potential physical disturbance
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2.3. Ecosystem component layers

The data sets on ecosystem components, which 
were additionally used in the Baltic Sea Impact In-
dex, are presented in Table 3.  The ecosystem com-
ponent data sets represent the spatial distribution 
of habitats and species with high ecological impor-
tance in the Baltic Sea, for which data was available 
and comparable at the Baltic Sea regional scale. 
The following groups were included 1) benthic 
habitats based on the EMODnet broad-scale habi-
tats3 and Natura 2000 habitats, 2) habitat-building 
species, 3) pelagic habitats defined as the photic 
surface layer and the layer beneath, 4) mobile spe-
cies (mammals, birds and fish species characteris-
tic species for the Baltic Sea, as well as the habitats 
they use.

Similar to the pressure layers, the ecosystem 
component data sets were defined to represent 
the situation during 2011-2016. Hence, they do 
not include information on where species would 
occur had there been no historical pressures from 
human activities. For example, the distribution of 
cod spawning areas is shown based on informa-
tion on currently functional spawning areas, which 
have a clearly more limited distribution than in the 
past (Köster et al. 2017). Hence, the assessment fo-
cuses on addressing potential impacts on species 
and habitats given their current, existing distribu-
tion. The results are not intended to be used for an 
assessment of their status (For this, see HELCOM 
2018a), but for assessing in which geographical ar-
eas these species and habitats are currently under 
high cumulative pressure from human activities.

3  The broad scale habitats do not completely match the 
MSFD habitats.

Table 3. Ecosystem component layers included in the assessment. The layers were based on data collected from 
various sources, including national data calls and input from HELCOM expert groups  For more detailed information on 
the layers, see further below in this chapter, and the metadata descriptions for each spatial data set (HELCOM 2017b).

ECOSYSTEM COMPONENT

Benthic habitats

Availability of deep water habitat, based on occurrence of H2S

Infralittoral hard bottom

Infralittoral sand

Infralittoral mud

Infralittoral mixed

Circalittoral hard bottom

Circalittoral sand

Circalittoral mud

Circalittoral mixed

Sandbanks which are slightly covered by sea water at all time (1110)

Estuaries (1130)

Mudflats and sandflats not covered by seawater at low tide (1140)

Coastal lagoons (1150)

Large shallow inlets and bays (1160)

Reefs (1170)

Submarine structures made by leaking gas (1180)

Baltic Esker Islands (UW parts, 1610)

Boreal Baltic islets and small islands (UW parts, 1620)

Habitat building species

Furcellaria lumbricalis 

Zostera marina

Charophytes 

Mytilus edulis

Fucus sp.

Pelagic habitats

Productive surface waters

Mobile species and their key habitats

Cod abundance 

Cod spawning area 

Herring abundance 

Sprat abundance 

Recruitment areas of perch

Recruitment areas of pikeperch 

Wintering seabirds

Breeding seabird colonies

Grey seal distribution

Harbour seal distribution

Ringed seal distribution

Distribution of harbour porpoise
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2.4. Connection to the Marine Strategy 
Framework Directive

The organization of the used pressure layers is in 
line with the revised Annex III of the Marine Strat-
egy Framework Directive (EC 2017a-b), with some 
modifications in order to make the list applicable 
to Baltic Sea conditions. Human activities not oc-
curring in the Baltic Sea were not included. Further, 
some pressures were sub-divided as they were 
considered important for the region. Extraction 
of fish was assessed separately for the three pre-
dominating commercial species (in addition to the 
theme-wise assessment), and hunting of seals and 
seabirds were assessed separately. Nutrients were 
addressed by assessing concentrations of of nitro-
gen and phosphorus at sea both separately and 
taken together as a theme. 

Pressures related to climate change, such as 
acidification or changes in salinity and tempera-

ture, were not included due to a lack of approach 
for how to handle the monitoring data. Further-
more, data on the inputs of litter, inputs of organic 
matter, or genetically modified species were not 
included, due to a lack of spatial information.

The BSPI and BSII were developed to assess the 
potential extent of current impact from human ac-
tivities on species and habitats in the Baltic Sea, in 
the light of the Baltic Sea Action Plan. The current 
assessment provides a more developed and ad-
vanced approach compared to the first version of 
the BSPI and BSII, as presented in the initial HEL-
COM holistic assessment (HELCOM 2010a). How-
ever, there is a need for continued, further devel-
opment of the tool and its underlying data layers. 
A more refined approach should be developed in 
the future, focussing both on improving the under-
lying data sets and the analyses. The assessment 
provides no prejudice to national decisions on how 
to assess human activities and their impacts in na-
tional waters.
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3.2. Calculation of BSII and BSPI

Both the Baltic Sea Pressure Index and the Baltic 
Sea Impact Index were carried out at full Baltic 
Sea regional scale, based on assessment units of 1 
square kilometres (grid cells). 

The key components of the Baltic Sea Impact 
Index (BSII) are georeferenced data sets of human 
induced pressures (pressure layers), and ecosys-
tem components (ecosystem component layers), 
as well as sensitivity scores that are used in com-
bining the pressure and ecosystem component 
layers. The sensitivity scores estimate the potential 
impact of each assessed pressure on each specific 
ecosystem component and were defined as pre-
sented further below (Chapter 3.5) 

The impact index was calculated based on the 
sum of all impacts in one assessment unit, for all 
ecosystem components, as shown in formula A 
(where PL=pressure layer, n=the number of pres-
sures, EC=ecosystem components, m=the number 
of ecosystem components, and SS=the sensitivity 
of each ecosystem component to each pressure):

Formula A

The Baltic Sea Pressure Index was calculated with-
out considering the values of ecosystem compo-
nents, but including the average sensitivity score 
of all ecosystem component to individual pressure 
(formula B). This analysis gives the cumulative an-
thropogenic pressures in each grid cell calibrated 
with the mean sensitivity score to each pressure. 

Formula B

3.3. Method implications

The applied approach allows for including several 
ecosystem component layers per grid cell and is 
suitable when the underlying ecosystem compo-
nent data sets have relatively high level of detail, as 
is the case in the current assessment. 

The Baltic Sea Impact Index was assessed based 
on the ‘sum impact’ because, compared to other 
computation options, the sum approach gives a 
greater range of high and low impact values and 
hence distinguishes patterns more clearly.

In cases where there are significant gaps in the 
underlying ecosystem component data sets, it 
may be more suitable to use the method of ‘aver-
age impact’ or ‘maximum impact’. The ‘average 
impact’ has been used in assessments in other sea 

3. Method for the assessment of 
cumulative pressures and impacts

The Baltic Sea Impact Index (BSII) builds on con-
cepts developed by Halpern et al. (2008), and was 
first applied in the initial HELCOM holistic assess-
ment (HELCOM 2010a). The methods that were ap-
plied at that time are described in HELCOM (2010b) 
and Korpinen et al. (2012). The concepts were 
subsequently developed further for parts of the 
North Sea area in the HARMONY project (Andersen 
et al. 2013), which also developed an assessment 
software (Stock 2016). The same methodology has 
also been used in the Mediterranean and the Black 
Sea (Micheli et al. 2013).

Although the method used in the ‘State of the 
Baltic Sea 2011-2016’ report (HELCOM 2018a) is 
similar to that applied in HELCOM (2010a), the as-
sessment approach has been refined further. The 
main focus of the work has been on improving 
the data underlying the assessment. Further, the 
structure by which data layers are included has 
been changed, in order to provide a more balanced 
assessment. Hence, results from the assessment in 
2010 cannot be directly be compared to the results 
presented here.

3.1. Assessment tool 

The assessment was carried out in an ArcGIS tool-
box specifically designed and created for this pur-
pose at the HELCOM Secretariat. The tool uses the 
same principles as the EcoImpactMapper software, 
but is run in a spatial framework, and is flexible to 
further development and modification according 
to future needs. The developed tool can directly 
exploit the pressure and ecosystem component 
layers without conversion and automatically inte-
grates the sensitivity scores for this process. 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) = ∑  ∑ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) ∗ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑗𝑗𝑗𝑗(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) ∗ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖, 𝑗𝑗𝑗𝑗𝑚𝑚𝑚𝑚
𝑗𝑗𝑗𝑗𝑗𝑗

𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑗𝑗

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) = ∑ (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦) 1
𝑚𝑚𝑚𝑚

𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖1 ∑ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖, 𝑗𝑗𝑗𝑗𝑚𝑚𝑚𝑚

𝑗𝑗𝑗𝑗𝑖1 )
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areas such the California Current (e.g. Halpern et al. 
2009). The ‘maximum impact’ method might be 
appropriate to highlight areas of high risk.

One implication of using the ‘sum’ approach, 
as applied here, is that the overall assessment 
outcome depends on the number of ecosystem 
components and pressures assessed in each grid 

cell. The highest impacts are often observed in 
assessment units where several pressures and/or 
ecosystem components are present. Therefore, 
a high index score can either be explained by the 
impact of several pressures, or by the impact of a 
single pressure on several ecosystem components 
(Figure 3).

Figure 3. Example of difference in assessment output when the cumulative impact is calculated on the ‘sum impact’ as in the Baltic Sea 
Impact Index, (upper) or using the ‘mean impact”, for comparison (lower figure). The sum approach highlights the distribution of ecosys-
tem components relatively more strongly, whereas the mean approach increases the emphasis on pressures. Hence, the mean approach is less 
influenced by how many ecosystem component layers are included, although this aspect is also taken into account.
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where tolerance/resistance and recoverability are 
two components, and the survey also asked for all 
of these aspects in order to evaluate the consist-
ency in the replies. 

In addition, the survey requested information 
on the impact distance and impact type for differ-
ent pressures, as they were defined in the expert 
survey. The replies were used as information to 
support the development of aggregated pressure 
layers. Predefined reply alternatives for the impact 
distances were provided, but self-defined distanc-
es were also permitted. For the impact type, four 
basic response curves were given as alternatives 
(for further details, see Annex 1).

Finally, the participating experts were asked to 
provide a self-evaluation of how certain they were 
of their judgment. A low score was to be assigned 
if limited or no empirical documentation was 
available to support the judgement. In these cas-
es, the judgement was mainly based on inference 
from other, similar ecosystem components/pres-
sure types or from knowledge on the physiology 
and ecology of the species. A moderate score was 
to be assigned if empirical documentation was 
available, but show contradictory results in differ-
ent studies, or if the documentation was based on 
grey literature with limited scope. Finally, a high 
confidence score was to be given if documenta-
tion was available with relatively high agreement 
among studies.

Inclusion of results from the survey

The results were analyzed and evaluated in relation 
to the number of replies, the variability among ob-
tained responses, and the self-evaluation provided 
by the experts. After the evaluation, the sensitivity 
scores were based on the answers regarding ‘sen-
sitivity’, while the responses to the themes ‘toler-
ance/resistance’ and ‘recoverability’ were analyzed 
as aspects to assess the level of consistency in the 
replies. The average of all replies provided to each 
ecosystem-pressure combination was used. The 
results were validated against an external literature 
review (see Annex 1). The review focused on the 
pressures physical loss and physical disturbance, 
but also covered other pressures.

3.4. Sensitivity scores

The sensitivity scores estimate the sensitivity of 
species and habitats to the different pressures, and 
are used in the Baltic Sea Impact Index. The sensi-
tivity scores used in this assessment were obtained 
from a survey answered by over eighty experts in 
the Baltic Sea region, representing marine research 
and management authorities in seven Baltic Sea 
countries. Before implementation, the sensitivity 
scores were evaluated in relation to a self-evalua-
tion by the experts regarding how certain they were 
in their replies. Further, the results were evaluated 
for compatibility with a literature review, focusing 
on the physical pressures and benthic habitats, but 
also including other aspects. The sensitivity scores 
finally applied in the assessment are presented in 
Table 4, for each combination of ecosystem com-
ponents and pressures. The steps to determine 
the sensitivity scores are defined below and more 
background and details are given in Annex 2. 

Design of the expert survey

The expert survey was developed in the TAPAS pro-
ject and was presented in Microsoft Excel, supple-
mented with guidance on how to respond to the 
survey (Annex 2). 

The survey contained a matrix of all possible 
combinations of pressures and ecosystem com-
ponents, in the same format as shown in Table 4. 
Respondents were asked to provide estimates with 
respect to combinations of pressures and ecosys-
tem components within their area of expertise. 

The first three questions addressed the aspects 
of tolerance/resistance, recoverability, and sensi-
tivity. Answers to these themes were requested in 
the categories ‘high’, ‘moderate’ and ‘low/none’, 
with the possibility to provide additional free text 
information. The replies were transformed to nu-
meric scores from 0 to 2. ‘Low’ sensitivity, ‘high’ 
tolerance and ‘high’ recoverability received the 
score 0, while ‘high’ sensitivity, ‘low’ tolerance 
and ‘low’ recoverability received the score 2, and 
replies saying ‘moderate’ received score 1. The 
aim of the survey was to give sensitivity estimates, 
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Table 4. Sensitivity scores applied in the Baltic Sea Impact Index. The pressures are named as in Figure 1, and were entered into the assessment represented by spatial data sets as presented 
in Table 1. Ecosystem components are consistent with Table 3. The sensitivity scores of the broad habitat layers ‘Infralittoral mixed’ and ‘Circalittoral mixed’ were produced as means of the 
layers on mud, sand and hard bottoms. The scores are color-coded so that higher scores are red, intermediate scores white and low scores blue. The pressures and ecosystem components are 
sorted so that pressures with the highest total scores appear towards the top of the table, and ecosystem components with the highest total scores appear in the left-hand side of the table.
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a The ecosystem component was represented by the layer “Availability of deep water habitat, based on occurrence of H2S”, defining areas without H2S 
occurrence as available habitat for benthic fauna.

b Some original data sets were not included in order to avoid impacts from double counting, as similar aspects were also represented in other layers. These 
were: haulout areas for seals, and roach recruitment habitats. Abundance of pelagic spawning flounder and migration routes for birds were not included due 
to lack of sufficient spatial data.
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Response rate and evaluation of the sensitivity 
scores

A total of 81 persons from 9 countries responded 
to the survey (Table 5). Between 1 and 35 replies 
were provided to the different combinations. The 
lowest response rate, only one response, was given 
to the ecosystem component representing subma-
rine structures made by leaking gases. The mean 
number of replies per pressure and ecosystem 
component combination was 12.1 with respect to 
‘tolerance’ (standard deviation= 6.1), 11.8 for ‘re-
coverability’ (standard deviation = 6.1) and 11.4 for 
the theme ‘sensitivity’ (standard deviation = 5.7)

There was some variability in the scores provid-
ed by different experts to the same pressure and 
ecosystem component combination. The standard 
deviation from the mean for responses to a certain 
combination was on average 0.55, for ‘tolerance’ 
(ranging between 0 and 1), and 0.62 for ‘recovera-
bility’ as well as ’sensitivity’ (ranging between 0 and 
1.41). 

Based on the self-evaluation, the experts esti-
mated the lowest level of certainty in setting sen-
sitivity scores (on average 1.2) to the pressure radi-
onuclides (referred to as ‘Input of radionuclides’ in 
the survey). Other pressures for which the experts 
indicated low certainty (below 2 on average) were 
‘Changes in hydrological conditions, ‘Inputs of oth-
er forms of energy’, ‘Input of hazardous substanc-
es’, ‘Input of litter’, ‘Introduction of non-indigenous 
species and translocations’, ‘Changes in climatic 

conditions’, and ‘Acidification’. The highest confi-
dence in providing sensitivity score was indicated 
by the experts for ‘Inputs of nutrients’4.

Among the ecosystem components, the lowest 
confidence was assessed in relation to impacts on 
‘Baltic esker islands’ (1.8) and the highest confi-
dence to deep water habitats (defined by the pres-
sure layer ‘Availability of deep water habitat, based 
on occurrence of H2S’ (2.5). In general, the variabil-
ity in assessed confidence was lower among eco-
system components than among pressures. When 
looking at the sensitivity scores, the lowest confi-
dence (1.0) was given to the pressure – ecosystem 
component combination ‘Submarine structures 
made by leaking gas’ in relation ‘Input of radio-
nuclides’, ‘Climate change’ and ‘Acidification’. The 
highest average confidence score (3.4) was given 
in relation to the combination ‘Roach’ and ‘Input 
of nutrients’. The variability in the results from the 
self-assessment of confidence by the experts was 
rather small (ranging 0.27-0.71 for ecosystem com-
ponents and 0.19-0.50 for pressures).

Combinations of pressures and ecosystem com-
ponents with the lowest points and least confidence 
regarding the expert self-evaluation are listed in Ta-
ble 6. The combinations with reduced confidence 
were checked against the obtained sensitivity 
scores. For combinations where the average sen-
sitivity score was also low (0-1.0), the influence of 
these combinations on the assessment outcome is 
low. In one case, a moderate sensitivity score was 
observed in combination with reduced confidence 
(sensitivity of submarine structures to the oil spills). 

Literature review

Sensitivity scores for assessing impacts on benthic 
habitats and species were also based on a litera-
ture review provided by the BalticBOOST project. 
The literature review assessed the sensitivity of all 
kinds of benthic habitats to the pressures physical 
loss, physical disturbance and changes in hydro-
logical conditions. The review suggested that the 
pressure physical loss is given the highest sensitiv-
ity score in all cases. The literature for evaluating 
sensitivity scores for the pressures physical distur-
bance and hydrological conditions are presented 
in Annex 2, which also lists literature to support the 
evaluation of sensitivity score for benthic habitats 
in relation to other pressures, as well as other liter-
ature referred to.

4  For information on which pressure layers where finally 
agreed on to represent these pressures, see Table 1.

Table 5. Number of replies per HELCOM Contracting Parties

Country Number

Denmark 19

Estonia 0

Finland 11

Germany 17

Latvia 2

Lithuania 3

Poland 8

Russia 0

Sweden 21

Total 81
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Table 6. Combinations of pressures and ecosystem components where sensitivity scores in the expert survey had low confidence, according to three criteria: 1) few replies obtained in 
the survey (less than 8), 2) high variability in responses from different experts (standard deviation above 1.0), or 3) low confidence in the assessment based on the self-evaluation from the 
experts (mean value below 1.5). The combinations are organized by pressures in alphabetical order. The reason for the combination being listed is explained in the last column. SD = Standard 
deviation. For information on which pressure layers where finally agreed on to represent these pressures, see Table 1. Pressures and ecosystem components marked * were not included in the 
Baltic Sea Impact Index.

Pressure Ecosystem component Decisive confidence criterion

All Submarine structures made by leaking gases Few replies (on average 3.5)

Many Baltic esker islands  Few replies (on average 3.4)

Many Baltic boreal islets Few replies (on average 3.2)

Acidification* All Few replies (on average 5.5)

Bird migration routes*, Grey seal haul-outs, Harbour seal haul-outs, Grey 
seal abundance, Harbour seal abundance, Estuaries, Recruitment areas 
of pikeperch, Recruitment areas of roach 

High variability (SD 1.0 to 1.4)

Submarine structures made by leaking gases Low certainty (on average 1.0)

Ringed seal distribution Low certainty (on average 1.4)

Changes in climatic conditions* Baltic esker islands, Boreal Baltic islets, Submarine structures made by 
leaking gases

High variability (SD 1.2 to 1.4)

Mudflats and sandflats, Estuaries Low certainty (1.3 and 1.0, respectively)

Grey seal haul-outs and Harbour seal haul-outs Low certainty (on average 1.4 in both cases)

Changes in hydrological conditions Submarine structures made by leaking gases Low certainty (on average 1.3)

Extraction of / injury to mammals Furcellaria lumbricalis and Charophytes High variability (SD 1.2 in both cases

Productive surface waters High variability (SD 1.0)

All habitats and all habitat-forming species Few replies (on average 5.6)

Fishing mortality Circalittoral hard bottom High variability (SD 1.0)

Productive surface waters High variability (SD 1.0)

Input of continuous sound Baltic esker islands Low certainty (on average 1.4)

Input of hazardous substances Submarine structures made by leaking gases Low certainty (on average 1.3)

Mudflats and sandflats, Estuaries Low certainty (on average 1.4 in both cases)

Input of litter Submarine structures made by leaking gases Low certainty (on average 1.2)

Baltic esker islands, Boreal Baltic islets Low certainty (1.4 and 1.3, respectively)

Breeding seabird colonies Low certainty (on average 1.4)

Input of other forms of energy Baltic esker islands Low certainty (on average 1.4)

All habitats and all habitat-forming species Few replies (on average 6.5)

Inputs of radionuclides Grey seal abundance and Harbour seal abundance High variability (SD 1.0 in both cases)

Many (34 of 40 ecosystem components) Low certainty (from 1.0 to 1.4)

Introduction of non-indigenous 
species

Distribution of harbour porpoise, Harbour seal haul-outs, Grey seal haul-
outs, Migration routes for birds, Breeding seabirds colonies, Wintering 
seabirds, and Submarine structures made by leaking gas 

Low certainty (on average 1.2 to 1.4)

Mammal mortality Productive surface waters High variability (SD 1.0)

Oil spills Submarine structures made by leaking gases Low certainty (on average 1.3)
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3.5. Confidence in the assessment

A quantitative evaluation of confidence in the BSII 
and BSPI assessments was not made, and the overall 
confidence in the assessment should be evaluated 
qualitatively, by examination of the underlying spa-
tial data sets and sensitivity scores. One current lim-
itation to providing a quantitative assessment is that 
many data sets only include information on which 
activities, pressures or ecosystem components are 
present, while absence of information may be due 
to either a true absence of the concerned element, 
or to missing data. In particular, the assessment of 
potential loss and disturbance can be underestimat-
ed in some sub-basins due to lack of data of human 
activities connected to this pressures. For examining 
this aspect, the spatial data sets on human activities 
underlying the assessment should be evaluated 
qualitatively. An overview of the shares of the defined 
assessment data sets (see tables 1 and 3) that are ul-
timately included in different parts of the Baltic Sea 
region is provided in connection to the result maps 
(Figures 2, 3 and 6 in Chapter 4).

The relative influence of the sensitivity scores 
on the results can be inflated if the assessment is 
based on only a limited number of spatial data sets 
(Korpinen et al. 2012). However, in the present as-
sessment, the overall spatial data availability were 
sufficiently high in this respect. 

The assessment is based on additive effects. 
However, in reality impacts may also be synergistic 
(or antagonistic), so that the overall effect of many 
pressures can be larger (or smaller) than the sum 
due to interactions in the food web and ecosystem 
feedbacks. The current version of the BSII does not 
take such more complex linkages into account.

The BSII is designed to evaluate spatial aspects, 
identifying areas where human induced pressures 
are likely to have relatively high or low cumulative 
impact on the marine environment. Hence, results 
for particular areas are to be compared to each oth-
er only in relative terms, while the assessment does 
not give information on absolute impact levels. 

In addition to these more general aspects of con-
fidence relating to the approach, an assessment of 
the confidence in the current assessment results is 
provided in the connection to the results (Chapter 4).



Thematic assessment of cumulative impacts  
on the Baltic Sea 2011–2016

22

4.1. Cumulative pressures on the Baltic 
Sea marine area

Pressures from human activities occur everywhere 
in the Baltic Sea, but are mainly concentrated near 
the coast and close to urban areas (Figure 2). The 
most widely distributed pressures at regional scale 
are nutrients (including nitrogen and phosphorus), 
hazardous substances, non-indigenous species, 
and extraction of fish. 

4.2. Cumulative impacts in the Baltic 
Sea marine area

The assessment of potential cumulative impacts 
indicates that there are great differences in the 
level of cumulative impacts between different are-
as of the Baltic Sea. The southwest Baltic Sea and 
many coastal areas experience higher potential 
cumulative impacts than the northern areas and 
many open sea areas (Figure 3). However in areas 

4. Results 

Figure 2. The Baltic Sea Pressure Index shows spatial variation in potential cumulative pressure on the Baltic Sea, by combining data on several pressures together. The index is based on 
currently best available regional data, but spatial gaps occur in some underlying datasets, as identified in the smaller map.
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with poor data coverage the potential cumulative 
impacts may be underestimated. 

Most of the identified impacts were attributed to 
nutrient concentrations and hazardous substances, 
followed by non-indigenous species, and the extrac-
tion of fish (Figure 4). Nutrient concentrations includ-
ed phosphorus and nitrogen concentrations, and the 
theme representing the extraction of fish included 
cod, sprat and herring extraction. The results reflect 
that these are the pressures which are most widely 
distributed in the Baltic Sea, and to which many spe-
cies and habitats are sensitive. Other pressures, such 
as oil slicks and spills, physical loss and physical dis-
turbance, were associated with high sensitivity scores 
but had lower influence to the overall regional scale as 
they are not as widely distributed.

By considering how the spatial distribution 
of species and habitats overlap spatially with 
different pressures, the Baltic Sea Impact Index 
identifies the parts of the biological ecosystem 
that are potentially most impacted overall. The 
most widely impacted ecosystem components 
in the Baltic Sea were the deep water habitats 
and productive surface waters, the marine 
mammals (grey seal, harbour porpoise, ringed 
seal, and harbour seal), as well as cod (Figure 5). 
Relatively high impacts are seen in many coastal 
areas, which reflects that shallow habitats typ-
ical for these areas were assessed as sensitive 
to several pressures, and that more ecosystem 
components are represented in coastal areas 
than in the open sea. 

Figure 3. Distribution of cumulative impact from human activities on the Baltic Sea environment, based on the Baltic Sea Impact Index. The index addresses the total added impact from 
pressures on species and habitats, focusing on spatial variation to identify areas subjected to potentially higher and lower impact. The analysis is based on currently best available regional data, 
but spatial gaps occur in some underlying datasets, as identified in the smaller map (EC=Ecosystem components layers, HA=human activities and pressures data sets).
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Figure 5. List of most widely impacted ecosystem components (species or habitats), according to the Baltic Sea 
Impact Index. Note that only results for the twenty most impacted ecosystem components are shown. The ‘sum value’ 
is calculated as the sum of impacts from all pressures on each ecosystem component.

Figure 4. Ranking of pressures themes attributed to cumulative impacts at regional scale in the Baltic Sea Impact Index. The ‘sum value’ is calculated as the sum of impacts from each 
pressure on all studied ecosystem components at Baltic Sea scale. For further explanation to the pressures, see  HELCOM (2018E).

4.3. Cumulative impacts on benthic 
habitats

A separate analysis was carried out for potential cu-
mulative impacts on benthic habitats only, as these 
are particularly affected by physical pressures. In 
this case the evaluation was based on pressure lay-
ers representing physical loss and physical distur-
bance to the seabed, combined with information 
on the distribution of eight broad benthic habitat 
types and five habitat-forming species, which have 
been identified as relevant for the HELCOM area5.

The evaluation suggests that benthic habitats 
are potentially impacted by loss and disturbance 
in all sub-basins of the Baltic Sea, but the highest 
estimates were found for coastal areas and in the 
southern Baltic Sea (Figure 6). The most impacted 
sub-basins were identified as the Sound, Bay of 
Mecklenburg, and the Kiel Bay (Figure 7). As the 
shallow waters usually host more diverse habitats, 
the impacts also accumulate more in coastal areas.

The top human activities causing cumulative im-
pacts on benthic habitats, according to this assess-
ment, are bottom trawling, shipping, recreational 
boating and sediment dispersal caused by various 
construction and dredging activities and deposit of 
dredged sediment.

5 Eight broad scale habitats (Circalittoral hard substrate, Cir-
calittoral mixed substrate, Circalittoral mud, Circalittoral sand, In-
fralittoral hard substrate, Infralittoral mixed substrate, Infralittoral 
mud and Infralittoral sand) and 5 habitat forming species (Fur-
cellaria lumbricalis, Zostera marina, Mytilus edulis, Fucus spp. and 
Charophytes).
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Figure 6. Map of potential cumulative impacts on benthic habitats in the Baltic Sea. The cumulative impacts are calculated based on the method of the Baltic Sea Impact Index as the 
‘sum of impact’, specifically for the two pressures physical loss and physical disturbance. Benthic habitats were represented by eight broad scale habitat types and five habitat forming species 
(Furcellaria lumbricalis, Zostera marina, Mytilus edulis, Fucus spp. and Charophytes). White color on the map indicates areas where impact is assessed as zero, due to absence of pressures or 
ecosystem components, or both. The analysis is based on currently best available regional data, but spatial gaps occur in some underlying datasets, as identified in the smaller map (EC=Eco-
system components layers, HA=human activities and pressures data sets).

Figure 7. Cumulative impacts on benthic habitats in the Baltic Sea sub-basins. The values are 
calculated as the ‘summed impact’ from physical loss and physical disturbance on the studied 
benthic habitat types and habitat forming species, divided by the area of the sub-basin. The 
estimates are based on currently best available regional data, but spatial and temporal gaps 
may occur in underlying datasets. 
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4.4. Physical loss and disturbance6

Estimation of physical loss 

The level of long term physical loss of seabed in the 
Baltic Sea was estimated to be less than 1 % on the 
regional scale (up to the year 2016). The highest es-
timates of potential loss at the level of sub-basins 
were found in the more densely populated south-
ern Baltic Sea and ranged between 1 and 5 % in 
the Sound, the great Belt, the Arkona Basin and the 
Bay of Mecklenburg. In the majority of the sub-ba-
sins, less than 1 % of the seabed area was estimat-
ed to be potentially lost (Figure 8). 

The human activities mainly connected with 
seabed loss were sand extraction, dredging and 
deposit of dredged material, harbours and mari-
nas, and to a lesser extent offshore installations 
and mariculture. In terms of broad benthic habitat 
types, the highest proportion of area potentially 
lost was ‘infralittoral sand’, but the highest total 
area potentially lost was estimated for ‘infralittoral 
mixed’ substrate’ (Figure 9).

6  The identification of which activities lead to loss and/or 
physical disturbance is still under development and therefore the 
categorisations made up to now are preliminary.

Figure 9. Estimate of area of broad benthic habitat types potentially lost due to human activities. ‘Infralittoral’ is 
the permanently submerged part of the seabed that is closest to the surface, typically with benthic habitats dominated 
by algae. ’Circalittoral’ is the zone below the infralittoral, and is in the Baltic Sea typically dominated by benthic animals.

Figure 8. Estimate of seabed area (km2) potentially lost due to human activities per Baltic Sea sub-basin. The 
estimation is calculated from spatial data of human activities causing physical loss, as listed in the text (see Chapter 2.2).
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Estimated physical disturbance

Around 40 % of the Baltic seabed was estimated to 
have been potentially disturbed (180 000 km2) dur-
ing 2011–2016. The spatial extent of potential phys-
ical disturbance to the seabed varied between 8 
and 95 % per sub-basin (from around 900 to 35,500 
km2; Figure 9). However, the estimation does not 
reflect whether these areas are associated with 
adverse effects to the benthic habitats, since the 
intensity of the disturbance is unknown. The inten-
sity or severity of the disturbance is an important 
aspect which is intended to be covered in future 
indicator-based assessments.

The activities connected to the widest poten-
tial physical disturbance are bottom-trawling, 
which is common in the southern parts of the 
Baltic Sea, shipping, and recreational boating. At 
a local scale, physical disturbance may be caused 
by dredging and the deposit of dredged material. 
The largest areas of potentially disturbed seabed 
were estimated in the Bornholm Basin and the 
Eastern Gotland Basin, which are also both com-
paratively large sub-basins (Figures 9-10). The 
sub-basins with highest proportion of potentially 
disturbed seabed were found in the southern Bal-
tic Sea, between the Kattegat and the Bornholm 
Basin (Figure 11).

Importantly, these estimates are based on best 
available data about the extent of the activities 
concerned. In some cases, due to limited data, ar-
eas licensed for an activity, such as dredging, de-
posit of dredged material and extraction of sand 
and gravel, were used in the calculations. This 
type of information does not necessarily reflect 
the extent of the exerted pressure, as the activity 
may be undertaken only in parts of the licensed 
area. These limitations in data add to the uncer-
tainties of the estimate.

hard mixed mud sand hard
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NA

NA

mixed mud sand

Bothnian Bay

The Quark

Bothnian Sea
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Figure 10. Estimate of seabed area (km2) potentially disturbed in the Baltic Sea sub-basins. The color of the bars indi-
cate the proportion of potentially disturbed seabed area per sub-basin. The area is estimated based on spatial information of 
the distribution of human activities connected to physical disturbance, as explained further in the text. The estimate is based 
on any presence of human activity connected to the pressure, and does not consider the level or severity of the disturbance. 

Figure 11. Estimate of the proportion (%, given in ranges) of the different broad benthic habitat types potentially 
disturbed due to human activities per sub-basin. The estimate is based on the total number of human activities linked 
to potentially causing this pressure, and does not reflect the actual level of impact. ‘NA’ denotes that the habitat type is not 
represented.
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4.5. Confidence in the assessment

The assessments of cumulative pressures and im-
pacts are both directly dependent on the quality 
of the underlying data layers. The aim has been to 
include spatial information on Baltic Sea scale, so 
that the results will be comparable. The results give 
an estimation of potential pressures and impacts, 
created with best available data. However, gaps 
and quality differences may occur in the underly-
ing datasets. In some cases, it has not been possi-
ble to achieve data sets with full spatial coverage, 
but the layers have still been included in order to 
reflect the currently best available knowledge, 
rather than omitting this aspect. The completeness 
of data coverage for different geographical areas is 
shown on the side of each map. 

In the results, the completeness of data coverage 
for different geographical areas is shown on the 
side of each map. Partial data gaps may particular-
ly be seen for pressure layers on impulsive sound 
and dredging, and for ecosystem component lay-
ers representing habitat-forming species. For these 
aspects, improved data collection and spatial data 
refinement would be needed.

In other cases, planned data sets could not be 
included at all, as it was not possible to achieve 
data sets with sufficient spatial coverage, name-
ly regarding important habitats for flounder and 
migration routes for birds. Further, effects of 
climate change, which could be represented by 
data sets on changes in acidification, salinity or 
temperature, were not included for methodo-
logical reasons but will be important to include 
in the future.

Further method development is also needed 
regarding the data layer representing extraction 
of fish. The current data layers were based on fish 
landings, and do not account for whether catches 
correspond to the agreed reference points for fish-
ing pressure, FMSY. When catches are used directly, 
the assumption that large catches correspond to 
high pressure is implicitly made. However, stocks 
providing high catches may be large and sustaina-
bly exploited, whereas stocks providing low catch-
es may be at a low level but with a high exploitation 
rate. Therefore, catches alone do not provide infor-
mation on the status of the exploitation relative to 
the agreed reference point. 

The data was collected in order to be represent-
ative for the period 2011-2016. However, pressures 
from some human activities which were included 
are only present during a limited time period in 
each place, and may be over-emphasised in the 
results compared to pressures which are present 
continuously. This concerns for example pressures 
associated with construction work. Such activities 
were not associated with the pressures identified 
as most impacting at Baltic Sea scale in the current 
assessment, but may come up if similar assess-

ments are made at smaller spatial scale. In future 
work, improved methods for representing aspects 
of temporal duration should be developed. 

Another important aspect for further considera-
tion is how to represent the effects of past impacts on 
species and habitats. The applied approach is limited 
to estimating impacts on species and habitats within 
their current distributions, and does not encompass 
the aspect that an area may be devoid of a certain spe-
cies due to too high pressure (currently or historically). 
In these cases, the ecosystem-component may be 
assessed as not subjected to strong impact due to the 
fact that it currently has a limited distributional range. 
To provide a more comprehensive view, approaches 
to consider the potential distributions (under low 
historical and current pressure levels) could be test-
ed, for example regarding cod, for which the current 
spawning areas are clearly more limited compared 
to historical records, and sea-grass (Zostera marina) 
which is dramatically reduced in some coastal areas 
compared to past distributions. 

The level of accuracy in detailed results needs to 
be evaluated on a case by case basis. While some 
maps provide information on a relatively detailed 
spatial scale, other layers are at present not de-
tailed enough to be relevant at a more local scale, 
for example those showing species distributions.

Variation in the level of detail of individual data 
layers may reduce the confidence in the overall 
assessment and the possibility to compare geo-
graphic areas with each other in more detail. For 
example, data sets showing species distributions 
may be given at variable detail for different parts 
of the region. Furthermore, some activities are 
represented by licenced areas, such as dredging, 
disposal of dredged matter and extraction of sand 
and gravel, but do not necessarily reflect the extent 
of the exerted pressure, as the activity may be un-
dertaken only in parts of the licensed area. 

The applied sensitivity scores are based on an 
expert survey, and the evidence base for linkages 
between human activities, pressures and impacts 
is to be further addressed in the future. 

The number of replies for some combinations of 
pressures and ecosystem components was particu-
larly low in the expert survey. These were in some 
cases associated with relatively rare ecosystem com-
ponents at Baltic Sea scale, giving the uncertainty low 
influence on the final results, or in other cases they 
represented distant combinations of ecosystem com-
ponents and pressures (Table 6). However, a further 
improved documentation of the evidence-base in 
literature for the sensitivity scores is warranted.

When evaluating the assessment results, it 
should be remembered that the focus of the BSPI 
and BSII are to give a broad regional overview, 
whereas the level of accuracy in detailed results 
need to be evaluated on a case by case basis. 

For more details, the underlying datasets and 
metadata can be viewed and downloaded from 
the HELCOM map and data service. 
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Annex 1. Detailed description of the input 
data for the aggregated pressure layers

The table below gives more details on how the 
aggregated pressure layers included in the Baltic 
Sea Impact Index and the Baltic Sea Pressure In-
dex were compiled. The table columns give: A: the 
identity of the aggregated pressure layer (APL); B: 
its temporal nature, indicating whether it repre-
sents a cumulative pressure (CUM; values over the 
assessment period are summed) or a temporary 
pressure (TEMP; average values over the assess-
ment years are used); C : underlying spatial data 
sets included; D: the spatial extent applied; E: jus-
tification for spatial extent; F: data processing ap-

plied to arrive at common unit, and final metric; G: 
Whether down-weighting by seabed exposure and 
water depth was applied, and H: method for aggre-
gating spatial data sets to one aggregated pressure 
layer. *With respect to physical loss and distur-
bance it should be noted that whether an activity in 
reality leads to loss of or disturbance of the seabed 
depends on many factors, such as the duration and 
intensity of the activity, the technique used and the 
sensitivity of the area affected. The identification of 
which activities lead to loss and/or physical distur-
bance is still under development.
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Annex 1 Thematic assessment of cumulative impacts  
on the Baltic Sea 2011–2016
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Annex 1 Thematic assessment of cumulative impacts  
on the Baltic Sea 2011–2016
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Annex 1 Thematic assessment of cumulative impacts  
on the Baltic Sea 2011–2016
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Annex 2. Details on expert survey and 
literature review to set the sensitivity scores

For recoverability, the participants had the 
following 3 options: High, Medium and Low (> 
10 years). To support the participants, the survey 
included an explanatory text: “Recoverability: 
Reflects how long it takes for the ecosystem com-
ponent to recover once the pressure ceases). The 
recoverability is estimated on a scale from imme-
diate (high) to >10 years (low). Some human ac-
tivities cause pressures which cease immediately 
after stopping the activity (such as underwater 
sounds from shipping), while some pressures may 
stay in the environment for a long time (such as 
contaminants and nutrients from pollution). How-
ever, independent of these differences, recovery 
times of the ecosystem components may differ. 
For instance, impacts on the species may last 
longer than the actual time the pressure exists in 
the sea.”

For sensitivity, the participants had the follow-
ing 3 options: High, Medium and Low. To support 
the participants, the survey included an explan-
atory text: “Sensitivity: Although tolerance and 
recoverability affect sensitivity, other factors may 
also have an influence, and in some cases the dif-
ferent components of overall sensitivity may not 
be well known. Sensitivity was asked for as a com-
plement to the above questions to ensure confi-
dence in how the impact scores are calculated. 
In general, when rating tolerance, recoverability 
and sensitivity in the survey, you should imagine 
the human pressures as they typically occur in 
the study area. For instance, when replying for 
fish farms, imagine a typical fish farm, neither ex-
tremely big nor small. For commercial shipping, 
you should think of a busy, but not extraordinarily 
busy, shipping route. Also, assume that the stress-
or and the ecosystem occur together in the same 
place. As an example, if you know that an ecosys-
tem component does not naturally occur close to 
any existing shipping routes, this does not mean 
that you should give it low vulnerability values. In-
stead, rate its vulnerability for the (hypothetical) 
case that the stressor and the ecosystem do occur 
in the same place, and the stressor is occurring at 
a typical intensity and frequency.”

The sensitivity scores were developed with the 
EU co-funded TAPAS project and were identi-
fied based on a detailed questionnaire to be 
responded to by Baltic Sea experts through the 
HELCOM contact points. The replies provide the 
basis for setting sensitivity scores for use in the 
Baltic Sea Impact Index as presented in Chap-
ter 3 of this report, and partially supported the 
development of aggregated pressure layers as 
described in Chapter 2.

The replies from the expert survey were vali-
dated against a literature review conducted with 
the EU co-funded BalticBOOST project (Korpin-
en et al. 2017; Tables A.2.3-7).

Description of the expert survey 

This expert survey was developed in Microsoft 
Excel together with a guidance document. In ad-
dition, the expert survey included guidance text 
in several steps and also comments for specific 
points1.

The survey covered a matrix of 750 potential 
pressure- and ecosystem-specific combinations 
(see tables 1, 3 and 4 in this report). In order to 
estimate as robust pressure- and ecosystem 
component specific sensitivity scores as possi-
ble, the questionnaire addressed the following 6 
themes: (1) tolerance/resistance, (2) recoverabil-
ity, (3) sensitivity, (4) impact distance, (5) impact 
type and (6) confidence.

For tolerance/resistance, participants in the 
survey had the following 3 options: High, Medi-
um and Low (lethal). To support the participants, 
the survey included an explanatory text: “Toler-
ance (resistance): How tolerant or resistant is the 
ecosystem to the human pressure? For example, 
for a pressure that has devastating effects on the 
ecosystem component in question, you should 
set the tolerance to a low value. If you think that 
a specific human pressure has a relatively minor 
effect on this ecosystem component, you should 
set the tolerance to high. Factors to take into ac-
count when making your judgment are the typical 
intensity/level of the pressure when it occurs in the 
sea and typical biological effects (e.g. the number 
of trophic levels affected). You should not take 
into account if there actually is a spatial overlap 
between the pressure and the ecosystem compo-
nent, since this will be included in other parts of 
the assessment.” 

1  Permanent storage address to be added. Currently at:  http://
www.helcom.fi/Documents/TAPAS_survey.xlsm. 

http://www.helcom.fi/Documents/TAPAS_survey.xlsm
http://www.helcom.fi/Documents/TAPAS_survey.xlsm
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For impact distance, the participants were 
asked to answer the following question: “How far 
from the pressure/activity source will potential 
impacts on the ecosystem diminish to a negligi-
ble level, given its vulnerability?” The possible 
answers to this question were: (1) Local, (2) 1 km, 
(3) 5 km, (4) 10 km, (5) 20 km and (6) > 50 km.

For impact type, the participant were asked to 
identify which of the following ‘impact distance 
types’ (i.e. form of decay with increasing distance 
from the pressure source) in Figure A.2.1 could be 
assumed to be relevant for the pressure in question.

For confidence, participants were asked to 
self-evaluate the confidence of their judgment, 

reflecting the information on which their answers 
are based. For example: (1) a low confidence 
should be assigned if limited or no empirical 
documentation (e.g. judgement is based 
on inference from other, similar ecosystem 
components/pressure types or from knowledge 
on the physiology and ecology of the species 
etc.). (2) A moderate confidence should be 
assigned if documentation is available, but results 
of different studies may be contradictory (e.g. 
including also grey literature with limited scope), 
and (3) a high confidence should only be given if 
documentation is available and with relatively 
high agreement among studies.

Figure A.2.1. Impact types A, B, C and D. Type A describes a pressure that has a similar impact at most of its distribution range and then rapidly drops, type B describes a pressure that declines 
monotonously in strength from the source, type C describes a pressure having a somewhat limited decline within a given distance followed by a sharp decline, while type D describes a pressures 
which mostly has an strong impact in its vicinity.
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Sensitivity scores from the expert survey

A summary of the results is shown presented in 
Table 4 of the main report. 

Results for ‘Tolerance’ 

With regard to the theme 1 (tolerance), there was 
a large variation in the number of replies per com-
bination of pressure and ecosystem component. 
Between 1 and 35 replies were provided to the 
different combinations (mean number of replies = 
12.1, standard deviation= 6.1). Only one response 
was given to the ecosystem component ‘Subma-
rine structures made by leaking gases’ (also with 
respect to themes 2 and 3 below). There was also 
some variability in the obtained responses, that is, 
the scores provided by different experts. The stand-
ard deviation around the mean for responses to a 
certain combination of pressure and ecosystem 
component was on average 0.55, ranging between 
0 and 1. Replies with high variability (a standard de-
viation above 1.0) can be regarded as less reliable 
compared to those with lower standard deviation.

Figure A.2.2. Correlation between the mean scores for ‘tolerance’ 
and ‘sensitivity’ among all responses for combinations of pressures 
and ecosystem component. The obtained correlation value R2 was 
0.63, which is higher than for the correlations between scores for 
‘sensitivity’ and ‘recoverability’ (R2=0.20).

Results for ‘Recoverability’ 

For theme 2 (recoverability), there was also large 
variation in the number of replies for each com-
bination of pressure and ecosystem component 
(between 1 and 35 replies, mean number of replies 
= 11.8, standard deviation = 6.1). The variability in 
scores among obtained responses was higher than 
for tolerance. The standard deviation around the 
mean for responses to a certain combination of 
pressure and ecosystem component was on aver-
age 0.62, ranging between 0 and 1.41.

Results for ‘Sensitivity’ 

For theme 3 (sensitivity) the number of replies 
for each combination of pressure and ecosystem 
component ranged between 1 and 35, with a mean 
value of 11.4 responses per combination (standard 
deviation = 5.7). The variability in scores among 
responses, as measured by the standard devalua-
tion from the mean, was on average 0.62, ranging 
between 0 and 1.41.

Correlation among results 

The correlation between the sensitivity scores and 
the other two themes (tolerance, recoverability) 
was evaluated as part of the quality assurance. The 
highest correlation was observed between ‘sensi-
tivity’ and ‘tolerance’ (Figure A.2.2). According to 
the definition of the factor ‘sensitivity’ in the expert 
survey, it should include the aspects of both of the 
other two factors.

Survey results regarding impact types 
and distances

Table A.2.1 shows the impact distances and im-
pact types per pressure based on the results from 
the expert survey. The minimum, maximum and 
mean distances were first calculated based on all 
obtained responses at the level of each ecosystem 
component, and the table shows the correspond-
ing values subsequently calculated across all 
ecosystem components. The standard deviation 
shows variability in the mean value among the 
ecosystem components. 

Table A.2.2. shows the spatial extent of physical 
disturbance from different human activities based 
on literature. The extents were estimated as the dis-
tance from the activity at which the pressure inten-
sity can be considered negligible to complement to 
the expert survey for processing the pressure data 
layers.
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Table A.2.1. Impact distances and impact types per pressure, based on the results from the expert survey. The column ‘impact type’ shows what impact type was indicated in most cases 
among the respondents. The value is the average % of the replies indicating that pressure type across all ecosystem components (higher values indicate that the type was identified more 
frequently as the predominating type, as depicted in Figure A.1.1). For pressures marked *, the aggregated pressure layers were developed based on literature information instead. Pressures 
marked ** were not  used in the final assessment.

Pressure Min (km) Max (km) Mean (km)

Standard 
deviation 
(km) Impact type

1. Physical loss* 0.1 9.4 2.4 2.6 D (58%)

2. Physical disturbance* 0.8 10.6 2.5 2.3 D (34%)

3. Changes to hydrological conditions* 0.5 26.8 7.2 6.3 A (39%)

4. Inputs of continuous anthropogenic sound 5.0 26.4 15.6 5.2 B (31%)

5. Inputs of impulsive anthropogenic sound 2.5 25.7 11.8 5.2 N.A.

6. Inputs of other form of energy (electromagnetic and seismic waves) 0.1 10.2 4.9 3.6 A (48%)

7. Input of heat 0.1 6.5 3.0 1.9 D (33%)

8. Inputs of hazardous substances 0.5 32.9 20.2 7.5 D (39%)

9. Inputs of nutrients 13.7 43.0 25.7 7.4 B (53%)

10. Introduction of radionuclides 10.0 46.4 34.6 6.6 D (40%)

11. Oil slicks and spills 7.1 33.2 16.5 6.1 D (38%)

12. Inputs of litter 6.2 34.1 15.7 6.8 D (60%)

13. Inputs of organic matter 9.3 36.9 20.5 7.4 B (52%)

14. Disturbance of species due to human presence 0.0 14.0 1.9 2.7 C (32%)

15. Extraction of, or mortality/injury to fish 2.0 38.6 11.6 9.2 C (30%)

16. Extraction of, or mortality/injury to mammals and seabirds (e.g. hunting, 
predator control)

1.0 42.5 19.7 10.5 B (42%)

17. Introduction of non-indigenous species and translocations 14.0 41.0 27.8 6.8 B (47%)

18. Changes in climatic conditions** 22.0 50.0 46.9 7.1 A (28%)

19. Acidification** 32.0 50.0 46.1 5.3 A (40%)

Table A.2.2. Spatial extent of physical disturbance from different human activities. The extents were estimated as the distance from the activity at which the pressure intensity can be 
considered negligible. Note that the estimates are also affects by hydrographic conditions, and that the estimates given here are usually applicable to exposed or semi-exposed areas. The 
information is based on results from the BalticBOOST project, and was used as a complement to the expert survey for processing the pressure data layers (Annex 1).

Human activity
Pressure extent (specification to  
ecosystem component given in brackets) Literature reference

Capital dredging 4 km (fish), 3 km (benthos), 3 km (vegetation), 3 km 
(water turbidity)

LaSalle et al. 1990, Morton 1996 , Kotta et al. 2009, Vatanen et al. 2012

Maintenance dredging 4 km (fish), 3 km (benthos), 3 km (vegetation), 3 km 
(water turbidity)

LaSalle et al. 1990, Boyd et al. 2003, Orviku et al. 2008, Vatanen et al. 2010

Sand extraction 5 km (water turbidity), 4 km (fish), 3 km (vegetation), 2 
km (benthos)

Nichols et al. 1990, Boyd et al. 2003, Phua et al. 2004, Vatanen et al. 2012

Disposal of dredged matter 4 km (fish), 3 km (benthos), 3 km (vegetation), 2 km 
(water turbidity)

Syväranta et al. 2013, Syväranta and Leinikki 2014, Vatanen et al. 2014, Syväranta 
and Leinikki 2015, Vatanen et al. 2015

Shipping and ferry traffic 1 km (fish), 1 km (water turbidity, 30 m in depth), 0.5 
km (vegetation), 0.3 km abrasion (substrate change)

Rytkönen et al. 2001, Vahteri and Vuorinen 2001, Soomere and Kask 2003, Eriksson 
et al. 2004, Sandström et al. 2005, Vatanen et al. 2010, Syväranta and Vahteri 2013

Boating 0.5 km (water turbidity, 4 m in depth), Degerman and Rosenberg 1981, Oulasvirta and Leinikki 2003, Eriksson et al. 2004, 
Sandström et al. 2005

Marinas 0.5 km (fish), 0.5 km (vegetation) Eriksson et al. 2004, Sandström et al. 2005; and the references under dredging

Demersal trawling (siltation) 0.1 km

Demersal trawling (abrasion) local

Wind farms, oil rigs (operational) 0.1 km Eastwood et al. 2007

Wind farms, oil rigs (construction) 300 m (wind turbines), 500 m (oil rigs) Roth 2004, Eastwood et al. 2007, Andersson 2011, van der Wal and Tamis 2014; and 
the references under dredging

Cable placement 0.5-1km Andrulewicz et al. 2003, Kogan 2006; and the references under dredging
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Summary of literature review to 
support the setting of sensitivity scores

Tables A.2.3-4 give the literature to support the 
setting of sensitivity scores for benthic habitats 
with respect to the pressures physical disturbance 
and changes in hydrological condition.  Literature 
to support the assessment of other pressures im-
pacting on benthic habitats is listed in Table A.2.5. 
The sensitivity of species groups to other pressure 
types based on the information in the literature re-
view is presented in Table A.2.6.

Table A.2.3. Sensitivity of benthic habitats to physical disturbance pressure based on the literature review. The sensitivities are estimated based on activities causing impacts and the recovery 
time.

Benthic habitat Reported impacts Recovery
Sensitivity 
category References

Broad-scale seabed habitats 

Infralittoral hard bottom Strong siltation impacts. >4 years, depends 
on shore exposure

High Essink 1999, Vahteri and Vuorinen 2001, 
Oulasvirta and Leinikki 2003, Kotta et al. 2009

Infralittoral sand Intermediate-high siltation impacts on 
eelgrass

>2-6 years High Oulasvirta and Leinikki 2003, Erftemeijer and 
Lewis 2006

Infralittoral mud Vegetation and fish spawning highly 
impacted. Impacts not as high as on 
hard bottoms.

4-6 years High Oulasvirta and Leinikki 2003, Eriksson et al. 
2004, Sandström et al. 2005, Munsterhjelm 
2005, Torn et al. 2010, Vatanen et al. 2012

Circalittoral hard bottom Sedimentation higher due to less wave 
energy and limits settlement of sessile 
fauna. 

High Essink 1999

Circalittoral sand Macrofauna effects after modification 
are strong and recovery is long.

0.5-4 years High Newell et al. 1998, Boyd et al. 2000, Dalfsen 
and Essink 2001, Boyd et al. 2003, Barrio 
Frojan et al. 2008, Frenzel et al. 2009, Manso 
et al. 2010, Vatanen et al. 2012, Wan Hussin 
et al. 2012

Circalittoral mud Intermediate siltation impacts. Altered 
size distribution (juveniles die). 
Mortality takes place but recovery is 
rather fast.

typically 2.5-6 
years

Moderate Essink 1999, Orviku et al. 2008, Powilleit et al. 
2009, Vatanen et al. 2012

Habitat forming species

Furcellaria lumbricalis Sedimentation effects are high. High sensitivity Eriksson and Johansson 2005

Zostera marina Sedimentation effects are high. 4-6 years High sensitivity Oulasvirta and Leinikki 2003, Erftemeijer and 
Lewis 2006, Munkes et al. 2015

Charophytes Sedimentation and altered wave 
energy impact highly.

High sensitivity Eriksson et al. 2004, Munsterhjelm 2005, 
Sandström et al. 2005, Torn et al. 2010

Mytilus edulis Sedimentation effects are high. High sensitivity Kotta et al. 2009

Fucus spp. No colonization and 80% loss of 
coverage at impact zone.

>4 years High sensitivity Bonsdorff 1980, Bonsdorff et al. 1986, 
Eriksson and Johansson 2005, Vatanen et al. 
2012, Syväranta et al. 2013, Syväranta and 
Leinikki 2015
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Table A.2.5. Sensitivity of benthic habitats to other pressure types based on the literature review. 

Infralittoral 
hard bottom

Infralittoral 
sand

Infralittoral 
mud

Circalittoral 
hard bottom

Circalittoral 
sand

Circalittoral 
mud

Input of organic matter High (1, 9) High (1, 9) High (1,8, 9) High (1, 9) High (1, 9) High (1,8, 9)

Input of hazardous substances High(2) High(2,10) High(2,5,10) High(2) High(2,10) High(2,10)

Input of nutrients Intermediate(3) Intermediate(3) High(3, 4) Intermediate(3) Intermediate(3) Intermediate(3)

Input of heat Intermediate(6) Intermediate(6) Intermediate(6) Intermediate(6) Intermediate(6) Intermediate(6)

Inputs of radioactive 
substances

Low (7)

Input of impulsive sound Intermediate (12) Intermediate (12) Intermediate (12) Intermediate (12) Intermediate (12) Intermediate (12)

Input of continuous sound Low (12) Low (12) Low (12) Low (12) Low (12) Low (12)

Input of electromagnetism Low (11,12) Low (11,12) Low (11,12) Low (11,12) Low (11,12) Low (11,12)

(1) Recovery time of zoobenthos is 5-10 years (Bonsdorff et al. 1986).
(2) Recovery time of zoobenthos is 8- >10 years (Bonsdorff et al. 1986).
(3) Recovery time of zoobenthos is ca 5 years (Bonsdorff et al. 1986)
(4) Macroalgal mats and anoxia cause mass mortality (Ellis et al. 2000)
(5) 30-40% zoobenthos density reduction (Ellis et al. 2000)
(6) Increased water temperature by 2-4 C degrees (nuclear) or 1 C degree (coal plant) in the summer until 1-1.5 km distance (Ilus et al. 1986, Karppinen and Vatanen 2013); 5-9 C degree increase 

at 200 m distance outside a coal plant (Karppinen et al. 2011).
(7) Increased radioactivity at 10 km distance (Ilus et al. 1986)
(8) No recovery of zoobenthic community after 8 years of cessation of a fish farm in a sheltered bay (Kraufvelin et al. 2001)
(9) 10-fold periphyton biomass at 500 m distance from a fish farm (Leskinen et al. 1986)
(10) Near oil platforms sensitive species are progressively substituted by indifferent, tolerant and second- and first-order opportunistic species (Muxika et al. 2005, Terlizzi et al. 2008).
(11) Electromagnetic effects may take place, they are stronger for cables with electrodes and weaker for bipolar cables (Andrulewicz et al. 2003)
(12) Review of impacts of wind farms under construction and in operation (Bergström et al. 2014)

Table A.2.4. Sensitivity of benthic habitats to changes in hydrographical conditions, based on the literature review. The sensitivities are estimated based on activities causing impacts.

Benthic habitat Reported impacts
Sensitivity 
category References

Broad-scale seabed habitats

Infralittoral hard bottom Accumulation of finer sediments to landward side of coastal 
structures -> high biological impact on sessile species. 

High Martin et al. 2005

Infralittoral sand Accumulation of finer sediments to landward side of 
coastal structures -> biological change. Abrasion around an 
installation changes seabed morphology and substrate. 

Moderate Martin et al. 2005, Eastwood et al. 2007

Infralittoral mud Accumulation of finer sediments to landward side of 
coastal structures -> biological change. Abrasion around an 
installation changes seabed morphology and substrate.

Moderate Martin et al. 2005, Eastwood et al. 2007

Circalittoral hard bottom No information

Circalittoral sand Abrasion around an installation changes seabed 
morphology and substrate (smaller at greater depths)

Low Eastwood et al. 2007

Circalittoral mud Abrasion around an installation changes seabed 
morphology and substrate (smaller at greater depths).

Low Eastwood et al. 2007

Habitat forming species

Furcellaria lumbricalis No information

Zostera marina No information

Charophytes No information

Mytilus edulis No information

Fucus sp. No information
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Comparison of expert survey results 
and literature review 

Physical loss

The literature review suggested that all the sensi-
tivity scores for the pressure physical loss be set to 
‘High’ for benthic habitats. The expert survey gave 
that the mean score for benthic habitats is 1.83 of 
the maximum 2.0, and that the experts considered 
benthic habitats to be highly sensitive to physical 
loss. For the two pelagic habitats, the expert survey 
gave the scores 0.4 and 0.9 and for mammals, sea-
birds and pelagic fish the mean score is 0.86 (range 
0.5-1.2). No literature evidence suggested other-
wise. Spawning areas of coastal fish (roach, pike and 
pikeperch, spawning among benthic vegetation) 
received scores 1.3-1.4 in the expert survey which is 
lower than findings in the literature that benthic veg-
etation is sensitive to physical loss. The expert sur-
vey was followed after increasing the scores by 20%.

Physical disturbance on seabed

The pressure physical disturbance on seabed was 
estimated by the literature review as highly impact-
ing and the sensitivity scores were ‘high’ in almost 
all cases, but the range of habitats considered in the 
literature study was not as wide as in the expert sur-
vey. In the expert survey, the resulting scores were 
quite variable for different types of habitats: the av-
erage score 1.17 (range 1.0-1.3) for all broad-scale 
habitats, 1.76 (range 1.6-1.9) for all habitat-forming 
species and 1.56 (range 1.2-1.7) for all the Natura 
2000 habitats (the mean is 1.6 (range 1.5-1.7) if ‘sub-
marine structures made by leaking gases’ is omit-
ted). The maximum score is 2.0. The results shows 
that the benthic habitats are highly sensitive to this 
pressure. The observed variability indicated that 
the experts considered that the more biological 

elements are included in the habitat classification, 
the more sensitive is the habitat. For example, the 
habitat-forming species were considered more sen-
sitive than the broad-scale habitats or Natura 2000 
habitats. The sensitivity of pelagic habitats (surface 
and deep) to physical disturbance was scored as 1.0 
and 0.7, respectively, indicating moderate sensitiv-
ity. The results of the literature review were similar, 
showing that the recovery after siltation and conse-
quent turbidity is fast and therefore the sensitivity 
should be considered as ‘moderate’ (i.e. score 1.0). 
The sensitivity of mammals, fish and seabirds in the 
expert survey ranged between 0.5 and 1.3 (mean 
0.81), likely indicating that the highly mobile species 
are only indirectly affected by seabed disturbance. 
The literature review results was in line with the ex-
pert survey, and the results from the expert survey 
were used.

Changes in hydrological conditions

Changes in hydrological conditions were not es-
timated to be as serious as the other two physi-
cal pressures according to the expert survey. The 
broad-scale habitats had sensitivity scores rang-
ing between 0.9 and 1.4 (mean 1.17), indicating 
moderate impacts, which is partly in line with the 
literature review, where deeper habitats were esti-
mated as ‘low sensitivity’ and infralittoral habitats 
as ‘moderate’. Pelagic habitats in surface and deep 
had sensitivity scores 0.6 and 1.3, Natura 2000 hab-
itats ranged between 1.1 and 1.8 (mean 1.4), hab-
itat-forming species between 1.3-1.7 (mean 1.54) 
and the mobile species between 0.4 and 1.2 (mean 
0.72). The expert survey results were used.

Input of continuous sound

Sensitivity to input of continuous sound was esti-
mated by the expert survey as highest to the marine 
mammals (mean 1.52), especially harbor porpoise 

Table A.2.6. Sensitivity of species groups to other pressure types based on the information in the literature review. 

Seals Porpoise Fish Seabirds

Input of impulsive sound High (3) High (3) High (1,2)

Input of continuous sound Low (3) Intermediate (3) Low (1,2,3)

Input of electromagnetism Low (3,4,6) Low (3,4,6) Low (3,4,6)

Disturbance of species: collision Intermediate (5)

(1, 2) Andersson (2011)
(3) Bergström et al. 2014 
(4) Andrulewicz et al. 2003
(5) Gill 2005
(6) Wilhelmsson et al. (2010)
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(1.7). Fish and seabird sensitivities ranged between 
0.2-0.8 (mean 0.52) and all habitats between 0-1.0 
(mean 0.39). This is in line with the literature-based 
estimates, which suggested low sensitivity to all 
habitats, fish and seals. The moderate sensitivity 
of harbor porpoise was likely an underestimation 
in the literature review. The expert survey results 
were used.

Input of impulsive sound

The input of impulsive sound was rated rather sim-
ilarly, as marine mammal sensitivity scores ranged 
between 1.5-1.9 (mean 1.62, harbor porpoise getting 
1.9), fish and seabirds getting the scores 0.7-1.1 (mean 
0.92) and all habitats between 0 and 1.0 (mean 0.41). 
These results are in contrast with the literature, where 
moderate-high sensitivity was suggested for all the 
ecosystem components. As the available literature 
was not referring to empirical results but to assump-
tions, the expert survey results were used.

Electromagnetism

Sensitivity of all ecosystem components to elec-
tromagnetism scored between 0 and 1.0 (mean 
0.54). This is in line with the literature review which 
estimated low sensitivity to all ecosystem compo-
nents. The expert survey results were used.

Input of heat

The expert survey resulted in variable sensitivity 
to input of heat. Pelagic and benthic broad-scale 
habitats scored between 0.6 and 1.3 (mean 0.96), 
habitat-forming species scored between 0.9-1.6 
(mean 1.3), Natura 2000 habitats between 0.9 and 
1.7 (mean 1.11), fish between 0.3-0.8 (mean 0.56), 
seabirds between 0.3-0.6 (mean 0.4) and marine 
mammals between 0.2 and 0.6 (mean 0.36). Liter-
ature-based scores were obtained only for broad-
scale habitats which all scored as ‘moderate’. The 
expert survey results were used.

Input of hazardous substances 

Sensitivities against input of hazardous substanc-
es depended on the ecosystem component. Pe-
lagic and benthic broad-scale habitats ranged 
between 0.9-1.2 (mean 0.99), habitat-forming 
species ranged between 0.8-1.1 (mean 0.92), Nat-
ura 2000 habitats had sensitivities between 0.6 
and 1.2 (mean 0.83), seabirds and marine mam-
mals ranged between 1.2 and 1.6 (mean 1.44) 
and fish between 0.4 and 0.9 (mean 0.62). Litera-
ture-based estimates could be obtained only for 
sediment contamination which was considered 

as highly impacting for zoobenthos. The results 
seemed to be in contrast with the expert results 
which considered benthic habitats to be mod-
erately sensitive. The difference may be due to 
high variability in substances and pollution levels; 
highly contaminated sediments may cause acute 
mortality whereas accumulative effects are more 
of a problem for long-lived predators. There was 
also some uncertainty among experts about the 
effects on habitats (and associated species). The 
expert survey results were used as no targeted 
deeper review was made for contamination.

Input of nutrients (nitrogen and phosphorous)

Sensitivity to input of nutrients is probably best 
known in the Baltic Sea. Pelagic surface and deep 
habitats scored 1.5 and 1.8, respectively, and the 
benthic broad-scale habitats scored between 1.2-
1.3. Of the habitat-forming species, blue mussels 
scored only 0.9 whereas the plants scored between 
1.3 and 1.9. Natura 2000 habitats scored between 
1.2 and 1.6 (mean 1.4) and seabirds and mammals 
between 0.2 and 0.5. Among the fish, the deep-wa-
ter and vegetation spawners scored high (1.3-1.7) 
whereas other fish were estimated to have rather 
low sensitivity (0.5-0.7). According to the scarce 
literature information, benthic broad-scale habi-
tats were mostly scored as ‘moderately sensitive’, 
which is in line with the expert survey. The expert 
survey results were used.

Input of radionuclides

Input of radionuclides was not considered as high-
ly impacting in the survey, as the expert scores 
ranged among all the ecosystem components only 
between 0 and 1.2 (mean 0.44). In the literature re-
view there was only one reference, which indicated 
moderate sensitivity for broad-scale habitats. The 
expert survey results were used.

Oil slicks and spills

Sensitivity of broad-scale habitats to oil slicks and 
spills was estimated to range between 0.9 and 1.7 
(mean 1.28) and the highest sensitivity was esti-
mated for infralittoral hard bottoms. Habitat-form-
ing species scored between 1.4 and 1.6 , Natura 
2000 habitats between 1.5-1.9, fish between 0.5 
and 1.7 (higher values for vegetation spawners), 
seabirds between 1.9-2.0 and marine mammals 
between 1.3 and 1.6. The scores showed a rather 
clear pattern for higher sensitivity in hard bottoms, 
reefs and vegetation and very high and obvious 
sensitivity of seabirds. No literature information 
was available through the review and the expert 
survey results were used.
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Input of litter

The expert survey showed low sensitivity of most 
of the ecosystem components. Exceptions were 
seabirds and marine mammals, which scored be-
tween 0.9-1.2, while other ecosystem components 
scored between 0.1 and 0.8 (mean 0.42). No litera-
ture information was available through the review 
and the expert survey results were used.

Input of organic matter

Sensitivity to input of organic matter was relative-
ly clear ‘moderate’ to the broad-scale habitats, 
Natura 2000 habitats, fish spawning habitats and 
habitat-forming species (0.8-1.4, mean 1.11). Ma-
rine mammals, seabirds and fish scored only 0.5 in 
average (0.3-1.1). According to the literature survey, 
organic enrichment has higher impacts and longer 
recovery times in case of benthic habitats than what 
is estimated by the expert survey. This pressure layer 
was not included in the Baltic Sea Impact Index.

Disturbance to species

Marine mammals and seabirds were estimated to 
be sensitive to human disturbance (1.0-1.8, mean 
1.36). Fish had clearly lower scores (0.4-1.3, mean 
0.81) and the habitats were estimated between 
0.2-1.2 (mean 0.67). No literature information was 
available through the review and the expert survey 
results were used.

Extraction and injury to fish

Sensitivity of fish to fish extraction was estimated 
to score 1.57 in average (1.2-2.0). Marine mammals 
and seabirds scored to this pressure – being indi-
rectly impacted by decreased prey – between 0.7 
and 1.5 (mean 1.13). Habitats scored between 0.3 
and 1.1 (mean 0.74). No literature information was 
available through the review and the expert survey 
results were used.

Hunting of seals and seabirds

Hunting of seals and seabirds (including preda-
tor control) was estimated to score 1.9 in aver-
age (range 1.6-2.0) for seals and 1.65 in average 
for seabirds (1.6-1.7). Sensitivity of fish to this 
pressure was obviously low (0-0.7, mean 0.29). 
Habitats scored between 0.2 and 1.5 (mean 0.7). 
No literature information was available through 
the review. As this pressure describes hunting, 
bycatch of harbor porpoise was not included in 

this pressure but in the layers representing the 
extraction of fish.

Introduction of non-indigenous species and 
translocations of native species

Sensitivity of ecosystem components to introduc-
tion of non-indigenous species (NIS) and transloca-
tions of native species was generally scored in the 
survey as ‘moderate’ (range 0.3-1.4, mean 0.88). 
Pelagic and benthic habitats as well as Natura 2000 
habitats were estimated as more sensitive (mean 
1.04, range 0.7-1.4) than the mobile species (range 
0.4-1.1, mean 0.69). This is rather obvious as most 
of the NIS are small and are found to affect inverte-
brate communities rather than larger species. How-
ever, it seems that the experts did not consider the 
terrestrial NIS (American mink and raccoon dog) 
which have heavy impacts on seabird populations. 
Terrestrial NIS are not part of the impact assessment 
and therefore it was not necessary to change the 
seabird sensitivity score, but this should be kept in 
mind in descriptive assessments of NIS. No litera-
ture information was available through the review. 
As literature has shown that the common invasive 
non-indigenous species, such as round goby and 
mud crab have strong impacts to habitats formed by 
blue mussels and vegetation (Kuhns and Berg 1999, 
Lederer et al. 2008), the sensitivity scores of benthic 
habitat-forming species (ranging from 0.7 to 0.9) in 
the experts survey were increased by 50% (to rang-
ing from 1.0 to 1.4).

Changes in climatic conditions

Sensitivity of the Baltic Sea habitats and species to 
changes in climatic conditions was estimated in the 
expert survey as ‘moderate’ (range 0.5-1.7, mean 
1.01). The highest sensitivity (1.7) was estimated for 
ringed seal distribution and deep water conditions, 
which are both well-known phenomenon in the re-
gion. The lowest sensitivity (0.3-0.5) was estimated 
for freshwater fish species living in the coastal wa-
ters, where salinity is expected to decrease.

Acidification

The other climate-related pressure acidification, 
had higher variability in the responses (0.3-2.0, 
mean 1.02). The highest sensitivity was generally 
given to habitats where there are sessile species 
(e.g. submarine structures made by leaking gases, 
infralittoral hard bottoms, esker islands, boreal Bal-
tic islets), but this pattern was not consistent. No 
literature information was available through the 
review. This pressure layer was not included in the 
Baltic Sea Impact Index.
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Capturing expert uncertainty 
in spatial cumulative impact 
assessments
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Bronwyn M. Gillanders 1

Understanding the spatial distribution of human impacts on marine environments is necessary for 
maintaining healthy ecosystems and supporting ‘blue economies’. Realistic assessments of impact 
must consider the cumulative impacts of multiple, coincident threats and the differing vulnerabilities 
of ecosystems to these threats. Expert knowledge is often used to assess impact in marine ecosystems 
because empirical data are lacking; however, this introduces uncertainty into the results. As part of a 
spatial cumulative impact assessment for Spencer Gulf, South Australia, we asked experts to estimate 
score ranges (best-case, most-likely and worst-case), which accounted for their uncertainty about 
the effect of 32 threats on eight ecosystems. Expert scores were combined with data on the spatial 
pattern and intensity of threats to generate cumulative impact maps based on each of the three 
scoring scenarios, as well as simulations and maps of uncertainty. We compared our method, which 
explicitly accounts for the experts’ knowledge-based uncertainty, with other approaches and found 
that it provides smaller uncertainty bounds, leading to more constrained assessment results. Collecting 
these additional data on experts’ knowledge-based uncertainty provides transparency and simplifies 
interpretation of the outputs from spatial cumulative impact assessments, facilitating their application 
for sustainable resource management and conservation.

Over 97% of the world’s oceans are exposed to multiple concurrent threats from human activities resulting in 
cumulative impacts1, with the severity of these cumulative impacts increasing in recent years2,3. Shelf seas are par-
ticularly at-risk because of their vulnerability to both terrestrial and marine threats1,4,5, which generally fall into 
four categories: pollution (including climate change), over-extraction, physical degradation and invasive species.

Spatial cumulative impact assessment is increasingly being used as a tool for evaluating the effect of multi-
ple anthropogenic threats on marine ecosystems6. The approach accounts for both the vulnerability of marine 
ecosystems to different threats7 and the spatial exposure and intensity of each threat throughout a defined study 
area1. As such, this type of assessment can support integrated management approaches that monitor and counter 
multiple threats, rather than single threats in isolation8–10. The utility of these assessments is affected by the spatial 
scale at which ecosystems and threats are mapped and the relevance of this scale to management, which is usually 
locally or regionally targeted11,12.

Since empirical data are often scarce13, cumulative impact assessments typically rely on expert knowledge to 
score and rank the effect that each threat may have on each ecosystem6,14. Although methodologies exist for incor-
porating expert knowledge into spatial cumulative impact assessments, these do not routinely account for the 
‘knowledge-based uncertainty’ (see glossary in Table 1) associated with expert-elicited data1,7. Knowledge-based 
uncertainty has the potential to affect the reliability of the assessment results15,16 and their application to 
management13,14.
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Sensitivity testing is commonly performed to check the overall influence of each threat on the final results 
of spatial cumulative impact assessments (for example Korpinen et al.17), but quantification of the influence of 
knowledge-based uncertainty has not been adopted into the commonly-used cumulative impact assessment 
methodologies6,18. Understanding uncertainty in expert-elicited data is crucial to interpreting the results of 
cumulative impact assessments and can also be used to highlight regions or ecosystems where uncertainty is 
particularly high and further data are needed. Stock and Micheli19 and Gissi et al.18 both recently investigated 
the impact of various types of uncertainty on marine spatial cumulative impact assessment outcomes. Stock 
and Micheli19 simulated error (uncertainty) around expert-elicited scores after the expert elicitation process had 
been undertaken. Whilst this is an important step forward for cumulative impact assessment methods, it sets the 
boundaries of expert uncertainty a priori, rather than asking experts to quantify their uncertainty themselves (i.e. 
to ‘self-assess’ their level of uncertainty). Conversely, Gissi et al.18 collected various uncertainty information as a 
central part of the expert elicitation process. By recognising that knowledge-based uncertainty exists, and asking 
experts to attempt to quantify it in a robust way20,21, researchers can generate data that explicitly accounts for this 
source of uncertainty in assessment outputs15.

We undertook a spatial cumulative impact assessment for Spencer Gulf, South Australia, based on the method 
developed by Halpern et al.1. We used a survey to elicit expert knowledge for our assessment. The survey allowed 
experts to self-assess uncertainty by supplying a range of plausible values for the effect of a threat on an ecosys-
tem22. We demonstrate how these additional data on knowledge-based uncertainty can be used to improve the 
robustness of cumulative impact assessments and the ease of their interpretation.

Methods
Study Area. Spencer Gulf is Australia’s largest estuary, covering approximately 30,000 km2 23. It is an inverse 
estuary, where salinity increases with distance from the open sea because evaporation exceeds precipitation in this 
semi-arid region24. The marine ecosystems of Spencer Gulf are diverse and contain a high proportion of endemic 
species25. Gulf waters are widely used for recreation and tourism and contain eight marine parks (including 23 
no-take sanctuary zones). Spencer Gulf is also extremely important to the region’s economy26, being responsible 
for producing over half of South Australia’s seafood27,28 and providing a key shipping and export gateway for the 
energy, mining and agriculture industries29.

Mapping marine ecosystems. We identified ten broad-scale benthic (seafloor) ecosystems within Spencer 
Gulf22,26, however three of these (sponge gardens, rhodolith beds and native shellfish beds) could not be included 
in the analysis, due to limited spatial data. The few data available indicate that these ecosystems are relatively 
small in extent, however they may be particularly vulnerable to human activities30–33. We collated all available 
spatial data on the remaining seven benthic ecosystems (Supplementary materials section S1.1 & Supplementary 
Table S1) to produce the first, full-coverage, broad-scale benthic ecosystem map for Spencer Gulf (Supplementary 
Figure S1). We also generated a map indicating the level of confidence in the ecosystem classification, which is 
based on the type and resolution of the available data in each area of the Gulf and how recently data were collected 
(Supplementary Figure S1). The benthic ecosystem map was rasterised to a grid of 250 × 250 m, with each cell 
assigned the dominant ecosystem type. We separately mapped a pelagic (water column) ecosystem, delineated by 
the limit of subtidal waters (Supplementary Figure S2). We assessed cumulative impacts separately for the pelagic 

GLOSSARY

Term Definition/explanation

Ecosystem The benthic (n = 7) or pelagic ecosystem present in each grid cell (250 × 250 m) within the Spencer Gulf study area. The ecosystem type attributed 
to each grid cell was determined by the dominant ecosystem in the cell (based on percentage area covered).

Threat A human activity or climatic perturbation, which is considered to be a threat to one or more of the eight ecosystems within the study area based 
on published research or expert knowledge22.

Effect score
The expert-elicited score for the effect of each threat on each ecosystem (collected through N = 81 online surveys – see22). Experts provided 
three effect scores for each ecosystem and threat pair: ‘worst-case’ scenario (higher scores), ‘most-likely’ scenario (middle scores) and ‘best-case’ 
scenario (lower scores). The range between the ‘best-case’ and ‘worst case’ effect scores represents the experts’ uncertainty bounds for the most-
likely effect of a threat on an ecosystem.

Spatial exposure
A binary value (0 or 1) representing the absence (0) or presence (1) of a threat at a given grid cell (250 × 250 m). These spatial layers indicate the 
area within which a threat occurs at any intensity. The spatial exposure scores can be summed at any location to provide a count of the number of 
threats present there.

Spatial intensity score
A continuous score, between 0 and 1, which represents the relative intensity of a threat at any grid cell within the study area. The cell with the 
highest spatial intensity score (1) for each threat is the location where this threat occurs at the greatest intensity. For example, for lobster pot 
fishing, this would be the location with the highest average number of pots dropped. In locations where a threat does not occur, the spatial 
exposure and spatial intensity scores are both 0.

Cumulative impact score
A score representing the additive effect of all threats occurring at each location. The cumulative impact score is calculated using the experts’ effect 
scores and the location-specific spatial intensity scores (see Eq. 1). A cumulative impact score for each location was calculated for each of the three 
effect score scenarios (‘best-case’, ‘most-likely’ and ‘worst-case’).

Knowledge-based uncertainty

The self-assessed level of uncertainty associated with effect scores provided through expert elicitation surveys. Experts were asked to give three 
effect scores relating to best-case, most-likely and worst-case scenarios (see ‘effect score’ definition above and Doubleday et al.22). This allowed 
each expert to provide what they considered to be a plausible range of effect scores, which expressed their level of uncertainty in the effect of each 
threat on each ecosystem. We have termed this ‘knowledge-based uncertainty’ as it represents uncertainty introduced into the cumulative impact 
assessment because of limited or imperfect expert knowledge or scientific understanding15 (epistemic uncertainty). However this uncertainty 
may be confounded with natural variation (aleatory uncertainty) and linguistic uncertainty41, which cannot easily be separated from epistemic 
uncertainty20.

Table 1. Glossary of terms used throughout this paper.
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ecosystem because there was considerable overlap of the benthic (seafloor) and pelagic (water column) ecosys-
tems (Supplementary Figures S1 & S2).

Mapping threats. Thirty-two threats were included in the spatial cumulative impact assessment. These 
were selected through expert consultation and a literature review22. Threats included regional-scale and relevant 
global-scale human activities and processes for which we could access, or generate, Gulf-wide spatial data (see 
online Supplementary material S1.2). The suite of threats included activities related to land use and development, 
recreation, commercial fishing, shipping, pollution, invasive species and climate change (for a full list and data 
sources see Supplementary Table S2). We did not transform the threat data layers, so as to retain realistic threat 
intensity patterns and extreme values, which may be relevant in an analysis of how ecosystems are impacted by 
threat activities6. When data were available, we mapped threats directly (e.g. nutrient inputs), but in some cases 
proxies were used (e.g. an impact kernel around port developments). For most threats, relative spatial intensity 
(see glossary in Table 1) was mapped, but in some cases only the spatial exposure (presence or absence, see glos-
sary in Table 1) of a threat at each location was mapped (due to poor data quality or resolution; Supplementary 
Table S2; Supplementary Figure S3). We transformed the spatial layers to a common projection (unit of meas-
urement = m) and then rasterised them to a 250-m grid resolution by up- or down-scaling as necessary. All data 
processing and visualisation was conducted in the R software environment for statistical and graphical computing 
(version 3.3.1)34 using packages ‘sp’35, ‘raster’36, ‘rgdal’37 and ‘rasterVis’38.

Calculating cumulative impact. We used expert knowledge collected through online surveys (N = 81) to 
generate scores for the effect of each threat on each ecosystem (µij); these are referred to as ‘effect scores’ (see 
glossary, Table 1). For the purposes of this assessment, experts were defined as people with expertise in relevant 
ecosystems and an understanding of South Australia’s gulf environments. Experts had a range of qualifications 
and experience, and were selected from various fields including academia (researchers, academics and postgrad-
uate students), state government and environmental consultancy. However, we recognise that a broader definition 
of ‘experts’ would have allowed for greater inclusion of, for example, fishers, interested citizens, NGOs and indus-
try representatives39.

To capture data on knowledge-based uncertainty, experts were asked to give a range of effect scores for each 
ecosystem-threat combination, relating to different scoring scenarios: ‘best-case’ (generally the lowest scores), 
‘most-likely’ (best estimate) and ‘worst-case’ (generally the highest scores). The experts were provided with a 
survey reference sheet that explained the meaning of these scenarios in terms of their level of uncertainty about 
the effect of a threat on an ecosystem (available in the Supplementary material for Doubleday et al.22). The three 
scenario scores could be very different if experts were highly uncertain of the effect, or very similar (even the 
same) if the expert was highly certain of the effect.

We encouraged the surveyed experts to contact the research team (via phone or email) with any que-
ries, or requests for clarification regarding the questions in the online survey. Even so, there is potential for 
language-based (linguistic) uncertainty to have been introduced into the results, because of differences in inter-
pretation of potentially vague, ambiguous, context-dependent, generalised or indeterminate terms and/or coun-
terfactual statements in the survey questions40. This linguistic uncertainty can lead to further uncertainty and 
variance in the expert-elicited effect scores, potentially leading to an artificial narrowing of the certainty bounds 
around the most-likely effect scores41. The full methodology of the expert elicitation, along with copies of the 
online surveys and additional information provided to the experts is available in Doubleday et al.22.

We followed the general framework developed by Halpern et al. and described in detail in their papers1,7. 
Our adapted version of their method calculates the cumulative impact score for the eight ecosystems separately 
(Eq. 1).

∑ µ= ×
=

CI D
(1)

s

i

n

i i e
( 1)

,

where CIs is the cumulative impact at each grid cell based on effect score scenario s (either, ‘best-case’, ‘most-likely’ 
or ‘worst-case’). Di is the spatial intensity of threat i (scaled between 0 and 1, with 1 representing the highest value 
for the threat) and µi,e is the average, expert-elicited effect score for threat i on ecosystem e (score range = 0–8) 
calculated from all experts’ scores for the scenario, threat and ecosystem in question (Fig. 1). There were N = 32 
threats in our assessment, but not all ecosystems were exposed to all threats (Supplementary Figures S1 & S4). 
Eq. 1 results in a value of 0 for a threat-ecosystem combination if a threat did not occur in a grid cell (threat inten-
sity = 0), or if the threat had an effect score of 0 for the ecosystem in question. The more high-intensity threats 
that occurred in a grid cell, and the more vulnerable the ecosystem in that cell was to those threats, the greater the 
cumulative impact score.

After calculating CIs for all eight ecosystem types and for each of the three effect score scenarios (s), we merged 
the seven benthic ecosystem cumulative impact layers into a single raster for each scenario, with 250 × 250 m cell 
size (Fig. 1). The cumulative impact layers for the pelagic ecosystem were assessed separately. We summarised 
cumulative impact across the entire spatial range of each ecosystem type by generating density plots and calculat-
ing mean values for cumulative impact from all grid cells classified as each ecosystem type.

We also investigated the spatial consistency in cumulative impact results across all three scoring scenarios 
(best-case, most-likely and worst-case), highlighting spatially consistent results as being the most robust out-
comes. Spatial consistency was assessed using percentiles, where grid cells that consistently scored low (≤20th 
percentile) or high (≥80th percentile) for cumulative impact under all three scenarios were classified into the 
‘least-impacted’ and ‘most impacted’ zones respectively. This assessment was done separately on the benthic (all 
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seven benthic ecosystem classes combined) and pelagic ecosystems. By virtue of the methodology (based on per-
centiles of the cumulative impact scores), a maximum of 20% of the area of each of the two broad scale ecosystem 
types (benthic and pelagic) could be classified into the ‘least’ and ‘most’ impacted zones; the higher the percentage 
value, the greater the spatial consistency across scoring scenarios. However, note that the when the ‘least’ and 
‘most’ consistently impacted zones for the total benthic area of the Gulf were further split into the seven benthic 
ecosystem classes, the division of ‘most’ and ‘least’ impacted cells was not equal across the classes (i.e. some eco-
system classes were more frequently classified as ‘least’ or ‘most’ consistently impacted).

We calculated the total exposure (area) of each threat by summing the area it covered, at any intensity level >0, 
across the entire Gulf. We also ranked the threats using the sum of ‘most-likely’ cumulative impact scores from 
all grid cells that each threat occurred in. This ranking was done separately for the benthic (n = 7) and pelagic 
(n = 1) ecosystems, as these overlapped (Supplementary Figures S1 & S2). We ran sensitivity analyses to explore 
the influence of each threat and the effect scores on the most-likely scenario results; these are detailed in the 
Supplementary material (section S2.2).

Measuring ‘knowledge-based uncertainty’. Our method for incorporating self-assessed 
‘knowledge-based uncertainty’ into the results involved using the best-case and worst-case scenario effect scores 
to generate uncertainty bounds around the most-likely effect score. This was done by adding random errors to 
the average most-likely effect score for each ecosystem-threat pair, to simulate uncertainty. We compared three 
different methods for simulating uncertainty:

Method 1: Based on Stock and Micheli’s ‘assumed expert uncertainty method’19 given in Eq. 2, where µi,j is the 
average most-likely effect score for each ecosystem-threat pair, εi,j is a random number drawn from a uniform 
distribution bounded by 0.5 * the maximum effect score (in our study this was 8).

µ µ ε= +ˆ (2)i j i j i j, , ,

Method 2: An adapted version of Stock and Micheli’s method (see method 1 above), where errors were drawn 
from a uniform distribution with bounds defined by the most-likely score plus or minus up to half of the range 
between the best-case and worst-case scores (Eq. 3).

µ µ ε= +ˆ (3)i j i j k l, , ,

where µi, j is defined as for Eq. 1, εk, l is a random number drawn from a uniform distribution bounded by 0.5 * the 
difference between the best-case and worst-case scenario effect scores for ecosystem-threat pair (i, j).

Method 3: Errors were drawn from a beta distribution, which is a distribution well-suited to representing 
uncertainty around expert elicited data20. The beta was parameterised by scaling the mean most-likely expert 
score for each habitat and threat combination using the mean best-case and worst-case scores, such that it fell 
within the range of 0 and 1: (most-likely − worst-case)/(best-case − most-likely). The alpha (α) and beta (β) 
parameters for the beta distribution were then calculated as described in Eqs 4 and 5 respectively:

α µ σ µ µ= − ÷ − − ×(((1 ) ) (1 )) (4)i j i j i j,
2

, ,
2

β α µ= × ÷ −((1 ) 1) (5)i j,

where µi,j is the scaled average most-likely effect score for each ecosystem-threat pair and σ2 (variance) is fixed at 
0.2. After back-transformation, this procedure produced unimodal sampling distributions bounded by the best- 
and worse-case effect score, and with mean equal to the most-likely effect score.

We used each of the three methods for uncertainty simulation to generate 1000 new effect scores for each 
ecosystem and threat pair. These were then used to parameterise 1000 iterations of the spatial cumulative 
impact assessment, thus simulating a plausible range of cumulative impact scores that attempted to account for 
knowledge-based uncertainty in three different ways. We summarised the results of the knowledge-based uncer-
tainty simulations by calculating a mean and standard deviation from all 1000 iterations of cumulative impact for 
each ecosystem and for each of the three uncertainty methods.

Data availability. The spatial datasets generated and analysed during this study are available from the 
Figshare repository. These data layers include the Spencer Gulf benthic and pelagic ecosystem layers (https://doi.
org/10.6084/m9.figshare.5047798.v1), all threat intensity layers (https://doi.org/10.6084/m9.figshare.5047786.v1),  
and the cumulative impact score layers for the three expert scoring scenarios for both benthic and pelagic ecosys-
tems (https://doi.org/10.6084/m9.figshare.5047774.v1). The R scripts used for analyses during the current study 
are available from the corresponding author on reasonable request.

Results
Ecosystem and threat mapping. The eight dominant ecosystems of Spencer Gulf and their areal coverage 
are shown in Table 2 (for map see Supplementary Figure S1). The spatial exposure and spatial intensity (see glos-
sary in Table 1) of each threat varied throughout Spencer Gulf, exposing some ecosystems to a greater number of 
threats than others (Table 3, Supplementary Figure S4). Mangroves had the highest average exposure to multiple 
threats throughout their spatial range, although seagrass and subtidal rocky ecosystems had the highest maxi-
mum threat exposure at any single point (Table 3). The pelagic ecosystem had the lowest threat exposure, both on 
average across its whole range and at any single location (Table 3).

http://dx.doi.org/10.6084/m9.figshare.5047798.v1
http://dx.doi.org/10.6084/m9.figshare.5047798.v1
http://dx.doi.org/10.6084/m9.figshare.5047786.v1
http://dx.doi.org/10.6084/m9.figshare.5047774.v1
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Spatial cumulative impact assessment (standard approach, ‘most-likely’ scenario). Seagrass 
ecosystems had the greatest cumulative impact score (>30) at a single location (Fig. 2), whereas the intertidal 
rocky ecosystem had the highest average cumulative impact score (most >15) across its entire spatial range 
(Fig. 2). Spencer Gulf ’s intertidal and supratidal ecosystems were more likely to be exposed to higher levels of 
cumulative impact than subtidal and pelagic ecosystems (Figs 2, 3b,c). Cumulative impact score density curves 
for four ecosystems (saltmarsh, seagrass, pelagic and subtidal rocky) showed bimodality, indicating they had 
patches of both low cumulative impact and moderate to high cumulative impact (Fig. 2). Mangroves notably dif-
fered from all other ecosystems because the most common cumulative impact scores recorded for this ecosystem 
occurred in the middle of the score range, as opposed to occurring close to the minimum score (as was found for 
all the other ecosystems, Fig. 2).

For both pelagic and benthic ecosystems, the greatest cumulative impacts occurred in areas close to the coast, 
especially near major industrial developments and towns (e.g. Whyalla, Port Pirie and Port Lincoln, black out-
lines in Fig. 3b & Supplementary Figure S6). There were also concentrations of cumulative impacts for the pelagic 
ecosystem around the shipping channel in the middle of the northern Gulf, as well as in fishing and aquaculture 
areas in the south-central Gulf (Fig. 3c).

Our analysis based on the most-likely expert effect scores found that the top five threats for both benthic and 
pelagic ecosystems were pollution-related; including point source pollution, such as oil spills and nutrient inputs, 
and climate change threats resulting from global CO2 emissions (Table 4 & Supplementary Table S3).

Knowledge-based uncertainty – simulation of uncertainty bounds for the ‘most-likely’ scenario 
scores. The cumulative impact rankings of the eight Gulf ecosystems remained broadly similar across the 
three approaches to incorporating expert uncertainty; although note the switch in positions of pelagic, saltmarsh 

Figure 1. Schematic of framework for calculating cumulative impact and accounting for ‘knowledge-based 
uncertainty’. Experts were asked to give ‘effect scores’ (between 0–8) for each combination of threat (in this 
example it is prawn trawl fishing) and ecosystem (here subtidal soft sediment), and for three uncertainty 
scenarios:’best-case’, ‘most-likely’ and ‘worst-case’. These effect scores were then used in a calculation of impact 
that accounts for the spatial intensity of each threat and the locations of overlap between a threat and an 
ecosystem. This process was repeated for each threat that occurs to each ecosystem and the resulting impact 
layers were summed to generate ecosystem-specific cumulative impact maps. This entire process was carried 
out for all eight ecosystems, and was repeated three times, once for each uncertainty scenario, to account for 
the experts’ ‘knowledge-based uncertainty’ around the cumulative impact scores. Maps were produced using 
R statistical software (version 3.3.1; https://www.r-project.org) and the packages raster36, rgdal37, sp35 and 
rasterVis38.

https://www.r-project.org
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and seagrass ecosystems in Fig. 4a–c. Both of the self-assessment uncertainty approaches (Fig. 4a,b) resulted 
in smaller standard deviations compared to the assumed uncertainty approach (Fig. 4c). Assuming our sur-
vey method appropriately captured the experts’ uncertainty about the effect of threats on ecosystems, this out-
come suggests that results were better constrained when we used the data collected from the experts to quantify 
knowledge-based uncertainty. However, there is a risk that linguistic uncertainty introduced during the expert 
survey may have caused the elicited bounds to be unrealistically narrow. Future surveys should follow the advice 
in Regan et al.40 and Carey et al.41 to reduce the risk of linguistic uncertainty in expert elicitation.

Using a uniform distribution to simulate uncertainty resulted in higher cumulative impact scores (Fig. 4b,c) 
and often did not adequately capture the experts’ most-likely scores. This can be seen when comparing the values 
from the boxplots (Fig. 4b,c) with the density plots of most-likely scores from the entire spatial range of each 
ecosystem (Fig. 2). This results from the uniform distribution assumption of symmetrical uncertainty around 
the most-likely score, which we found not to be the case in most instances (See Supplementary material S2.4 and 
Supplementary Figure S7). The beta distribution method for modelling uncertainty allowed asymmetrical bounds 
around the most-likely score (see Supplementary material S2.5, Supplementary Figure S8) and thus resulted in a 
better representation of both the most-likely expert effect scores and the self-assessed uncertainty ranges.

Self-assessed knowledge-based uncertainty – spatial consistency. Using the best-case, most-likely 
and worst-case scenario effect scores from the expert survey22, we undertook three versions of the spatial cumu-
lative impact assessment and explored spatial consistency across all three results; identifying areas consistently 
classified as ‘most’ or ‘least’ impacted, based on a percentile method. The ‘most impacted’ zones for both the ben-
thic and pelagic broad scale ecosystems tended to be in the northern Spencer Gulf and coastal areas (Fig. 5). The 
‘least-impacted’ zones (containing cells with consistently low cumulative impact scores) were generally found in 
southerly parts of the Gulf and areas with moderate depth (Fig. 5).

Values close to 20% for the total coverage of the benthic or the pelagic ecosystems within each impact zone 
indicate high consistency in the cumulative impact scores across all three scoring scenarios (Table 5). Whereas 
low percentage values indicated that there was little overlap between the areas classified as ‘least’ or ‘most’ 
impacted across all three scoring scenarios. There was greater consensus (indicative of greater confidence) for 
the pelagic ‘most’ (19.3%) and ‘least’ (16.9%) impacted zones under the three scoring scenarios, compared to the 
total benthic ecosystem impact zones (calculated based on the total area of all seven classes of benthic ecosystem), 
which were 13.3% and 6.8% respectively.

We further investigated the impact zones as a function of which specific ecosystem class they covered. The 
full spatial extent of the intertidal rocky and intertidal soft areas of the Gulf were encompassed in the consist-
ently ‘most-impacted’ zone for benthic ecosystems. The two ecosystem classes with the largest areas classified as 
‘most-impacted’ were seagrass (1901.7 km2) and pelagic (5679.8 km2) (Table 5). The ecosystem with the lowest 

Ecosystem class Areal extent (km2)

Pelagic (water column in all sub-tidal areas) 29370

Subtidal soft sediment (includes invertebrate, rhodolith 
and sparse algal communities) 14552

Seagrass (intertidal and subtidal) 7423

Subtidal rocky (including algal forest and rocky reef 
communities) 1563

Saltmarsh 507

Intertidal soft (un-vegetated soft substrate) 382

Mangrove 87

Intertidal rocky (hard substrate) 16

Table 2. Area of the eight, mapped broad-scale ecosystems in Spencer Gulf.

Ecosystem class

Summary statistics (per grid cell)

Min N threats Maximum N threats Mean N threats (std dev)

Intertidal rocky 6 16 8.06 (1.69)

Intertidal soft 6 19 8.14 (1.54)

Mangrove 6 16 9.99 (1.69)

Saltmarsh 6 15 8.49 (1.38)

Seagrass 5 20 7.59 (1.63)

Subtidal rocky 5 20 7.81 (1.63)

Subtidal soft 5 19 7.46 (1.11)

Pelagic 3 12 5.75 (1.26)

Table 3. Summary statistics for threat exposure, based on spatial overlap between threats (N = 32) and 
ecosystems (N = 8). Values were calculated using all grid cells within each ecosystem class.
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percentage of its area classified as ‘most impacted’ was subtidal soft (2%), although this ‘small’ percentage equates 
to 284.8 km2, which is more than 18 times the total size of the intertidal rocky ecosystem (Table 5). There were 
only two ecosystem classes with any part of their area consistently classified as ‘least-impacted’; these were sub-
tidal soft (1677.7 km2) and pelagic (4959 km2), which was also the ecosystem class with the greatest percentage of 
its area (16.9%) within the consistently ‘least-impacted’ zone (Table 5). Six of the seven benthic ecosystem classes 
(intertidal rocky, intertidal soft, mangrove, saltmarsh, seagrass and subtidal rocky) had none of their extent in the 
benthic consistently ‘least impacted’ zone (Table 5).

Discussion
Lack of data drives the use of expert knowledge in spatial cumulative impact assessments for all environ-
ments6,42–45. However, there are drawbacks to using expert knowledge as a surrogate for quantitative empirical 
data, a key one being knowledge-based uncertainty16 and the difficulty in accounting for it21. We demonstrate that 
this source of uncertainty can affect spatial cumulative impact assessments, and their interpretation, particularly 
regarding the level of confidence to ascribe to mapped outputs. Exploration of the impact of knowledge-based 
uncertainty on assessment results is important for testing the reliability of cumulative impact assessment methods 

Figure 2. Density curves of the ‘most-likely’ (unscaled) cumulative impact score for each ecosystem in 
Spencer Gulf. The curves are generated using the cumulative impact scores from all grid cells classified as each 
ecosystem type.

Figure 3. (a) Overview map of Australia with Spencer Gulf region shown by rectangle. Scaled cumulative 
impact maps for (b) benthic and (c) pelagic ecosystems in Spencer Gulf, based on the ‘most-likely’ scenario 
expert scores. Annotations: SG = Spencer Gulf, GSV = Gulf St Vincent, AD = Adelaide. Boxed areas in map 
(b) show location of population centres or industrial areas, finer-scale maps for these areas are supplied in the 
Supplementary material (Supplementary Figure S6). Maps were produced using R statistical software (version 
3.3.1; https://www.r-project.org) and the packages raster36, rgdal37, sp35 and rasterVis38.

https://www.r-project.org
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and outputs19,46,47. It also improves the transparency of the assessment process and highlights the most robust 
results, which is critical if the outputs are to be used for identifying knowledge gaps, directing funding, monitor-
ing, or informing management actions6,8,18.

We requested that experts provided an effect score range using scoring scenarios22, as is commonly recom-
mended in the literature on expert elicitation6,15,16,19. This led to upper and lower bounds (best-case & worst-case 
scenarios respectively) around the most-likely effect scores. There is a risk that linguistic uncertainty (uncertainty 
in language) related to each expert’s own interpretation of the terms ‘best-case’, ‘worst-case’ and ‘most-likely’, may 
have introduced uncertainty into our survey results40,41. We attempted to avoid this issue by providing a defini-
tion of these terms in the survey reference sheet (a copy of which can be found in the Supplementary material of 
Doubleday et al.22).

In addition, experts may be over-confident when assessing their own uncertainty15, but we cannot test this 
without knowing the ‘correct’ effect score for each ecosystem and threat pair, which would require validation 
with empirical data that are not currently available. Our approach required additional time and effort from both 
the experts and the researchers, because three effect scores were needed for each ecosystem and threat combi-
nation. However, we propose that through thoughtful survey design and expert selection22, these time costs can 
be reduced. We also demonstrate that these additional time costs are balanced by the benefits of gathering these 
valuable data on uncertainty, which increase the confidence in, and utility of, the assessment outputs.

Our spatial cumulative impact assessment for Spencer Gulf found that intertidal and near-shore pelagic/sub-
tidal benthic ecosystems, especially those around heavy industry and population centres, consistently scored 
above the 80th percentile for cumulative impact across all three scoring scenarios. The intertidal rocky and sub-
tidal soft ecosystems respectively had the highest and lowest average cumulative impact across their entire spa-
tial ranges. The ecosystem classes all ranked similarly for cumulative impact under the different methods for 
simulating knowledge-based uncertainty; however, the absolute values of average cumulative impact for each 
ecosystem changed substantially depending on the assumptions of the distribution used to simulate uncertainty. 
Using the beta distribution to simulate uncertainty around the most-likely expert scores resulted in the lowest 
average cumulative impact scores and the smallest amount of variation. The beta distribution was centred on 
the most-likely score and bounded by the best-case and worst-case scores; meaning it accurately reflected these 
three information points provided by the experts, which represented plausible ranges for the impact of threats on 
ecosystems in the Gulf. Conversely, the method we used to parameterise the uniform distribution (based on that 
of Stock and Micheli19) used only the best-case and worst-case scores to generate error values and assumed that 
uncertainty was symmetrical around the most-likely score. This assumption resulted in simulated ranges of effect 
scores that could exclude the experts most-likely effect score, in cases when the best-case and worst-case scores 
were not equidistant from the most-likely score. The plausible score ranges that we collected from the experts 
were frequently not centred on the most-likely score; meaning they could not be appropriately represented by a 
uniform distribution.

If self-assessed knowledge-based uncertainty data are not available (as is the case in many previous stud-
ies), the Stock and Micheli method19 may be a conservative alternative for retrospectively accounting for 

Exposure (km2)

Impact score summary:

R2Min Max Median Mean SD Sum

Threat layer Benthic ecosystems (combined) impact scores

Climate change: hot weather events 5190.3 <0.1 4.25 0.00 0.73 1.46 271264 0.552

Climate change: extreme rainfall events 30361.2 0.00 2.88 0.00 0.42 0.83 157525 0.743

Pollution: oil 3175.4 0.00 4.17 0.00 0.22 0.67 81049 0.893

Pollution: nutrients 3614.4 0.00 4.73 0.00 0.07 0.25 26843 0.957

Climate change: increased average 
temperature 30361.2 1.83 4.00 2.85 3.05 0.31 1133269 0.966

Threat layer Pelagic ecosystem impact scores

Climate change: ocean acidification 30361.2 3.75 3.75 3.75 3.75 0.00 1666710 0.669

Climate change: increased average 
temperature 30361.2 3.33 3.33 3.33 3.33 0.00 1481372 0.706

Climate change: extreme rainfall events 30361.2 2.75 2.75 2.75 2.75 0.00 1222254 0.757

Climate change: hot weather events 5190.3 0.00 3.42 0.00 0.41 1.11 180800 0.951

Pollution: oil 3175.4 0.00 3.84 0.00 0.24 0.73 107722 0.971

Table 4. Summary statistics of impact scores for the top-five threats to benthic and pelagic ecosystems in 
Spencer Gulf, based on the experts’ most-likely effect scores. Summary values (min, max, median, mean and 
standard deviation) were calculated from all grid cells classified as each ecosystem type (all benthic ecosystem 
cells were grouped for this analysis). Sum = the total impact score attributable to each threat across all grid cells. 
Exposure = the total area of Spencer Gulf covered by the threat at any intensity level > 0. Images showing the 
exposure and intensity of each threat layer are provided in Supplementary Figure S3. R2 values were calculated 
using jack-knife sensitivity testing (see Supplementary material section S2.2.2) and indicate the influence of 
each threat layer on the final (most-likely scenario) cumulative impact scores. In this context, lower R2 values 
indicate a larger influence on the outcome (i.e. a greater difference after the threat was removed from the 
assessment). The full table of threat rankings is available in the online supplementary material (Supplementary 
Table S3).
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knowledge-based uncertainty in cumulative impact assessment results (being based on a priori assumptions)19. 
However, it must be acknowledged that the bounds set on the distribution of uncertainty are arbitrary and the 
method can lead to over-inflation of both the average cumulative impact scores and the amount of uncertainty 
around them, if expert uncertainty is not symmetrical around the given score.

In addition to our primary focus on knowledge-based uncertainty, we also aimed to deliver useful outputs for 
the sustainable management of Spencer Gulf. We found that high cumulative impacts in coastal areas were driven 
both by the greater effect scores for threats to shallow and intertidal ecosystems22 and the greater spatial exposure 
and intensity of sea- and land-based threats in coastal areas. Similar patterns of high cumulative impact in shallow 
coastal areas have also been shown in other studies at both global-1,2 and regional-scales12,17,44,48,49.

We expected that most of each ecosystem would experience relatively low-level cumulative impact, with a 
small proportion having moderate to high cumulative impact scores. This pattern was borne out in the cumula-
tive impact density curves for the intertidal rocky, intertidal soft and subtidal soft ecosystems. However, we found 
that the density curves for saltmarsh, seagrass, pelagic and subtidal rocky ecosystems were bimodal, indicating 

Figure 4. Summary plots of spatial cumulative impact scores from simulations that accounted for knowledge-
based uncertainty. For each of 1000 simulations some random error was added to the expert effect scores for 
each ecosystem and threat combination and the adjusted scores were used to calculate cumulative impact. 
(a) Using the expert’s self-assessed uncertainty data, simulated values were drawn from a beta distribution 
centred on the most-likely score and bounded by the best-case and worst-case scores (Eqs 4 and 5). For (b) and 
(c), simulated random errors were drawn from a uniform distribution based on (b) our expert self-assessed 
uncertainty method (Eq. 3) and (c) assumed uncertainty method proposed by Stock and Micheli19 (Eq. 4). In all 
panels the bold horizontal line shows the average cumulative impact score for each ecosystem class from 1000 
simulations, box extents show the standard deviation of this average and vertical lines extend to the minimum 
and maximum average cumulative impact per ecosystem recorded across all 1000 simulations.



www.nature.com/scientificreports/

1 0Scientific REPORTS |  (2018) 8:1469  | DOI:10.1038/s41598-018-19354-6

that considerable patches of these ecosystem classes experienced moderate to high cumulative impact. The 
patches experiencing higher cumulative impact were predominantly in northern Spencer Gulf and coastal areas, 
where cumulative impact scores were consistently higher than in the southern or deeper, central areas of the Gulf. 
Mangroves differed from other ecosystems because the peak in cumulative impact occurred in the middle of the 
score range, rather than being skewed to the lower end of the scale. This suggests that most mangroves throughout 
Spencer Gulf are at least moderately impacted by cumulative threats.

High cumulative impacts on Spencer Gulf ’s coastal ecosystems are likely to affect the delivery of key ecosys-
tem services from these areas50, including recreation, provision of fish habitat and nursery areas, water purifica-
tion, coastal protection and carbon sequestration51–53. A reasonably large proportion (19.3%) of the Gulf ’s pelagic 
ecosystem fell within the consistently ‘most-impacted’ zone: 5680 km2, with a smaller proportion (3269 km2 and 
13.3%) of the total area of Spencer Gulf ’s benthic ecosystems found to be consistently at risk of high cumulative 
impact (i.e. in the ‘most-impacted’ zone). This suggests that there is greater certainty about the risk of cumulative 
impacts to the pelagic ecosystem than the benthic ecosystem; shown by more consistent results across the three 
certainty scenarios for the pelagic ecosystem.

Our results indicate that Spencer Gulf ’s benthic ecosystems are relatively unaffected by human activities 
compared to other multi-use aquatic systems that support industrial and recreational activities, such as the 
Mediterranean and Black Sea48, the Baltic Sea17 and the Great Lakes in North America44. This assertion is based 
on qualitative visual assessment of the figures in these papers, which indicate greater cumulative impact scores 
over larger areas compared to our results for Spencer Gulf (it is difficult to make this comparison quantitatively 

Figure 5. Maps showing the grid cells that were consistently the ‘most impacted’ (≥80th percentile, pink) or ‘least 
impacted’ (≤20th percentile, green) across all three effect score scenarios (best-case, most-likely and worst-case) 
for (a) benthic and (b) pelagic ecosystems. Tan coloured areas show pixels that were not consistently in either the 
upper or the lower percentile groups (i.e. had scores between the 20th and 80th percentile in at least one scoring 
scenario). Maps were produced using R statistical software (version 3.3.1; https://www.r-project.org) and the 
packages raster36, rgdal37, sp35 and rasterVis38.

Ecosystem

Consistently most-impacted Consistently least-impacted

Percentage Area (km2) Percentage Area (km2)

Pelagic ecosystem 19.3 5679.8 16.9 4959.0

Benthic ecosystems (total) 13.3 3269.0 6.8 1677.7

Benthic - Intertidal Soft 100.0 382.4 0.0 0.0

Benthic - Mangrove 87.6 76.1 0.0 0.0

Benthic - Saltmarsh 41.8 211.7 0.0 0.0

Benthic - Seagrass 25.6 1901.7 0.0 0.0

Benthic - Subtidal Rocky 26.4 412.3 0.0 0.0

Benthic - Subtidal Soft 2.0 284.8 11.5 1677.7

Table 5. Percentage and area (km2) of each broad scale ecosystem type (benthic and pelagic), and each benthic 
ecosystem class, which scored ≤20th percentile (‘least impacted’) and ≥80th percentile (‘most impacted’) for 
cumulative impact under all three effect score scenarios (best-case, most-likely and worst-case). The benthic 
ecosystem total shows the area of the ‘most’ and ‘least’ impacted zones as a percentage of the entire area of all 
benthic ecosystems in the Gulf.

https://www.r-project.org
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because the cumulative impact scores in these papers are not described using directly comparable percentile 
metrics). This apparent difference in the extent and severity of cumulative impacts is likely to be driven by greater 
population densities (with associated development and industrialisation) in these regions, compared to the 
Spencer Gulf region. The areas surrounding the Mediterranean Sea and the Great Lakes region of the USA have 
respective averages of 20–1000 54 and 91.5 55 people per km2, compared to just 1.62 people per km2 in South 
Australia (with a range of 0.1–10 people per km2 in areas immediately surrounding Spencer Gulf)56. This cur-
rent, comparatively low impact of human activity in Spencer Gulf provides an important opportunity for early 
intervention through the development of an integrated management approach for the region. Adopting such a 
framework now, before broad-scale environmental degradation becomes a widespread issue, may avoid the need 
for ecosystem restoration later.

According to our semi-quantitative assessment for the eight assessed marine ecosystems in Spencer Gulf, the 
top five threats were related to either point source pollution from oil and nutrients, or climate change. In a recent 
update2 to their earlier global analysis1, Halpern et al. found that the impacts of climate change have increased over 
the last 5 years in 66% of the global ocean. These findings are particularly concerning as impacts from global climate 
change are difficult to manage at a local, or even regional level57. This makes it even more important to reduce other 
high-impact threats that can be managed locally, e.g. point source pollution in Spencer Gulf. This will contribute 
to reducing overall pressures on marine ecosystems and potentially increase their resilience to climate change58–60.

All spatial cumulative impact assessments make a number of assumptions6, each of which may influence the 
results19. Our study highlights the effect that knowledge-based uncertainty can have on assessment results; the 
ease with which self-assessed data on uncertainty bounds can be collected; and how confidence in results can then 
be tested and reported by simulating bounds around average impact scores and focusing on the most consistent 
results from across all effect score scenarios. However, further uncertainty in our results may stem from assump-
tions we have made during the assessment process, which are common to other cumulative impact assessments6. 
We assumed that an ecosystem exposed to single, or multiple threats would be impacted; that the impact was 
linear; and that the impact of multiple threats was additive (rather than interactive, synergistic or antagonistic61). 
Other caveats include that we could not include pelagic/midwater line and net fishing in our assessment, because 
of the poor spatial resolution of these data for our study region. However, the impact of these types of fishing gear 
on ecosystems (as opposed to specific species62) is expected to be minimal, especially when compared to other 
fishing gears with greater impact on the seascape, such as trawling22,63, which was included. In addition, the avail-
able climate change data had poor spatial resolution, meaning that these threats were often treated as ubiquitous 
(Supplementary Figure S3e). We were not able to include three particularly vulnerable ecosystems (rhodolith 
beds31,32, sponge gardens30,64 and native shellfish beds33) because of a lack of spatial data leading to uncertainty 
around their location and spatial extent throughout the Gulf. The unavailability of these data identify clear knowl-
edge gaps based around a lack of well-resolved spatial information on ecosystems, human activities and impacts 
of climate change, as well as a need for more empirical studies on the impact of various threats, including the 
likely complex interactions between multiple threats65. This lack of data also highlights that knowledge-poor areas 
or ecosystems are often those that are most vulnerable and difficult to evaluate.

Our method enables new or updated spatial data layers to be included as they become available; particularly 
if they relate to the distribution of ecosystems or threats that were included in the original expert elicitation sur-
vey22. Future work should involve validation of our predictions of cumulative impact using in-situ data on ecosys-
tem condition and the inclusion of potentially positive human activities, such as marine parks and no-take zones.

Conclusion
Our study of Spencer Gulf, based in part on expert-elicited data, showed that the greatest risk of cumulative impacts 
to the eight assessed coastal and marine environments occurred in intertidal and shallow subtidal ecosystems, par-
ticularly in the northern Gulf. This was consistent across all expert score uncertainty scenarios and was due to: 1) 
greater concentrations of high-intensity threats in coastal areas, especially close to heavy industry and population 
centres; and 2) higher effect scores for these ecosystems (indicative of their greater vulnerability to threats), particu-
larly climate change and localised pollution. Overall, however, only a relatively small proportion of Spencer Gulf ’s 
marine ecosystems appear to be exposed to high risks from cumulative impact when qualitatively compared to 
published studies for other locations. This is a positive outcome, and means our results can be used to support con-
servation and proactive, protective management, rather than exclusively highlighting priority areas for restoration.

We show that uncertainty associated with expert knowledge can lead to uncertainty in the outputs of spa-
tial cumulative impact assessments. However, we recognise the value of expert knowledge for assessments of 
data-poor regions and environments (commonly the case for marine systems). Therefore, we demonstrate a 
straight-forward method for capturing uncertainty in expert knowledge, which is simply to ask the experts for 
effect score ranges indicative of their uncertainty, when assessing the effect of threats to ecosystems. This approach 
enables knowledge-based uncertainty to be accounted for and the most certain results to be identified.
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Identifying common pressure pathways from a complex network
of human activities to support ecosystem-based management
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Abstract. The marine environment is heavily exploited, but unintentional consequences
cause wide-ranging negative effects to its characteristics. Linkage frameworks (e.g., DPSIR
[driver–pressure–state–impact–response]) are commonly used to describe an interaction
between human activities and ecological characteristics of the ecosystem, but as each linkage
is viewed independently, the diversity of pressures that affect those characteristics may not be
identified or managed effectively. Here we demonstrate an approach for using linkages to
build a simple network to capture the complex relationships arising from multiple sectors and
their activities. Using data-analysis tools common to ecology, we show how linkages can be
placed into mechanistically similar groups. Management measures can be combined into fewer
and more simplified measures that target groups of pressures rather than individual pressures,
which is likely to increase compliance and the success of the measure while reducing the cost of
enforcement. Given that conservation objectives (regional priorities) can vary, we also
demonstrate by way of a case study example from the Marine Strategy Framework Directive,
how management priorities might change, and illustrate how the approach can be used to
identify sectors for control that best support the conservation objectives.

Key words: ecosystem approach; European regional seas; human activities; linkage framework; marine
management; pressure; sustainability.

INTRODUCTION

The marine environment and its coastal margins are
heavily exploited for a wide range of ecosystem goods
and services (Ban et al. 2010). Unintentional habitat
loss, habitat fragmentation, and disturbance resulting
from this resource exploitation can affect ecosystem
structure and functioning, with unforeseen consequences
for nontarget species and ecosystem services (Eastwood
et al. 2007, Halpern et al. 2008, 2010). Measures to limit
the harmful effects of human activities have typically
attempted to protect a specific habitat, species or other
feature of interest through management of a single
sector (Commission of the European Communities (EC)
2009, Khalilian et al. 2010). Implementation of man-
agement measures on an industry-by-industry basis has
caused some sectors to be subject to strict licensing
controls (e.g., the offshore oil and gas is licensed in UK
waters under the Petroleum Act [1998] and Continental
Shelf Act [1964]). Although several single-sector man-
agement programs have been successful in mitigating the
impacts of their target industry (see the Quality Status
Report 2010 [OSPAR Commission 2010]), this type of
management cannot control the full range of detrimen-
tal pressures on ecosystems that arise from diverse

industry activities, and other insufficiently regulated
sectors continue to have widespread effects across the
ecosystem.

Ecosystem-wide improvements will often require a
combination of measures to control the whole suite of
pressures introduced by the full range of human
activities that impact the marine ecosystem; i.e., an
ecosystem approach to management is needed. The link
between human activities and impact on the ecosystem
can be described using a simple hierarchy (Fig. 1). This
hierarchy follows the form of a sector (e.g., fishing)
undertaking an activity (e.g., trawling) that generates a
pressure (e.g., selective extraction of fish), which impacts
the environment (e.g., by physically removing fish) and
changes the quality (state) and quantity of the resource
(e.g., by reducing the standing stock biomass (SSB) of
fish). In recent years there has been a major shift in focus
within environmental policy toward an ecosystem
approach to management (Hassan et al. 2005). Al-
though the underlying concepts and potential benefits of
the ecosystem approach are recognized, its practical
implementation has been rare (FAO 2005). Early efforts
were made at a relatively small scale, concentrating on
the conservation of a single species but considering
multiple activities or impact pathways (Ruckelshaus et
al. 2008). These have gradually been replaced by larger-
scale planning and policy mechanisms incorporating
multiple environmental, societal, and economic objec-
tives (Samways et al. 2010) that use increasingly complex
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concepts such as ecological networks to enhance
ecosystem health (Oberle and Schaal 2011).
Describing and understanding the complex network

of human activities and their pressures is key to
successfully implementing an ecosystem approach.
Linkage-based frameworks have commonly been used
to describe the relationships between human activities
and ecological characteristics (Elliott 2002, La Jeunesse
et al. 2003, Odermatt 2004, Scheren et al. 2004, Holman
et al. 2005). There are several widely used frameworks
including the pressure–state–response (PSR) framework
(Rapport and Friend 1979) and the more recent
derivation, Driver–Pressure–State–Impact–Response
(DPSIR) framework (EEA 1999). Linkage frameworks
tend to be based on a concept of causality, i.e., human
activities exert pressures on the environment changing
the quality (state) and quantity of its natural resources.
An advantage of linkage frameworks is that key
relationships are captured and displayed in a relatively
simple way (Rounsevell et al. 2010), but a disadvantage
is that linkages tend to be viewed independently of each
other without consideration of the interplay with
linkages arising from other sectors, the range of
pressures generated by specific activities, or the variety
of ecosystem components that are impacted by a
particular pressure. These shortcomings may explain
the limited evidence for improvement following adop-
tion of the ecosystem approach (Ruckelshaus et al. 2008,
Tallis et al. 2010). In an analogous way that single-

species or single-sector fisheries management under the
Common Fisheries Policy of the European Union (CFP;
available online)2 has been limited by a failure to account
for nontarget sector(s) impacting on a resource (Kha-
lilian et al. 2010), the ecosystem approach can also be
undermined by a failure to account for the multiple
unmanaged sectors and activities that could impact an
ecosystem and its characteristics as a whole (Smith et al.
2007).
Here we illustrate an approach for using these

‘‘simple’’ linkages (impact chains) to build an integrated
network that captures the diverse and complex range of
sector activities that impact marine ecosystems (a
simplified network is shown in Fig. 1). Using common
ecological data-analysis tools, such as network topology
metrics and cluster analyses, we demonstrate how
mechanistic similarities between linkages can be identi-
fied, allowing development of improved management
measures in support of conservation or restoration
objectives. We also illustrate how differences in policy
objectives could affect management priorities using case-
study examples from the Marine Strategy Framework
Directive (MSFD) (EC 2008). We focus on the MSFD
as it is the policy mechanism through which ecosystem-
based marine management will be implemented in
European regional seas. The overarching aim of the

FIG. 1. Impact chains. (a) A generic hierarchical impact chain linking sectors and activities to an ecological characteristic via a
specific pressure. A sector is a distinct industry, such as fishing or shipping, that undertakes specific activities (e.g., benthic trawling)
during its exploitation of marine resources. Each sector activity can generate many different pressures that impact one or more
ecological characteristics or cause harm to the environment (e.g. benthic trawling extracts fish species). An ecological characteristic
(a habitat, species, or interest feature of an ecosystem, e.g., demersal fish) can be impacted by multiple sectors and multiple
pressures, forming (b) a complex network of sector–pressure impact chains. A separate impact chain is generated for every
combination of sector (black circles), pressure (gray circles), and ecological characteristic (central white circle).

2 http://ec.europa.eu/fisheries/cfp/index_en.htm
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MSFD is to ensure that natural resources are exploited
in a sustainable manner so that biodiversity is main-
tained and that its regional seas are clean, healthy, and
productive (Article 3(5); EC 2008). When this goal is
achieved, the regional sea is considered as being at
‘‘Good Environmental Status’’ (GES). In the MSFD, 11
underlying qualitative descriptors were developed (An-
nex I; EC 2008) to allow differentiation between
structure and functional processes of the ecosystem.
The descriptors are not objectives per se. Rather, they
describe features of the ecosystem that are widely
considered as important, either from a conservation
(e.g., biodiversity, food web) or threat (e.g., nonindig-
enous species, marine litter) perspective that may be
useful in developing a specific set of objectives.
In this paper we consider two of the descriptors

developed for the MSFD, namely, Descriptor 1:
Biodiversity, and Descriptor 4: Food webs. The choice
of descriptor has a direct effect on the number/type of
impact chains requiring consideration. By definition, the
biodiversity descriptor includes all aspects of the ecosys-
tem and therefore, all impact chains are relevant to its
assessment. In contrast, the food-web descriptor as
developed is focused on some key species, and on whole
trophic groups, including fish, marine mammals, sea-
birds, benthic flora and fauna, and plankton (see
Commission Decision 2010/477/EU for further details).
As such, only those impact chains relevant to these
ecological characteristics were considered (see Appen-
dix: Table A3 for the relevant links). Under both
descriptor scenarios, we illustrate the management
priorities as a result of changes in the impact chains.

APPROACH AND METHODS

Assessing ecosystem complexity: linking sectors
and pressures to ecological characteristics

of the ecosystem

Understanding the hierarchical pathways through
which sector activities affect descriptor indicators is an
essential first step in the process of managing their
impact (see Fig. 1 and definition of the hierarchy in
Introduction, paragraph two). This description is com-
plicated by the fact that specific impacts can result from
activity associated with numerous sectors (Soto et al.
2006, Ban et al. 2010). If the impact of a sector and its
activities is to be reduced or mitigated so that no
detrimental effects to the ecological characteristics of the
ecosystem are seen, we must make clear and definitive
links between sectors, the pressures they generate and
the effects those pressures have on components of the
ecosystem.
There are numerous human activities with the

potential to impact marine ecosystems (Halpern et al.
2007), many of which are common to several sectors
functioning in Europe’s regional seas. Using a wide
range of sources including peer-reviewed literature, gray
literature, and regional expertise, we identified 19
sectors, and their effect on the ecosystem was assessed.

While the sectors were chosen for evaluation based on
their predominance in one or more of Europe’s regional
seas, they are also common to marine ecosystems
globally (Halpern et al. 2007) (see Appendix: Table A1
for a full list of sectors). Sectors in an early stage of
development (e.g., carbon sequestration) or increasing in
prevalence (e.g., renewable energy) were also included.
Sectors are defined broadly (e.g., fishing), encompassing
a range of activities associated with that industry (e.g.,
benthic trawling, pelagic trawling, long-lines or fixed
nets). In total, 105 activities were identified and assessed
(see Appendix: Table A1 for a comprehensive list).
Although not presented here, the assessment can easily
be modified to illustrate similarities between linkages at
the activity scale rather than at the sector scale.

The Marine Strategy Framework Directive (MSFD;
EC 2008) identified 18 specific pressures, which could be
placed into one of eight general pressure groupings
based on their shared impact characteristics such as
whether the pressure caused physical damage (e.g.,
abrasion or selective extraction), physical loss (e.g.,
smothering or sealing) or contamination (e.g., introduc-
tion of synthetic compounds) (see Annex III of the
Directive [EC 2008] for the full list of pressures and
impacts). We expanded this to 21 specific pressures as
the list was not exhaustive; e.g., changes in wave
exposure and their effects on intertidal communities
(Dayton 1971) were not included, nor did it include
pressures that could arise from new but increasingly
prevalent activities such as barriers to species movement
arising from renewable-energy installations (Apraham-
ian et al. 2010). Additional pressures and their link to
sectors and ecological characteristics were identified
using a combination of peer-reviewed literature, gray
literature (e.g., The Marine Life Information Network,
available online),3 and expert judgment. See Appendix:
Table A3 for a full list of pressure types together with a
short description of each pressure.

Sixteen ecological characteristics of the marine
environment were identified in the MSFD (Annex III;
EC 2008). However, we exclude ‘‘listed habitats’’ and
‘‘habitats meriting special reference’’ from the analysis as
they can be included within the ‘‘predominant habitat’’
category in terms of the mechanism(s) through which
pressures act on them. The 14 ecological characteristics
can be classified into four broad categories: (1) physical
and chemical features (i.e., temperature, salinity, topog-
raphy, nutrients and oxygen, pH); (2) predominant
habitat types (e.g., sublittoral sediment, deep sea, littoral
rock); (3) biotic characteristics (fish, birds, mammals,
benthic flora and fauna, plankton, listed species), and
(4) other notable chemical features of the ecosystem
(e.g., presence or absence of hotspots for eutrophica-
tion). The impact of a pressure on an ecological
characteristic is not specified but could range from

3 www.marlin.ac.uk/human-activity.php
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changes in biomass, demography, or abundance (for
biotic characteristics) to ones that cause a change in the
salinity or temperature profile (for physical and chemical
features).

Evaluating impact chains of the ecosystem

We evaluated the links between sectors, pressures, and
ecological characteristics by constructing impact chains
using three matrices. The first contains i rows of sectors
and j columns of pressures (Appendix: Table A2) and
the second contains i rows of pressures and j columns of
ecological characteristics (Appendix: Table A3). The
third matrix combines Appendix: Tables A2 and A3 into
a matrix of impact chains (i.e., a table of all potential
sector–pressure–ecological characteristic interactions).
This third ‘‘impact-chain’’ matrix is not shown for
brevity as it contains .7000 impact chains. Each cell in
the impact-chain matrix is a qualitative and determin-
istic assessment of the presence (X) or absence (blank
cell) of a link, which was assessed using a combination
of published literature and expert judgment. Matrices
were combined in Netica (available online),4 resulting in
an integrated ecosystem model that describes all
potential linkages among all sectors, pressure types,
and ecological characteristics.
The complexity of the ecosystem impact-chain net-

work was measured using three properties of network
topology (Dunne et al. 2002): (1) complexity/linkage
density (the number of links between sectors, pressures,
and ecological characteristics), (2) links per ecological
characteristic (connectance) (Gardner and Ashby 1970),
and (3) linkage similarity (clustering) (Allen and Starr
1982). In addition, agglomerative hierarchical cluster
analysis (Dubes and Jain 1988) was used to group
similar impact chains. This allowed sectors to be
grouped by similarity of pressure types they introduce
(e.g., does Sector A introduce the same pressure types as
Sector B? If so, Sector A is similar to Sector B in terms
of its impact pathways). Similarity of pressure types also
enabled the likelihood of pressure co-occurrence to be
determined. For example, when a sector activity causes a
‘‘change in temperature’’, should we also expect a
‘‘change in salinity’’? Finally, different ecological char-
acteristics were grouped by the similarity of impact
chains that affect them, indicating where wider (indirect)
ecosystem benefits might be achieved beyond those
envisioned under a particular management measure or
suite of measures. For example, if a measure was
introduced to limit impacts on plankton, are these
benefits likely to be indirectly conferred to pelagic fish
species as a result of the restriction(s)?

Food-web model

To evaluate how management might change when the
conservation priority is different, we truncated the

ecosystem model to include only those linkages relevant
to the ecological characteristics representative of a
marine food web. Food webs are networks of connec-
tions between a diversity of consumers and resources
(Polis and Strong 1996). The species composition of a
food web can vary by habitat and region, but the
principles of energy transfer from sunlight to plants and
successive trophic levels are the same. Functional
aspects and a specific focus on the levels of productivity
of key components can be used to describe a food web.
In the Marine Strategy Framework Directive, GES
(good environmental status) of a food web is described
as when ‘‘all elements of the marine food webs, to the
extent that they are known, occur at normal abundance
and diversity and levels capable of ensuring the long-
term abundance of the species and the retention of their
full reproductive capacity’’ (Annex I; EC 2008). A task
group further defined generic functional indicators as:
(1) biological groups with fast turnover rates (e.g.,
phytoplankton, zooplankton, bacteria) that respond
quickly to system change; (2) groups targeted by
fisheries; (3) habitat-defining groups; and (4) charismatic
or sensitive groups often found at the top of the food
web, such as marine mammals and seabirds (ICES
2010). Here we specifically refer to the ecological
characteristics: bottom flora and fauna (habitat-forming
species), fish, marine mammals, plankton, and seabirds.
Food-web-specific ecological characteristics were select-
ed within the deterministic model to indicate the impact
chains only relevant to them.

Data analysis

Linkage similarities were assessed using cluster
analysis (Clarke 1993). All analyses were undertaken
using the open-source software R (R Development Core
Team 2008) and the package Pvclust (Suzuki and
Shimodaira 2006). Clusters were calculated as the
Euclidean distance of the sector, pressure, or ecological
characteristic from the origin, and the clustering method
used was average distance. Statistically significant
clusters were calculated as approximate unbiased (au)
and bootstrap probabilities (bp) (see Suzuki and
Shimodaira [2006] for full details).

RESULTS

The ecosystem model

We evaluated 7066 impact chains and, based on the 19
sectors included in the model, 1462 individual impact
chains were identified as having the potential for
detrimental effects on the ecosystem and its character-
istics.

Connectance of sectors, pressures, and ecological
characteristics

The five sectors identified from the ecosystem model
as those contributing the greatest number of impact
chains were coastal infrastructure, renewable energy, oil
and gas, tourism/recreation, and fishing. Sectors intro-4 www.norsys.com

ANTONY M. KNIGHTS ET AL.758 Ecological Applications
Vol. 23, No. 4



ducing the fewest impact chains were shipping, telecom-
munications and scientific research (Fig. 2).

The five most common pressures (Fig. 2b) were
changes in water flow rate, introduction of non-synthetic
compounds, changes in siltation, introduction of syn-
thetic compounds, and marine litter. The most infre-
quent pressures were electromagnetic energy, barriers to
species movement, and change in emergence regime
(Fig. 2b).

The five ecological characteristics with the greatest
number of impact chains affecting them were listed
species, bottom flora and fauna, fish, marine mammals
and predominant (seafloor) habitats. Physio-chemical
characteristics, namely, temperature, salinity, and pH
were the least threatened (Fig. 2b).

Clustering sectors, pressures, and ecological
characteristics by impact-chain similarity

We identified 17 different groups of sectors. The
average distance (height) among clusters was generally
low, indicating a relatively high degree of similarity
between the impact chains introduced by different
sectors (Fig. 3). Two clusters of sectors with statistically
similar impact chains were identified. The first included
land-based industry, agriculture, desalination, and
waste-water treatment (percentage similarity of 100)
and the second included fishing, aquaculture, and
tourism and recreation (percentage similarity of 96)
(Fig. 3b).

There was less similarity in terms of the combination
of sectors introducing a pressure type. With the
exception of changes in salinity and changes in thermal
regime (Fig. 3c; percentage similarity of 99), there were
no statistically significant groupings, indicating that
each pressure type is introduced by a different combi-
nation of sectors. However, combining mechanistically
similar pressure types, such as substrate loss, abrasion,
and smothering into their broader typologies (i.e.,
physical loss and physical damage), revealed some
similarities (Fig. 3b).

Ecological characteristics could be grouped into
distinct clusters and the average distance (dissimilarity)
among clusters was more than three times greater than
found in the sector and pressure comparisons, indicating
clear differentiation between the combination of sectors
and pressures that impact different ecological charac-
teristic groups (Fig. 3c, height ;10). Twelve clusters
were identified, four of which consisted of statistically
similar ecological characteristics. Group 1 was com-
prised of the physical/chemical features (1) salinity and
(2) temperature (100% similarity). These fell within a
larger cluster (9) that includes chemicals, nutrients and
pH. The second group (2) consisted of bottom flora and

FIG. 2. The number of linkages (proportional connectance)
associated with (a) the sectors, (b) the pressure types, and (c) the
ecological characteristics of the ecosystem in European regional
seas. Proportional connectance is calculated as the number of
linkages associated with each sector/pressure type/ecological
characteristic divided by the total number of linkages in the

 
ecosystem model (N ! 1692 impact chains). Absolute propor-
tional connectance values are shown at the end (right side) of
each bar.
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fauna and listed species (97% similarity), which them-
selves fell within the larger group of ‘‘Biological
features’’ including marine mammals and fish (cluster
8). Group 3 consisted of predominant-habitat types and
topography (97% similarity), and the final group was
comprised of nonindigenous species and plankton
(group 6; 98% similarity), which are subject to a similar
group of impact chains as the physical and chemical
characteristics (Group 10) (Fig. 3c).

The food-web model

Of the 1462 impact chains identified, 704 chains were
relevant to indicators of food-web status, with the
greatest number of impact chains affecting bottom flora
and fauna and the fewest affecting plankton (Fig. 4).
There was a change in the ranking of sectors when
considering only those characteristics relevant to food-
web GES (‘‘good environmental status’’ of the marine
environment). Ten sectors increased in rank, two did not
change, and seven decreased in rank (Fig. 5), although
the predominant sectors (most connected) did not
change from the ecosystem model. The prevalence of a
pressure type changed to a greater extent: 12 pressure
types increased in rank, one did not move, and 11
pressure types decreased in rank (Fig. 5). Greatest
changes were to the rankings of agriculture ("3) and
nonindigenous species (NIS; "7).
The greatest number of impact chains arose from

Renewable energy (Fig. 4), which contributed 56
different chains and affected all five ecological charac-
teristics of food webs, in particular, fish and bottom
flora and fauna. The most common pressures were the
introduction of synthetic and non-synthetic compounds,
and changes in siltation and water flow (Fig. 4).

DISCUSSION

One of the greatest challenges of transforming
ecosystem-based management (EBM) from a conceptual
approach into an operational framework that supports
sustainable use is identification and management of the
impact chains that are detrimental to ecosystem
structure and functioning (Leslie and McLeod 2007).
As illustrated here, impacts derive from a number of
sectors and activities, which contribute a range of
threats to form a complex network of impact chains
that affect multiple aspects of the environment. Using a

simple framework approach, we have shown how the
complex network of impact chains introduced by
multiple sectors can be placed into mechanistically
similar groups so that programs of management
measures could be developed to address the diverse
range of threats to the ecosystem and its components,
but in a simplified, more efficient and effective way.
We evaluated 19 sectors for their potential to

introduce up to 21 different pressure types. Over 1460
impact chains were identified indicating the scale and
complexity of the issues that EBM faces. Despite this,
five predominant sectors could be identified: coastal
infrastructure, renewable energy, oil and gas, tourism/
recreation, and fishing, which contribute ;35% of all
impact chains and are predominant features of both the
ecosystem and food-web frameworks (Figs. 2 and 4).
However, the similarity of the impact chains arising
from multiple sectors (Fig. 3) underscores the limited
efficacy of single-sector management in mitigating all
potential impacts (Khalilian et al. 2010) and highlights
the need for either a single management measure that
addresses the pressure(s) of interest, or a suite of
management measures that target multiple sectors and
the pressures they introduce (i.e., cross-sectoral man-
agement). For example, aquaculture and tourism and
recreation introduce a similar suite of pressures,
suggesting that management of both sectors would be
required to effectively mitigate the detrimental pressures
they introduce (Fig. 3).
Grouping sectors by the suite of pressures they

introduce is on its own unlikely to support EBM.
Several sectors and their activities can introduce the
same pressure types, so that even if one sector was
restricted—for example using a spatial management
program to limit the area of impact by that sector’s
activities—impacts may still occur as a result of the
unmanaged sector. This is further complicated by the
potential for spatial and/or temporal overlap between
different sectors and activities, which can lead to
‘repeated’ introductions of a pressure that can increase
its intensity and the severity of its impact (Zhao and
Newmann 2004, Eastwood et al. 2007, Stelzenmüller et
al. 2010). Growing demand for marine resources has led
to an increase in the spatial extent of sectors and, in
turn, a greater likelihood of overlap between different
sector activities (Eastwood et al. 2007). Linking specific

!
FIG. 3. Agglomerative hierarchical cluster analysis comparing the similarity of impact chains for (a) sectors, (b) pressure types,

and (c) ecological characteristics. Height indicates percentage dissimilarity where 1!no dissimilarity, and values shown above each
cluster indicate the approximate unbiased (au; red) and bootstrap probabilities (bp; green, percentage similarity) for that cluster.
The blue numbers indicate the cluster ranking (edge number); the lower the number (e.g., 1), the more similar the cluster.
Hierarchical clusters were calculated by average Euclidean distance. Abbreviations (in alphabetical order): Barrier, barriers to
species movement; Carbon_seq, carbon sequestration; Coast_Infra, coastal infrastructure; Desal, Desalination; Emerg, emergence
regime; Extract, extraction of nonliving organisms; Orgs, introduction of organic matter; LBI, land-based industry; Mammals,
mammals and reptiles; Micro, microbes; Nav_Dredge, navigational dredging; N_P, nitrogen and phosphorus enrichment; NIS,
nonindigenous species; Non-synth, non-synthetic compounds; Predom_hab, predominant habitats; Salin, salinity; Silt, siltation;
Smother, smothering; Spp_extract, species extraction;Subs_loss, substrate loss; Synth, synthetic compounds; Therm, thermal
regime; Waste_water, wastewater treatment; Wave_exp, wave exposure.
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pressures to those sectors and their activities is a critical
step that underpins our efforts to mitigate their harmful
effects. While our framework does not attempt to
evaluate the extent of overlap nor attempt to evaluate
how pressure severity might change if sector activities do
co-occur, it does indicate the potential for combined or
cumulative impacts (Fig. 3) and can be used to highlight
two things. First, where EBM should consider including
multiple sectors (and activities) within its management
strategies, and second, it identifies which sectors should
be included in those strategies given current usage.
Comparison of the pathways of pressure introduction

revealed some similarities, but also the need for quite
different controls for dissimilar pressure types (Fig. 3).
Grouping pressure types in this way allows indirect
benefits of management to be identified. For example,
management of sector activities that cause changes in
salinity (e.g., freshwater discharge into coastal oceans;
Davila et al. 2002) is also likely to limit changes in
thermal regime (Fig. 3). The approach could therefore
be used to develop management measures that confer
wider benefits than simply affecting the targeted single
pressure type. There are several benefits to this. First,
management measures can be combined into fewer and
more simplified measures, leading to greater compliance
(Tallberg 2002). Second, assuming the measure itself is
well designed and is linked to clear and realistic targets,
the likelihood of success will increase and the cost of
enforcement will decrease (Sutinen and Soboil 2003).
However, as shown here, the number of potential impact
chains is great and it is unlikely that all impacts can be
managed. Policy makers must make trade-offs in terms
of which ecological characteristics they are prepared to
support—a decision often driven by the societal and
economic value of the goods and services the ecosystem
provides rather than the health of the ecosystem itself
(Altman et al. 2011). Thus, identifying management
measures that provide the greatest (direct and indirect)
benefits at the lowest cost will make the choice of
measure(s) for implementation simpler, while addressing
a wider range of threats and satisfying societal and
economic objectives.
Under the Marine Strategy Framework Directive

(MSFD; EC 2008), EU Member States are legally
obligated to implement management measures where a
risk to GES is identified (Article 13(1); EC 2008).
However, funding constraints are likely to limit the
capacity for national, international or regional stake-
holders to implement and enforce management mea-
sures at the level required to mitigate all impact chains
introduced by sectors and their activities (Article 14(1d);
EC 2008). Implementation decisions will therefore likely
depend on the interests of the stakeholder. As our results

FIG. 4. The number of linkages (proportional connectance)
associated with the sectors, pressure types, and ecological
characteristics of the food web in European regional seas.
Proportional connectance is calculated as the number of
linkages associated with each sector/pressure type/ecological

 
characteristic divided by the total number of linkages in the
food-web model (N! 704 impact chains).
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show, the chosen objective can greatly influence the
impact chains that management measures must address,
insofar as the pressure type varied greatly between the
ecosystem and food-web models, but the relative
connectance of sectors did not. This suggests that all
sectors broadly affect the ecosystem and its character-
istics, but the mode of action through which an impact
occurs might change. Our approach illustrates how
different impact chains can be identified, following
which the institutional capacity required to implement

relevant measures can then be determined (Carlsson and
Berkes 2005). We have demonstrated the approach
using a whole-ecosystem and food-web example, but the
approach can easily be modified to assess another
objective by limiting the model to the impact chains
relevant to the feature of interest, e.g., fish species or a
specific habitat. The approach can therefore be applied
in a different context (e.g., ecosystem-based fisheries
management) and can help support decision making
based on the specific priorities of that context.

FIG. 5. Change in the connectance ranking of (a) sectors and (b) pressure types in the food-web model in comparison to the
ecosystem model. A positive change in ranking value indicates a proportional increase in connectance of a sector or a pressure type.
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The development of management measures to support
EBM will be challenging, perhaps more so for biological
characteristics of the ecosystem, which are subject to
over 70% of the total pressure (Fig. 2). Impact chains
affecting the physical and chemical properties of the
ecosystem are less complex and may indicate why
management measures that relate to the physical and
chemical environment, such as the Nitrates Directive
(EEC 1991) have been so successful. The considerable
number of chains affecting biological characteristics
highlights the difficulties facing EBM, in particular, how
to manage sectors and their activities to account for all
impact chains (whether direct or indirect) affecting
ecological characteristics. In this study, we did not
consider the links between ecological characteristics, so
we cannot evaluate how reductions in pressure on one
characteristic might affect another, but the role of
complexity and interdependencies in food-web stability
has been long debated in ecology (Polis and Strong
1996). Until recently (Berlow et al. 2009), it was
suggested that interdependencies among species were
so complex that it would be impossible to predict how
one species affects another (Yodzis 1988). Advances in
food-web modeling (Berlow et al. 2009) will likely
provide support for valuing the contribution of different
ecological characteristics in ecosystem structure and
functioning and may enable prioritization of manage-
ment toward the impact chains most detrimental to the
ecosystem and its biotic components. However, until
that time, our results suggest that EBM is likely to face
difficult challenges in successfully mitigating the vast
number of impact chains that affect the characteristics
of the ecosystem so that the objective of sustainable use
is achieved.
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Ever more extensive use of marine space by human activities and greater demands

for marine natural resources has led to increases in both duration and spatial extent

of pressures on the marine environment. In parallel, the global crisis of decreasing

biodiversity and loss of habitats has revitalized scientific research on human impacts and

lead to methodological development of cumulative pressure and impact assessments

(CPIA). In Europe alone, almost 20 CPIAs have been published in the past 10 years

and some more in other sea regions of the world. In this review, we have analyzed

40 recent marine CPIAs and focused on their methodological approaches. We were

especially interested in uncovering methodological similarities, identifying best practices

and analysing whether the CPIAs have addressed the recent criticism. The review results

showed surprisingly similar methodological approaches in half of the studies, raising

hopes for finding coherence in international assessment efforts. Although the CPIA

methods showed relatively few innovative approaches for addressing the major caveats

of previous CPIAs, the most recent studies indicate that improved approaches may be

soon found.

Keywords: human activities, pressures, multiple stressors, cumulative effects, impacts, ecosystem-based

management

INTRODUCTION

Globally, the marine environment is at risk from multiple human activities such as overfishing,
chemical contamination by hazardous substances, inputs of nutrients, physical modification,
etc., in addition to climate change, leading to impaired environmental conditions (Lotze et al.,
2006). Increasing human pressures leads to decreasing biodiversity and loss of habitats. A greater
awareness of these problems has revitalized the scientific research on human impacts and led
to an increasing number of laws, strategies and commitments to reduce human impacts on the
ecosystem. The challenge for the scientific community lies in showing evidence of the causalities
between human activities, the pressure they cause and the associated impacts on species and
habitats, including humans and the human society. In the marine environment, the global
assessment of human impacts by Halpern et al. (2008) fostered a wave of impact assessments in
the world’s seas (e.g., Selkoe et al., 2009; Ban et al., 2010; Korpinen et al., 2012). Although many of
these assessments followed the same methodology as in the global assessment, new approaches
were also found (e.g., Andersen and Stock, 2013; Knights et al., 2013), old approaches were
re-assessed (e.g., van der Wal and Tamis, 2014) and spatial accuracy of the assessments increased
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(e.g., Ban et al., 2010). In this review, we have assessed 40 recent
marine assessments of cumulative pressures and impacts and
focused on the methodological approaches. We were especially
interested in discovering methodological similarities, identifying
good practices and proposing areas in need of more robust
scientific input.

So-called cumulative pressure and impact assessments (CPIA)
aim to cover additive, synergistic and antagonistic effects of
multiple pressures on selected features of the ecosystem. In their
fullest form, they attempt to cover all existing anthropogenic
pressures and estimate their impacts on a wide spectrum of
ecosystem components (e.g., Korpinen et al., 2012).More focused
CPIAs assess specific species (Certain et al., 2015; Marcotte et al.,
2015), communities (Giakoumi et al., 2015) or are limited to
specific human activities (Benn et al., 2010) or pressures (Coll
et al., 2016). The selection of ecosystem components in CPIAs
is an important step, at least in case of selecting characterizing
species to represent ecosystems, food webs or habitats, and hence,
this review will also analyse the assessment methods in this
respect.

The complexity of CPIAs has led to simplistic assumptions in
the methods. Halpern and Fujita (2013) listed many of those and
discussed the consequences of the assumptions for the overall
assessment conclusions. For instance, many methods assume
additivity of impacts, while meta-analytical studies indicate
strong roles by synergistic and antagonistic effects (Crain et al.,
2008). Similarly, the CPIAs analyzed typically assume that the
impacts increase linearly with increasing pressures, while non-
linear responses seem to be more common in nature (Hunsicker
et al., 2016). Despite these assumptions the CPIAs have provided
robust outcomes which seem to correlate with the state-of-
the-environment assessments (Andersen et al., 2015) and have
potential to inform management decisions.

CPIAs are primarily meant to inform decision-makers and
guide management decisions. Therefore, the impacts should
be traceable all the way to the human activities at sea, on
the coast or in in the upstream catchments. Established links
between human activities, pressures and ecosystem components
are essential for effective and reliable CPIAs. These links are
formed on the basis of causality (i.e., which human activities
cause which pressures and which ecosystem components do they
affect?), spatial overlap, or exposure (i.e., where are the activities,
pressures, and ecosystem components located? Is uncertainty
considered? How do the pressures decay from their source?) and
sensitivity (i.e., how sensitive is a given ecosystem component
to a specific pressure?). So far, only a few attempts to link
these in a generalized and systematic way have been published
(Knights et al., 2013, 2015) but some linkage frameworks have
been in use by regional sea conventions for years (e.g., the
North-East Atlantic, the Baltic Sea). Solid basis and transparent
communication of these links is crucial for taking the message
from the scientific community to the decision-making level.
The progress in spatial data tools and online map services will
certainly help in that task. Nonetheless, this review critically
evaluated the activity-pressure-impact links of the CPIAs.

The cornerstone of CPIAs is the estimation of the potential
impact of a specific pressure on a specific ecosystem component.

This has been estimated numerically on the basis of spatial
damage or loss of individuals (e.g., Giakoumi et al., 2015; Coll
et al., 2016) or categorically on the basis of literature reviews and
expert panels (e.g., Halpern et al., 2007; Eno et al., 2013). The
potential concerns with such a variety of approaches are, firstly,
if the different estimate variables are comparable, and secondly,
whether the validation (referred to by some authors as “ground-
truthing”) of the CPIAs to realistic “effect scales” is reliable. To
our knowledge this is the first scientific review of the CPIAs and
as such its general aim is to lay down an overview of the existing
methods and practices.

MATERIALS AND METHODS

Scope of the Review
This review has the general aim to provide an overview of
the methods and practices that are used to produce CPIAs
in marine environments. It will not evaluate input data or
assessment practices outside the methods, even though these
may, nonetheless, have important functions in communication,
transparency, and confidence of the assessments.

This review has five specific objectives: (1) To compare and
find similarities in the structures of the CPIA methods; (2)
to evaluate the selection of ecosystem components included
in CPIAs; (3) to evaluate the links between human activities,
pressures and associated impacts in the CPIAs; (4) to compare
the methods in estimating potential impacts; and (5) to find good
practices in validating the CPIAs. Each of these objectives is met
by defining a number of research questions to be answered for
each of the reviewed studies. The research questions are given in
Table 1.

Selection of Studies
We reviewed CPIA studies which have been published after 2000
and included integration of at least two different pressures. We
accepted studies which assess cumulative pressures or cumulative
impacts but did not include concept papers unless they piloted
a case study or gave an operational method formulation. We
performed this search globally by the Google Scholar engine with
key words “cumulative effect [/impact] on marine environment
[/ecosystem],” “marine cumulative impact assessment,” and
“Halpern impact assessment of marine pressures.” The search
was limited to the period 2000–2016 and the results were asked in
the order of relevance. The search gave thousands of matches, but
we analyzed only 750 first hits and applied the above-mentioned
exclusion/inclusion criteria. We also included studies which were
cited in the found CPIAs and matched with our search criteria.
In total, 35 peer-reviewed CPIA studies were found. However,
we also noticed that many CPIA studies have been published
as project reports or in institutions’ report series due to the
nature of this assessment field and those assessments included
interesting methodological development. Therefore, we included
five additional studies. Hence, our review included altogether 40
studies. Global distribution of the studies is given in Figure 1

and full references to the studies are given in the Supplementary
Material (Appendix A).
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TABLE 1 | Specific research questions in the review.

1. Compare and find similarities in the structures of the CPIA methods

1.1 Does the method assess impacts or pressures?

1.2 What integration method the CPIAs have (separate, additive, synergistic,

antagonistic)?

1.3 What is the form of pressure—impact relation (categorical, linear, non-linear)?

2. Evaluate the selection of ecosystem components into CPIAs

2.1 Does the CPIA include impacts on species?

2.2 Does the CPIA include impacts on benthic habitats?

2.3 Does the CPIA include impacts on pelagic habitats?

3. Evaluate the links between human activities, pressures and associated impacts

in the CPIAs

3.1 Does the CPIA assess human activities?

3.2 Does the CPIA provide activity—pressure links?

3.3 Does the CPIA aggregate pressures from >1 human activities?

3.4 Is the CPIA built on an entire linkage framework of activities, pressures and

ecosystem components?

3.5 Does the CPIA benchmark pressure levels for impact estimates?

3.6 Does the CPIA provide a maximum value for pressures?

4. Compare the methods in estimating potential impacts

4.1 Are impact estimated based on expert judgment?

4.2 Are impact estimated based on literature reviews?

4.3 Are impact estimated categorical or continuously numerical?

4.4 Are impact estimates derived from a model?

5. Find good practices in validating the CPIA

5.1 Have the impact results been validated, i.e., anchored into specific state of

the environment?

5.2 What is the validation method?

The questions are categorized under the five objectives of the review.

Evaluation Criteria
Each of the studies were analyzed to find answers to the five
specific objectives and research questions (Table 1). The five
objectives were evaluated generally following the descriptions of
the reviewed study methods but also a more specific analysis
of the methods was made in order to see tabular summary
information of the recent CPIAs and compare them against
major assumptions of the CPIAs as listed by Halpern and Fujita
(2013). In case of the cumulative pressure studies, we evaluated
only the general structure (objective 1) and links between
activities and pressures (objective 3), as the other objectives
require an impact assessment. Full results of the analyses are
annexed as Supplementary Material (Appendix A).

Defining the Terms
The scientific literature provides a wide range of terms for CPIAs.
An extensive discussion on this is given by Judd et al. (2015), who
also provide definitions for the whole pathway from sources (e.g.,
human activities) to pressures, effects, receptors (e.g., ecosystem
components), and impacts. In this study, we use the term “human
activity” instead of “source” and define “pressure” (following
Judd et al., 2015) as “an event or agent (biological, chemical,
or physical) exerted by the source to elicit an effect.” Although
an effect and an impact can be defined as different steps on the
pathway, we have chosen to use the term “impact” in this review.

This is a pragmatic solution as our reviewed literature uses both
these terms in justifiable way (sensu Judd et al., 2015).

RESULTS

Similarities in the Structures of the CPIA
Methods
Of the 40 studies reviewed, 33 had assessments of cumulative
impacts and seven assessed cumulative pressures. Most of the
assessments (n = 35, 88%) assumed cumulative pressures or
impacts as additive and five assessments included synergistic or
antagonistic effects (Figure 2). The synergistic and antagonistic
effects were mainly assessed in those CPIAs which used
ecosystem models, but in one study synergistic effects were
inserted into an additive model by defining pressures enhancing
the effects of other pressures (Certain et al., 2015). Most of
the methods (93%) also assumed linear relationships between
activities, pressures and impacts (Figure 2). In one assessment
the relationship was not clear and in two assessments the
relationship was categorical. With the exception of four studies
(Aubry and Elliott, 2006; Foden et al., 2011; Giakoumi et al., 2015;
Knights et al., 2015), all the others made the assessments with
varying spatial resolution (often by 0.2–2.5 km grid cells).

The CPIAs showed relatively similar structures. More
specifically, 50% of the studies claimed that they follow the same
method as in Halpern et al. (2008) or had a similar method
(without directly referring to the Halpern study) (see Appendix A
in Supplementary Material). These assessments consisted mainly
of three components: (1) intensity of pressures (>1 layers),
(2) occurrence of ecosystem components (>1 layers, only if
impacts were assessed), and (3) some types of weighting factors
to express impacts or to weight pressures. In those studies, where
impacts were assessed, a weighting factor was produced for each
specific pressure–ecosystem component combination, whereas in
the pressure assessments the weighting factors were produced
to balance threats between the pressures. The impact weighting
factors were sometimes called “vulnerabilities” or “sensitivities”
of the ecosystem components to pressures.

In addition, there were a few other methods which relied on
similar additive-type models and will likely produce comparable
assessment results (e.g., Zacharias and Gregr, 2005; Stelzenmuller
et al., 2010; van der Wal and Tamis, 2014). Thus, there seems to
be a mainstream approach in the CPIAs which is used worldwide
(Figure 1), but where small adaptations have been applied in
treating of input data and ecosystem sensitivity and in integrating
these into the score of cumulative pressures or impacts.

Selection of Species and Habitat Data into
the CPIAs
Cumulative impacts were assessed for benthic habitats in 76%
of the impact assessments, but also species (41%) and pelagic
habitats (38%) were included in the studies (Figure 3). Species,
benthic habitats and pelagic habitats together were included in
only 12% of the studies. Only two studies assessed an entire
community, including all the major components to the model
(sea grass ecosystem: Giakoumi et al., 2015; 3 exploited fish
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FIGURE 1 | Map with studies included in this review. Global studies and sea areas with several studies are shown in separate text boxes. Key: 1, Eastern North

Sea (Andersen and Stock, 2013); 2, U.K. (Aubry and Elliott, 2006); 3, Canada’s Pacific (Ban et al., 2010); 4, Portugal (Batista et al., 2014); 5, NE Atlantic (Benn et al.,

2010); 6, North Sea (Certain et al., 2015); 7, New Zealand (Clark et al., 2016); 8, Canada’s Pacific (Clarke Murray et al., 2015); 9, Mediterranean Sea (Claudet and

Fraschetti, 2010); 10, Mediterranean Sea (Coll et al., 2012); 11, Mediterranean Sea (Coll et al., 2016); 12, Netherlands (de Vries et al., 2011); 13, UK (Eastwood et al.,

2007); 14, UK (Foden et al., 2011); 15, Mediterranean (Giakoumi et al., 2015); 16, North Sea (Goodsir et al., 2015); 17, SE Australia (Griffith et al., 2012); 18, Global

(Halpern et al., 2008); 19, California Current (Halpern et al., 2009); 20, Global (Halpern et al., 2015); 21, Washington US (Hayes and Landis, 2004); 22, French

Mediterranean (Holon et al., 2015); 23, Massachusetts (Kappel et al., 2012); 24, Scotland (Kelly et al., 2014); 25, European seas (Knights et al., 2015); 26, Baltic Sea

(Korpinen et al., 2012); 27, Baltic Sea (Korpinen et al., 2013); 28, Netherland (Lindeboom, 2005); 29, Hong Kong (Marcotte et al., 2015); 30, California Current

(Maxwell et al., 2013); 31, Puget Sound, Canada’s Pacific (McManus et al., 2014); 32, Mediterranean Sea and Black Sea (Micheli et al., 2013); 33, Spain (Moreno

et al., 2012); 34, Liguarian Sea (Parravicini et al., 2011); 35, Mediterranean Sea (Rodríguez-Rodríguez et al., 2015); 36, Hawaii (Selkoe et al., 2009); 37, North Sea

(Stelzenmuller et al., 2010); 38, Noth Sea (van der Wal and Tamis, 2014); 39, Jiaozhou Bay, North Yellow Sea (Wu et al., 2016); 40, (Zacharias and Gregr, 2005). Map

from Natural Earth (free vector and raster map data @ naturalearthdata.com).

FIGURE 2 | Summary information of the 40 cumulative pressure and impact assessments (CPIA) included in the review. The CPIA type is divided into

pressure and impact assessments. The integration was additive, synergistic or synergistic, and antagonistic. The scale of the pressure-impact relationship is divided

into categorical, linear and linear and non-linear (with some uncertainty of this indicated by ?-mark).
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FIGURE 3 | Venn diagram for the inclusion of ecosystem components

(species/species groups, benthic habitats, and pelagic habitats) in the

reviewed CPIAs. Note that the number of studies in the figure is >40,

because a CPIA can assess all the categories. Source of the Venn diagram:

EulerAPE (http://www.eulerdiagrams.org/eulerAPE/).

species: Coll et al., 2016). Obviously all of the CPIAs had a
limited number of ecosystem components in the assessments,
but 21% of them had focused only on a species group (e.g.,
Zacharias and Gregr, 2005; Coll et al., 2012) or a single species
only (Marcotte et al., 2015). However, many of the studies
claimed to be demonstration studies and, hence, the selection
of ecosystem components was made on practical grounds. Only
in one study, a specific justification was given on the grounds
of cultural, biological and legal arguments (Hayes and Landis,
2004). Nevertheless, there seemed to be a common lack of precise
justification in the reviewed CPIAs, why some species or habitats
were selected and others not.

Have the CPIAs Defined Linkages between
Activities, Pressures and Impacts?
Ten studies (25%) had defined all the linkages between human
activities, pressures and impacts and made a framework to
support the CPIA. All of the 10 CPIAs were assessments and
not demonstration studies (see Appendix A in Supplementary
Material). Additionally, nine more studies had covered all the
human activities or all the pressures in the area but not linked
them in a systematic way. However, in many cases, it was not
possible to estimate whether the systematic framework was made
outside the study and used in a more limited way. The review
showed that the actual CPIA have taken seriously the linkages
between activities, pressures and ecosystem components, often
consulting local experts or making extensive literature surveys
(e.g., Selkoe et al., 2009; McManus et al., 2014).

In summary of the review results, human activities were
included in 31 studies (78%), 26 studies (65%) linked pressures to
the human activities and 30 studies (75%) had defined the human

pressures into general pressure categories, for instance according
to the EU Marine Strategy Framework Directive (MSFD).

Only one study had considered the maximum potential value
of pressures (Clark et al., 2016). This is a necessary step in the
CPIA procedure if pressures are quantified. Hence, almost all
of the reviewed studies assumed that the maximum pressure
value in the assessment area is the maximal intensity of that
pressure. Moreover, while the majority of studies had normalized
the pressure intensities (e.g., 0–1), none of the studies had
benchmarked the pressures in order to estimate the impacts in
a comparable way (i.e., defined the level of pressure where the
impacts occur; see Halpern and Fujita, 2013). One of the studies
asked experts to estimate impacts on a “typical level of pressures”
(Andersen and Stock, 2013). The lack of definite benchmarks
is especially problematic in case of non-linear relation of
pressures and impacts. If the relation is non-linear, for instance
logarithmic, a relatively low level of pressure can cause high
impacts and the magnitude of impact does not increase much
at higher pressure levels. However, most of the reviewed CPIAs
assumed a linear increase of impacts as a pressure increases.
This simplifies the impact formula, where each pressure can be
given a single sensitivity score (for each ecosystem component
combination).

Estimation of Impacts
We analyzed whether the CPIA studies estimated impacts
from anthropogenic pressures by expert judgment or based on
scientific literature. Of the 35 studies giving some kind of a weight
factor (for impacts or pressures), 23 CPIAs (66%) relied on expert
judgment, and 14 (40%) on literature (Figure 4). In two studies,
the experts were informed by a review of scientific literature (See
Appendix A in Supplementary Material).

Impact estimates were most often (69%) categorical
expressions of the sensitivity of the ecosystem components
to the pressures or severity of the pressures on ecosystem
components (Figure 4). Continuous impact scales were used in
31% of the studies and in these CPIAs the impacts were often
estimated either from a few known parameters, such as mortality
(e.g., de Vries et al., 2011), biomass change (Coll et al., 2016),
or loss of habitat area (e.g., van der Wal and Tamis, 2014). In
these studies, the scope of the CPIA was more limited, focusing
on a few ecosystem components (a single species or a species
group), of which the impact parameter (e.g., mortality) could
be estimated. The more diverse ecosystem components there
were in the CPIA studies, e.g., both species and habitats, the
more the studies relied on categorical or semi-quantitative
impact/sensitivity categories.

Five of the 33 studies (15%), which assessed cumulative
impacts, used meta-analyses or an ecosystem model to estimate
impacts. The ecosystem models included, for instance, fishing
effects on commercially exploited fish species (Coll et al., 2016)
and main threats to the seagrass food web (Giakoumi et al.,
2015). In one study, pressures were linked to biological quality
indicators and the relationship was modeled (Parravicini et al.,
2011). Thismodel was used to predict impacts when the pressures
were changed.
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FIGURE 4 | Differences in estimating and expressing impacts of anthropogenic pressures. The impact estimates are based on expert judgment or literature

(including models where the interactions are literature-based). The impacts are expressed on categorical scales and on continuous scales. Note that the numbers also

include those studies where “impacts” are not specific to ecosystem components but used to weight pressures. Two of the studies used both literature and expert

judgment as the basis.

Validation of the Impacts
Only 8 of the 40 studies (20%) had validated the results,
i.e., compared the cumulative impact (or pressure) scores
with observed environmental status and then re-categorized
the impact gradient into a realistic scale (Appendix A in
Supplementary Material). However, three of the eight validated
CPIAs used a scale obtained from another study and made
no reanalysis in their own study. Thus, in reality, only
five studies had really validated their impact scores with
environmental status assessments. In addition, two more studies
indicated how the validation should be made but did not
apply it (Zacharias and Gregr, 2005; Claudet and Fraschetti,
2010).

The best description of validation was given by Clark
et al. (2016) who compared the cumulative impact scores (on
benthic habitats) with benthic fauna data. They found significant
relationships between the benthic community composition based
on Bray-Curtis similarities and the cumulative impacts by using
non-parametric regression (DISTLM). This was also used to test
the relation of individual standardized pressures to macro fauna
data, without including the habitat sensitivity information to
the pressure data. Clark et al. (2016) argue that validation may
result in relatively weak relationships if the range of stressor
levels is small, which is often the case in local studies. A
large-scale validation was applied by Andersen et al. (2015)
on a Baltic Sea-wide scale, where cumulative impact scores
for sub-basins were compared with integrated state of marine
biodiversity. In that scale, the relationship was significant,
but due to the small number of sub-basins (N = 9), it was
not possible to make conclusions about thresholds or tipping
points.

DISCUSSION

Identification of marine areas that are sensitive and vulnerable
to human activities is not a novelty; environmental sensitivity
indices were launched already in the 1970s (Gundlach and
Hayes, 1978). Cumulative assessments of multiple pressures and
their impacts were carried out already in 1990s (e.g., Wiegers
et al., 1998). Methodological development did not, however,
receive wide attention until the 2000s when series of CPIAs
were produced after the global impact assessment (Halpern
et al., 2008). As shown in this review of 36 CPIAs in 2000s,
more than half of them were based on the method by Halpern
et al. (2008). However, similar research threads had already
been started elsewhere (e.g., Lindeboom, 2005; de Vries et al.,
2011; van der Wal and Tamis, 2014; Certain et al., 2015) and
in comparison to these earlier methods, it is interesting to
note that the method presented in Halpern et al. (2008) has
allowed wider assessments in terms of human activities, pressures
and ecosystem components than the other methods which
tend to produce more focused (and sometimes more detailed)
assessments in terms of activities, pressures and ecosystem
components. Also various ecosystem models have this same
limitation.

The review showed that the CPIAs have, in general, three

essential components: spatial data on intensity of pressures,
spatial data on occurrence of ecosystem components, and factors
estimating impacts. In all of the three components, many of

the reviewed CPIAs used simplified assumptions (see Halpern
and Fujita, 2013) and had small differences in the approaches.

Nonetheless, the majority of the studies, at least the ones based
on additive integration and estimates of habitat sensitivity, can be
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expected to produce relatively comparable results and one can see
potential improvements to the general method in the most recent
studies. Although the 40 reviewed CPIAs were published between
2004 and 2016, 30% of them were from the 2 most recent years
and these contained novel approaches more often than the earlier
CPIAs. Such approaches were, for instance, the use of fuzzy
logic for impact occurrence (Marcotte et al., 2015), building on a
fixed linkage framework (Goodsir et al., 2015), separating habitat
recovery to a specific assessment (Knights et al., 2015), using
food web models (Coll et al., 2016) or other statistical methods
(Wu et al., 2016) and describing good practices in validation and
pressure quantification (Clark et al., 2016).

Treatment of Spatial Input Data
In the pressure data sets, the main assumptions relate to the
spatial extent of pressures from their sources, quantification of
the pressures (often on the basis of underlying human activities)
and the normalization of the pressures. Spatial extent of pressures
has often been treated as a linear decaying model from the
source, whereas e.g., Andersen and Stock (2013) produced
five alternative models which were used for different types of
pressures. The quantification of pressures on the basis of human
activities is an assumption which is difficult to replace by real
pressure data. No monitoring programme can be expected to
measure, e.g., resuspension from bottom-trawling and, hence,
fishing activity data is used to estimate the pressure. The
pressures are then normalized to a dimensionless scale in order
to make them comparable with other pressures, measured in
other units. The most frequently used approach was to scale the
pressure values linearly such that the highest value is equal to 1.0.
Obviously, the main problem with this method is the assumption
that the data set contains the maximum value of that pressure.
In reality, the pressures in the assessment period may be much
lower than the long-term maximum if management measures
have been implemented. Among the studies in this review, Clark
et al. (2016) was the only CPIA setting a theoretical maximum
value for each of the pressure data sets. In addition, Halpern et al.
(2015) normalized the pressures according to the highest value
of two data sets to allow temporal comparison of two assessment
periods.

Occurrence of ecosystem components—species and
habitats—in the assessment units determines whether an
impact can take place in that area. The occurrence of the habitats
was in all the cases reported as presence/absence, whereas for
species occurrence probabilities were also applied (Andersen
and Stock, 2013). Even though no CPIA used a probability
scale for habitat presence, this could be applied if the habitat
presence is uncertain due to the low confidence in the input
data. Only a few of the reviewed CPIAs (9%) targeted the
entire marine ecosystem, i.e., species, benthic, and pelagic
habitats. The majority of the studies (55%) focused solely on
benthic and pelagic habitats and 21% included species only.
Because of the additive approach in most of the CPIAs, a major
difference is also the choice to use only benthic habitat layers
over the entire assessment area with only one habitat type in
a grid cell (e.g., Korpinen et al., 2013) or, alternatively, to use
several overlapping layers of ecosystem components and several

ecosystem components per grid cell (e.g., Halpern et al., 2008). In
the former, the resulting cumulative impacts are relatively simple
to interpret, because all the impact scores indicate the amount
of pressures, whereas in the latter case one needs to consider
also the diversity of ecosystem components in an area when
interpreting the cumulative impacts. Both of the approaches are
conceptually correct, but they tell slightly different stories from
the anthropogenic pressures.

How Vulnerability Is Assessed?
There are basically two types of differences in integrating impacts
frommultiple pressures: using similar endpoints (same variables)
from all the pressures or integrating categorized impacts of
different types of variables. In this review, these two basic
categories were found and further divided to more detailed
sub-types: (1a) categorical expressions of potential impacts on
ecosystem components, where the impacts have been usually
defined by 3–5 criteria (e.g., functional impact, resistance,
recoverability and frequency; e.g., Halpern et al., 2007); (1b)
categorical expressions of habitat sensitivity, which has been
defined by resistance and resilience (e.g., Stelzenmuller et al.,
2010, see also Eno et al., 2013); (2a) numeric estimate of impact
by a measurable variable (e.g., proportion of disturbed sea
floor; van der Wal and Tamis, 2014, or change in biomass in
Coll et al., 2016); and (2b) effect sizes of impacts in a meta-
analysis (e.g., Claudet and Fraschetti, 2010). The two former
methods are comparable, both considering categorical estimates
of sensitivity of the ecosystem component, while the two latter
ones use data-based approaches. These latter approaches share
the limitation that common parameters are difficult to find for
multiple pressures. So far, the quantitative, data-based CPIAs
have not been applied to more than a few pressures or ecosystem
components, which has limited their usefulness for getting a
wider view of human impacts on marine environment.

There has been considerable progress in recent years in
developing sensitivity estimates for species and benthic habitats.
Zacharias and Gregr (2005) defined the terms sensitivity and
vulnerability in an explicit and quantifiable manner with the
aim to produce a tool that can predict and quantify vulnerable
marine areas (VMA). Using the same or similar definitions,
Tyler-Walters and Jackson (1999), Tillin et al. (2010), Eno et al.
(2013), and La Rivière et al. (2016) have defined parameters for
sensitivity estimates and procedures how these can be assigned
to broader habitat types, which are usually the only available
mapped marine habitats. Also the meta-analytical approach has
been used by Claudet and Fraschetti (2010) to produce data-
driven impact estimates for the Mediterranean Sea. Despite the
progress, these were used very little, if at all, in the reviewed
CPIAs.

Needs for Further Progress in CPIA
Methodology
The review showed that none of the CPIAs had benchmarked
the pressures (i.e., a quantitative definition of a certain level
of pressure, for which the impact or sensitivity is estimated).
This is especially problematic for CPIAs which assessed very
different types of activities causing same types of pressures. For
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example, siltation of seabed is caused by laying cables on sea floor,
bottom-trawling, dredging and disposal of dredged material (to
name a few activities), but the amount of sedimentation varies
between the activities, i.e., a low pressure for each activity, if
measured by different parameters, may mean different amounts
of sediment and, hence, different impacts. This difference
in activities was normally addressed in the reviewed CPIAs
by giving different sensitivity scores for the pressures from
different activities. This is an adequate “fix” if the impacts from
pressures increase linearly. However, in non-linear cases, this
assumption is no longer valid. This challenge was addressed
by Tillin et al. (2010) who proposed to divide pressures
to 2–3 sub-pressures based on their magnitude and define
benchmarks for these pressures in order to give sharper and
more comparable estimates of habitat sensitivity. For example,
sea-floor abrasion was sub-divided to “penetration of the seabed
surface,” “shallow abrasion/penetration of the seabed surface”
and “surface abrasion,” and benchmarks to these were defined
as “>25mm penetration,” “≤25mm penetration,” and “surface
damage.” The approach by Tillin et al. (2010) was taken up
by La Rivière et al. (2016) and gives an easily approachable
method for CPIAs where habitat sensitivity is defined by expert
judgment.

The element of time was not very visible in the reviewed
CPIAs. As data sources of human activities and pressures are
often imprecise with regard to time of occurrence and duration,
the CPIAs assume that pressures are long-lasting and overlap
in time. This may well be the case with long-lasting impacts,
i.e., with long recovery times, but many of the pressures and
impacts are relatively short-lived (e.g., noise, siltation in exposed
shores). Such an assumption can be considered as a conservative
approach, but some realism could be introduced by specifying
impacts seasonally (de Vries et al., 2011) or assessing the potential
recovery separately (Knights et al., 2015). A more difficult aspect
is the potential accumulation of effects in time (Eastwood et al.,
2007). Although difficult to quantify, this was addressed by at
least Korpinen et al. (2012) by summing certain pressures over
the assessment period when preparing the input data.

An issue in regard to assessing vulnerability which has
not been addressed by any of the reviewed studies is the
question of historical impacts which have already modified
the marine environment. This is especially problematic for the
spatial ecosystem data, which only reflects the current situation.
In addition, the question of how to assess extinct species or
significantly reduced habitat coverage was not addressed by any
of the reviewed studies. This specific weakness is something that
needs to be solved.

Criticism against the Major Assumptions in
CPIAs
Five years after the global map of human impacts (Halpern et al.,
2008), a paper was published criticizing the major assumptions
in CPIAs (Halpern and Fujita, 2013). The authors listed nine
major assumptions in the CPIAs, which are: (1) Stressor layers
are of roughly equal importance, (2) Uniform distribution of
stressors within a pixel, (3) Habitats either exist or are absent in

a pixel, (4) Transforming and normalizing stressors, (5) Linear
response of ecosystems to stressors, (6) Consistent ecosystem
response, (7) Vulnerability weights sufficiently accurate, (8)
Additive model, and (9) Linear response of ecosystems to
cumulative impacts. For more detailed description and examples
of these assumptions, readers are invited to read the full paper,
but here we can briefly analyse how well the studies of this
review, especially those published after 2013, have addressed
these assumptions.

In this review, we saw that fairly few studies had included
the full array of pressures in the assessment. Those that did
this had commonly built a linkage framework between activities
and pressures and aimed to aggregate pressures from several
activities (addressing assumption #1). This is a tedious task if
done properly, as described by Tillin et al. (2010). Assumptions
#2 and #3 deal with the spatial resolution of input data
and these aspects were not included in this review. However,
assumptions #4 and #5 relate directly to the core of this
review and may cause under- or overestimation of cumulative
impacts, as they are related to the estimation of impacts at
different pressure magnitudes. According to our review results,
none of the studies addressed non-linear responses between
pressures and impacts (as far as we were able to interpret the
methods). Assumption #6 is about consistent impacts in different
areas and within the definitions of the ecosystem components.
Although being a critical assumption, none of the reviewed
studies really addressed this in their methodology. However,
some of the CPIAs were geographically limited and local experts
were involved in making the impact estimates (e.g., Selkoe et al.,
2009; McManus et al., 2014), which may mitigate the potential
error. This does not, however, answer the other side of the
assumption that impacts should be consistent within broad
habitat definitions (which is definitely a bold assumption). In case
of the broad-scale benthic or pelagic habitats, Tillin et al. (2010)
and La Rivière et al. (2016) suggest the use of “characterizing
species” as targets of the sensitivity estimation, but this has
not, to our knowledge, been applied in any published CPIA.
Assumption #7 raises the concern that expert-based impact
estimates are not coherent or accurate. According to our review,
40% of the studies based these estimates on literature while
66% used expert elicitation. None of the studies claimed any
comparison between the two approaches but two studies used
both the approaches. Assumptions #8 and #9 have already been
discussed in this study, but briefly, 88% of the studies assumed
additivity and after 2013 only 3 of the 15 studies included
synergistic and/or antagonistic effects. Nevertheless, this can
be seen as an improvement in CPIA development, as before
2013 only one of the reviewed studies addressed these effects.
The inclusion of non-linear responses to the pressure—impact
relationship had not, according to our results, progressed at
all.

The current CPIA practices are obviously limited by
the scientific knowledge we have today, but there are
theoretically unlimited possibilities of impacts on diverse
marine environment. To tackle the challenge the methods should
focus on keystone species and habitats and build on uncertainty
assessment principles and a structured approach to filter and
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prioritize pressures, impacts and ecosystem components (see
Wiegers et al., 1998; Judd et al., 2015). In this review we saw still
diverse approaches and non-structured methods but also some
positive signs.

CONCLUSIONS AND OUTLOOK

Our review showed that despite rapid method development
and several recent publications of CPIA around the world,
the assessments still rely on major assumptions which may
potentially bias the results (Halpern and Fujita, 2013). Only the
most recent studies had started developing methods to address
the caveats.

We also showed that the assessment published by Halpern
et al. (2008) is gradually developing into a global standard,
especially taking some of the recent assessments into
consideration. Recalling the concerns raised by Halpern
and Fujita (2013), this standard would, however, need new
openings such as the inclusion of non-linearity to the models
or the use of other types of broad modeling frameworks, e.g.,
Bayesian Belief Networks, in CPIAs (Uthicke et al., 2016). The
direction in the most recent studies indicates that this may
indeed be the case in the near future.

In the light of this review, there are currently, in our
understanding, no other methods capable to assess the whole
range of human impacts than the ones similar to Halpern et al.
(2008). Hence, we call not only for a further development of
the methodology but also a sharing of tools or codes, such

as the open access EcoImpactMapper (Stock, 2016), as this
will encourage and support both a short term process focusing
on the tools and a long-term process supporting CPIA-based
marine ecosystem health assessment as well as evidence-based
management.
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Lecce, Italy, 6 Coastal and Marine Institute Laboratory, San Diego State University, San Diego, California, United States of America, 7 European Commission, Joint Research

Centre, Institute for Environment and Sustainability, Ispra, Italy, 8 Union of Concerned Scientists, Cambridge, Massachusetts, United States of America

Abstract

Management of marine ecosystems requires spatial information on current impacts. In several marine regions, including the
Mediterranean and Black Sea, legal mandates and agreements to implement ecosystem-based management and spatial
plans provide new opportunities to balance uses and protection of marine ecosystems. Analyses of the intensity and
distribution of cumulative impacts of human activities directly connected to the ecological goals of these policy efforts are
critically needed. Quantification and mapping of the cumulative impact of 22 drivers to 17 marine ecosystems reveals that
20% of the entire basin and 60–99% of the territorial waters of EU member states are heavily impacted, with high human
impact occurring in all ecoregions and territorial waters. Less than 1% of these regions are relatively unaffected. This high
impact results from multiple drivers, rather than one individual use or stressor, with climatic drivers (increasing temperature
and UV, and acidification), demersal fishing, ship traffic, and, in coastal areas, pollution from land accounting for a majority
of cumulative impacts. These results show that coordinated management of key areas and activities could significantly
improve the condition of these marine ecosystems.
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Introduction

Ecosystem-based management (EBM) and Marine Spatial

Planning (MSP) are widely being pursued as strategies to achieve

the sustainable flow of marine ecosystem services [1,2]. These

comprehensive marine management frameworks are now man-

dated in some nations around the world [3], including Canada

(Canada’s Ocean Act of 1996), the USA (The National Ocean

Policy of 2010), and Australia (http://www.gbrmpa.gov.au/

zoning-permits-and-plans/zoning).

Member states of the European Union (EU) are also committed

to adopting an ecosystem approach to marine management,

including marine spatial planning. As mandated by the EU

Marine Strategy Framework Directive (MSFD 2008), all European

states should assess the environmental status of their territorial

waters by July 2014, and develop strategies to achieve ‘‘good

environmental status’’ by 2020 (GES, http://ec.europa.eu/

environment/water/marine/es.htm). Marine spatial planning is

also part of the EU Integrated Maritime Policy (IMP) of 2011

(http://ec.europa.eu/maritimeaffairs/policy/). At the regional

scale, all the 21 Mediterranean nations have ratified the UNEP’s

Mediterranean Action Plan (MAP) to move Mediterranean marine

management towards an ecosystem approach (ECAP), and to

expand into non-EU Mediterranean waters the same conservation

and management measures implemented in EU waters.

The Mediterranean and Black Sea ecosystems have been

threatened by historical and current pressures e.g [4,5,6] which

have led to major shifts in marine ecosystems and widespread

conflict among marine users [7,8,9,10]. Because of such intense

pressure from multiple uses and stressors, the Mediterranean is

characterized as a sea ‘‘under siege’’ [6,11], and here, as in other

intensely used ocean areas, an EBM approach has been

recommended as a better management alternative to current

sectoral management [1].

MAP ECAP, the EU MSFD and IMP provide an unprece-

dented opportunity to implement comprehensive and coordinated

management of multiple uses and activities affecting the Mediter-

ranean and Black Seas. These initiatives have no formal links, but

a common timeline has recently been agreed upon [12]. It is

expected that the implementation of the MAP ECAP will provide
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a platform for harmonization of national marine strategies of all

Mediterranean countries (EU and non-EU) on a regional scale.

The development of basin-wide plans requires information on

current impacts that can inform effective marine policy over the

next years. Some relevant research has been conducted in this

region. Coll et al. [6] have mapped cumulative impacts to key taxa

and this assessment highlighted several areas of concern. However,

a comprehensive analysis focused on whole ecosystems is lacking

and quantification of the intensity and distribution of cumulative

impacts in the whole Mediterranean and Black Sea that directly

connects to ecosystem goals and priorities is critically needed.

We apply an approach developed to assess and map cumulative

human impacts [13] that was previously applied to other marine

regions, including the US EEZ e.g [14,15], western Canada [16],

and the North (http://harmony.dmu.dk/) and Baltic Seas [17].

Our goals are to: (1) quantify and map cumulative impacts to the

entire Mediterranean and Black Sea to provide the data needed to

guide and inform the development of effective marine policy; and

(2) propose and apply a tool for assessing the environmental status

of the territorial waters of EU member states. In particular, we

identify the most and least impacted ecoregions and ecosystems

within the Mediterranean and Black Sea, the top threats affecting

EU territorial waters and the entire basin, and the areas that

represent top priorities for EBM and conservation efforts. These

analyses are aimed at supporting coordinated and comprehensive

actions across the basins, ensuring GES consider all impacts and

are relevant at both the national and the regional scales.

Methods

We used a cumulative impact model that follows a 4-step

process [13]. We first assembled spatial datasets for n = 22

anthropogenic drivers (Di) and m = 17 ecosystems (Ej) (Table S1

and Figs. S2–S11 in File SI). All but the climatic drivers have

direct correspondence with the MSFD’s good environmental

status (GES) descriptors (Table S2 in File SI). Second, we

log[X+1]-transformed and rescaled between 0–1 each driver layer

to put them on a single, unitless scale that allows direct

comparison, and converted ecosystem data into 1 km2 presence/

absence layers. Third, we calculated cumulative impact scores (IC)

for each 1 km2 pixel as IC~
Pn

i~1

1
m

Pm

j~1

Di � Ej � mi,j , where mi,j is

the impact weight for anthropogenic driver i and ecosystem j, and

1/m produces an average impact score across ecosystems [13].

Impact weights were estimated using expert judgment to quantify

vulnerability of ecosystems to human drivers of ecological change

[18]. Although these weights are not specific to the Mediterranean,

regional experts were included in those analyses, and weights have

proven fairly consistent for other regional assessments [19,20]. The

use of expert judgment instead of direct empirical assessments to

calculate impact weights greatly increases uncertainty of our

impact scores. Empirical quantification of the ecological impacts of

a suite of drivers is currently unavailable and filling this gap is a

critical need within the Mediterranean and other regions [10,18].

Despite these limitations, there is a long history in the decision

sciences of assessing how to set priorities (e.g., rank threats) by

using the best available scientific judgments when data are scarce

and uncertainty exists. Teck et al. [19] critically examined

uncertainties associated with expert judgment and showed the

robustness of our approach to eliciting expert opinions for

informing cumulative impact assessments for the California

Current. Based on these results, we used the same approach and

vulnerability weights here. Regardless, it is critical that uncertain-

ties associated with a lack of empirical data on ecosystem

vulnerability are communicated clearly, especially when integrat-

ing cumulative impact mapping into decision making [21].

Cumulative impact to individual ecosystems (IE) was calculated

as, IE~
Pn

i~1

Di � Ej � mi, j and impact of individual drivers across

all ecosystem types (ID) was calculated as ID~
Pm

i~1

Di � Ej � mi, j .

Finally, we used the same thresholds used in Halpern et al. [13] to

designate ecologically meaningful categories of the cumulative

impact scores, i.e. ecosystems that are subject to: very high

(Ic.15.52); high (12–15.52); medium high (8.47–12); medium

(4.95–8.47); low (1.4–4.95); and very low impact (,1.4). These

thresholds were based on empirical data on the condition of

ecosystems containing coral reefs, seagrass beds, mangroves and

surrounding matrix of soft bottom habitats [13]. In Halpern et

al. [13], cumulative impact scores were translated into estimates

of ocean condition by using linear regression to compare

estimates of the current condition of 16 regions containing coral

reefs from around the world [23] to the average cumulative

impact score for all cells containing coral reefs in those regions.

The statistically significant linear regression equation was then

used to translate impact scores into categories of ocean

condition. We used these bins of cumulative impact scores for

describing the condition of Mediterranean marine ecosystems

and for color-coding all figures. Categorization of cumulative

impact scores in very low to very high impact classes does not

imply a value judgment, but is aimed instead at enabling

analyses and visual display of results.

We used these thresholds for categorizing level of threat, even

though they were derived in different regions and ecosystem types,

because a similar in-situ verification of the Mediterranean

ecosystem condition currently does not exist. The sensitivity of

our results to key steps in this process and further details on the

validation method were analyzed in previous articles and results

were shown to be robust to variation in weights and thresholds

[13,19]. However, the assumption that thresholds derived from

tropical coastal ecosystems apply to Mediterranean habitats and to

offshore and deep ecosystems was not directly validated. Empirical

ground-truthing of the relationship between cumulative impact

scores and ecosystem condition remains a top priority within the

Mediterranean and worldwide [13,14,21].

We first calculated and mapped Ic over the entire Mediterra-

nean and Black Sea basins. We also calculated impact scores

separately for each ecoregion, sensu [22] (see Table 1), and for

each of four categories of drivers: climatic (temperature and UV

increase, and acidification), land-based (nutrient input, organic

pollution, urban runoff, risk of hypoxia and coastal population

density), sea-based (commercial shipping, invasive species, oil spills

and oil rigs), and fishing (all fishing gears and types) (Table S1 in

File SI).

Secondly, we calculated and mapped Ic only for the territorial

waters of the EU member states, (up to 12 nm from the coastline)

where more data are available. Analyses were conducted at two

different spatial scales – only for EU member states and for the

entire Mediterranean and Black Sea – to account for the spatial

scale of available data layers. All 22 drivers were used in the EU

analysis but only 18 in the Mediterranean and Black Sea-wide

analysis because data on coastal erosion, renourishment, engi-

neering, and urbanization trends were available only for EU

member states (Table S1 in File SI). Per-pixel Ic scores ranged

between 0–24.5 in the Mediterranean-wide analysis, and 0.2–97.3

for the EU analysis. Sources and methods used to develop each

data layer are detailed in the SOM (Text S1 in File SI).

Cumulative Impacts on the Mediterranean Sea
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Results

Mediterranean and Black Sea
The map of cumulative human impacts highlights the

widespread distribution of drivers, and resulting impacts, through-

out the Mediterranean and Black Sea (Fig. 1). Regions of medium-

high to very high impact (20.5% of the total area) are found within

the Alboran Sea, the Gulf of Lyons, the Sicily Channel and

Tunisian Plateau, the Adriatic Sea, off the coasts of Egypt and

Israel, along the coasts of Turkey, and within the Marmara and

Black Sea (Fig. 1). Areas of very-low to low impact account for a

total 13.6% of the total surface area, and are present within the

central Tyrrhenian Sea, parts of the northern and central Adriatic

Sea, the southern Levantine Sea, and the eastern and western sides

of the Black Sea (Fig. 1). A majority (65.9%) of the Mediterranean

and Black Sea are subject to medium cumulative impact.

When analyzed by ecoregion, the Alboran and Levantine

ecoregions have the highest average cumulative impact, the

western Mediterranean and Black Sea the lowest (Table 1),

although areas of high impact exist even within these ecoregions

(Fig. 1). In fact, the greatest per-pixel Ic scores were seen within the

western Mediterranean and in the Ionian Sea, and the Adriatic

and Black Seas exhibited the greatest variability in impact scores

(Table 1), comprising areas of both very high and low impact

(Fig. 1).

Pelagic and benthic offshore ecosystems have the greatest

average cumulative impact (IE; Table S3 in File SI). However,

this is partly driven by their large extent: the maximum pixel-

level values of the IE scores, indicative of locally high impacts,

are observed in intertidal habitats (particularly salt marshes,

suspension-feeding reefs, rocky shores and mud flats), and in

nearshore sublittoral and continental shelf hard bottoms that are

affected by both sea-based and land-based drivers (Table S3 in

File SI).

EU member states
Quantification of the percent of national waters of EU member

states in different impact categories (Table 2) reveals that a

majority (60–99%) of waters within 12 nm of the coastline are

subject to medium-high to very high impact. 0–20% of national

waters are subject to low or very low impact, and this percent is

less than 10% for a majority of nations (Table 2). Average Ic

(averaged by nation) range from 6.2–15.3, corresponding to

medium to high impact (Table S4 in File SI), and show no

correlation with the area of national waters (R2 = 0.0005, NS).

Cumulative impact maps show high spatial variation in impact

scores, with heavily impacted systems (in red) found within the

waters of all nations, and small areas with relatively low impact (in

blue or green) along the coasts of most nations (Fig. 2). The

addition of four coastal drivers to this analysis (coastal erosion,

renourishment, engineering, and urbanization trends) results in

greater Ic scores in most locations compared to the Mediterra-

nean-wide map (Figs. 1–2).

Relative contribution and spatial distribution of drivers
Drivers associated with climate change (SST and UV increase,

and acidification), demersal fishing, and shipping result in the

greatest average impact on Mediterranean and Black Sea

ecosystems (Fig. 3a). These drivers, along with coastal hypoxia,

were found to exert the greatest impact within territorial waters of

the EU nations (Fig. 3b), followed by coastal population density,

invasive species, land-based pollution (inorganic pollution, pesti-

cide and fertilizer runoff) and modification of the coastline

(through coastal erosion and engineering). The lowest estimated

impacts, both within EU waters and for the whole basin, are

associated with oil spills and rigs (Fig. 3).

Driver categories differ in their distribution across the Mediter-

ranean and Black Sea (Fig. 4; Table S1 in File SI). Climatic drivers

are broadly distributed but have the greatest impact scores in the

eastern Mediterranean. Fishing affects all coastal areas, as well as

most of the Sicily Channel and the Alboran, Adriatic, and Aegean

Sea. Sea-based activities result in the highest scores in the western

and southern regions, and land-based activities broadly affect

coastal areas, as well as large portions of the Adriatic and Black

Sea.

All ecoregions are affected by multiple drivers, but the relative

importance of different drivers varies among ecoregions (Fig. 5).

Climatic drivers have the greatest contribution to the average

cumulative impact score of all ecoregions, though this contribution

is lower for the Alboran and Adriatic Seas (Fig. 5a). When climatic

drivers are not included (Fig. 5b), demersal fishing, hypoxia and

pollution from land-based activities are major contributors to high

cumulative impacts to the Adriatic and Black Sea, and demersal

fishing and shipping are major contributors in the other

ecoregions.

Discussion

Our analysis highlights that 20% of the entire Mediterranean

and Black Sea and 60–99% of the territorial waters of EU member

states are subject to high impact, while less than 20% has low

impact and very few areas, less than 1%, remain relatively

unaffected by human activities. Cumulative impact varies greatly

across and within ecoregions and countries. Highly impacted areas

are found in the Alboran Sea, the Gulf of Lyons, the Sicily

Channel and Tunisian Plateau, the Adriatic Sea, off the coasts of

Egypt and Israel, along the coasts of Turkey, and within the

Marmara and Black Sea (Figs. 1 and 2). Contemporarily, we

highlight areas characterized by low cumulative human impacts

off Croatia, Albania, Italy, Tunisia and Egypt, in offshore areas of

the central Tyrrhenian and Black Sea, and in several small areas

along the coasts of most countries (Figs. 1 and 2). These areas

represent important opportunities for conservation aimed at

preventing future degradation.

Some of the highly impacted areas we identified in this analysis

coincide with the areas of conservation concern identified by Coll

et al. [6], including portions of the Northern Adriatic Sea, the

Sicily Channel, the inner Ionian Sea, the Aegean Sea, and the

Gulf of Lyons. These areas emerge as clear priorities for future

Table 1. Average, maximum, SD and CV of the cumulative
impact scores within the seven Mediterranean ecoregions and
the Black Sea.

Ecoregion avg. Ic max Ic SD CV

Alboran Sea 9.1 20.2 2.0 22.4

Levantine Sea 8.9 19.2 2.5 27.8

Aegean Sea 8.6 18.5 2.6 29.9

Adriatic Sea 8.4 19.0 3.4 40.9

Tunisian Plateau/Gulf of Sidra 8.3 21.0 2.6 31.1

Ionian Sea 8.3 24.5 1.7 20.4

Western Mediterranean 7.7 22.4 1.9 24.7

Black Sea 6.1 16.4 2.2 35.9

doi:10.1371/journal.pone.0079889.t001
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management action and protection. However, our analyses

highlight additional highly impacted areas where multiple drivers

overlap with vulnerable habitats, e.g. in the central Adriatic Sea,

the Alboran Sea, the Tunisian Plateau, and in the southern

Levantine Sea. These areas may also represent high priorities for

management and conservation action. By using habitats as proxies

Figure 1. Spatial distribution of cumulative impacts to marine ecosystems of the Mediterranean and Black Sea. Inserts at the bottom
show larger views of the Alboran (left), Northern Tyrrhenian (center), and Aegean Sea (right). Colors correspond to the different impact categories
listed in the legend.
doi:10.1371/journal.pone.0079889.g001

Table 2. Percent of national territorial waters of Mediterranean and Black Sea EU member states within different impact
categories: very high impact (Ic.15.52); high impact (12–15.52); medium-high impact (8.47–12); medium impact (4.95–8.47); low
impact (1.4–4.95); and very low impact (,1.4).

Country area (km2) very low low med med-high high very high

Slovenia 266.2 0.0 10.2 22.7 0.0 0.8 66.3

Cyprus 95,833.6 1.8 4.4 0.7 12.2 63.3 17.6

France 480,103.7 0.4 4.1 26.2 26.7 27.6 14.9

Italy 700,184.6 0.0 6.3 14.0 44.6 21.4 13.7

Spain 744,352.6 0.0 6.6 7.2 40.0 33.9 12.2

Bulgaria 48.050.1 5.3 14.9 15.7 33.6 22.5 8.0

Greece 615,025.4 0.8 9.0 9.7 51.3 21.3 7.9

Monaco 390.6 0.0 0.0 0.8 60.2 32.8 6.3

Malta 68,240.6 0.9 2.9 37.5 34.8 19.0 4.8

Romania 41,509.7 1.4 16.5 20.5 47.5 12.8 1.2

doi:10.1371/journal.pone.0079889.t002
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for biodiversity instead of species data, our approach allows for the

identification of areas of conservation concern in relatively data

poor regions, such as the southern and eastern Mediterranean Sea,

where species data are still scarce [6]. Taken together, results from

Coll et al.’s [6] and our study show how multiple, complementary

approaches are needed to assess cumulative impact and to direct

research and management efforts to the areas that most urgently

need them.

High cumulative impact scores were always associated with

multiple drivers, supporting the need for coordinated, compre-

hensive plans addressing all drivers of ecosystem change across

the Mediterranean and Black Sea. However, our results also

highlight opportunities for a major reduction of cumulative

impact by prioritizing a subset of the drivers for policy action.

Demersal fisheries, ship traffic, and, in some coastal areas,

fertilizer run-off and resulting hypoxia are major contributors to

the cumulative impacts we have analyzed. While it is well

known that these activities are important pressures on ecosys-

tems worldwide, this analysis shows that reducing the effects of

trawling, ship traffic and nutrient loading from some land-based

activities could lead to large reduction in cumulative impact,

relative to addressing other drivers. Furthermore, different

management policies will be most effective in different regions.

For example, in the Sicily Channel and Alboran Sea, a better

environmental status could be achieved by focusing on spatial

plans for fisheries and commercial shipping, and in the northern

Adriatic Sea and the Black Sea on fisheries and pollution from

land. In all regions, high spatial variability in the distribution of

human pressures and vulnerable ecosystems provide opportu-

nities to reduce cumulative impact through spatial planning of

current and emerging activities.

In accord with previous global and regional impacts research

[13–15] climatic drivers (temperature and UV increase, and ocean

acidification) were found to cause the largest potential impacts.

While climatic drivers cannot be removed through local manage-

ment action, their spatial distribution highlights the areas where

climate mitigation and adaptation is most critical, e.g., in the

eastern Mediterranean Sea.

The estimated high impacts of major climatic and human

drivers are influenced by both their widespread distribution

(particularly climatic stressors), and the high vulnerability of

multiple ecosystem types to these pressures e.g., [18]. In contrast,

oil spills and rigs had the lowest estimated impacts, both within EU

waters and for the whole basin. These highly harmful marine

stressors showed in the Mediterranean a smaller effect because of

their limited current spatial extent overlapping with habitats

relatively resistant to oil-associated threats. Episodic and unpre-

dictable, oil spills do not represent a chronic stressor to these ocean

regions although a large-scale spill would clearly be catastrophic

and damaging for these ecosystems.

Figure 2. Spatial distribution of cumulative impacts to the territorial waters of EU member states. Inserts at the bottom show larger
views of the Alboran (left), Northern Tyrrhenian (center), and Aegean Seas (right). Colors correspond to the different impact categories listed in the
legend. Territorial waters extend 12 nm from the coastline.
doi:10.1371/journal.pone.0079889.g002
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Figure 3. Average Impact scores of drivers. Average impact scores for each driver are reported within (a) the entire Mediterranean and Black
Sea, and (b) the territorial waters of EU member states.
doi:10.1371/journal.pone.0079889.g003
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Cumulative impact analyses and mapping can help inform

policy reform and management plans by highlighting top priorities

and possible opportunities for initiating EBM and MSP, and by

providing imagery to facilitate communication of issues and

opportunities to policy makers, environmental managers, conser-

vationists, businesses and the public. However, several issues

require attention when interpreting results from our analyses.

First, major sources of uncertainty remain to be addressed in

future empirical studies and modeling efforts [13,16,21]. Empirical

information on how ecosystems change in response to different

combinations and intensities of drivers is still scarce [10]. A better

understanding of if or where ecosystems experience non-linear

responses to cumulative impact and thresholds of resistance would

be particularly valuable for setting management targets or limits.

At present, non-linearities are difficult to anticipate and interpret

and adaptive management responses that are robust to unexpected

outcomes are needed. Data on the consequences of non-linear

behaviors have never been included in Mediterranean analyses

and rarely in extra Mediterranean areas [24–26]. Direct empirical

assessments of the vulnerability of different ecosystems, in addition

to expert judgments, and of the relationship between cumulative

impact scores and ecosystem conditions are critically needed.

Second, the quality of available data is widely variable, with a

great need for improved spatial information on the distribution of

different ecosystems, direct measures of fishing effort, and the

distribution and effects of important drivers such as marine litter,

bycatch, and aquaculture. The effects of data gaps can be seen by

comparing the Mediterranean wide and EU analyses (Figs. 1–2):

addition of only four data layers in the latter analysis results in

greater cumulative impact to coastal areas, indicating that impact

is underestimated in the broader analysis. As additional spatial

data e.g., [27] become available, they could be incorporated in

new iterations of these analyses. It will be especially important

to perform even more detailed analyses using all locally

available information in the top priority areas highlighted here.

Third, our use of fisheries catch data [13] (Fig. S1 in File SI)

instead of effort may lead to overestimation of impact in highly

productive regions (e.g., the Alboran Sea) and underestimation

in regions, such as parts of the Adriatic Sea, subject to intense

historical fishing pressure and thus currently depleted [4,28].

Improved access to effort data is a key priority: despite the

Mediterranean Sea is a public trust resource and fishery-related

data are collected with public funding, much of these data

remain confidential. When spatially-explicit effort data become

available they can and should be incorporated into future

assessments. Fourth, our approach results in a static view of

impact. Analyses of trajectories of change [9,28] and tools such

as InVEST (http://www.naturalcapitalproject.org) that simu-

late consequences of different management actions into the

future would improve management plans and MSP at local and

regional scales. Our analysis serves as a baseline against which

future actions can be measured. Finally, and most critically,

institutions and social processes play a key role in advancing

marine management that no amount of data and technical

sophistication can replace. Securing social and political

acceptance of conservation and management initiatives and

establishing effective processes for their implementation is

critical [29]. Direct engagement of scientists and conservation

practicioners in the planning process, analysis of social and

economic costs and benefits of different management options,

Figure 4. Spatial distribution of cumulative impact of driver categories. Driver categories are: climate (i.e. the combined cumulative impact
of temperature and UV increase, and acidification; top left), fishing (all fishing types combined; top right), sea-based drivers (commercial shipping,
invasive species, oil spills and oil rigs; bottom left) and land-based drivers (nutrient input, organic pollution, urban runoff, risk of hypoxia and coastal
population density; bottom right). Color scales correspond to highest (red) to lowest (blue) cumulative impact, within each panel. Different scales
were used in each panel to better highlight spatial patterns for each driver category.
doi:10.1371/journal.pone.0079889.g004
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and involvement of diverse stakeholders will be essential to the

successful implementation of marine spatial plans. Advancing

marine conservation and management will require these

fundamental participatory processes [29].

Achieving the environmental goals that nations have committed

to, within the Mediterranean region and worldwide, will require

ongoing and comprehensive monitoring of impacts in conjunction

with new policies that balance biodiversity protection with human

Figure 5. Percent contribution of different drivers to the average cumulative impact score of each ecoregion. Percent contributions are
reported with (a) and without (b) climatic drivers. Some drivers (different demersal and pelagic fisheries, and different types of pollution from land)
are aggregated to show relative contributions more clearly.
doi:10.1371/journal.pone.0079889.g005
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uses. Within the EU the European Commission has stimulated

the development of MSP among the EU member states, and the

debate is ongoing on how to implement the key principles of

MSP [30,31]. In parallel to these efforts, MAP is striving to

expand the development of MSP into non-EU Mediterranean

waters.

The impact assessment approach described here allows for a

transparent, repeatable and updatable synthesis and integration of

disparate information, facilitating communication and discussion

of policy options and alternatives at different spatial scales.

Cumulative impact assessment highlights that coordinated man-

agement of key areas and activities could significantly enhance the

environmental condition of intensely used marine regions.

Therefore cumulative impact assessment could be considered as

one of the valuable tools for achieving the objectives of the EU

maritime policy and MAP.
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a b s t r a c t

The rapidly progressing field of cumulative effects mapping is highly dependent on data quality and
quantity. Availability of spatial data on the location of human activities on or affecting the ocean has
substantially improved our understanding of potential cumulative effects. However, datasets for some
activities remain poor and increased access to current, high resolution data are needed. Here we present
an updated analysis of potential cumulative effects in Canada’s Pacific marine waters. New, updated
datasets and methodological improvements over the previous analysis were completed, including a new
index for land-based effects on marine habitats, updated habitat classes and a modified treatment of
vulnerability scores. The results show increased potential cumulative effects for the region. Fishing
remains the biggest overall impact amongst marine activities, while land-based activities have the
highest impact per unit area in affected ocean areas. Intertidal areas were the most affected habitat per
unit area, while pelagic habitats had the highest total cumulative effect score. Regular updates of
cumulative effects assessments will make them more useful for management, but these require regularly
updated, high resolution datasets across all activity types, and automated, well-documented procedures
to make them accessible to managers and policy-makers.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

As human populations continue to grow, especially in coastal
areas, people’s uses of, and impacts on, marine ecosystems are also
increasing. Cumulative effects – where multiple stressors originat-
ing from various human activities overlap – are a well-recognized
issue in marine systems, and although our understanding is still
rudimentary, the field is quickly advancing. To date, studies have
explored potential cumulative effects on habitat types in marine
systems at global [1,2] and regional scales [3–9]. More recently,
similar techniques have been applied to species [10] and ecosys-
tem services [11]. Continued advances of the science of cumulative
effects make such efforts increasingly relevant for planning and
management decisions.

Understanding potential cumulative effects in a specific geography
is only as good as the quantity and quality of data available on human
activities and habitats, as well as the underlying foundational

understanding of the vulnerability of these habitats to human
activities [12]. Mapping potential cumulative effects relies on spatial
data of human activities to represent where stressors are occurring.
This approach is commonly referred to as “cumulative impact”
mapping, but the term “potential cumulative effects” is used here
(hereafter just “cumulative effects”) rather than impacts, because
impacts are hypothesized and have not been directly observed. Data
on where human activities occur in the ocean are varied and uneven.
The ideal dataset is recent, spatially precise with a high resolution, has
spatial coverage consistent with the study area, and has an associated
measure of relative intensity (fishing effort hours, ship transits, usage,
etc.). In reality, such ideal datasets are often lacking and therefore any
analyses conducted using the best available data may include dated
activity data for differing timescales and ranges. Uneven input data
makes it difficult to have current and consistent cumulative effects
estimates and hinders progress toward results with consistent time-
scales approximating real interactions between stressors.

Despite these limitations, cumulative effects assessments have
the potential to inform conservation planning and ecosystem-based
management, yet to date such mapping efforts are largely limited to
static snapshots. Canada’s Pacific region is one area where marine
cumulative effects mapping has been carried out [5,13]. Data avail-
ability and quality has improved since the last study was completed,
primarily due to marine planning and analysis efforts [14]. Increased

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/marpol

Marine Policy

http://dx.doi.org/10.1016/j.marpol.2015.04.003
0308-597X/& 2015 Elsevier Ltd. All rights reserved.

n Corresponding author at: Institute for Resources, Environment and Sustain-
ability, University of British Columbia, Vancouver, BC, Canada.
Tel.: þ1 250 363 6911.

E-mail address: cclarke@eos.ubc.ca (C. Clarke Murray).
1 Present address: Institute for Ocean Sciences, PO Box 6000, Sidney, BC,

Canada V8L 4B2.

Marine Policy 58 (2015) 71–77

www.sciencedirect.com/science/journal/0308597X
www.elsevier.com/locate/marpol
http://dx.doi.org/10.1016/j.marpol.2015.04.003
http://dx.doi.org/10.1016/j.marpol.2015.04.003
http://dx.doi.org/10.1016/j.marpol.2015.04.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpol.2015.04.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpol.2015.04.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpol.2015.04.003&domain=pdf
mailto:cclarke@eos.ubc.ca
http://dx.doi.org/10.1016/j.marpol.2015.04.003
https://www.researchgate.net/publication/230854068_Human_pressures_and_their_potential_impact_on_the_Baltic_Sea_ecosystem?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/270039564_Human_pressures_on_UK_seabed_habitats_A_cumulative_impact_assessment?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/223950616_Cumulative_impact_mapping_Advances_relevance_and_limitations_to_marine_management_and_conservation_using_Canada's_Pacific_waters_as_a_case_study?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/223950616_Cumulative_impact_mapping_Advances_relevance_and_limitations_to_marine_management_and_conservation_using_Canada's_Pacific_waters_as_a_case_study?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/235784339_A_broad-scale_assessment_of_the_risk_to_coastal_seagrasses_from_cumulative_threats?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/270528117_Assumptions_challenges_future_directions_in_cumulative_impact_analysis?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/233946904_Setting_the_stage_for_marine_spatial_planning_Ecological_and_social_data_collation_and_analyses_in_Canada's_Pacific_waters?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/224973346_How_wild_is_the_ocean_Assessing_intensity_of_anthropogenic_marine_activities_in_BC_Canada?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/259268455_Cumulative_Human_Impacts_on_Mediterranean_and_Black_Sea_Marine_Ecosystems_Assessing_Current_Pressures_and_Opportunities?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==
https://www.researchgate.net/publication/47743050_Global_Threats_to_Human_Water_Security_and_River_Biodiversity?el=1_x_8&enrichId=rgreq-41f04ea9-13d5-4393-b460-e3de0775c8c7&enrichSource=Y292ZXJQYWdlOzI3NjM2NTM1MTtBUzoyMzIwMjY2MzY4MTIyODhAMTQzMjMzMDg2OTU1Nw==


regional data availability provides an opportunity to fill some of the
gaps in previous efforts. An updated cumulative effects analysis for
Pacific Canada (British Columbia) has been completed, incorporating
recent and additional data on human activities, and making meth-
odological improvements to better account for land-based and fish-
ing activities. The current analysis represents the third iteration of
cumulative effects mapping in the Canadian Pacific Coast, building
the foundation for a time series dataset useful for management and
policy.

2. Materials and methods

The spatial location of human activities and habitats weighted by
their vulnerability to each activity were combined in a GIS model to
map cumulative effects following methods developed by Halpern and
colleagues [1] and subsequently applied by Ban et al. [5] (Supple-
mentary section: Cumulative effects analysis; Supplementary Fig. 1).
Total cumulative effects scores, as well as the mean effects scores for
all of British Columbia’s (B.C.) marine waters were calculated. Mean
and total cumulative effects scores were compared for land, coastal,
marine and fishing activities (Table 1), for each individual human
activity and by habitat type. The relative rankings of the updated
analysis were qualitatively compared to the original results [5]. All
data preparation and analysis was performed in ArcGIS 10.1 (ESRI
Environmental Systems Research Institute).

The cumulative effects analysis presented here has four important
improvements and modifications over the previous analysis [5]:
(1) New and updated human activity data were included; (2) the
method to assess the marine impact of land-based activities was
improved; (3) habitat classes were updated; and (4) vulnerability
scores were modified to better reflect likely impacts on marine
ecosystems in the region. The following sections present an overview
of the methods of cumulative effects mapping and additional details
on the key changes from the previous mapping effort [5].

2.1. New and updated data on human activities

Since the previous analysis, additional activity layers became
available, allowing for improved characterization of cumulative
effects in the region. Spatial data for 47 human activities were
used in the analysis (Table 1; Supplementary Table 1): 16 activity
layers of those originally included in the 2010 dataset [5], updated
information for 25 layers, and six new layers: commercial halibut
fishing, commercial sardine fishing, recreational boating routes,
land-based pipelines, paved and forestry roads. Eight activity
datasets were split finer or differently than those in the original
analysis: sport fishing was split into (1) crab trap, (2) prawn and
shrimp trap, (3) anadromous hook and line, and (4) groundfish
hook and line; salmon net was split into gillnet and seine; herring
roe was split into gillnet and seine; and ports were split into ports
and marinas. Two activities in the original analysis were not
included here: commercial squid and dogfish fisheries. The com-
mercial squid fishery data were not included because it covered a
very small area and contained some ambiguous information. The
dogfish fisheries were not included as a separate dataset because
they are included in the Schedule II fishery [17].

Fishing, marine (i.e., other than fishing), coastal, and land-
based activities were treated in slightly different ways to reflect
their respective pathways of potential impact to marine waters
(Table 1). Commercial fisheries activities used the footprint of the
activity restricted to depths and substrates used by each fishery
(e.g. groundfish bottom trawl fleets generally operate in deep
waters, while divers generally harvest geoduck from soft sub-
strates in shallow waters less than 30 m deep). Fishing activity was
more precisely mapped by weighting fishing effort hours (where

available) and distributing them according to the area of each
habitat class in a grid cell. For example, if fishing occurred in only
one habitat class within the grid cell, all effort was distributed to
the relevant habitat only (Fig. 1). As in the 2010 analysis [5],
marine activities (aquaculture, disposal at sea, recreational boating
routes) were subjected to kernel density decay. Commercial
shipping was mapped using a noise propagation model (devel-
oped by Erbe and colleagues [16]), as underwater noise was
considered the predominant stressor. Coastal activities (human
settlements, ports, marinas, industrial sites) were treated as point
source impacts and also subjected to kernel density decay.

2.2. Modelling the effects of land-based activities

Impacts from land-based human activities are difficult to include
in marine analyses. A watershed activity index was developed that
could be calculated for each human activity occurring on land (8 in
total) using readily available spatial data for the region. It was
conservatively assumed that the largest streams (i.e. those with the
largest volumes and the fastest flows) would have the highest
probability of carrying sediment and nutrient loads all the way to
the estuary. The index therefore included only watersheds with
rivers with large stream orders (6 or higher, out of 8 stream orders)
with a marine outlet into BC waters [18,19]. For each land-based
activity (e.g. agriculture, industry, mining, forestry), the density of the
activity in the watershed was calculated (Supplementary Fig. 2).
These values were binned into one of three relative intensity
categories (high, medium, low) based on that activity’s densities
across the region. The relative intensity value for each human activity
was used to seed the kernel density decay at the mouth of each
estuary for the watershed (Supplementary Fig. 2. The radius of the
kernel density decay was set by the maximum size of the freshwater
plume for that stream order from published literature and satellite
images (Stream order 6¼10 km; 7, 8¼20 km; 9¼30 km).

2.3. Updated habitat classes

Building on the methodology described in 2010 [5], the habitat
classes were updated to include hexactinellid glass sponge reefs,
habitat-forming reefs unique to BC waters [20], and six intertidal
habitats (Supplementary Fig. 3). As in the previous analysis, the
dataset was divided into three broad habitat classes: the benthos
(characterized via depth and substrate), the shallow pelagic waters
(top 200 m of the water column) and deep pelagic waters (deeper
than 200 m), with 26 habitats in total (Supplementary Fig. 3). In
contrast to 2010, biogenic habitats were layered on top of physical
habitats so that physical habitat classes and biogenic habitats
could occur in the same place. This method considers the impact
on both the physical habitat (e.g. soft shelf) as well as any biogenic
habitats that occur there (e.g. eelgrass beds) in order to better
capture the impact of activities that cause the effective removal of
biogenic habitats.

2.4. Use of vulnerability score

The vulnerability of marine habitats to stressors associated
with human activities were developed by Teck and colleagues [15],
using survey-based expert opinion methods. Habitat classes in the
study region were matched with corresponding habitats evaluated
in the vulnerability study [15] (Supplementary Table 4). As in Ban
et al. 2010, the predominant stressor from each activity was
determined from literature review and used to link the activity
to a vulnerability score [15] (Table 1). Vulnerability scores from the
California Current region [3] were used as this was the closest
similar ecological regime with scores available. Hexactinellid
sponge reefs were assigned vulnerability scores for Seamounts,
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the closest habitat resembling sponge reefs (Ben Halpern, NCEAS,
pers. comm.).

Vulnerability scores for fishing datasets were modified to incor-
porate the effect of gear types specific to each fishery, which differed
in some cases from the global and California surveys. These were

calculated by modifying the vulnerability scores with severity scores
of fishing gear types[21], which were based on a Canadian fishing
gear impact assessment [22] (Supplementary Table 5). In contrast to
previous efforts, the impact of fishing vessels themselves were an
additional activity layer where fishing activities occurred, as was done

Table 1
Human activity layers included in the analysis, corresponding stressor from [15], update status compared to previous analysis [5] and description.

Human activity Stressor Update Description

Land Watershed activity index
Agriculture Nutrient input: into mesotrophic waters Updated
Human settlements Pollution input: urban runoff Updated
Forestry cutblocks Sediment input: increase Updated
Forest service roads Sediment input: increase New
Industrial tenures Pollution input: inorganic Updated
Mining Pollution input: organic Updated
Paved roads Sediment input: increase New
Pipelines Sediment input: increase New

Coastal Kernel density decay
Human settlements (coastal) Pollution input: urban run off Updated
Industrial tenures (coastal) Pollution input: inorganic Updated
Log booms Marine component of forestry operations Updated
Marinas Ocean pollution Split Previously together as “Ports, Marinas,

Moorage”
Ports Ocean pollution Split
Pulp and paper mills Ocean dumping: toxic materials Original
Recreational fishing lodges Fishing: recreational Original

Marine Kernel density decay, except shipping
Aquaculture: finfish Aquaculture: finfish Updated
Aquaculture: shellfish Aquaculture: shellfish Updated
Disposal at sea Ocean dumping: marine debris Original
Recreational boat routes Tourism: recreational boating New
Shipping (large vessels) Shipping: commercial, cruise, etc. Updated Noise model [16]

Fishing Footprint only
Commercial fishing: crab trap Fishing: demersal non-destructive low

bycatch
Original

Commercial fishing: prawn trap Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: geoduck dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: gooseneck barnacle dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: green urchin dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: red urchin dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: octopus dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: scallop dive/trawl Fishing: demersal destructive Updated
Commercial fishing: sea cucumber dive Fishing: demersal non-destructive low

bycatch
Updated

Commercial fishing: sablefish trap Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: sablefish longline Fishing: demersal non-destructive high
bycatch

Original

Commercial fishing: halibut hook and line Fishing: demersal non-destructive high
bycatch

New

Commercial fishing: schedule II (other groundfish spp.) hook
and line

Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: ZN (rockfish) hook and line Fishing: demersal non-destructive high
bycatch

Original

Commercial fishing: groundfish bottom trawl Fishing: demersal destructive Updated
Commercial fishing: shrimp trawl Fishing: demersal destructive Original
Commercial fishing: herring seine Fishing: pelagic high bycatch Updated
Commercial fishing: herring roe gillnet Fishing: pelagic high bycatch Split Previously “Herring roe”
Commercial fishing: herring roe seine Fishing: pelagic high bycatch Split Previously “Herring roe”
Commercial fishing: krill seine Fishing: pelagic high bycatch Updated
Commercial fishing: salmon gillnet Fishing: pelagic high bycatch Split Previously “Salmon”
Commercial fishing: salmon seine Fishing: pelagic high bycatch Split
Commercial fishing: salmon troll Fishing: pelagic low bycatch Updated
Commercial fishing: sardine seine Fishing: pelagic high bycatch New
Commercial fishing: vessel Tourism: recreational boating New
Sport fishing: crab trap Fishing: recreational Split Previously “Sport fishing”
Sport fishing: prawn and shrimp trap Fishing: recreational Split Previously “Sport fishing”
Sport fishing: anadromous hook and line Fishing: recreational Split Previously “Sport fishing”
Sport fishing: groundfish hook and line Fishing: recreational Split Previously “Sport fishing”
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in a recent risk assessment for the region [23]. For all fishing activities
that occur in deep or benthos habitat classes, the fishing activity
vulnerability score was assumed to impact the benthos, while the
activity associated with the fishing vessel was assumed to impact the
shallow pelagic and was assigned the vulnerability score for “Tourism:
recreational boating” (the closest equivalent to a fishing vessel in the
survey). For pelagic fishing activities, it was assumed that connectivity
between depth strata exists, and associated effects such as trophic
cascades occur. All pelagic fishing were therefore assumed to impact
both deep and shallow pelagic habitats regardless of which depth the
fishing gear is set. In contrast, the previous analysis included impact
from fishing at all three depth zones (shallow, deep and benthic) but
used the vulnerability score for the fishing activity.

3. Results

Cumulative effect (CE) scores in Canada’s Pacific Ocean ranged
from highly to minimally affected (from 0 to 106), with higher
scores on the shelf than in the open ocean (Fig. 2a). Coastal areas
had the highest cumulative effects in both the original and
updated analysis (Fig. 2). The updated analysis showed highest
CE scores for waters in and around the estuaries of the Fraser River
in the south, near the large city of Vancouver (not a hot spot in the
previous analysis), and the Skeena River in the north. The updated
analysis had higher CE scores than the previous one because
activity and habitat layers were added, and vulnerability scores
have been treated differently; thus the results are not directly
comparable. Marine and fishing activities have cumulative effects
on a large portion of Canada’s Pacific waters (Table 2). In contrast,
coastal and land activities have smaller footprints but have high
cumulative effects in localized areas (Table 2; Fig. 3). The highest
total CE scores were from fishing followed by non-fishing marine
activities (Table 2). The highest CE score per square kilometer was
for land-based activities (3.52 CE score/km2) followed by fishing
(1.20 CE score/km2).

The human activity with the highest CE score (across all habitats)
and footprint (450,368 km2) was salmon trolling, a commercial hook
and line fishery; but is an artifact of poor data quality (Supplementary
Fig. 4). Salmon trolling is known within the region as an imprecise
dataset. This dataset is causing artifacts in the cumulative effects

maps, showing as large blocks in northern BC and off the western
coast of Vancouver Island. Because of the generalized nature of
pelagic habitats, the effort from this pelagic fishery could not be
redistributed and remains spatially imprecise. The second highest CE
score and activity footprint was commercial shipping (447,666 km2).
The activities with the highest CE score per square kilometer were
commercial salmon fishing of three gear types: gillnet (1.64), seine
(1.28), and troll (0.72).

The habitat with the highest total CE score was Shallow Pelagic,
followed by Unidentified Deep, and Deep Pelagic; these three habitats
also have the largest footprints. The highest CE score per square

Fig. 1. Illustration of improvements to the assignment of effort for fishing datasets,
using geoduck fishing effort as an example. (a) The previous methods use a
4�4 km grid with effort assigned to the entire grid cell, (b) The updated methods
weight fishing effort according to the area of each habitat class in a grid cell so that
geoduck fishing effort data from the 4�4 km data were distributed only to the
polygons where soft shallow habitats were located. This can result in a change in
cumulative effect score because effort becomes concentrated in small areas of
suitable habitat, increasing fishing intensity. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Cumulative effects (CE) scores for entire study area. (a) Updated analysis and
(b) original Ban et al. 2010 (Reprinted from Marine Policy). For both panels, cooler
colors are low impact, warmer colors are high impact. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Total cumulative effect scores, footprint and CE score/km2 of activity classes.

Activity class Total score Footprint (km2) CE Score/km2

All fishing 543,421.3 453,051.7 1.20
Benthic fishing 121,659.5 144,779.3 0.84
Pelagic fishing 393,420.5 450,818.0 0.87
Sport fishing 28,341.3 48,565.4 0.58
Coastal 28,034.3 37,084.7 0.76
Land 9,912.1 2,816.9 3.52
Marine 203,272.8 448,197.0 0.45
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kilometer, however, were those for Intertidal habitats: Unidentified
Intertidal (19.46 CE score/km2), Mudflat Intertidal (14.58 CE score/
km2), Soft Intertidal (11.74 CE score/km2) and Beach Intertidal (11.46
CE score/km2). The deep water Hexactinellid sponge reefs had
relatively low total CE scores (113.17) with potential cumulative effects
from only a few activities: disposal at sea, commercial fisheries
(groundfish trawl, halibut hook, ZN rockfish hook and line, and prawn
trap) and sportfishing (anadromous fish, crab and groundfish).

4. Discussion

4.1. Cumulative effects in the Canadian Pacific

Cumulative effects mapping is a relatively new scientific
endeavor with extensive data requirements, and thus to date
analyses have been limited to single snapshots [1–8]. Methodolo-
gical improvements in the current analysis have increased the
precision and resolution of the cumulative effects scores for
Canada’s Pacific Ocean, providing a qualitative update of cumula-
tive effects in the region and making them more useful for
management of human activities and marine spatial planning.
Taken together, the two analyses are not indicative of change over

time but will be useful in establishing consistent methodology that
will allow comparisons through time.

The Strait of Georgia in southern BC remains an area of high
potential impact and complex ecosystem changes have been docu-
mented across species and trophic levels for the area [24]. The
updated analysis also highlighted the marine waters near Prince
Rupert and the Skeena estuary in northern B.C. The nearby land and
coastal areas are the location of a large number of proposed large
industrial projects [25] and if approved, the interaction between the
high potential cumulative effects already occurring and those in the
future could cause significant ecosystem impacts.

Continually emerging knowledge of the ecosystem and the effects
of human activities inspired several methodological improvements.
The watershed activity index for land-based human activities is an
advance on the previous iteration [5], taking account of the presence
and density of human activities on the landscape (similar to earlier
methods [1,3]). Yet further improvement of the watershed activity
index could be made. For instance, here the spatial extent of the land
impact was limited to the size of the freshwater plume, but does not
account for temporal variability [26] or stressors that disperse greater
distances (e.g. marine debris up to 100 km from the source [27]. The
watershed activity index could also be modified to better capture the
sediment trap properties of lakes [28] so that the contribution of

Fig. 3. Cumulative effects score by activity class (a) marine, (b) fishing, (c) coastal, and (d) land. Note that the colors are the same but the values differ across the panels.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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forestry activities above a lake, for example, could be decreased when
calculating the forestry activity’s watershed index.

Similarities and differences emerged between the previous [5] and
updated analyses. Cumulative effect scores were not directly compar-
able because of methodological modifications, but qualitative com-
parisons can be made. The relative rankings of activities and stressors
remained similar between the two analyses. The updated analysis
showed that commercial fishing, especially salmon troll and gillnet,
remained in the top impacts (though these datasets remain spatially
imprecise). Land-based mining was a top stressor in the original
analysis, but land-based activities in general had lower cumulative
effects scores in the updated analysis, a result of the use of a
watershed activity index with a smaller marine footprint. They did
however, have a high impact per unit area, suggesting that where
they occur they can have high localized impacts. Relatively little is
known about the impact of land-based activities on marine environ-
ments and the cumulative nature of the stressors combined with the
disconnect between source and impact makes them particularly
difficult to manage and mitigate [29,30].

Coarse and varying resolution of data for many human activities is
a challenge identified by Halpern and Fujita [12] and remains a
limitation for several datasets in the current analysis. Data quality and
availability varies dramatically between activity classes for this region.
Provincially-held datasets (forestry, aquaculture, and industrial sites)
are regularly updated (at least yearly) and released to the public while
federal datasets (fisheries, shipping) tended to be older and less
spatially precise. The disadvantage of assuming coarse data are
uniformly distributed and downscaled to finer resolutions – as done
here, following Halpern and Fujita [12] – is that it can mislead about
the level of data quality. The large blocks of fishing effort are an
example of known spatial overestimation that could be addressed
with the release of fine-resolution data. Ideally, the same level of
resolution should be used for all datasets. Efforts should be made to
release updated data at least yearly in order to increase the accuracy
and usefulness of cumulative effects assessments [31].

4.2. Future research directions

Continued methodological and data improvements enhance our
understanding of cumulative effects and while the current methodo-
logical update addresses some limitations, challenges remain [12].
Cumulative effects maps tend to conflate stressors and activities/
drivers as data usually exists on either stressors (such as pollution
levels) or activities (such as fishing effort) but not both [12]. The
methodology used here and in past studies assigns a single stressor
for each activity, whenmultiple stressors can result from each activity.
Additional stressors associated with each activity, not included in the
analysis, means that the current methodology is probably an under-
estimate of the cumulative effects experienced by ecosystems.

Common across cumulative effects models has been the assump-
tion that effects are additive and that mapping represents in-water
effects. Different interaction types are common [32,33] and predicting
them without experimentation is difficult [34]. More research is
required to determine the types and magnitude of interactions
between key stressors (e.g. climate change and fishing) in Pacific
waters and around the world. Cumulative effects mapping remains an
approximation of the actual cumulative impacts from human activ-
ities. There is limited information on the impact of single stressors
and even less on multiple stressors in the laboratory and the field
[32]. Field testing of ecosystem health in relation to cumulative effects
is still required in order to determine the absolute value of cumulative
effects scores [12]. Even in the absence of this information, cumulative
effects mapping can be useful in setting acceptable social and
ecological thresholds of impact for the effective management and
regulation of human activities to preserve biodiversity and ecosystem
function.

Despite limitations, mapping cumulative effects can identify areas
of relatively low impact for protection or areas of high impact for
restoration. If the resolution of data are sufficient, it can also inform
the management of individual activities in the context of cumulative
effects from other activities and global stressors such as those
resulting from climate change [35]. Thus far, cumulative impact
mapping has remained an academic analysis and, to our knowledge,
has not been used in cumulative effects assessments in environmen-
tal assessment or land-use planning. Cumulative effects assessment
frameworks developed for B.C. [36,37] could make use of the analysis
shown here as an operational tool to connect activities occurring now
and those planned for the future to potential cumulative effects on
ecosystem components of interest.
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2  Cumulative Impact Assessment for Maritime Spatial Planning in the Baltic Sea Region 

Executive Summary 
 

Maritime Spatial Planning is closely linked to environmental management aspects  

Cumulative impact assessments make it possible to understand the combined effects on the environment 
from many human activities taken together. In maritime spatial planning (MSP), evaluation of cumulative 
impacts represents both a necessity and a way to support long-term sustainability in alignment with the 
ecosystem-based approach.  

The environmental status of the sea is of high concern for planners, due to interactions between humans 
and the environment. Our sea uses have impacts on the marine ecosystems, but the status of the 
ecosystems also affect our possibilities to utilise sea resources. It is important to understand how past, 
current and foreseeable future human activities may affect the marine environment, to help us minimise 
risks and support long-term sustainability. 

 

What is the problem? 

The status of the Baltic Sea is generally not good today. The deteriorated environments reduces 
biodiversity and the health of species and habitats, working against agreed environmental objectives. It also 
restricts our prospects for well-being, due to effects on ecosystem productivity and resilience.  

Since many human activities, pressures and species are widely dispersed, transboundary analyses of the 
environment are important. Transboundary coherent cumulative impact assessment makes it possible to 
compare national results among countries, as well as to see the bigger picture. A prerequisite for achieving 
this, is that there is shared understanding among users on how to interpret and understand the results 
(Chapter 1). 

 

Most issues relating to MSP and strategic environmental assessment in the Baltic Sea are of 
transboundary importance  

Cumulative impact assessments are conducted in several marine areas globally today, and a variety of 
assessment methods have been developed. Among Baltic Sea countries, the current implementation of 
cumulative impact assessment in connection to MSP is also variable. At the scale of the entire Baltic Sea, 
cumulative impact assessments have been carried out within HELCOM in connection to environmental 
assessment, producing the Baltic Sea Impact Index (BSII).   

An overview of the existing tools and approaches for cumulative impact assessment show that these can 
meet several current needs within MSP, but also that there is a high demand for further development and 
improved coherence. The current state of art, however, gives a clear opportunity for connecting 
development needs and efforts across countries (Chapter 2). 

 

Towards improved coherence in how cumulative impacts are assessed  

The activity on cumulative impacts in the Pan Baltic Scope project has provided opportunity to share 
understanding of how, and to what extent, cumulative impacts can be assessed with available tools today, 
outline key concepts of cumulative impact assessment, as well as develop on the relationships between 
MSP and environmental management aspects as covered by the MSFD (Chapters 2-3). 
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Our work has helped bring available cumulative assessment tools and approaches to the planners’ table, 
and to identify possible further development options more clearly.   

In the context of MSP, cumulative impact assessments are helpful to provide a systemic and holistic 
evaluation of different planning options. The cumulative impact assessment can depict current conditions 
where the planning takes place, for evaluating potential environmental impacts of the plan and for 
comparing different planning scenarios. They can also be used to evaluate the outcome of the plan in 
relation to set objectives as part of an adaptive management.  

Tool development 

To facilitate regionally coherent assessments of cumulative impacts, we developed a BSII Cumulative 
impact Assessment Toolbox (BSII CAT). The toolbox includes tools for calculating the Baltic Sea Impact Index 
and the Baltic Sea Pressure Index. It also supports the identification of areas with high ecological value or 
high potential provision of ecosystem services, supporting the green infrastructure concept as developed in 
Pan Baltic Scope.  Last, to support our case studies, the toolbox enables batch impact assessments and 
impacts assessments targeting ecosystem components important for green infrastructure in a balanced 
way. The tool uses regional data as default, but it can also be applied using data layers, if these align with 
the basic requirements of the tool. (Chapter 4) 

Case studies 

We tested the developments in two case studies. Our first case study assessed cumulative impacts on the 
environment under different scenarios for offshore wind farm development at the scale of the Baltic Sea 
region. There is a global need to increase renewable energy provision, and offshore wind farms may 
effectively contribute to national targets with respect to this. However, the additional use of sea space that 
follows may also have environmental impacts. The results give an overview of how cumulative impacts 
from offshore wind farms can be quantified in a spatial context, and how the role of different pressures can 
be compared. Such analyses can potentially also show which species and habitats are the most impacted 
under different scenarios. However, due to uncertainties in many of the underlying ecosystem 
components, we chose to not present the scenario results in this level of detail here. 

Our second case study focused on impacts on green infrastructure. In MSP, it is often relevant to consider 
impacts on species and habiatats of concern, hence, maintaining green infrastructure can be an explicit 
objective of the plan. We focused on habitat aspects and performed an aggregated analysis supported by 
the BSII-CAT. Importantly, our concept addressed spatial distributions, which is only one component and a 
full evaluation, it is also important to consider the status of the ecosystem components, which was not 
included. Also, an assessment of ecosystem function is still missing in the concept at large. The results are 
useful for screening and conceptual development but should be evaluated critically due to uncertainties in 
underlying data layers. (Chapter 5) 

 

Understanding cumulative impacts can support the ecosystem-based approach and promote a 
sustainable sea use 

The cumulative impact assessment can help the planner communicate how the plan may change the 
presence of environmental pressures, and how it may impact on species and habitats. The assessment 
results are mainly presented at the overarching level, to indicate priorities for further analyses, but they 
can also give more specific results for aspects of key concern. Understanding cumulative impacts is 
important for screening baseline conditions in the initial planning phase, and for supporting planning 
decisions when comparing different alternatives.  

In many cases these aspects are only assessed in a descriptive way today. The results and case studies 
presented in this report give examples of how quantitative analyses can be carried out. Our examples show 
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that data-driven analyses to address cumulative impacts are possible so that planning can be supported by 
data and avoid opinion-based decisions.  

Following coherent assessment approaches has benefits, as it enhances possibilities to compare results 
among management policies and among geographical areas. We focused the development parts of our 
work on the BSII methodology which is currently used in environmental assessments of HELCOM, with the 
aim to develop on the connections between MSP and environmental management. The BSII is based on a 
widely used approach which is also followed in the MSP of some countries around the Baltic Sea today.  

Another benefit of coherence is that it makes it easier to share future development progress. For example, 
the BSII CAT developed here is now provided in an openly available code for feedback. The work of Pan 
Baltic Scope also includes some important assessment improvements compared to previously. However, 
further developments are still needed for cumulative impacts assessment to be even more reliable and 
flexible for users’ needs in MSP (Chapter 6). 

 

What should be done in the future? 

There is a continued need to refine the assessment methods, and to improve the ways in which the tools 
incorporate information on the relationships between human activities, pressures and impacts on the 
ecosystem. Data availability and knowledge on underlying ecological and causal relationships are still major 
knowledge gaps.  

The closest hindrance in many geographic areas is a lack of spatial data with appropriate coverage or 
resolution. Improving data availability is important, since the quality of underlying data has high influence 
on the quality of the assessment results. The most evident gap identified in our work concerned spatial 
data on ecosystem components (species, habitats and ecosystem processes).  

To take the timely assessment of cumulative impacts forward more broadly, it could also be beneficial to 
develop approaches that can incorporate qualitative information along with quantitative analyses in a 
general framework.  

At the time when the Pan Baltic Scope project was carried out, there was high variation in MSP 
implementation and availability of data in different countries. The case studies were applied using currently 
available data, which were not tuned for the purpose of following-up on national plans regionally. When all 
countries have finalised their MSP, it would be interesting to repeat some regional case studies using 
harmonised MSP output data, to follow-up. 

Summarising conclusions and recommendations from the Pan Baltic Scope work on cumulative impacts are 
provided in the end of the report (Chapter 7). 
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1. Introduction - Why do we need to worry about 
cumulative impacts? 
Our prospects for using the sea are closely interlinked to the function of marine ecosystems. Human 
activities impact on the status of the marine environment, but the status also affects our possibilities to 
utilise sea resources. It is important to understand how past, current and foreseeable future human 
activities may affect the marine environment, to help us minimise risks and support long-term 
sustainability. 

 

1.1. What is a cumulative impact assessment? 

An important aspect for informed management is to understand how different pressures from human 
activities may act together on species, habitats, and on their potential for contributing to ecosystem 
services. Cumulative Impact Assessments provide approaches to evaluate the combined effects on the 
environment from many human activities taken together. Since many human activities, pressures and 
species are widely dispersed, transboundary issues are often important.  

Moreover, since cumulative impacts can be understood in different ways, it is important to clearly define 
what is meant by a cumulative impact in each specific assessment (Judd et al. 2015). For the purposes of 
Pan Baltic Scope, we defined cumulative impacts generally as: “Impacts on the environment that result 
from several human activities and pressures acting together, as caused by past, present or any possible 
foreseeable actions within the project or work task to solve”. 

 

1.2. The state of the Baltic Sea environment needs to be improved 

The status of the Baltic Sea is generally not good today (HELCOM 2018a). The poor environmental 
conditions have negative effects on biodiversity and the prosperity of species and habitats. It also restricts 
our prospects for well-being. As one example, the current state of eutrophication was estimated to cause a 
loss of revenue around 4 billion Euros annually (HELCOM 2018c). In addition, the losses to biodiversity and 
ecological values of the marine environment are expected to have negative implications on long-term 
sustainability and the resilience of the ecosystem in relation to future environmental changes.  

A wide-scale holistic assessment was recently carried out to provide an overview of the environmental 
situation in the Baltic Sea during the years 2011-2016 (HELCOM 2018a). The holistic assessment was based 
on core indicators, which were evaluated in relation to threshold values for good status. In addition, the 
assessment included integrated thematic assessments on the status of biodiversity, eutrophication and 
hazardous substances, economic and social analyses, as well as a spatial cumulative impact assessment 
(HELCOM 2018b-f). The core indicators showed that the main part of the evaluated components did not 
achieve good status in the seventeen Baltic Sea sub-basins (Figure 1).  

The wide-spread impacts make it clear that environmental measures are strongly needed to improve the 
environmental situation. However, the results from the holistic assessment also make it evident that 
actions to improve the status of the Baltic Sea are expected to significantly benefit our possibilities for well-
being in the future. 
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Figure 1. Current assessment status of key elements in different sub-basins of the Baltic Sea. Increasingly 
red shades indicate poorer status. The figure is from the HELCOM holistic assessment of the ecosystem 
health of the Baltic Sea covering the years 2011-2016 as a shared assessment for all Baltic Sea countries. 
Each petal shows the status of a pressure or a biodiversity ecosystem component, as explained in the figure 
legend. Results for eutrophication, hazardous substances, benthic habitats, pelagic habitats, open sea fish, 
and seals are integrated based on several indicators. For commercial fishing, the colours correspond to the 
status of the fish stock in worst status. Non-indigenous species are assessed at the Baltic Sea scale, and the 
same result is shown for all sub-basins. Birds are not assessed at integrated level. Marine litter, underwater 
sound, and seabed loss and disturbance are key elements but are not quantitatively assessed at the Baltic 
Sea scale. Source: HELCOM (2018a). 
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1.3. Cumulative impact assessment and the ecosystem-based approach 

The Ecosystem-Based Approach is advocated as an important strategy for advancing environmental 
management and promoting sustainable sea use (Table 1). Implementing the ecosystem-based approach 
involves a cross-sectorial, holistic perspective to management with the aim to make connections between 
social, economic and ecological aspects visible.  

Cumulative impact assessment can support the ecosystem-based approach in Maritime Spatial Planning 
(MSP) by providing a combined perspective on how several human activities together impact on the 
environment. Since MSP deals with issues that do not fall under a single sector, application of the 
ecosystem-based approach in MSP covers several aspects which are also of high relevance for 
strengthening environmental management (Box 1). 

 

Box 1. Policy context 

In the EU, the Integrated Maritime Policy seeks to strengthen coherence within maritime governance and 
increase coordination between different policy areas. It focuses on issues that do not fall under a single 
sector-based policy, e.g. economic growth based on different maritime sectors and marine knowledge. The 
objective of the policy is to support the sustainable development of seas and oceans, to develop 
coordinated, coherent and transparent decision-making in relation to relevant sectoral policies whilst 
achieving good environmental status.  

Maritime Spatial Planning is identified as a process to analyse and organise human activities in marine 
areas to achieve the ecological, economic and social objectives. Its main purpose is stated to promote 
sustainable development, identify the utilisation of maritime space for different sea uses, and to manage 
spatial uses and conflicts in marine areas (EC 2014). 

The environmental objectives are most comprehensively defined by the Marine Strategy Framework 
Directive (MSFD). At the overarching level, the objectives are defined by eleven descriptors, which cover 
aspects that should be fulfilled for good environmental status to be reached (EC 2008, 2017a-b).  

For the Baltic Sea, objectives and commitments for the environment are defined by HELCOM countries 
through the Baltic Sea Action Plan (HELCOM 2007). Recent status assessments show that the measures that 
have been implemented so far are not sufficient, but it is also evident that the actions that have been 
implemented have had an effect. For example, there has been a significantly reduced nutrient loading over 
the past years, several pollution hot spots have been removed, and nature conservation has improved 
(HELCOM 2018a). Currently, countries around the Baltic Sea are involved in planning for an update of the 
HELCOM Baltic Sea Action Plan by 2021.  

 

In the context of MSP, a key aim of cumulative impact assessment is to provide a systemic (holistic) 
evaluation of different planning options. The assessment can, on the one hand, be helpful in order to depict 
the current conditions in relation to which the planning takes place. Further, it can be used for evaluating 
potential environmental impacts of the plan, and for comparing different planning scenarios. The 
cumulative impact assessment can be conducted generally, giving an overarching picture under a cross-
sectorial approach, or it can be focus on a narrower aspect. For example, the assessment can aim to 
evaluate cumulative impacts in relation to a certain sector (intra-sectorial assessment) or to certain species 
or habitats of concern (Box 2). 
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Box 2. Cumulative Impact Assessment in MSP  

Cumulative Impact Assessment can support several steps of the MSP process, as it enables a systematic 
analysis of how different pressures and human activities may act together on the marine environment.  

Background and scoping. Understanding cumulative impacts is important for screening baseline conditions 
in the initial planning phase. For example, a systematic cumulative impact assessment can help identify 
areas where the combined impact from many human activities is high, or where human activities impose 
pressures on sensitive or otherwise important species and habitats.  

Planning. Cumulative Impact Assessment can support planning decisions, for example, when comparing 
different alternatives. Analyses of cumulative impacts can help understand how environmental impacts 
would occur geographically and how impacts from different human activities and sectors are connected. 
Hence, cumulative impact assessment is a core aspect of Strategic Environmental Assessments in MSP (XX). 

Follow-up. Cumulative Impact Assessments can be used to evaluate the impact of the plan after 
implementation.  

 

Cumulative impact assessment is also important for developing a shared understanding of key issues and 
priorities in regional environmental policies (EC 2014, HELCOM 2018a, 2018g). However, to achieve this, 
there is a need to apply coherent assessment approaches and to develop data and tools that are well suited 
for its purposes (Baltic SCOPE 2017).  

 

1.4. Aims of the activity  

The activity on cumulative impacts within the Pan Baltic Scope project aimed to improve coherence among 
countries around the Baltic Sea regarding how cumulative impacts are assessed when doing MSP.  We have 
focused on sharing information and experiences, and on working together using currently available data to: 

• Increase the capacity and expert knowledge for addressing cumulative impacts 
• Support the sharing of tools and data 
• Consider how cumulative impact assessments can be used to evaluate the environmental effects of 

development plans 
• Test how cumulative impact assessments can be used to evaluate the effects of human activities on 

core ecological values, including green infrastructure and ecosystem services 
• Identify key outputs from the assessment, and how they should be evaluated. 

The practical aspects of our work were carried out around a cumulative impact assessment tool for the 
Baltic Sea. The tool was further developed as part of this activity and was tested in case-studies as 
presented at the end of this report. 

 

1.5. Structure of the report 

The following chapter of this report contains a summary state of the art on how cumulative impacts are 
addressed in MSP by the time of the project, together with an identification of key issues for development 
(Chapter 2). We address some of these development needs in Chapter 3, where we suggest practical steps 
for how the assessment of pressures from human activities in MSP could be structured and how it could be 
made coherent with assessments carried out in relation to the Marine Strategy Framework Directive. In 
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Chapter 4, we introduce the developed cumulative impact assessment tool. Next, we approach some of the 
identified development needs in case studies, as shown in Chapter 5. In Chapters 6 and 7, we discuss the 
results from the activity and provide concluding remarks, together with recommendations from the activity 
on the use of cumulative impacts and suggested next steps.  

 

Table 1. Central terms used in the report and their applied definitions. The list is aligned with the glossary 
of the European MSP Platform1, for terms marked *. Other terms are added based on their use in this 
report and are defined in alignment with the references indicated in the bottom of the table in each case. 

Term  Definition 
Adaptive management* A systematic process for continually improving management policies and practices toward 

achieving articulated goals and objectives by learning from the outcomes of previously 
employed policies and practices. 

Blue growth* Long-term strategy to support sustainable growth in the marine and maritime sectors as a 
whole, recognising oceans as drivers for the European economy with great potential for 
innovation and growth. EC initiative to further harness the potential of European oceans, seas 
and coasts for jobs, value and sustainability. There are five sectors with high potential for 
sustainable blue growth, including renewable energy, biotechnology, coastal and maritime 
tourism, aquaculture and mineral resources.  

Cumulative impact 
assessment2  

An assessment of impacts on the environment that result from several human activities and 
pressures acting together, as caused by past, present or any possible foreseeable actions within 
the work task to solve.  

Economic and social 
analyses 

Tools for examining how the (marine) ecosystem affects human welfare, including the 
contribution from human activities to the economy, the cost-effectiveness of measures and 
policies to improve the state of the environment, the value of ecosystem services, and 
environmental benefits of achieving a healthy marine ecosystem, and cost-benefit analysis. 

Ecosystem 
approach/Ecosystem-
based approach* 

A strategy for the integrated management of land, water and living resources that promotes 
conservation and sustainable use in an equitable way (CBD 2004). According to the joint 
definition of OSPAR/HELCOM (2003), the ecosystem approach is defined as “the 
comprehensive integrated management of human activities based on the best available 
scientific knowledge about the ecosystem and its dynamics, in order to identify and take action 
on influences which are critical to the health of marine ecosystems, thereby achieving 
sustainable use of ecosystem goods and services and maintenance of ecosystem integrity”. See 
further the HELCOM/VASAB Guideline for the implementation of the ecosystem-based 
approach in Maritime Spatial Planning (MSP) in the Baltic Sea area (Baltic SCOPE 2017). 

Ecosystem services3 Ecosystem characteristics that are actively or passively used to produce human well-being, 
including provisioning, regulating, cultural and supporting services. 

Environmental Impact 
Assessment* 

A process of evaluating the probable environmental impact from a proposed development, 
taking into account socio-economic, cultural and human health impacts, both beneficial as well 
as adverse. The EC Environmental Impact Assessment Directive has been in force since 1985. In 
addition, the Espoo Convention (Convention on Environmental Impact Assessment in a 
Transboundary Context) obliges contracting parties since 1997 to assess the environmental 
impact of certain activities at an early stage of planning and it also obliges contracting parties 
to ‘notify and consult each other on all major projects under consideration that are likely to 
have a significant adverse environmental impact across boundaries.’ 

Green infrastructure Defined by the EU Green Infrastructure Strategy as a strategically planned network of natural 
and semi-natural areas with other environmental features designed and managed to deliver a 
wide range of ecosystem services. It incorporates green spaces (or blue if aquatic ecosystems 
are concerned) and other physical features in terrestrial (including coastal) and marine areas 
(EC 2013). In Pan Baltic Scope, we developed the concept of Green infrastructure as a Baltic Sea 
spatial network of ecologically valuable areas which are significant for the maintenance of 
ecosystems’ health and resilience, biodiversity conservation and multiple deliveries of 
ecosystem services essential for human well-being 

                                                             
1 https://www.msp-platform.eu/msp-eu/glossary  
2 This report  
3 Suggested Pan Baltic SCOPE definition  
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HELCOM HELCOM (Baltic Marine Environment Protection Commission - Helsinki Commission) is the 
governing body of the Convention on the Protection of the Marine Environment of the Baltic 
Sea Area, known as the Helsinki Convention. The Contracting Parties are Denmark, Estonia, the 
European Union, Finland, Germany, Latvia, Lithuania, Poland, Russia and Sweden. HELCOM's 
vision for the future is a healthy Baltic Sea environment with diverse biological components 
functioning in balance, resulting in good ecological status and supporting a wide range of 
sustainable economic and social activities. 

Integrated Maritime 
Policy* 

European Union coherent approach to maritime issues, with increased coordination between 
different policy areas, focusing on issues that do not fall under a single sector-based policy, e.g. 
Blue Growth and marine knowledge (See also Box 1). 

Intersectoral Between several socio-economic sectors 
Intrasectoral Within one socio-economic sector 
Marine spatial planning/ 
Maritime Spatial Planning 
(MSP)* 

Various definitions exist. Defined by UNESCO as ‘a public process of analysing and allocating 
the spatial and temporal distribution of human activities in marine areas to achieve ecological, 
economic, and social objectives that are usually specified through a political process.’ The EC 
defines MSP as ‘a process by which the relevant Member State’s authorities analyse and 
organise human activities in marine areas to achieve ecological, economic and social objectives’ 
as outlined in the MSP Directive’. (EC 2014; see also Box 1) 

Marine Strategy 
Framework Directive 
(MSFD)* 

The EC Directive that aims to achieve Good Environmental Status of European waters by 2020 
and to ‘protect the resource base upon which marine-related economic and social activities 
depend. It enshrines in a legislative framework the ecosystem approach to the management of 
human activities having an impact on the marine environment, integrating the concepts of 
environmental protection and sustainable use. The MSFD requires each Member State to 
develop a strategy for its marine waters, to be reviewed every six years (see also Box 1) 

Strategic Environmental 
Assessment (SEA)* 

A decision-support process, based on the SEA Directive of the European Union (2001/42/EC), 
by which environmental considerations are required to be fully integrated into the preparation 
of plans and programs. Plans and programs are first evaluated if they are likely to have 
significant environmental effects (screening phase). When a SEA has to be performed, a 
scoping phase sets the boundaries and assumed effects before the phase of assessment and 
alternative consideration. The consultation of the report on the environment and possible 
impacts is a main part of the decision-making process. Finally, a monitoring and evaluation 
phase is assessing the effects of plans or programs to identify unforeseen adverse effects and 
undertake appropriate remedial action. 

Transboundary MSP* The engagement of multiple entities (e.g. countries, states, provinces) across one ecosystem in 
an MSP process. Entities may necessarily share a common border, and it can encompass sub-
national entities as well as include considerations for the high seas. Each entity has individual 
jurisdiction over different ocean spaces, different economic considerations, and drivers for 
MSP. 
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2. Current application of cumulative impact assessments 
Cumulative impact assessments are conducted in several marine regions globally (Table 2). A variety of 
assessment methods have been developed, even though many of the methods have strong similarities. 

 A central concept for most cumulative impact assessments is that of impact chains, or linkages (Knights et 
al. 2015). The linkage model helps the user outline and communicate in what way human activities can give 
rise to different types of pressures, and how these may affect different parts of the ecosystem. A simplified 
example is shown in Figure 2.  

 

 

Figure 2. Example of linkages examined in the cumulative impact assessment. The connection between 
human activities, pressures they give rise to and effects on these on species and habitats are focal aspects. 
The figure shows only a few possible human activities and linkages as an example. A comprehensive 
cumulative impact assessment may include tens of activities and pressures and involve multiple 
interconnected links (see also Table 2). 

 

Hence, the cumulative impact assessment reflects the combined effect of many types of human activities. It 
may be carried out with a focus on selected species or habitats, or in order to give a combined overview for 
a specific geographical location. 

Evaluating the importance of different connections in the linkage model requires both qualitative and 
quantitative information about the activities and how they may lead to pressures. In initial screening, an 
overview of the most likely linkages can be helpful to clarify what components and data should be explored 
further (For examples, see Section 3.1).  

From the perspective of impacts on species, the assessment assumes that the impact of a certain pressure 
is the same regardless of what human activity caused it, and the pressure should be estimated by the same 
unit in all cases. For example, a seabed area can be considered as equally lost regardless of this is due to 
the establishment of a wind farm turbine or capital dredging. However, other types of pressures associated 
with each of these activities may differ.  

The second step of the model addresses the level of impact these pressures may have on the ecosystem. 
The relationships between pressures and different ecosystem components are assessed comprehensively 
by addressing all possible combinations of co-occurring pressures and ecosystem components. The relative 
importance of each relationship is based on ecological information on how sensitive different species are 
towards different pressures. Usually, the assessment focuses on species or habitats (ecosystem structures). 
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However, a more developed assessment could also address impacts on ecosystem processes (functions), in 
order to inform better on further potential impacts on the provision of ecosystem services. 

A key development step for spatial assessments was made by Halpern et al. (2008), who applied a 
simplified additive model for mapping human impacts on marine ecosystems, based on the central 
concepts outlined above, and presented a global assessment (See also Halpern et al. 2015). This approach 
identifies areas where pressures from human activities overlap with selected species or habitats and 
estimate the sensitivity of species to different pressures using so-called sensitivity scores. Cumulative 
impact assessments building on their work has by now been applied in many sea areas, including the Baltic 
Sea (Table 2), as also explain in more detail in the next section. 

 

Table 2. Examples of published work on cumulative impact assessment  

Geographical area Reference 
North Sea Andersen et al. 2013 
 SwAM 2018 
 SEANSE project4 
The Mediterranean and Black Sea Micheli et al. 2013 
 Menegon et al. 2016 
Hawaiian islands Selkoe et al. 2009 
California current region Halpern et al. 2009 
British Columbia Murray et al. 2015 
Baltic Sea HELCOM 2010, 

Korpinen et al. 2012 
 HELCOM 2018a-b 
 SwAM 2018  

 

 

2.1. Current application at the Baltic Sea scale: the Baltic Sea Impact Index 

2.1.1. Background to the approach 

Cumulative impact assessment at the scale of the entire Baltic Sea has been carried out within HELCOM in 
connection to environmental assessments. The assessments produce the Baltic Sea Impact Index (BSII). The 
first version of the BSII was published under the initial holistic assessment of the ecosystem health of the 
Baltic Sea (HELCOM 2010a-b, Korpinen et al. 2012). The BSII was subsequently updated as part of the 
second HELCOM holistic assessment (HOLAS II) and the methodology was also developed further (HELCOM 
2018a-b).  

Due to the methodological developments, the results from the first and the second assessments are not 
directly comparable. One main difference is that the second Baltic Sea Impact Index was based on an 
extended set of spatial data, which was aligned with the assessment structure of the Marine Strategy 
Framework Directive. The work also gained from method refinements from other projects carried out in the 

                                                             
4 Parallel to the Pan Baltic Scope project the DG Mare sister project SEANSE analyses cumulative impacts of existing 
and planned OWF using the CEAF approach under development. The work targets the whole North Sea for 5 species: 
harbour porpoise, common guillemot, red-throated diver, black-legged kittiwake and lesser black-backed gull, and 
focuses on spatial and temporal cumulations and transboundary effects (https://www.msp-platform.eu/projects-
/strategic-environmental-assessment-north-seas-energy-seanse).   
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time in between the two assessments, as well as by developments in connection to HOLAS II (HELCOM 
2017, Korpinen et al. 2017).  

With respect to the development of the data sets, a key aspect was to update and improve the spatial 
information and the sensitivity matrix that was used in the assessment. These are described in more detail 
below.  

With respect to method development, parameters for estimating the spatial extent and intensity of 
pressures from different human activities were developed, with the aim to provide a more clear-cut 
distinction between the mapping of human activities on the one hand and pressures on the other hand, a 
more balanced emphasis with respect to how much different pressures were represented, and an improved 
transparency in how the results and underlying data availability was presented. 

The descriptions below refer to the BSII of HELCOM (2018a-b). 

2.1.2. Spatial data included 

The Baltic Sea Impact Index (BSII) is based on Baltic-wide spatial data layers on pressures of relevance for 
the Baltic Sea, as well as of key ecosystem components (species and habitats) occurring in the Baltic Sea. 
The scope of BSII includes land-sea interactions since the pressures layers also consider pressures emerging 
from activities on land.  

In all, 18 data layers on pressures and 36 ecosystem component layers were included in the assessment 
carried out by HELCOM (2018 a-b, Annex 1-2). Human activities are included by that tens of spatial data 
layers on human activities form the basis for defining several of the pressure layers (for details, see 
HELCOM 2018b).  

The data included in the BSII of HELCOM (2018a-b) represent the time period 2011-2016. For pressures 
which vary between years, such as extraction of species and underwater noise, average values for the years 
2011-2016 were used. For pressures of the more permanent type, which are accumulating, information 
from past years was also included. In relation to this, it should be noted that for example the data layers on 
nutrient pressures (nitrogen and phosphorus) and hazardous substances are based on measurements at 
sea, and hence include the combined effect at sea from current loading as well as accumulated levels due 
to historic inputs.  

The Baltic-wide data sets and methodologies which are currently available (HELCOM 2018a-b) were based 
on the best available knowledge at that time; however, they contain some uncertainties that need to be 
resolved in the future.  

2.1.3. Sensitivity matrix 

A sensitivity matrix contains scores to describe the relative sensitivity of each ecosystem component to 
each pressure (Annex 3). The sensitivity scores were developed based on a large-scale expert survey and 
literature review. They are used in the calculations to determine the relative importance of each pressure 
layer in the assessment result (Figure 3, and formula below). For several pressures in the Baltic Sea, there is 
a continued need to develop knowledge on how they may affect species and habitats. 
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Figure 3. Generalized illustration of the spatial approach to assess cumulative impacts as applied, for 
example in the Baltic Sea Impact Index. In the version of the Baltic Sea Impact Index presented in HELCOM 
(2018amb), 18 spatially referenced pressure layers (PL) and 36 ecosystem component layers (EC) were 
used. A sensitivity matrix was used to quantify the relative sensitivity of each ecosystem component to 
each pressure. 

 

2.1.4. Calculation 

The Baltic Sea Impact Index is calculated in additive manner as the sum of impacts of every pairwise 
combination of pressures and ecosystem components in one assessment unit, as shown in the formula 
below (PL=pressure layer, n=the number of pressures, EC=ecosystem components, m=the number of 
ecosystem components, and SS=the sensitivity of each ecosystem component to each pressure): 

𝐵𝑆𝐼𝐼(𝑥, 𝑦) = ∑ 	∑ 𝑃𝐿𝑖(𝑥, 𝑦) ∗ 𝐸𝐶𝑗(𝑥, 𝑦) ∗ 𝑆𝑆𝑖, 𝑗
3
456

7
856   

Results for all combinations of pressure and ecosystem component layer maps are summed in order to 
produce the Baltic Sea Impact Index (Figure 4).   

2.1.5. Outputs from the assessments 

The data layers are included in the assessment as GIS raster files with a 1x1 km grid, and the resulting BSII is 
presented with the same resolution (Figure 4). In addition, numerical statistics give the impact scores for all 
pressures and ecosystem component combinations, and the impact sums for each pressure layer and 
ecosystem component layer. The default assessment gives the sum of overlapping elements within each 
grid cell as default. However, other options are also possible, such as mean or maximum. 
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Figure 4. Distribution of cumulative impacts on the Baltic Sea environment according to the second 
HELCOM holistic assessment of the ecosystem health of the Baltic Sea (larger map). Impacts are estimated 
by the Baltic Sea Impact Index. The result represents the years 2011-2016. The map identifies areas with 
relatively higher or lower potential impact on ecosystem components (species and habitats) at the 
overarching level. The analysis was based on best available regionally comparable data at the time of the 
assessment (HELCOM 2018a-b). The smaller maps on the side indicate the coverage of the underlying data 
layers so that lighter colours indicate areas with gaps in some underlying data. Further details on the 
underlying data can be obtained from the HELCOM Maps and Data Services5 (EC=Ecosystem components 
layers, HA=human activities and pressures data sets). Figure source: HELCOM 2018a. 

 

                                                             
5 http://maps.helcom.fi/website/mapservice/ 
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2.2. Current uses of cumulative impact assessment in connection to MSP in 
Baltic Sea countries 

The current implementation of cumulative impact assessment in connection to MSP is highly variable 
among Baltic Sea countries. According to a questionnaire carried out at the initiation of the Pan Baltic 
Scope project6, aspects of effects on biodiversity, flora, fauna, water, climate, as well as on the seascape 
and cultural heritage are widely considered. In some cases, the cumulative impacts assessment also 
addressed effects on geology, soil, air, human health, or hazardous substances. Both quantitative analyses 
and qualitative descriptions are in use. 

This section summarises the current use of cumulative impact assessment in MSP for different countries 
around the Baltic Sea. We also provide an evaluation of development needs, focusing on the most relevant 
next steps.  

2.2.1. Estonia 

Timeline for MSP  

The draft of Estonian MSP was published in April 2019. The draft includes a preliminary planning solution. 
In this stage, the public can examine the draft plan and offer suggestions. Afterwards, amendments are 
made to the MSP, and the planning solution and its impact assessment report are prepared (approximately 
September – November 2019). After this there will be an additional publishing phase where the public can 
also make their suggestions to the plan and the impact assessment report (approximately November 2019 - 
January 2020). This is followed by an approval round among bodies and persons that have interests in the 
planning solution (approximately February 2020-May 2020) with the final plan to be adopted in October 
2020.  

Approach to cumulative impact assessment 

Cumulative impacts are addressed in two ways. First, the draft includes some generic description on the 
separate and synergistic effects of various human uses on different nature assets without providing any 
specific spatial analyses. Second, when spatial information on human uses is available the online 
cumulative impact assessment tool is used to predict the separate and synergistic effects of all these 
human uses, either those currently present or those planned for future implementation.  

The assessment tool (PlanWise4Blue) combines impact coefficients derived from the literature meta-
analysis of impacts of different human uses on natural environment and modelled distributions of natural 
assets (e.g. Liversage et al. 2019). In the case that impact evidence is missing, expert knowledge is used to 
derive the impact coefficients. A range of impact types can be included for analysis, being e.g. dredging, 
wind farm, fish farming, shipping, underwater cables, commercial fishing, harbours, military activities, 
wastewater discharge, and mussel and algal cultivation. These were selected due to the relevance of these 
pressures in the study area. Among nature assets, the underlying environmental GIS layers span from 
underwater habitats to fish, birds and mammals.  

Users with or without science training can use the portal to estimate areas impacted and changes to 
natural assets (km2) caused by different impact-types. Impact estimates are often based on best available 
knowledge from manipulative and correlative experiments and thus form a link between science and 
management.  

Key development needed 

The major limitation of the cumulative impact assessment procedure is a lack of rigorous scientific 
knowledge on the effect of many combinations of pressures on different nature assets and associated 

                                                             
6 Joint questionnaire of Pan Baltic Scope Activities 1.2.1 & 1.2.2 
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ecosystem services. In recent years human uses have significantly diversified and intensified in the marine 
environment whereas most of existing scientific evidence on impacts is published on a few sea uses only. 
Important developmental needs also relate to future impacts posed by the contemporary climate change. 
In the coming decades species ranges are expected to be dramatically altered and thereby the current 
network of marine protection areas needs to be revised.   

2.2.2. Finland 

Timeline for MSP  

The planning responsibility is within eight coastal Regional Councils, which draft a total of three MSPs that 
cover both territorial waters and EEZ. The MSPs overlap land-sea planning in territorial waters. The regional 
councils draft regional land use plans that legally guide more detailed municipal local planning that also 
covers territorial waters. An overview of the current state including the status of the marine environment, 
the status of Blue Growth sectors and characteristics of the three planning areas have been prepared 
during 2018. Future scenarios for Blue Growth as well as an impact assessment will occur during 2019. 
Target setting dialogues in Regional Councils will occur during 2019 and early 2020, and Regional Councils 
approve the plans by March 2021. 

Approach to cumulative impact assessment 

The aims of the plans are to 1) manage human pressures to the marine environment and promote an 
implementation of numerous measures, such as those related to the seafloor, hydrography, noise 
pollution, the prerequisites for shipping or the realization of actions related to protected areas, and 2) 
combine different forms of utilisation in marine areas in a sustainable manner that takes ecosystem 
services into account, and to, in this way, also avoid forms of use that contradict one another. 

The Land Use and Building Act states that when a plan is drawn up, the environmental impact of 
implementing the plan, including socio-economic, social, cultural and other impacts, must be assessed to 
the necessary extent. Such an assessment must cover the entire area where the plan may be expected to 
have a material impact. When investigating the impact of a land use plan, as referred to the law, the 
purpose of the plan, earlier investigations and other factors affecting the need for investigation must be 
considered.  

According to the Land Use and Building Decree, an investigation must provide the data necessary for 
assessing the significant direct and indirect impact of the plan’s implementation on the following aspects: 

1. people’s living conditions and environment; 
2. soil and bedrock, water, air, and climate; 
3. plants and animals, biodiversity and natural resources; 
4. regional and community structure, community, and energy economy, and traffic; 
5. townscape, landscape, cultural heritage, and the built environment. 

In addition, the impact of a regional plan on the structure of the following aspects must be considered: 

- area and community 
- the built environment 
- nature 
- landscape 
- arrangement of traffic and technical services 
- economy 
- health 
- social circumstances and culture 
- any other significant impacts 
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Further, a municipality whose territory is affected by the material impact of a local master plan or a local 
detailed plan, as referred to in section 9 of the Land Use and Building Act, must be involved to an adequate 
degree in investigating the impact of the plan. A regional council whose administrative area is affected by 
the material impact of a plan must be similarly involved. 

Regarding the assessment method, it is stated that planning should be based on adequate studies and 
reports. In a cumulative impact assessment process, one should be able to understand negative and 
positive direct and indirect impacts. Only the significant effects are reported. In the assessment work, a 
manual matrix (scaled as  ++, +, 0, -, --) is used. The decision making and valuation of significant impacts are 
based on expert knowledge. 

Key development needed 

The significant impacts of human activities on environment must be considered in MSP. An approach on 
how to measure/value direct and indirect significant impacts is missing. The method will be agreed during 
2020. 

2.2.3. Åland 

Timeline for MSP 

As an autonomous region of Finland, the territory of the Åland Islands is governed by its government and 
parliament. The territory of the Åland Islands has its legislation, exempt from the constitution, which Åland 
shares with Finland, and therefore Åland also has its planning mandate when it comes to marine spatial 
planning and other developmental plans and projects. Based on Åland’s Land Use and Building Act7, 
municipalities are to designate general as well as detailed land-use plans8, whereas the Government of 
Åland is to plan and implement the MSP, which in turn is regulated in the Water Act9. There is currently no 
plan that overlaps with the MSP; however, the WFD and MSFD do overlap with the MSP at sea. 

During 2018 and 2019, as a first step for the MSP process, a timeline and communication plan were 
designated. The MSP process continued to appoint an overview for the current state, including the status of 
the marine environment, the status of Blue Growth Sectors, and a description of the characteristics of the 
planning area. Future Scenarios, as well as impact assessments, will be developed during and after the first 
MSP draft, which is planned to be proposed in late 2019. Two hearing processes will be included in the MSP 
process before it is to be accepted by the Government of Åland. 

Approach to cumulative impact assessment 

The aims of the plans are to 1) manage human pressures to the marine environment and promote an 
implementation of numerous measures, such as those related to the seafloor, hydrography, noise 
pollution, the prerequisites for shipping or the realization of actions related to protected areas, and 2) 
combine different forms of utilisation in marine areas in a sustainable manner that takes ecosystem 
services into account, and to, in this way, also avoid types of use that contradict one another. 

The EIA and SEA Act10 states that when a plan with significant environmental effects is drawn up, the 
environmental impact of implementing the plan, must be assessed to the necessary extent and written in 
the format of an Environmental report. The Environmental report must cover the entire area where the 
plan may be expected to have a considerable environmental impact.  

                                                             
7 Plan- och bygglag (2008:102) för landskapet Åland 
8 “generalplaner” and “detaljplaner”, respectively 
9 Vattenlag (1996:61) för landskapet Åland 
10 Landskapslag (2018:31) om miljökonsekvensbedömning och miljöbedömning 
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The legislation defines in the beginning what an Environmental Impact is, and how it should be considered. 
An Environmental impact is a direct or indirect, positive or negative, temporary or permanent, cumulative 
or non-cumulative effect that occurs in the short, medium, or long term for: 

1) population and societal wellbeing, including health 
2) flora and fauna protected under the Nature Conservation Act11  
3) soil, bedrock, water, air, and climate 
4) assets, cultural heritage, and landscapes 
5) the interaction between the factors listed in 1-4 

According to the EIA and SEA Act, The Environmental report shall include: 

1. a summary of the content, its primary purpose, and its relation to other relevant plans or programs 
2. a description, identification, and assessment of reasonable alternatives concerning the purpose and 

geographical scope of the plan 
3. information on: 

a. the probable outcome and development of environmental conditions if the plan is not 
implemented 

b. environmental conditions in the areas that are likely to be significantly affected 
c. existing environmental issues that are relevant to the plan, in particular, environmental 

issues that are related to an area with considerable importance to the environment 
d. how to consider relevant environmental quality goals and objectives  

4. an identification, description, and assessment of the considerable environmental impacts the 
implementation of the plan might lead to 

5. information on planned measurements to prevent, counter and mitigate substantial environmental 
effects 

6. a summary of the deliberations, the reasons behind the choices of various alternatives, and 
possible problems in data collection/compiling 

7. a description of the proposed methodologies used in the monitoring and evaluation of the 
environmental impacts the implementation of the plan might lead to 

8. a non-technical summary of factors 1-7 

The Environmental reports scope and degree of detail must be reasonable concerning: 

1) the methodologies used in the assessments and currently available knowledge 
2) the content and degree of detail of the plan 
3) in which stage of the decision-making process the plan is in 
4) that a few questions can be assessed better when other plans or programs impact reports are 

examined 
5) the public interest 

Key development needed 

The considerable impacts of human activities on the environment must be considered in MSP. An approach 
on how to measure/value considerable environmental impact is missing. 

2.2.4. Latvia 

Timeline for MSP  

                                                             
11Landskapslagen (1998:82) om naturvård 
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The MSP has been developed for the entire part of the Baltic Sea under the jurisdiction of the Republic of 
Latvia up to the outer border of the exclusive economic zone. The legal basis for MSP in Latvia is the Spatial 
Development Planning Law (in force from 1st December 2011) and Cabinet Regulation No. 740 of 30th 
October 2012 on the Procedures for the Development, Implementation and Monitoring of the Maritime 
Spatial Plan. Development of the plan was started in 2014 when a national MSP coordination group was 
established and initial introductory seminar about national MSP for general public was organised. The first 
MSP draft was prepared during 2015 and first round of national public consultations and cross-border 
consultations were held in late 2015 and early 2016. The second version of the Latvian MSP was 
elaborated, and a second round of public consultation launched on July 2018. The plan was approved in 
May 2019. 

Approach to cumulative impact assessment 

The MSP has been developed using the latest scientific research data regarding the status of the marine 
environment, nature assets and new data sets have been developed (for example, regarding distribution of 
fish species and fishery activity, sea bottom sediments and benthic habitat distribution and potential of 
ecosystem service supply etc.) Based on the precautionary principle, the available spatial data sets 
regarding the distribution of nature assets were used to identify appropriate locations for human activities 
and avoiding those where they could cause significant damage (MoERPD 2018).  

The impact of human activities on various components of the marine ecosystem was assessed using an 
impact matrix (in which experts had assessed whether the sea use envisaged by the plan would have no, 
moderate or significant impact on marine ecosystem components, including benthic habitats, spawning, 
nursery and distribution areas of fish, migration routes and wintering areas birds). The assessment results 
were used for mapping spatial impact scenarios and optimal sea use solutions. The interaction of 
commercial activities and the environment were considered at stakeholder and expert meetings, resulting 
in the formulation of criteria for use of the sea (MoERPD 2018). 

Based on the outcomes of discussions with stakeholders, the long-term development vision and the 
priorities, as well as considering the criteria for defining priorities for using the marine space, the MSP 
defines three categories of marine space use:  

1. Priority uses –includes existing and planned uses of the marine space, which are essential for ensuring 
the spatial interests of the priorities defined in the strategic part.  

2. Existing uses and objects, which are connected to the use of the marine space and whose location and 
management is determined by regulatory enactments.  

3. General use, where all sea uses are allowed (incl. fishery, shipping, tourism and leisure, scientific 
research etc.) which do not contravene the restrictions defined in regulatory enactments and do not cause 
significant negative impact to the marine environment. In order to initiate new uses of the sea, it is 
necessary to apply for a license area, obtain a license for exploration, carry out the EIA procedure and 
obtain a license for the construction works or/and exploitation of resources (MoERPD 2018). 

Key development need 

Scientifically sound and transparent linkages between activities, pressures, ecosystem components and 
ecosystem services are missing. This could be considered as a major limitation in implementation of 
cumulative impact assessment procedure. According to the national MSP strategic and spatial priorities, 
several tasks and objectives have been defined, including the strategic objective “The marine ecosystem 
and its ability to regenerate is preserved, ensuring the protection of biological diversity and averting 
excessive pressure from economic activities” and the related task 2.6 “To develop methodology for 
evaluation of spatial cumulative impacts from the use of the sea using good environmental status indicators 
and to ensure application of the methodology within the EIA process”.  
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2.2.5. Germany 

Timeline for MSP  

The SEA of the first German MSP from 2009 includes the Cumulative impact assessment on a minor scale 
due to knowledge gaps and lack of data at that time. This approach has been further developed in the SEAs 
of the sectoral plans for offshore wind energy (BFO 2013, 2016-2017 and Draft Site Development Plan 
2019) and will be extended for the MSP update. 

Approach to cumulative impact assessment 

In general, the cumulative impact assessment is carried out with an intra-sectoral focus. The sectoral plans 
focus on offshore wind farms, including their platforms and cabling, and impacts from other existing 
activities (i.e. fishing, shipping) are mentioned as existing use. The procedures follow a qualitative or 
descriptive approach. Compulsory mitigating/preventing measures are always considered.  

The following table lists the species and their respective stressors with a focus on offshore wind energy: 

Species Stressors 

Birds  
(seabirds and migrating 
birds) 

habitat loss, collision risk, barrier effect 

Marine mammals noise disturbance à temporal habitat loss 
Benthos habitat loss, changes in habitat structure  

(in discussion: sedimentation, temperature rise due to cabling) 
Fish changes in habitat/new habitat due to wind farm foundations (in general discussion, 

as temporal impacts mainly: sedimentation/sediment disturbance and noise during 
pile driving) 

 

The assessment, mainly by principle of exclusion and under consideration of the precautionary principle, is 
done with the following methods: 

• Seabirds: Divers are the main concern in Germany in terms of habitat loss since they are both very 
prone to disturbance and a highly protected species. There is a special area defined within the EEZ 
of the North Sea where divers occur in spring. Cumulative effects are not likely to have a significant 
effect as long as there are no more offshore wind farms being permitted and thus build within this 
area; qualitative approach. 

• Migrating birds: Currently there is not much known about actual collision risk and barrier effects. 
Knowledge gaps where described in detail and there is no final conclusion on potential cumulative 
effects yet. A comprehensive study is planned in 2019 for the Baltic Sea EEZ. 

• Marine mammals: Similar to divers, there is a specific area where harbour porpoises mainly stay 
during summer. Also, mitigating measures are taken for every wind farm project all year around. 
Cumulative effects are not considered to have a significant effect on harbour porpoises, if less than 
1 % of the “harbour porpoise area” is influenced by pile driving (using compulsory mitigating 
measures); qualitative approach. 

• Benthos: Very conservative assumptions are taken into account for the area which is permanently 
“lost” to wind farms/foundations, platforms and cabling in relation to entire area of German EEZ; 
quantitative approach. 

• Fish: Cumulative effects are measured only descriptive, as there is not much known so far. 
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Parallel to the Pan Baltic Scope project another approach (CEAF) is under development in the DG Mare 
sister project SEANSE, analysing the cumulative impacts of existing and planned OWF for the whole North 
Sea for 5 species: harbour porpoise, common guillemot, red-throated diver, black-legged kittiwake and 
lesser black-backed gull with a focus on spatial and temporal cumulations and transboundary effects. 

Key development needed 

From the cumulative results, the pressures and ecosystem components concerned should be identifiable 
and individually quantifiable. Linking the pressures to human activities is another important aspect, 
especially to strengthen the tools ability for the assessment of alternatives. 

In general, the assumptions used in the method need to be further validated. Besides a fundamental 
improvement of data quality, it would make sense to consider the seasonal distribution of ecosystem 
components and temporal processes in human activities in more detail. It would be a great advantage if the 
tool could also be used for a robust assessment of the functional connectivity and interrelation of 
ecosystem components. 

2.2.6. Poland 

Timeline for MSP  

The Maritime Spatial Plan for the Polish Sea Areas covers the internal sea waters of Gdańsk Bay, territorial 
sea and the Exclusive Economic Zone and is prepared jointly by the three Maritime Offices (in Szczecin, 
Słupsk and Gdynia) in the scale of 1:200 00. The works has been started in 2016 with the data and planning 
proposals gathering round, followed by four national consultation meetings, 8 sectoral meetings, three 
international and several meetings at the ministerial level. The first version of the Plan (v.0), prepared in 
2017, was just a preliminary division of sea-basins (due to priority function) with the conflicts and synergies 
analyses for every single area. The next version (v.1) was subject of the official public consultations the 
period May-July 2018, with the open public debate in June. The Plan was not agreed, and several 
comments and remarks were received by end of August 2018. After analysing the comments, the next (v.2) 
version was prepared and given to the ministerial arrangements and consultation in January-February 
2019. Another round of the arrangements was also unsuccessful due to the national defense and mineral 
extraction issues. There were additional negotiations held and the final (v.3) version was prepared 
beginning of August 2019. That version and its SEA would be now a subject to the transnational ESPOO 
consultations and then, to the national legislative process. 

Approach to cumulative impact assessment 

The environmental aspects has been taken in Polish MSP in two ways. First, at the very early stage of 
stocktaking when the description of the ecological components were provided as well as the profound 
analyses of spatial dependencies and consequences of the human activities to the areas of high ecological 
values. The first stage of planning also encompassed the detailed conflicts analyses the different human 
activities were analyzed against each other as well as their influence / impact on ecosystem components. 
Performing such analysis at the initial stage made it possible to consider the sensitivity and the value of the 
marine ecosystem from the beginning of planning. The planners gained a great knowledge on where the 
most important areas are, and what are the main treads and sometimes – how to avoid them. Secondly – 
the Plan have been accompanied from its first version by a Strategic Environmental Assessment, where the 
profound analyses of the pressures and impacts have been performed. As the Polish MSP is of general 
character (deciding about functions not concrete investments) the assessment was quite difficult from the 
beginning. The functions have been broken down to the activities described in the functions’ definitions. 
The starting point for works on the impact assessment was to determine the expected significant impacts 
that may result from the implementation of the provisions of the draft plan regarding the so-called 
functions of “sea basin”. The focus was both on the on significant negative and positive impacts. The most 
important was the identification of significant impacts, as their occurrence would be one of the criteria 
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for the assessment of the plan solutions. Then the analysis of those impacts has been performed based on 
“sea-basin” cards describing the priority and allowable functions. Finally, the proper assessment was made 
considering direct, indirect, secondary and cumulative impacts.  
The Cumulative impacts have been defined as the sum of the effects of the implementation of various types 
of activities and intentions, including those already carried out previously, considered together. These 
impacts will therefore result from the simultaneous implementation of activities under several functions. 
So, there was a simple assumption – more functions assigned to the area, the stronger cumulative impact. 
The general conclusion was that the largest accumulation of functions (and related activities) occurs in the 
coastal zone from Świnoujście to Ustka, in the areas foreseen for future development with release approval 
and in the Gulf of Gdansk area. The scope and scale of the cumulative impacts will depend on the schedule 
of implementation of individual activities (investments), the applied technological solutions and minimizing 
the negative impact on the environment. Their more detailed assessment was not possible at this stage of 
the strategic environmental impact assessment.  
 

Key development needed 

The key development need is to elaborate the methodology that could deepen the cumulative impact 
assessment at the level of the general plan, where no concrete activities (investments) are prescribed nor 
their timeline. There is also a discussion on the goal of the cumulative impact assessment at this level, as 
almost every investment must perform its EIA (with cumulative impact assessment as a part) based on 
environmental research, which are not performed for planning purposes. So, there may be a need to 
rethink the goal of the cumulative impact assessment.  

Other needs are those for more knowledge on marine ecosystems, on their temporal changes, on other 
change factors so that we could perform better spatial analyses.   

2.2.7. Sweden 

Timeline for MSP  

Proposals for Swedish MSP and related environment impact assessments and sustainability appraisals were 
published for public consultation from March 2018 to mid-August 2018. In addition, there was an Espoo-
consultation. Revised versions were published for public review from March to June 2019. These MSP 
proposals describe existing uses of the sea and visualize them numerically with explanatory maps. All 
relevant sectors and stakeholders have been invited, and several consultation meetings have been held 
during this period, in addition being able to submit written comments. There were around 1,400 comments 
on the 2019 review versions.  After finalization, the proposals including impact assessments will be 
submitted to the Swedish Government (December 2019). The Government will then process the plans at 
political level and approve them before the EU deadline in March 2021. 

Approach to cumulative impact assessment 

The Swedish Agency for Marine and Water Management (SwAM) has developed Symphony as a support 
tool for the MSP process. The tool is based on the method originally published by Halpern et al. (2008). 
Symphony is intended for use as a support tool for people who develop plans as well as those who 
contribute with knowledge and expert opinions. Symphony analyses how environmental pressures affect 
different areas of the sea, in a transparent manner. In addition, it can be used to show how different 
planning options affects the environmental impact in different areas. This future-oriented function is at the 
core of Symphony.  

Symphony consists of four elements: ecosystem components, pressures, a sensitivity matrix, and an 
analytical platform. The spatial resolution is 250 x 250 metres, and data are adapted to this grid regardless 
of the actual resolution of the data. Symphony uses 32 ecosystem components, also called nature values, 
which represent the Swedish sea’s ecosystem. These incorporate habitats, populations, species, and groups 
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of species. The maps for each ecosystem component cover the entire Swedish marine area and have a 
specific value in each pixel. This value is a relative estimate of the value of the geographic position (pixel) 
for the respective ecosystem component. Because the underlying data differ between the various 
ecosystem components, data processing also differs and is described in detail in the Metadata annex of the 
report (SwAM 2018). The 41 pressures used in Symphony are a selection of physical and chemical factors 
from human activities that can harm the marine environment (the ecosystem components). Certain human 
activities result several pressures, for example trawling for fish damages the bottom environment by 
scraping as well as muddying the water with sediment. Similar pressures can also be generated by various 
human activities, for example underwater noise from shipping and wind power turbines. The pressures 
included in Symphony are intended to represent all major ways in which humans affect the marine 
environment. The maps that describe the pressures indicate the pressure intensity in each geographic 
position (pixel). If the pressure does not occur in the area, the value is 0. If the pressure has the highest 
recorded intensity for Sweden, the value is 100. In some cases, the max value of 100 is based on 
established target values. The results are visualised as maps, tables, and graphs (see Figure below). They 
have been continuously used to evaluate planning alternatives during the MSP process in Sweden, as well 
as being a core component for the Strategic Environmental Assessment of the Swedish MSP (SwAM 2019). 

More detailed information can be found in the report and its annexes and data and metadata can be 
downloaded from the Symphony website. 
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The Figure shows example of Symphony application, environmental impact in Swedish part of Baltic Sea, 
with some of the current planning overlaid. 
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Key development needed 

SwAM is in the process of developing an open source user-friendly application. This will enable a greater 
transparency for the method and results, as well as allow stakeholders to examine the calculations in detail. 
This will allow external scientists to evaluate the method and data further and suggest improvements. 

Another development goal would be to tie the pressures from human activities to the indicators from the 
EU Marine Strategy Framework Directive. This will allow a spatial presentation of the indicators, a way for 
Sweden (and other EU Member States) to report on progress and development in an easily communicated 
way, and a tool to monitor pressure development. To achieve this, the indicators will have to be translated 
into pressure layers with a temporal and spatial resolution. 

 

2.3. Summary 

The examples given in this chapter show that existing tools and approaches for cumulative impact 
assessment can meet several needs within MSP, but also that there is a high demand for further 
development.  

We identified the main benefits of using cumulative impact assessments as: 

• Get an overview and an understanding of how things are connected to each other 
• Provide guidance on how to minimize negative impact 
• Show what the plan means for the environment: Assess if the expected change will be 

positive or negative compared to the current situation 

However, a prerequisite for achieving this, is that there is shared understanding among users on how to 
interpret and understand the results. Approaches for assessing cumulative impacts are still under 
development.  

There is a continued need to refine the methods, and to improve the ways in which the tools incorporate 
information on the relationships between human activities, pressures and impacts on the ecosystem. 
Further, data availability and knowledge on underlying ecological and causal relationships are still major 
knowledge gaps.  

A current hindrance in many geographic areas is a lack of spatial data with adequate coverage or resolution 
for the area that is to be assessed, for all components that are included. In most cases, a transboundary 
perspective is lacking.  

When a quantitative assessment is not possible, cumulative impacts can be addressed in a qualitative way. 
Such an approach could still apply the same structure as in a quantitative analysis and be supported by 
quantitative information when this is available by putting different pieces of information together.  

Under both qualitative and quantitative approaches, the cumulative impact assessment should help the 
planner communicate how the plan may affect the distribution of environmental pressures and impact on 
the environment, on the overarching level and with examples for selected aspects of key concern.  
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3. Connections between human activities and pressures 
in MSP and MSFD 
To support a comparison of how human activities are assessed in MSP and in the Marine Strategy 
Framework Directive (MSFD), Table 1 gives an inventory list of activities of potential relevance for the Baltic 
Sea and shows how they are classified with respect to these. The table also provides information on what 
regionally coherent data sets are currently available for each of the listed aspects.  

Table 2. List of human activities of potential relevance for the Baltic Sea. Columns 1 and 2: The activities 
are grouped and named as in the MSFD (EC 2017b). Column 3: “SEA USE” includes a list of sea uses defined 
in “HELCOM-VASAB Guidelines on transboundary MSP output data structure in the Baltic Sea” and 
implemented in the MSP Output data section of the BASEMAPS platform (https://basemaps.helcom.fi/). 
“NL” is shown if the sea use is not currently listed in the guidelines. Column 4: The last column gives 
information on by which spatial data layer each activity was represented in the State of the Baltic Sea 
report (HELCOM 2018a), confined to activities which occurred at least somewhere in the Baltic Sea 
including the Kattegat during 2011-2016. These layers are available at the HELCOM maps and data services. 
“(-)“ is shown if the sea use was not included in State of the Baltic Sea report. The HELCOM data only 
encompass regionally fully harmonised data layers. 

Theme Activity (MSFD) SEA USE (MSP) HELCOM available data layer (2018) 

Cultivation of 
living resources 

Aquaculture – marine, 
including infrastructure 

aquaculture-fish Aquaculture 
aquaculture-mussel Shellfish mariculture 
aquaculture-plant Furcellaria harvesting 

Aquaculture — freshwater NL (-) 
Agriculture NL (-) 
Forestry NL (-) 

Production of 
energy 

Renewable energy generation 
(wind, wave and tidal power), 
including infrastructure 

installations-owf Wind farms (operational and under construction) 
installations-wave (-) 

Non-renewable energy 
generation 

installations-platform Fossil fuel energy production 
NL Nuclear energy production 

Transmission of electricity and 
communications (cables) 

line-electricity Cables 
line-telecom 

Extraction of 
living resources 

Fish and shellfish harvesting 
(professional, recreational) 

fishing-industrial Potting/creeling (FPO) 
Gillnet commercial fishery (GNS) 
Demersal long lining activity (LLS) 
Pelagic longlining activity (LLD) 
Bottom trawling activity (OTB, OTT, PTB) 
Surface and mid-water trawling (OTM, PTM) 
Demersal Danish seine (SDN) 
Demersal Scottish seine (SSC) 
Pelagic purse seining (PS) 
Scallop and blue mussel dredging (HMD) 

fishing-recreational Recreational fishery (RG, [GN, LX]) 
fishing-small-boat Fishery with coastal and stationary gear (FPN, FYK) 

Fish and shellfish processing NL (-) 
Marine plant harvesting NL Maerl and Furcellaria harvesting 
Hunting and collecting for 
other purposes 

NL Game hunting of seabirds (eider, long-tailed duck, 
common scoter, velvet scoter) 

NL Hunting of seals 
NL Predator control of seabirds (cormorants) 

Extraction of 
non-living 
resources 

Extraction of minerals extraction-sand Extraction of sand and gravel 
Extraction of oil and gas, 
including infrastructure 

extraction-oil Oil platforms 
extraction-co2 (-) 
extraction-gas (-) 
line-pipeline Pipelines 
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Extraction of salt NL (-) 
Extraction of water NL (-) 

Physical 
restructuring of 
rivers, coastline 
or seabed (water 
management) 

Land claim (permanent 
changes) 

NL Land claim (urban, industrial, leisure, agriculture) 

Canalisation and other 
watercourse modifications 

NL Watercourse modification (canalisation, 
culverting/trenching), Hydropower dams 

Coastal defence and flood 
protection 

NL Coastal defence (Sea walls, Breakwaters, Groynes, 
Flood protection etc.) 

Offshore structures (other 
than for oil/gas/renewables) 

other-islands (-) 

Restructuring of seabed 
morphology, including 
dredging and depositing of 
materials 

other-dredging Dredging sites 
other-dumping Deposit of dredged material 
coast-deposit  

Tourism and 
leisure 

Tourism and leisure 
infrastructure 

NL Marinas and leisure harbours 

Tourism and leisure activities tourism-birdwatching Recreational boating and sports 
tourism-boating 
tourism-diving 
tourism-recreation 
tourism-seascape 
tourism-bathing Bathing sites, beaches 

Transport Transport infrastructure other-port Fishing harbours 
Oil terminals, refineries 

transport-
infrastructure 

Harbours  

other-bridge Bridges 
other-tunnel (-) 

Transport – shipping Transport Passenger shipping, Shipping (coastal), shipping 
density 

transport-anchorage (-) 
transport-deep IMO ships routeing guide 
transport-flow IMO ships routeing guide 
transport-
recommended 

IMO ships routeing guide 

Transport-land NL (-) 
Transport- air NL (-) 

Urban and 
industrial uses 

Urban uses NL Urban land use 
Industrial uses NL (not used) 
Waste treatment and disposal NL Coastal wastewater treatment plants 

Security/defence Military operations military-training (-) 
military-radar (-) 
NL Waste disposal (munitions) 

Education and 
research 

Research, survey and 
educational activities 

research-monitoring (-) 
other-radar (-) 

(heritage) (-) heritage-landscape (-) 
(-) heritage-wreck (-) 

(nature) (-) nature-biodiversity (-) 
(-) nature-infrastructure (-) 
(-) nature-scs (-) 
(-) nature-spawning (-) 

(other) (-) other-multiuse (-) 
 

Most human activities (sea uses) are associated with several pressures. To support an initial screening, 
Table 2 gives an overview of which pressures are most likely associated with different human activities. The 
generalized, initial overview presented in the table should be further elaborated by more specific 
information when applied, based on project descriptions or published literature of relevance. An example 
of such application is shown in the case study on offshore wind farms in Chapter 5.    
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Table 2. Overview of potential relationships between human sea use and pressures in the Baltic Sea. The 
columns show principal pressures and the rows principal human activities as referred to in the MSFD (listed 
in Annex III of EC 2017b). For some of the human activities, additional specifications are given in brackets. 
The cells indicate which pressures can potentially be associated with each of the listed human activities. 
Cases were a data layer on human activity was directly used when creating the pressure layer in HOLAS II 
(HELCOM 2018a-b) are marked “X”. Other probable or potential combinations are marked “p”. These 
pressures were not explicitly linked to human activities data in HOLAS II, as the pressure was rather 
estimated based on monitoring and measurements at sea, but they may need to be considered when 
evaluating planning scenarios. Pressures marked (N) were not used in the HOLAS II Baltic Sea Impact Index, 
as they were considered to have a relatively minor impact, and in the case of marine litter due to lack of 
data. The list is developed based on the work of HELCOM TAPAS (2017), and HELCOM (2018a-b).  
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4. Development of the BSII Cumulative impact 
Assessment Toolbox 
To facilitate assessments of cumulative impacts following the outlined approach, we developed a BSII 
Cumulative impact Assessment Toolbox (BSII CAT) and tested it in the case studies described in Chapter 5. 
The key achievements of developing the toolbox were:  

• Transparency in how cumulative impacts are assessed in the BSII by sharing the code and data for 
calculation 

• Possibility to view the underlying ecosystem component and pressures layers 
• Possibility to select layers individually and try different combinations, to address specific questions.  
• Default sensitivity scores for calculating BSII are provided. It is possible to modify scores to find out 

their contributions 
• An openly available toolbox is provided for further assessment. This can be used with either default 

data or own data and contains several modules (tools), as described below. 
 
 

4.1. Tools included in the toolbox  

The BSII Cumulative impact Assessment Toolbox includes the following tools: 

Baltic Sea Impact Index tool (BSII tool) – calculates the Baltic Sea Impact Index. It uses data layers on 
ecosystem components and pressures (grid layers), as well as a sensitivity scores matrix as input, and 
creates a BSII grid layer as output. The tool also creates a BSII statistics matrix, which shows how much each 
ecosystem component and pressure combination contributes to total impact. 

Baltic Sea Pressure Index tool (BSPI tool) – calculates the Baltic Sea Pressure Index. It uses data layers on 
pressures (grid layers), as well as a sensitivity scores matrix as an input, and creates a BSPI grid layer as 
output. 

Ecological Value tool (EV tool) – supports the identification of areas with high ecological value. It uses data 
layers on ecosystem components (grid layers) and an ecological value matrix as input. The assessment is 
performed for each selected ecological value criterion and ecosystem component group, as identified by 
the matrix. The grid layers are further aggregated to create results for each combination of criterion and 
group, for all criteria within each group, and as a total ecological value grid layer. 

Ecosystem Service tool (ES tool) – supports the identification of areas with high potential provision of 
ecosystem services. It uses data layers on ecosystem components (grid layers) and an ecosystem services 
matrix as input. The assessment is performed for each selected ecosystem service and ecosystem 
component sub-group, as identified by the matrix. Output grid layers are created for: each combination of 
ecosystem service and ecosystem component sub-group, as an aggregated result for each ecosystem 
component sub-group, and as a total ecosystem service grid layer. 

Baltic Sea Impact Index Batch tool for Ecological Values or Ecosystem Services (BSII Batch tool) –
calculates the Baltic Sea Impact Index with respect to areas important for ecological value or for the 
provision of ecosystem services, referring to the matrix approaches of the EV and ES tools. Upon selection, 
it addresses either each combination of ecological value criteria and ecosystem component group or each 
combination of ecosystem service and ecosystem component sub-group, following the same structure as in 
the EV and ES tools, respectively. As input, the tool uses data layers on ecosystem components and 
pressures (grid layers), as well as specific sensitivity scores matrices (See below). It creates BSII grid layers 
for each matrix as output. Optionally, the tool also creates BSII statistics matrices. The sensitivity scores 
matrices needed for input to this tool can be created with the Sensitivity score matrices for BSII Batch Tool. 
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Sensitivity score matrices for BSII Batch Tool – creates new sensitivity score matrices by combining existing 
matrices. Using the BSII sensitivity scores matrix and either the ecological value or ecosystem services 
coefficients matrices as input, the tool creates one specific sensitivity score matrix for each combination of 
ecological value criteria and ecosystem component group, or for each combination of ecosystem service 
and ecosystem component sub-group.  

 

4.2. Availability 

The complete BSII Cumulative impact Assessment Toolbox can be run by users who have ArcGIS 
configuration as stated in the technical manual and required only low to moderate previous experience in 
ArcGIS. The toolbox is available for download from GitHub. The download package includes a set of default 
data, which are Baltic Sea regional scale grid layers on ecosystem components and pressures, BSII 
sensitivity scores following HELCOM (2018b) and coefficient matrices for identifying EV and ES following 
Ruskule et al. (2019). Users can replace the default data with their own data if wanted. The download 
package also includes a user manual with detailed instructions on how to install and run the toolbox. In 
order to run the tools, the toolbox should be used together with ArcGIS Pro Desktop software. 

A subset of analyses can be run using the online version, which will be available in February 202012   The 
online version will be supported by default data. It will be possible for the user to modify sensitivity scores 
and select which ecosystem component layers and pressure layers to include in the assessment. The 
benefit of using the online tool over the downloaded tool is that the user does not need to have any own 
GIS software installed. 

 

4.3. Technical improvements  

The main purpose of the BSII CAT is to provide transparency in how the cumulative impacts are assessed at 
the regional scale using the Baltic Sea Impact Index and to make the method available for further uses. The 
default data included in the toolbox cover the whole Baltic Sea. They cover human activities, pressures and 
ecosystem components as listed in the MSFD (EC 2017a-b), hence providing a connection point between 
the MSFD and MSP. Chapter 3 outlines how common sea uses included in MSP related to this listing and 
potential pressures.  

Compared to previously, the toolbox also contains some method developments, which were made in Pan 
Baltic Scope to allow for higher flexibility in possible assessment setups. For example, nested assessments 
can be applied to give a more balanced result between ecosystem components groups. This is suitable 
when ecosystem components are represented by different amounts of input data layers. As a second 
example, sets of analyses can be included in the same run, supporting the efficient assessment of multiple 
scenarios.  

However, further methodological advancements should still be needed in the future in order to make it 
fully suitable for use in MSP. The example of connecting human activities to pressures is developed here. 
Following the linkage chain model (Knights et al. 2013) and in line with the needs of environmental 
assessment, the BSII CAT addresses the relationship between pressures and ecosystem components rather 
than focusing on impacts from human activities directly. Even though the main purpose in any 
management is to understand the role of human activities, this approach is based on that a species will 
respond to the total (cumulative) level of a certain pressure independently on how many or what type of 
human activities caused this. Hence, in the assessment, the intensity and distribution of a certain pressure 
                                                             
12 https://maps.helcom.fi/website/bsii 
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represents the combined pressure from all human activities that give rise to it at the assessed scale. This 
approach gives a balance as it avoids the risk that pressures which are caused by several human activities 
are unduly over-estimated. Focusing on the pressures also allows for flexibility, as it is easier to incorporate 
information on if the pressure associated with a certain human activity varies among geographical areas, 
for example in relation to depth or wave exposure. It also makes it possible to include spatial differences in 
historical background levels. Last, it allows for flexibility, if a human activity transitions to more 
environmentally friendly technology. In this case, one can use information about the activity to redefine its 
link to the pressure without need to re-asses the sensitivity matrix, which is usually less precise and 
involves a more complex process.  

However, maintaining transparency in how the activity-pressure link is quantified is still highly important, as 
it should be possible to estimate the relative contribution of different activities, to support identification of 
management measures. One technical difficulty in focusing the evaluation on the pressure layers is that it 
involves more analytical steps compared to more simplified approaches. To better support the evaluation 
of scenarios in MSP and maintain the analytical benefits described above, additional coding to make this 
step more automated would be beneficial.  
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5. Case studies 
The following case studies were carried out: 

A. Expansion of offshore wind energy 

Offshore wind energy is spatially limited in the Baltic Sea today, but there is an expressed interest for 
expansion. Many countries have targets for increasing their capacity for wind energy, to increase the 
provision of renewable energy and reduce dependence on carbon-based fuels. Offshore wind farms may 
efficiently support the transformation to renewable energy, but also involve the expanded use of sea space 
and potential environmental impacts. Our first case study was carried out to assess cumulative impacts on 
the environment under different scenarios for offshore wind farm development at the Baltic Sea regional 
level. 

B. Cumulative impacts on green infrastructure   

The applied green infrastructure concept recognises areas with high ecological value and high contribution 
to ecosystem services (Liquete et al. 2015). Knowledge of areas important for green infrastructure can 
guide MSP by identifying areas where pressures from human activities should be avoided or minimised to 
support long term sustainability. A Pan Baltic Scope green infrastructure concept was developed in activity 
1.2.4 (Ruskule et al. 2019). Our second case study explores how to evaluate cumulative impacts with a 
focus on ecosystem components important for green infrastructure.  

 

5.1. Case study on offshore wind farms 

5.1.1. Background  

The capacity for wind energy production is expected to increase in the near future in the Baltic Sea, as the 
implementation of national strategies for renewable energy. In the EU, binding targets are set to have at 
least 40% reduction in greenhouse gas emissions by 2030 compared to 1990 levels, and a binding target of 
at least 27% share of renewable energy consumption in Europe (EC 2018).  

Areas of potential or assigned interest for offshore wind energy production are identified in the countries 
MSP and sectoral plans. Areas which may be suitable for OWF are identified based on criteria, such as wind 
conditions (which should typically be at least on the level of 6-9 m/s), depth conditions (typically shallower 
than 40-60 m), and distance from the shore (which is however highly variable depending on turbine size, 
local conditions and country), and potentially conflicting sea uses.  

Comparing different options for the planning of OWF, it is of high importance to consider environmental 
aspects, to understand what impacts the offshore wind farms may have on species and habitats.  

Question asked 

The purpose of the case study was to approach the question:  

- How would OWF development in the Baltic Sea scale affect cumulative impacts on the environment 
on a regional scale? 

 

5.1.2. Method 

The study was based on two data sets indicating possible localisations for future OWF in the Baltic Sea: 
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MSP data: Data from national plans on the spatial designations of areas for OWF development were 
obtained from contacts in the Pan Baltic Scope project. Data from Estonia, Finland, Germany, Latvia, 
Sweden and Poland were provided. However, it should be recognised that the data from national plans are 
still in development and may change. For example, in Estonia only the first draft was published at the time 
of creating the scenarios, and in the end the adopted version may be different. Also, the role of MSP in 
relation to OWF development varies among different countries. For example, in Finland the plan is typically 
held at a highly strategic level without area designations in much of the coastline, whereas a binding site-
development plan came into force in Germany entailing a legal need of OWF production and an expected 
full development in relation to the plan in the German EEZ.  

For the purposes of the case study, the MSP scenarios represented three different levels of fulfilment of 
OWF development, corresponding to 25% (S1), 50% (S2) and 100% (S3) within each of the assigned areas 
(Figure 5).  

 

Figure 5. Overview of the applied MSP scenarios representing different OWF development levels. Black 
colour represents areas which were included in all three MSP scenarios (development levels S1, S2, and S3), 
areas in red were included in S1 and S2, and areas with the lightest colour were only included in S3. The 
scenarios were applied in order to test the cumulative impact assessment approach for different levels of 
OWF development, without assumption on how realistic the different scenarios are.  
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Baltic Sea regional scenarios: An additional source of information was obtained from the BalticLINes 
project, representing the potential development of OWF at the whole Baltic Sea level (Hüffmeier and 
Goldberg 2019). The purpose of these scenarios was to increase transnational coherence of shipping routes 
and energy corridors, circumventing cross-border mismatches. The OWF scenarios describe three levels of 
development for each of the years 2030 and 2050 (BalticLINes 2030 and BalticLINes 2050, Figure 6). In 
each of these, level “low” represents a stagnation scenario with low OWF development (7.4 GW in 2030 
and 31 GW in 2050), and level “central” represents the most likely scenario based on the underlying 
analyses (9.1 in 2030 and 58 GW in 2050). Level “high”, again, represents the most progressive scenario, 
highlighting what it would take to reach the 2-degree target stated in the Paris agreement (14 GW in 20130 
and 150 GW in 2050; Hüffmeier and Goldberg 2019). 
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Figure 6. The Baltic LINes data, depicting the BalticLINes 2030 scenarios above and BalticLINes 2050 
scenarios below. In each map, black polygons indicate areas that were included in all scenarios (“Low”, 
“Central” and “High”), red polygons were included in the “Low” and “Central” scenarios, and polygons with 
the lightest colour were only included in the “High” scenarios13. 

For all scenarios, assessment data were created in GIS by adding points, representing turbines, to the initial 
data sets in which planned OWF areas were identified by polygons. The turbines were assumed to have the 
same standard distance from each other in all cases (1 240 m in a rectangular pattern). For the MSP S1, S2 
and S3 scenarios, each polygon was filled gradually from west to east until the planned fulfilment level of 
that scenario was reached. Some polygons in the data were so small they would only be filled by a low 
number of turbines under some of the scenarios. To avoid the creation of unrealistically small OWF, 
polygons were only included in the scenarios if the total number of turbines would be at least 30 for 
scenarios 1 and 2, and 10 for scenario 3.  

Quantification of pressures  

                                                             
13 The figure is based on data from the Baltic Lines report (Hüffmeier and Goldberg 2019). However, the areas around 
Hiiu island and the indicated area between Hiiumaa and Saaremaa in Estonia are today abolished. 
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Pressures potentially attributed to OWF were identified by initial screening, following Table 2 (Chapter 3) 
and further quantified as presented in Table 3.  The quantification generally follows the same approach as 
was used in the baseline layer (Baltic Sea Impact Index, HELCOM 2018a, see Section 2.1). When a BSII 
approach was not available or not applicable to a certain pressure, the pressure was quantified in 
alignment with the national approach of Sweden (Symphony, see Section 2.2.7). For some pressures, 
evidence of how the layer would be quantified was too weak to be added on the applied Baltic Sea scale, 
even though these pressures may still be important.  

As a result, modified layers were included for three physical pressures: Physical loss of habitat, Physical 
disturbance to habitat and Changes to hydrological conditions, as well as to three fish extraction layers: 
Extraction of herring, cod and sprat. In addition, a new pressure layer was introduced to represent Bird 
exclusion from the OWF area.  

In the quantification it was recognised that a pressure could either increase (if it is attributed to the 
presence of the OWF), diminish (if it is attributed to a human activity that can no longer occur in that site or 
any neighbouring site due to conflicting sea use) or be redistributed (if the conflicting sea use can be 
carried out somewhere else instead; Table 3). 

All pressures were characterised in relation to the operational phase of the wind farm. Hence, disturbances 
relating to construction were not considered.  

Assessment 

Cumulative impacts were assessed using the BSII Cumulative impact Assessment Toolbox (see Chapter 4). 
The output provides a raster layer on the spatial distribution of total cumulative impact in the Baltic Sea for 
each assessed scenario, as well as a matrix of impact scores to support more detailed numerical evaluation.  

The baseline against which the scenarios were evaluated was that of the most recent HELCOM BSII 
(HELCOM 2018a-b), which reflects the situation during years 2011-2016 in the Baltic Sea. The total capacity 
of wind farms at that time was around 1.4 GW, with 531 turbines reported by HELCOM (2018c).  

For assessing the scenarios, modified pressure layers were included, as shown in Table 3, while all other 
pressures were kept the same as in the baseline (HELCOM 2018a). The ecosystem component layers and 
sensitivity scores were also identical to the baseline (2018b, Annexes 1-3). The new layer on bird exclusion 
was given sensitivity score 2, as in SwAM (2019). The analyses were run using raster files with a 1x1 km 
grid. 

The full assessment was run for the MSP scenarios and the BalticLINes 2050 scenarios. In addition, the 
BalticLINes 2030 scenario was also included with respect to impacts from the pressures Physical loss of 
habitat, Changes to hydrological conditions and Bird exclusion.    
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Table 3. Pressures associated with offshore wind farms in the case study. “Pathway” gives the motivation 
for pressure modification. “Modification” describes how the layer was modified. The cell size was 1x1 km in 
all layers. 

Pathway Modification 

Physical loss of habitat  

The turbines cover part of the original seabed 
which cannot be accessed by organisms any more. 
The diameter of each turbine is small, but an extra 
area around the turbine is assumed to be covered 
by scour protection   

Added pressure: 30 m impact distance from each turbine, no decline, 
full weight (1) (HELCOM 2018b) 

In the scenarios, the new data is added to the baseline layer, ensuring 
that the resulting value is not higher than 1 in any cell. 

Physical disturbance of habitat   

Both increased and decreased pressure levels are 
considered:  

1) Physical disturbance of the seabed may increase 
close to the turbine foundations due to altered 
water currents;  

2) Physical disturbance attributed to activities 
which are not compatible with OWF are expected 
to be removed, or redistributed to other location 

Added pressure: 100 m impact distance from each turbine, sharp 
decline. Rescaled as in baseline, including downweighing to values 0-0.2 
(HELCOM 2018b) 

Removed pressures: Any physical disturbance attributed to the human 
activities dredging, depositing, sand and gravel extraction, coastal 
defense, or mariculture removed from the OWF polygon. Individual 
human activity layers were rescaling and weighted in the same way as in 
the baseline. 

Redistributed pressures: Any physical disturbance attributed to the 
human activity trawling was redistributed from the OWF polygon to 
other parts of the corresponding ICES rectangle. Rescaled following the 
baseline, hence individual cells in the modified layer can have values 
above 1 (see also extraction of fish, below). 

For the final pressure layer, all modified human activity layers were 
summed and rescaled to values between 0 and 1.   

Hydrological conditions  

The physical presence of the turbines alters the 
water movement in their vicinity 

Added pressure: 300 m impact distance, linear decline, weight 1.  

In the scenarios, the new data is added (sum) to the baseline layer while 
ensuring that the resulting value is not higher than 1 in any cell 

Exclusion of birds [new pressure layer]  

The rotor blades excluded wintering and feeding 
seabirds from the area 

3000 m impact distance, linear decline, weight 1 (SwAM 2019) was 
applied as a precautionary estimate.  

Input of sound: continuous  

Vibrations in the turbines stemming from the rotor 
blades give rise to underwater sound which is 
disturbed in the wind farm area 

Not applied due to uncertainties in how it would be quantified in 
relation to other ambient sounds, such as from transportation routes 

Non-indigenous species  

The new habitat created by the turbines and 
potential scour protection forms a novel habitat 
and may form a stepping stone for non-indigenous 
species 

Not applied due to uncertainties in how it would be quantified in 
relation to the existing layer which measures the rate of new 
observations 

Extraction of fish  

The fish extraction layers (cod, herring, sprat) in 
BSII describe the extraction of fish due to large 
scale trawl fishing, which is in most cases not 
compatible with OWF.  

Redistributed pressure: All fish extraction is redistributed from the OWF 
polygon to other parts of the corresponding ICES rectangle, confined to 
cells where fishing activity is already indicated in the baseline layer. 

The redistribution involves moving a pressure value from one cell in the 
raster to other cells where fishing may already occur. Hence, resulting 
rasters in the scenarios can have values above 1. 
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5.1.3. Results 

The total cumulative impact in the scenario with the highest OWF development, the BalticLINes 2050 High, 
is shown in Figure 7. According to the results, this most extreme case caused a relative change in total 
cumulative impact on the Baltic Sea scale of around 0.34 %. This is partly because each pressure has a 
relatively limited distribution close to each OWF by the assumptions of the analysis (Table 3), but the 
results also reflect that many widely distributed pressures which contribute to the total cumulative impact 
in the Baltic Sea are not affected by the OWF, such as eutrophication.  

Cumulative impacts from bird exclusion were not included in the total estimate since this is a new layer 
that was not included in the baseline. Additionally, there remain uncertainties in relation to the assessment 
of Bird exclusion at Baltic Sea scale which are discussed in separate below. 

 

 

Figure 7a. Total cumulative impact in the BalticSea according to the BalticLINes 2050 High scenario. For 
comparison, Figure 7b shows results for the baseline (BSII of 2011-2016: HELCOM 2018a).  
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Figure 7b. Cumulative impacts according to the baseline scenario. 

Focusing on only those pressures that were modified due to OWF development in our approach, the 
relative change ranged from 0.2% (increased Extraction of herring) to 2.3% (Physical loss of habitat; Figure 
8), except for Changes to hydrological conditions which increased manifold as this pressure is close to non-
existing in the Baltic Sea today.  
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Figure 8. Relative changes in cumulative impacts on species and habitats attributed to individual 
pressures associated with OWF development, for the applied MSP scenarios (above) and the BalticLINes 
2050 scenarios (below). Note that results for Changes to hydrological conditions are shown on separate 
axes. The rates of change are quantified related to corresponding values for the same pressures in the BSII 
of 2011-2016 (HELCOM 2018a) in all cases but for Bird exclusion, which is compared with the BSII pressure 
Physical disturbance of species due to human pressure (Annex 1) since bird exclusion from OWF is not 
included in the original BSII. See text for a discussion on data uncertainties in the layer on bird exclusion.  

 

The results for the pressure Physical disturbance of habitats reflects the combination of changes in several 
human activities. A certain increase in physical disturbance was assumed in the OWF area due to the 
presence of the OWF foundations, while some other human activities typically associated with physical 
disturbance were deemed not compatible with OWF. Hence, any disturbance associated with dredging, 
depositing, sand or gravel extraction, coastal defence, and mariculture were removed from the OWF area 
in the modified pressure layer, while physical disturbance arising from trawling was relocated (Table 3). 
Some other human activities in the Baltic Sea are also attributed to causing physical disturbance but were 
not overlapping with the OWF areas. Certain types of physical disturbance were kept, such as those 
associated with cables and pipelines, shipping and boating. A close-up view on the pressure layer for the 
BalticLINes 2050 High scenario is shown in Figure 9.  
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Figure 9. Close up view on the resulting pressure layer for physical disturbance according to the 
BalticLINes 2050 High scenario (left). The corresponding baseline layer is shown for comparison (right). 

Pressures representing extraction of fish were expected to be fully redistributed under OWF development. 
A close-up view on the pressure layer Extraction of cod according to the BalticLINes 2050 High scenario is 
shown in Figure 10. 

 

Figure 10. Close up view on the resulting pressure layer for extraction of cod according to the BalticLINes 
2050 High scenario (left). The corresponding baseline layer is shown for comparison (right). 
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Changes with respect to all applied scenarios are shown in Figure 11 for the three pressures Physical loss of 
habitat, Changes to hydrological conditions and Bird exclusion. The level of impact increased with the 
increased development of OWF, but with slightly different rates. This reflects that the rate of increase 
depends both on the location of the OWF, as the impact increases with respect to species and habitats that 
are present in the OWF area, and on how sensitive these species and habitats are to the pressure, as the 
impact increases more if they have high sensitivity to the concerned pressure.  

However, for the layer Bird exclusion, it should be noted that the results do not truly reflect cumulative 
impacts due to uncertainties in the data on birds. The currently available regional data layers on bird 
distribution do not encompass important areas for several bird species with well-known distribution in 
open sea (Skov et al. 2011). 

 

A) Physical loss of habitat 

 

B) Changes to hydrological conditions   

 
 

C) Bird exclusion 

 

Figure 11. Changes in cumulative impact on species and habitats attributed to selected pressures 
associated with OWF development, applied to all scenarios: BalticLINes 2030 Low, Central and High, 
BalticLINes 2015  Low, Central and High and MSP Scenarios S1-S3 . Changes are given as % change with 
respect to a) Physical loss of habitat, b) Changes to hydrological conditions and c) Bird exclusion. For (a) and 
(b) values are estimated in relation to corresponding values for the same pressures in the BSII of 2011-2016 
(HELCOM 2018a). For (c) values are estimated by comparison with the BSII  pressure Physical disturbance of 
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species due to human pressure since bird exclusion from OWF is not included in the original BSII. See text 
for a discussion on data uncertainties in this part of the assesssment. Note that the scales of the vertical 
axes vary strongly. 

 

5.1.4.  Evaluation of the case study on OWF 

The case study on offshore wind farm development shows an example of how cumulative impacts on the 
environment can be evaluated spatially in relation to development scenarios at the Baltic Sea scale. The 
results give an overview of the relative change in cumulative impact and which pressures are mainly 
associated with this.  

Analyses, as described here, can potentially also show which species and habitats are the most impacted 
under different scenarios, to understand how impacts can be minimised. However, due to uncertainties in 
many of the underlying ecosystem components, we chose to not present the scenario results in this level of 
detail. Some of the data on species and habitats that were included in these analyses are associated with 
high uncertainty, and the applied resolutions may vary among different layers. If the same models were 
applied to more specific and detailed data layers, the accuracy of the expected outcomes and the range of 
conclusions that can be made would be improved.  

In addition, the results are dependent on what assumptions are made about pressures associated with the 
OWF, and at what intensity or distance from the source these occur. However, the same assumptions were 
used in all scenarios that were compared with each other in this case study. 

Given that the uncertainties associated with the method and underlying data sets are minimised and 
acknowledged, we believe that scenario-based analyses at the regional scale as presented here can provide 
a valuable way to compare environmental impacts across scenarios and different potential planning 
solutions. The models will not answer all the questions and will not replace decision-making, but they can 
serve as valuable tools to support planners when they make decisions. 

The development of modified pressure layers attributed to each of the assessed scenarios was relatively 
time-consuming. Part of the work could be facilitated by incorporating the calculations directly to the 
assessment tool.  

 

5.2. Case study impacts on green infrastructure 

  
5.2.1. Background  

The case study to assess impacts on green infrastructure is related to concepts developed in the Pan Baltic 
Scope activity on green infrastructure. The concept builds on the approach of Liquete et al. (2015) and 
defines green infrastructure as a combination of aspects relating to ecological value and ecosystem 
services.  

By this concept, areas important for green infrastructure are identified by the presence of species and 
habitats associated with different ecological value criteria or with contributing to different selected 
ecosystem services. Ruskule et al. (2019) developed matrices to describe these associations in relation to 
the ecosystem component data layers used in the HELCOM BSII. However, for the ecosystem component 
fish, maps on essential fish habitats developed in Pan Baltic Scope (HELCOM 2019) were used instead 
(Annex 2). The matrices and the resulting maps on green infrastructure are presented in more detail in 
Ruskule et al. (2019).  
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For use in MSP, it is additionally relevant to ask how these identified areas may be affected by pressures 
from human activities, so that maintaining green infrastructure can be included as an explicit objective of 
the plan. 

 

Question asked 

The purpose of the case study was to address the question:  

- In what parts of the Baltic Sea are impacts on green infrastructure particularly high? 

5.2.2. Method 

Impacts were assessed with a focus on those ecosystem components that are associated with contribution 
to the green infrastructure aspects of ecological value or ecosystem services, based on Ruskule et al. 
(2019). We focused on ecosystem components related to habitats. This encompassed ecosystem 
components within the following groups: benthic habitats (including benthic landscapes, Natura2000 
habitats and habitat-forming species), essential fish habitats and bird habitats (Annex 2). 

Impacts were assessed using a further developed version of the Baltic Sea Impact Index, which was 
designed within the Pan Baltic Scope project to support the analyses presented here (Chapter 4). The 
assessment applied a hierarchical approach, following the same concept as for the mapping of green 
infrastructure by Ruskule et al. (2019).  

The pressures assessed were the same as in the BSII (Annex 1), but the pressures impulsive noise and 
radionuclides were not included. The sensitivity scores used are shown in Annex 3. 

Assessment of impacts on ecological values 

For ecological value aspects, impacts were first assessed separately for each of the six ecological value 
criteria included in the green infrastructure concept, as well as for each ecosystem component group 
(benthic habitats, essential fish habitats or bird habitats, Figure 12). These results were subsequently 
aggregated to get an assessment of impacts on ecological values related to each ecosystem component 
group taken together. Last, these three maps were aggregated to get the overall assessment of impacts on 
ecological values. By applying such a hierarchical approach, results for each ecosystem component group 
have equal weight in the results even in cases when the number of underlying maps differs. 
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Figure 12. Aggregations applied to the assessment of impacts on ecological value.  
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Assessment of impacts on ecosystem services 

For the assessment of impacts on ecosystem services, impacts were first assessed separately for each of 
the ten ecosystem services included in the green infrastructure concept, as well as for five ecosystem 
component sub-groups: benthic landscapes, Natura2000 habitats and habitat-forming species, essential 
fish habitats and bird habitats.  

The subsequently applied aggregation and grouping was different from the one used for ecological values. 
Essential fish habitats were aggregated together with the other benthic habitats in order to avoid 
unmotivated double-counting, as they partially represent the same underlying data aspects. The layers 
were merged using the maximum values in each cell, as a modification to account for data gaps in some of 
the layers. Last, the result for the benthic ecosystem combined and that for bird habitats were aggregated 
to get the overall assessment of impacts on ecological services (Figure 13).  

 

 

Figure 13. Aggregations applied to the assessment of impacts on ecosystem services.  
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5.2.3. Results 

The maps below show results for the cumulative impact assessment when focusing only on areas identified 
as being of key importance for green infrastructure, specifically for ecological values (Figure 14) and 
ecosystem services (Figure 15). For comparison, each result is shown next to the corresponding map on 
areas of importance for contributing to ecological values or ecosystem services, respectively. 

 

Figure 14. Output map from cumulative impact assessment focusing on areas of particular importance for 
ecological values. The example case study is applied to the same data as in Ruskule et al. (2019). The map 
to the left indicates where impacts on these areas are potentially the highest, so that increasingly red 
colour indicates a higher impact. For comparison, the distribution of areas important for ecological values, 
as in Ruskule et al. (2019) is shown to the right. The cumulative impact assessment map shows the same 
areas, but weighs them by the estimated cumulative impact to pressures. 



 

52  Cumulative Impact Assessment for Maritime Spatial Planning in the Baltic Sea Region 

 

Figure 15. Output map from cumulative impact assessment focusing on areas important for the provision 
of ecosystem services. The example is applied to the same data as in Ruskule et al. (2019). The map to the 
left indicates where impacts on these areas are potentially the highest, so that increasingly red colour 
indicates a higher impact. For comparison, the distribution of areas important for ecosystem services 
provision, as in Ruskule et al. (2019) is shown to the right. The cumulative impact assessment map shows 
the same areas, but weighs them by the estimated cumulative impact to pressures. 

 

5.2.4. Evaluation of the case study impacts on green infrastructure 

A cumulative impact assessment focusing on species and habitats of specific concern can help identify 
areas where management of pressures is particularly warranted. This case study on impacts on green 
infrastructure reflects a way to assess where pressures from human activities may lead to particularly high 
impacts on natural values and the provision of ecosystem services.  

The assessment also shows a way to deal with complementary data sources and differences in the number 
of ecosystem components among groups. In an unweighted BSII, ecosystem component groups 
represented by many ecosystem component layers will be assessed as having higher impact than groups 
represented by few layers, due to the additive approach. The hierarchical approach adjusts for this 
imbalance, as it gives equal weight to selected groups. In the current case study, six ecological value criteria 
were included (Figure 14) and ten ecosystem services (Figure 15). For ecological values, all ecosystem 
component layers were given equal weight in the grouping (Figure 11). For ecosystem services, the 
ecosystem component layers representing benthic habitats were aggregated using the maximum approach 
(Figure 12). This was applied in order to make best use of data layers which may be particularly redundant, 
avoiding double-counting of these. Ideally, redundant layers should not be used, but this was motivated 
here as there was reason to expect data gaps in some of the included layers and the layers were seen to 
complement each other in order to give the best available overall picture. Hence, the chosen approach was 
applied to consider the most sensitive aspect in relation to benthic habitats, given current data availability.    
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Importantly, the green infrastructure concept addressed here focuses on spatial distributions, which is only 
one component. For a full evaluation, it is also important to consider the status of the ecosystem 
components, which is not included here.  

Further, with respect to ecosystem services, the current results reflect the potential for ecosystem services 
provision based on ecosystem structure, but an assessment of ecosystem function is still missing in the 
concept at large. As one example, the ecosytem service “filtration of nutrients” cannot be assessed directly 
based on existing maps, but the results are based on information on the presence of filter feeders, as a 
proxy for the capacity to deliver this ecosystem services.  

In addition to supporting planning to avoid impacts, as explained above, the impact assessment in relation 
to ecosystem services can potentially also have the other perspective and be applied to indicate the 
importance of certain services. It could be useful for planners to identify areas where maintenance of green 
infrastructure is of high priority to minimise or buffer impacts of existing pressures. For example the need 
for services such as filtration of nutirents or erosion control are expected to be higher where pressures 
such as eutrophication or risks of coastal erosion, which they modulate, are higher.  

The results of the case study are useful for screening but should be evaluated critically due to uncertainties 
in underlying data layers. 
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6. Discussion 
Addressing cumulative impacts in MSP represents both a necessity and an added value. To achieve 
sustainable planning, there is a need to look at the bigger picture when it comes to an understanding of 
how different human activities interact with each other and with the environment. In addition, cumulative 
impacts are helpful for linking different sides of management with each other, such as identifying 
commonalities between MSP and environmental assessment.  

The project has provided an opportunity to share understanding of how, and to what extent, cumulative 
impacts can be assessed with available tools today. We also approached some of the identified 
development priorities in the practical parts of our work. These steps are outlined in previous chapters of 
this report, and shortly summarised below. Further below, we also discuss some remaining identified 
development needs in more detail. 

 

6.1. Advancements of the project 

The main aim of the work on cumulative impacts in Pan Baltic Scope was to improve coherence among 
countries in how cumulative impacts are assessed in connection to MSP. Our work has helped identify the 
current state of the art in the Baltic Sea region, bring available cumulative assessment tools and approaches 
to the planners’ table, and to identify possible further development options more clearly.  

Cumulative impacts are, in many cases assessed only in a descriptive way today. The results and case 
studies presented in this report give examples of how quantitative analyses can be carried out. These 
examples show that data-driven analyses to address cumulative impacts are possible so that planning can 
be supported by data and avoid opinion-based decisions.  

Our analyses were focused on cumulative impacts at the Baltic Sea regional scale to provide a regional 
overview and support the evaluation of transboundary aspects. Our applied assessment structure followed 
the methodology of the BSII, which is currently used in environmental assessments of HELCOM. This 
method is based on a widely used approach that is also followed in the MSP of some countries around the 
Baltic Sea today, as well as in other sea regions. Although some local adjustments are usually needed in any 
given setting, such general coherence enhances possibilities to compare assessment results among 
geographical areas, as well as to share development progress. 

To facilitate the sharing of data and methods, we developed a toolbox for assessing cumulative impacts. 
The analyses supported by the toolbox are fully spatially referenced, addressing the position and relative 
distribution of human activities, pressures and ecosystem components, which directly supports MSP and 
the application of the ecosystem-based approach. Although the tool uses regional data as default, it also 
enables applying other data layers, if these align with the basic requirements of the tool. This is expected to 
facilitate the use of similar approaches among all countries if preferred.  

Our developed Cumulative impact Assessment Toolbox also provides technical improvements compared to 
what has been previously available. For example, the applied approach enables a balanced assessment of 
different pressures and ecosystem components using different aggregation options and batch analyses. 
Further developments are, however, needed to make it even more reliable and flexible for users’ needs in 
MSP.  
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6.2. Further development points in data and methods 

The work has provided a better understanding of what one needs to consider when assessing cumulative 
impacts, and of what analyses are possible using the applied tools and methodology. In this sense, the work 
is also helpful to identify development needs and a way forward for further development.  

Comparisons among countries show that more specific data and knowledge needs vary nationally.  
However, a generally identified bottleneck for spatially referenced cumulative impact assessment is a 
scarcity of suitable spatial data layers. This is important, as the quality of the underlying data has high 
influence on the quality of the assessment results.  

To forward the timely assessment of cumulative impacts more broadly, it would also be beneficial to 
develop ways to incorporate qualitative information along with quantitative assessment in the general 
cumulative assessment framework. This may also be beneficial when the cumulative impact assessment is 
connected to assessment of economic and societal impacts.  

Having noted this, the following identified development points focus on ways to forward knowledge with 
respect to data and assessment methods. 

6.2.1. Spatial ecosystem data 

The most evident gap identified in our work is missing spatial data on ecosystem components (species, 
habitats and ecosystem processes) at the resolution needed to support MSP.  

When developing the case studies and assessment tools, we chose to base the work on already available 
data sets rather than allocating time to data development aspects. However, as also emphasised in other 
places of this report, this entails that the presented results would be significantly improved and more 
practically relevant if the underlying data sets were available in higher resolution and detail. A more 
complete availability of regionally coherent data would also support national needs. This data gap also 
affects the identification of green infrastructure, following the concept described by Ruskule et al. (2019) 
and applied in the case study of impacts on green infrastructure (Chapter 5).  

At the Baltic Sea scale, a large effort was recently made to support the Baltic Sea Impact index with spatial 
data (HELCOM 2018a-b, Chapter 2). In parts, the set of available data has also been improved since then via 
other branches of the Pan Baltic Scope project (HELCOM 2019). However, considerable spatial and 
temporal gaps remain in individual data sets and improving available data sets on ecosystem components is 
expected to improve the quality of assessment significantly. This gap concerns benthic habitats, but also 
specifically key habitats for highly mobile species such as sea birds, marine mammals and fish (the latter as 
far as not covered by HELCOM, 2019).  

Preferentially, knowledge about the processes that are behind the ecosystem services should also be 
included in this development. Including ecosystem services is a promising way to deepen our 
understanding of cumulative impacts on the environment, but these analyses are still in the beginning 
stage. More understanding of the connection between ecosystem structure, functions and services needs 
to be developed. 

6.2.2. Sensitivity scores 

The sensitivity scores that were used (Annex 3) provide rough estimates of how sensitive species are 
towards different pressures. The scores relating to the pressures physical loss and physical disturbance 
were developed based on a literature review (Korpinen et al. 2017), while the others are based on expert 
judgement based on results from a Baltic-wide survey (HELCOM 2018a). In coming studies, it would be 
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important to verify the sensitivity scores further against scientific evidence, following the principle of best 
available knowledge. In the Cumulative impact Assessment Toolbox, it is possible to modify the sensitivity 
scores in the underlying matrix, to evaluate the relative contribution of these in the overall results. 

6.2.3. Spatial data resulting from MSP 

Another challenge to the current work was to connect the case studies to ongoing MSP processes. At the 
time when the work was carried out, there was high variation in MSP implementation and availability of 
data in different countries (Chapter 2). The case studies were applied using currently available data, which 
were not tuned for the purpose of following-up on national plans regionally. For examples, in the case 
study on offshore wind farms, the data for Estonian waters is not correct in the BalticLINes scenarios. When 
all countries have finalised their MSP, it would be interesting to repeat some regional case studies using 
harmonised MSP output data, to follow-up. 

 

6.3. How to deal with data and knowledge gaps 

Most cumulative impact assessment methods are designed so that it is still possible to work with available 
data if they meet the basic requirements of the tool. This also applies to the BSII Cumulative impact 
Assessment Toolbox.  

From this also follows that the quality of the data that is used can vary between cases, for example, with 
respect to spatial resolution, main data sources, or the time scale they represent. In these cases, it is up to 
the user to identify if the available data are suited for the intended purpose and what analytical questions it 
can address. 

Most tools are, also designed so that it possible to gradually include improved information when this 
becomes available.  

We recommend that the spatial data included in the BSII Cumulative impact Assessment Toolbox and the 
utilised assumptions on sensitivity scores and green infrastructure matrices (ecological value and 
ecosystem services) are regularly reviewed by regional experts to ensure that any improved information is 
taken on board and included when available. Some examples of questions that should be continuously 
addressed and updated are provided in Box 3.  

Also, it is important to clearly communicate existing uncertainties when presenting the results. 
Quantification of uncertainty should preferably be implemented in the tool. This will hopefully be enabled 
in the BSII-CAT in the future. However, uncertainty should also be carefully communicated in words to 
ensure adequate interpretation of the results, preferably supported by uncertainty maps. 

 

Box 3. Examples of questions to address when updating and improving regional spatial data. 

1. How can the time period represented be further harmonised between data sets? 

2. For accumulating pressures, how can pressure additions during the assessment period be shown 
separately from historic inputs?  

3. How can the data type, resolution, and quality be further harmonised spatially (across different 
parts of the Baltic Sea) within each data set? 
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4. How could pressure layers be rescaled to adequately represent the intensity of pressure at the level 
where it influences the concerned ecosystem components? Can cut-off values be established for 
when a pressure should be included in the assessment? 

5. How can ways display uncertainties be improved? 

6. How are ecosystem components affected by synergistic effects and other types of interactions 
among pressures? 

 

6.4. Next steps to advance cumulative impact assessments in MSP  

Cumulative impact assessment can support decision-making in MSP by identifying areas where it is 
particularly important to avoid or minimise pressures, to safeguard biodiversity and the provision of 
ecosystem services. In this sense, the cumulative impact assessment can facilitate the evaluation of 
different planning options, but it can also spur innovation and initiatives to how impacts can be minimised. 

When developing the plan, negative impacts can be avoided, for example by restricting activities in certain 
areas, by regulating allowed pressure levels, or by protecting key habitats. Potentially, restoration or 
compensation measures can also be included, with the aim to directly improve the status of the species or 
habitats. By support from cumulative impact assessment and other available tools, MSP can make a 
significant difference and contribute to reaching environmental objectives.  

However, it is important to recognise that our possibilities for sea use are also dependent on the 
environmental status. Many pressures that are currently of high importance in the marine environment are 
only marginally influenced by MSP but still affect the provision of ecosystem services at sea. Including the 
interactions between land and sea is of high importance to fill the complete picture. Most conspicuously, 
agriculture, forestry and urban usages contribute to current levels of nutrients and hazardous substances at 
sea and to the overall impact (HELCOM 2018a).  

When it comes to the further advancement of assessment approaches, continued collaboration among 
countries is highly recommended to ensure mutual learning and efficient development. This development 
should aim to further advance the regional BSII-CAT, for improved utility to support environmental 
assessment as well as MSP at the Baltic Sea regional scale. It should equally aim at advancing national CEA 
tools, as this will further support coherence in data and method development among countries. 

Some key development points are identified below.  

6.4.1. Applications at different spatial scales 

MSP carries a need for assessments at different scales. The assessments at the Baltic Sea scale may give a 
broad regional overview, for countries to fill further with national and spatially resolved information.  

The Baltic-wide assessments are helpful to understand the overall picture, make it easier for countries to 
compare assessment results, and evaluate transboundary aspects. The large-scale cumulative impact 
assessment of the Baltic Sea impact index (HELCOM 2018) and targeted cased studies such as those carried 
out as initial tests in this report (Chapter 5), can support scoping in MSP and make it possible to relate the 
plan to key environmental aspects. A typical aim at this scale is to look at general patterns and identify key 
issues for further consideration. The regional-scale assessments can serve as an information source to 
support transboundary cooperation, as the data is covering the whole Baltic Sea. 

Nationally, legislation requires planners to consider and understand cumulative impacts. Cumulative impact 
assessment can support MSP in general by providing an overarching view. More specifically, the 
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assessment can also identify areas that require special attention or more elaborated assessment. In the 
evaluation of planning alternatives, the risk of cumulative impacts can be assessed in relation to societal 
effects to identify planning priorities and help determine if the plan should be adjusted to avoid impacts. 
For example, negative impacts can be avoided or minimised by avoiding or restricting activities, by 
regulating allowed pressure levels from different activities, or by preventing sensitive species or habitats 
from being exposed to a certain pressure. An approach like the Baltic Sea Impact Index is today followed for 
example in Sweden. In some other countries it remains to see how the Baltic-wide approach described here 
fits national needs. For example, currently in Finland there is yet no agreed approach, and Germany has so 
far only a qualitative assessment.   

When going down further in spatial scale, one practical limitation in cumulative impact assessment is often 
the increasing need for spatial resolution. The assessment resolution used in the regional assessment at 
Baltic Sea level, 1x1km, is often too coarse for addressing questions of national importance in MSP. This 
challenge is not so much related to the basic approach, as many cumulative impact assessment tools, 
including the BSII Cumulative impact Assessment Toolbox, can be run at various resolution provided that all 
included data sets have identical resolutions. However, refining the spatial resolution is expected to 
increase the data demands further, hence also increasing the risk of unjustifiable data gaps and enhancing 
the need for complementary qualitative approaches. Further, care should be taken when translating results 
between assessments carried out at different spatial delineation, as the relative importance of different 
pressures will vary depending on in what area the assessment is applied.  

In some cases, more detailed information is only needed after the planning stage, during project-specific 
environmental impact assessments. However, all activities do not require licensing, which emphasises the 
importance of addressing cumulative impacts already during planning. For example, shipping does not 
require licencing, even though environmental impact assessment is required in the changing of routes. 
Also, fishing is carried out under separate regulation.  

6.4.2. Including positive effects of human activities 

Currently, most cumulative impact assessments are focused on negative effects on the environment. In 
some cases, however, activities may be expected rather reduce or redistribute certain pressures.  

One example applied in the case study on offshore wind farms (Chapter 5) is that offshore wind farms were 
expected to redistribute fishing intensity and physical disturbance as offshore wind farms are typically not 
possible to combine with trawling, and to exclude a set of other activities connected to physical 
disturbance. These assumptions would need to be evaluated further. There are also other examples were 
pressures might rather be redistributed or lowered. For example, blue mussel and algal farming may even 
contribute to removing legacy nutrients, thereby reducing the intensity of eutrophication symptoms and 
contributing to reduced cumulative impact.  

6.4.3. Climate change 

We strongly recognise that projections to understand future scenarios need to consider climate change.  

Importantly, climate changes may affect the assessment in several ways. Changes in temperature, salinity, 
storminess, and acidity are foreseen and are expected to affect the ecosystem by direct effects on the 
organisms, but they may also affect the distribution of species as well as the sensitivity of species to other 
pressures.  
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Under the limitations of the current project, it was not possible to redefine the spatial data layers on 
species distribution in relation to future climate change. However, this should be considered in the future, 
also building on currently ongoing developments nationally14.  

 

  

                                                             
14 See for example the ClimeMarine project to support climate change predictions for MSP. 
https://www.smhi.se/en/research/research-departments/oceanography/climemarine-effects-of-climate-change-into-
marine-spatial-planning-1.150668  
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7. Conclusions and recommended way forward 
7.1. Conclusions 

• Maritime Spatial Planning is closely interlinked to environmental management aspects - We are 
dependent on the status of the ecosystem and its provision of ecosystem services to carry out 
activities at sea, and our activities can impact the status of the sea. Hence, evaluating 
cumulative impacts is central for implementing the ecosystem-based approach. 

• Most issues relating to MSP and strategic environmental assessment in the Baltic Sea are of 
transboundary importance. A shared Baltic view on cumulative impact assessment approaches 
in MSP has been developed in the Pan Baltic Scope project, by national contributions and the 
development of an openly available Cumulative impact Assessment Toolbox and regional data. 

• Work to assess cumulative impacts has made good progress in the past years. Countries are 
increasingly considering cumulative impacts in their planning. However, many data gaps and 
knowledge gaps in underlying ecosystem processes remain, and still, it is a challenge on how to 
implement the cumulative impact assessment practically.  

• As many types of analyses are possible, it is of high importance to define clear questions at the 
beginning of the analyses, for the results to be useful in practice. It is also important to create 
an understanding among the involved parties on how the results can be used. For example, in 
addition to presenting the results, the limitations relating to underlying assumptions, 
methodology and data must be clearly formulated. 
 

7.2. Recommendations 

• Countries should integrate cumulative impact assessments in key steps of their planning process to 
support and implement an EBA. 

• Environmental managers and planners should work together to strengthen the connection 
between MSP and environmental objectives, including the MSFD. 

• Data availability and knowledge on the interactions between human activities and the ecosystem 
need to be continuously and systematically improved to further support spatially referenced 
cumulative impact assessment. Suggested ways to achieve this include 

o A regular process among countries to obtain more fine-scaled spatial data on 
ecosystem components and nature values at the regional scale, to enable incremental 
improvement of shared data 

o Dedicated activities to support knowledge sharing and developing a more holistic 
understanding of linkages between pressures and nature assets, for example 
considering synergistic effects and ecosystem feedbacks 

• It would be beneficial to make room for the combined use of qualitative and quantitative 
approaches in the further development, to meet the reality for implementation in different 
national and local settings and support linkages to economic and social analyses.  

• It is important to co-develop cumulative impact assessments approaches for environmental 
management and MSP, to support integrated management and the ecosystem-based approach 

• Countries should ensure that their assessment approaches are coherent within the Baltic Sea, 
especially considering the advantage of a transboundary perspective to enhance cooperation and 
mutual understanding. Such co-development is effectively enabled under a regional umbrella, such 
as HELCOM, the key aim being to join forces and share development progress to support a 
scientifically sound and efficient management. 
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Annex 1. Regional data on pressures 
 

Table A.1. Pressure layers available at the Baltic Sea scale and used in the Baltic Sea Impact Index as 
presented in HELCOM (2018a, b). Physical pressures are given as cumulative values until the year 2016, and 
other pressure categories are annual averages for 2011-2016. All data sets are normalised to vary between 
0 and 1 when used in the cumulative impact assessment. This is applied so that 0=minimum observed value 
and 1=maximum observed value, unless otherwise indicated. The last column gives a short data 
description, and more information is available at the Helcom Maps and Data services15 More detailed data 
descriptions are also presented in HELCOM (2018b). 

Pressure  HELCOM Available data 
layer 

Data description summary  

Physical   
Change of seabed substrate 
or morphology (~ physical 
loss) 

Physical loss of seabed  Based on the presence of selected human activities16. For point and line 
objects, impact distances were implemented based on literature and expert 
evaluation.  Values represent the area lost within each 1x1 km grid cell. 

Disturbance or damage to 
seabed 

Physical disturbance to 
seabed 

Based on the presence of selected human activities. Impact distances and 
attenuation gradients implemented based on literature and expert 
evaluation. Values represent the weighted sum of all human activities 
occurring in a grid cell17. 

Changes to hydrological 
conditions 

Changes to hydrological 
conditions 

Based on the presence of selected human activities18. Impact distances and 
attenuation gradients implemented based on literature and expert 
evaluations  

Input of energy   
Input of sound Input of continuous 

anthropogenic sound 
Based on BIAS data on ambient underwater noise, modelled to Baltic Sea 
scale. Values represent sound pressure levels at one 1/3 octave band of 
125 Hz exceeded at least 5% of the time, normalized by setting level 0 at 92 
db re 1μPa (representing natural levels) and level 1 at 127 db re 1μP 
(maximum of the 5th percentile of the distribution). 

Impulsive anthropogenic 
sound19 

Based on events of: seismic surveys, explosions, pile driving, and air guns 
reported by HELCOM Contracting Parties to Impulsive noise registry hosted 
by ICES. Values are given in four classes of pressure intensity: very low, 
low, medium and high. 

Input of other forms of 
energy 

Input of heat Combined based on reported data on the discharge of cooling water from 
nuclear power plants and estimates for fossil fuel energy production.  

Input of substances   
Input of hazardous 
substances (synthetic 
substances, non-synthetic 
substances, radionuclides) 

Hazardous substances 
concentrations 

Based on data used in the CHASE integrated assessment of hazardous 
substances, using the assessment component concentration. 
Contamination ratios were calculated for hazardous substances monitored 
in water, sediment and biota, classified into five classes, and interpolated to 
cover the whole Baltic Sea. 

Introduction of 
radionuclides20 

Based on HELCOM MORS Discharge database for 2011-2014, for isotopes 
Cesium-137, Strontium-90, and Cobalt-60. Values represent the decay-
corrected annual average of the sum of radionuclide discharges (in 
Becquerels). A 10 km buffer with linear decrease was applied to represent 
the impact distance from the outlets 

                                                             
15 http://maps.helcom.fi/website/mapservice/ 
16 Construction at sea and on the shoreline (including cables and pipelines, marinas and harbours, land claim, and 
mariculture), extraction of sand and gravel, and dredging. Overlapping areas were removed to avoid double counting. 
17 Several activities were included. To account for the fact that the intensity of pressure varies, weighting factors were 
applied when merging these into one aggregated layer: High pressure intensity and/or slow recovery (weight 1): 
Coastal defence, Deposit of dredged material, Dredging, Extraction of sand and gravel, Trawling; Moderate to high 
(0.8): Pipelines, Shipping; Moderate (0.6): Finfish mariculture, Shellfish mariculture, Wind farms under construction; 
Low to moderate (0.4): Cables under construction; Low (0.2): Furcellaria harvesting, Recreational boating and sports, 
Operational wind farms. 
18 Hydropower dams, watercourse modifications, wind farms and oil platforms. Overlapping areas were removed to 
avoid double counting. 
19 Not included in case study 2 
20 Not included in case study 2 
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Oil slicks and spills Based on a combination of data on illegal oil discharges (aerial surveillance) 
and polluting ship accidents (as reported by HELCOM countries), which 
were first handled separately (HELCOM 2018b), and then summed 
together. 

Input of litter (solid waste 
matter, including micro-size 
litter) 

 -  - 

Input of nutrients Relative distribution of 
nitrogen concentration 

Based on data on total nitrogen concentrations in surface waters (0-10 m) 
from more than 1,000 positions, interpolated to cover the Baltic Sea scale. 
The data represent annual means (µmol / l, log transformed), based on 
average values for winter, spring, summer, and autumn. Data were 
normalized after first grouping all values above the 95th and below the fifth 
percentile to avoid undue influence of extreme values. 

Relative distribution of 
phosphorus concentration 

Produced in the same way as for relative distribution of phosphorus 
concentration. 

Input of organic matter  -  - 
Biological   
Disturbance of species  Disturbance of species due 

to human presence 
Based on data on the human activities: urban land use, recreational boating 
and sports, and bathing sites. Buffers were added separately to each layer 
as presented in (HELCOM 2018b), and the layers were summed before 
normalization. Data represents the cumulative and normalized pressure 
value for the selected activities.  

Extraction of, or 
mortality/injury to, species, 
including target and non-
targeted catches (by 
commercial and recreational 
fishing) 

Fishing of herring Based on commercial landings of herring at the spatial scale of ICES 
statistical rectangles (for Russia by ICES sub-divisions). The landings data 
were further redistributed within each ICES rectangle based on information 
on fishing effort (including all gears; c-squares; for Russia, average values 
for the sub basins were used). Values represent tons per square km (log-
transformed). For the scaling, maximum pressures was identified as the 
maximum value from the landings data 

Fishing of cod Produced in the same way as for fishing of herring 
Fishing of sprat Produced in the same way as for fishing of herring 
Hunting and predator 
control of seabirds 

Based on data sets on the number of hunted birds per unit area for game 
hunting and predator control of seabirds, which were summed together.  

Hunting of seals Based on data on hunted seals per reporting unit for grey seal, ringed seal 
and harbour seal. Values represent the number of hunted seals per square 
km. Data sets were normalized so that value 0.5 was set at the quota for 
hunting in the Baltic Sea: Grey seal: 2000; Ringed seal: 350, Harbour seal 
230. The data sets were summed and then normalized to produce the final 
pressure layer 

Input of genetically modified 
species and translocation of 
indigenous species 

 -  - 

Input of microbial pathogens  -  - 
Input or spread of non-
indigenous species 

Introduction of non-
indigenous species 

Values represent the number of non-indigenous species in 2011 for each 
HELCOM assessment unit scale 2. Hence, the layer indicates the spatial 
distribution of areas with elevated risk for introduction and does not consider 
impacts associated with the identity of individual species. 
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Annex 2. Regional data on ecosystem components 
Two tables. 
 
Table A.1.2 Ecosystem components included in the Baltic Sea Impact Index as presented in HELCOM 
(2018a-b) and included in the current report. The data was obtained by the work of HELCOM expert 
groups, dedicated projects, and dedicated data requests to countries within the HOLAS II project (HELCOM 
2018a). More details about the layers, including information on coverage and quality, is available at the 
HELCOM Maps and data services.21 

Ecosystem component 

Benthic habitats  

Availability of deep water habitat, based on occurrence of H2S Habitat building species 

Infralittoral hard substrate Furcellaria lumbricalis  

Infralittoral sand Zostera marina 

Infralittoral mud Charophytes  

Infralittoral mixed substrate Mytilus edulis 

Circalittoral hard substrate Fucus sp. 

Circalittoral sand  

Circalittoral mud Mobile species and their key habitats 

Circalittoral mixed substrate Cod abundance  

Sandbanks which are slightly covered by sea water at all time (1110) Cod spawning area  

Estuaries (1130) Herring abundance  

Mudflats and sandflats not covered by seawater at low tide (1140) Sprat abundance  

Coastal lagoons (1150) Recruitment areas of perch 

Large shallow inlets and bays (1160) Recruitment areas of pikeperch  

Reefs (1170) Wintering areas of seabirds 

Submarine structures made by leaking gas (1180) Breeding areas of seabirds 

Baltic Esker Islands (UW parts, 1610) Grey seal distribution 

Boreal Baltic islets and small islands (UW parts, 1620) Harbour seal distribution 

Pelagic habitats Ringed seal distribution 

Productive surface waters Distribution of harbour porpoise 

 
 

Table A.1.2 Data layers on essential fish habitats developed within Pan Baltic Scope activity on green 
infrastructure (HELCOM 2019). 

                                                             
21 http://maps.helcom.fi/website/mapservice/ 
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Species Type of 
essential 
fish habitat 

Mapping approach Comment 

Cod (Gadus morhua) Spawning 
area 

Environmental envelope Updated compared 
to HELCOM 2018b 

Sprat (Sprattus sprattus) Spawning 
area’ 

Environmental envelope New map 

Herring (Clupea harengus 
membras) 

Recruitment 
area 

Habitat requirements New map 

European flounder 
(Platichthys flesus) 

Spawning 
area 

Species distribution modelling 
combined with environmental 
envelope 

New map 

Baltic flounder (Platichthys 
solemdali) 

Spawning 
area 

Species distribution modelling 
combined with environmental 
envelope 

New map 

Flounders (Platichtys spp.) Recruitment 
area 

Species distribution modelling New map 

Perch (Perca fluviatilis) Recruitment 
area 

Species distribution modelling and 
mapping 

Updated compared 
to HELCOM 2018b 

Pikeperch (Sander 
lucioperca) 

Recruitment 
area 

Species distribution modelling and 
mapping 

Updated compared 
to HELCOM 2018b 
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Annex 3. Sensitivity scores 
 

Table A.3.1: Sensitivity scores for ecosystem components used in case studies 1 and 2. Unless indicated 
“new”, the scores are the same as applied in the Baltic Sea Impact Index of HELCOM (2018a). Each cell 
shows the sensitivity score for the identified combination of pressures (shown in the columns) and 
ecosystem component (species or habitat, shown in the row). The values range from 0 to 2 as explained in 
more detail in (HELCOM 2018b). An asterisk (*) identifies layers that were only included in case study 1, and 
** identifies layers that were only included in case study 2. The other layers were included in both case 
studies.  
 

Ph
ys

ic
al

 lo
ss

  

Ph
ys

ic
al

 d
ist

ur
ba

nc
e 

Ch
an

ge
s t

o 
hy

dr
ol

og
ic

al
 c

on
di

tio
ns

 

Co
nt

in
uo

us
 s

ou
nd

s 

Im
pu

ls
iv

e 
so

un
d*  

In
pu

t o
f h

ea
t  

H
az

ar
do

us
 su

bs
ta

nc
es

 

N
itr

og
en

 

Ph
os

ph
or

us
 

Ra
di

on
uc

lid
es

* 

O
il 

sl
ic

ks
 a

nd
 s

pi
lls

 

D
ist

ur
ba

nc
e 

of
 sp

ec
ie

s 

Ex
tr

ac
tio

n 
of

 h
er

rin
g 

Ex
tr

ac
tio

n 
of

 c
od

 

Ex
tr

ac
tio

n 
of

 sp
ra

t 

H
un

tin
g 

of
 s

ea
bi

rd
s 

H
un

tin
g 

of
 s

ea
ls 

N
on

-in
di

ge
no

us
 sp

ec
ie

s 

Productive surface 
waters* 

0.4 1 0.6 0.6 0.6 1 1 1.5 1.5 0 1.4 0.8 1 1 1 0.5 0.5 1 

Oxygenated deep 
waters 

0.9 0.7 1.3 0.5 0.6 0.6 0.9 1.8 1.8 0 1 0.2 0.7 0.7 0.7 0.3 0.3 0.7 

Infralittoral hard bottom 1.8 1.3 1.2 0.2 0.2 1.3 1 1.3 1.3 0.4 1.7 0.3 0.6 0.6 0.6 0.7 0.7 1.1 

Infralittoral sand 1.8 1.2 0.9 0.3 0.3 1 0.9 1.3 1.3 0.2 1.4 0.3 0.3 0.3 0.3 0.7 0.7 0.9 

Infralittoral mud 1.7 1.1 1.1 0.3 0.3 1 1 1.3 1.3 0.4 1.4 0.4 0.3 0.3 0.3 0.7 0.7 0.9 

Infralittoral mixed 1.8 1.2 1.1 0.3 0.3 1.1 1 1.3 1.3 0.3 1.5 0.3 0.4 0.4 0.4 0.7 0.7 1 

Circalittoral hard bottom 1.9 1.3 1.4 0.3 0.3 1.2 1.2 1.3 1.3 0.5 1.3 0.4 0.8 0.8 0.8 1 1 1.2 

Circalittoral sand 1.8 1.1 1.1 0.2 0.3 0.7 0.9 1.2 1.2 0.2 0.9 0.3 0.3 0.3 0.3 0.7 0.7 1 

Circalittoral mud 1.6 1 1.3 0.3 0.3 0.9 1 1.2 1.2 0.5 1.1 0.4 0.6 0.6 0.6 0.5 0.5 0.9 

Circalittoral mixed 1.8 1.1 1.3 0.3 0.3 0.9 1 1.2 1.2 0.4 1.1 0.4 0.6 0.6 0.6 0.7 0.7 1 

Furcellaria lumbricalis  1.9 1.7 1.7 0.2 0.3 1.5 0.9 1.5 1.5 0.5 1.5 0.6 0.7 0.7 0.7 0.7 0.7 1.2 

Zostera marina 1.9 1.9 1.7 0.2 0.1 1.6 0.9 1.9 1.9 0.6 1.6 1.2 0.9 0.9 0.9 0.8 0.8 1.1 

Charophytes  1.9 1.9 1.4 0 0 0.9 0.8 1.7 1.7 0.4 1.5 0.7 0.8 0.8 0.8 0.7 0.7 1.4 

Mytilus edulis 1.8 1.6 1.6 0.2 0.1 1 1.1 0.9 0.9 0.5 1.6 0.4 0.4 0.4 0.4 0.2 0.2 1.4 

Fucus sp 1.8 1.7 1.3 0.3 0.3 1.5 0.9 1.3 1.3 0.5 1.4 0.6 0.5 0.5 0.5 0.3 0.3 1.2 

Sandbanks (1110) 1.9 1.6 1.3 0.2 0.2 0.9 0.9 1.5 1.5 0.4 1.5 1.1 0.9 0.9 0.9 1 1 0.9 
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Estuaries (1130) 1.8 1.6 1.5 0.8 0.9 0.9 0.8 1.4 1.4 0.7 1.6 1 1.1 1.1 1.1 0.8 0.8 1.3 

Mudflats and sandflats 
(1140) 

1.9 1.7 1.8 0.2 0.2 1.7 0.6 1.5 1.5 0.3 1.8 1 0.9 0.9 0.9 0.8 0.8 0.9 

Coastal lagoons (1150) 1.9 1.7 1.6 0.7 0.8 1.3 1 1.5 1.5 0.2 1.7 1 1.1 1.1 1.1 0.6 0.6 1.4 

Large shallow inlets and 
bays (1160) 

1.8 1.6 1.3 0.8 0.9 1.2 0.7 1.3 1.3 0.2 1.6 0.9 1.1 1.1 1.1 0.7 0.7 1.3 

Reefs (1170) 2 1.6 1.4 0.3 0.3 1 1.2 1.3 1.3 0.6 1.9 0.8 0.9 0.9 0.9 1.1 1.1 1.2 

Baltic Esker Islands (UW 
parts 1610) 

1.8 1.5 1.3 0.5 0.5 1 0.8 1.3 1.3 0.1 1.6 0.7 0.8 0.8 0.8 0.5 0.5 1.3 

Submarine structures… 
(1180) 

1.7 1.2 1.3 1 1 1 0.7 1.6 1.6 0.5 1.8 1 0.8 0.8 0.8 1.5 1.5 1.4 

Boreal Baltic islets… 
(UW parts 1620) 

1.8 1.5 1.1 0.5 0.5 1 0.8 1.2 1.2 0.1 1.6 0.7 0.8 0.8 0.8 0.5 0.5 1.3 

Cod abundance*  1 0.7 0.4 0.2 0.9 0.7 0.8 1.5 1.5 0.6 0.5 0.9 1.6 1.6 1.6 0.7 0.7 0.6 

Cod spawning area*  0.7 0.8 0.9 0.6 1 0.6 0.9 1.7 1.7 0.5 1 0.6 1.3 1.3 1.3 0.2 0.2 0.4 

Herring abundance*  0.9 0.7 0.7 0.6 1.1 0.6 0.4 0.7 0.7 0.3 0.9 0.4 1.2 1.2 1.2 0.2 0.2 0.6 

Sprat abundance * 0.5 0.5 0.7 0.6 1.1 0.6 0.4 0.6 0.6 0.3 0.9 0.4 1.2 1.2 1.2 0.2 0.2 0.6 

Recruitment areas 
perch* 

1.6 1.3 1.2 0.4 0.9 0.4 0.4 1.4 1.4 0.4 1.6 1.3 1.6 1.6 1.6 0 0 1 

Recruitment areas 
pikeperch*  

1.6 1.1 1.2 0.6 1.1 0.3 0.6 0.7 0.7 0.5 1.7 1 2 2 2 0.5 0.5 0.9 

Wintering seabirds 0.9 0.8 0.5 0.8 0.9 0.4 1.4 0.2 0.2 0.7 2 1.3 1.1 1.1 1.1 1.7 1.7 0.6 

Breeding seabird 
colonies 

0.9 0.9 0.4 0.6 0.8 0.3 1.3 0.3 0.3 0.2 2 1.8 1 1 1 1.6 1.6 0.8 

Migration routes birds 0.8 0.5 0.4 0.7 0.8 0.6 1.2 0.2 0.2 0 1.9 1.4 0.7 0.7 0.7 1.8 1.8 0.3 

Grey seal abundance 0.6 0.7 0.7 1.4 1.6 0.3 1.4 0.3 0.3 1 1.3 1 1.2 1.2 1.2 1.6 1.6 0.8 

Harbour seal abundance 0.6 0.7 0.7 1.5 1.6 0.3 1.5 0.3 0.3 1 1.6 1.3 1.2 1.2 1.2 1.9 1.9 0.8 

Ringed seal distribution 0.5 0.6 0.6 1.5 1.6 0.6 1.4 0.5 0.5 1.2 1.4 1.2 1.5 1.5 1.5 1.6 1.6 1.1 

Spawning cod (updated 
map) ** 

0.7 0.8 0.9 0.6 1 0.6 0.9 1.7 1.7 0.5 1 0.6 1.3 1.3 1.3 0.2 0.2 0.4 

Spawning herring 
(new)** 

1.6 1.1 1.2 0.6 1 0.6 0.9 1.4 1.4 0.5 1.7 0.6 1.3 1.3 1.3 0 0 0.4 

Spawning areas sprat 
(new)** 

0.7 0.8 0.9 0.6 1 0.6 0.9 0.7 0.7 0.5 1 0.6 1.3 1.3 1.3 0 0 0.4 

Spawning European. 
flounder (new)**  

0.7 0.8 0.9 0.3 0.9 0.6 0.9 1.7 1.7 0.5 1 0.6 1.3 1.3 1.3 0 0 1 
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Spawning Baltic flounder 
(new)** 

1.6 1.1 1.2 0.3 0.9 0.6 0.9 1.7 1.7 0.5 1.7 0.6 1.3 1.3 1.3 0 0 1 

Recruitment flounders 
(new)** 

1.6 1.1 1.2 0.3 0.9 0.6 0.9 1.7 1.7 0.5 1.7 0.6 1.3 1.3 1.3 0 0 1 

Recruitment perch 
(updated)** 

1.6 1.3 1.2 0.4 0.9 0.4 0.4 1.4 1.4 0.4 1.6 1.3 1.6 1.6 1.6 0 0 1 

Recruitment pikeperch 
(updated)** 

1.6 1.1 1.2 0.6 1.1 0.3 0.6 0.7 0.7 0.5 1.7 1 2 2 2 0.5 0.5 0.9 
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Abstract

Ecosystem services are impacted through restricting service supply, through limiting people

from accessing services, and by affecting the quality of services. We map cumulative

impacts to 8 different ecosystem services in coastal British Columbia using InVEST models,

spatial data, and expert elicitation to quantify risk to each service from anthropogenic activi-

ties. We find that impact to service access and quality as well as impact to service supply

results in greater severity of impact and a greater diversity of causal processes of impact

than only considering impact to service supply. This suggests that limiting access to ser-

vices and impacts to service quality may be important and understanding these kinds of

impacts may complement our knowledge of impacts to biophysical systems that produce

services. Some ecosystem services are at greater risk from climate stressors while others

face greater risk from local activities. Prominent causal pathways of impact include limiting

access and affecting quality. Mapping cumulative impacts to ecosystem services can yield

rich insights, including highlighting areas of high impact and understanding causes of

impact, and should be an essential management tool to help maintain the flow of services

we benefit from.

1. Introduction

Humanity’s great and growing influence on the planet demands an increased understanding

of how multiple activities cumulatively affect the human benefits and values associated with

the environment [1,2]. The need to understand and manage simultaneous impacts of multiple

human activities on ecosystems (such as fisheries and agricultural runoff impacting fish habitat

concurrently), referred to here as cumulative impacts, has led to widespread uptake in cumula-

tive impact mapping methods around the world [3–11]. However, impact mapping studies

generally reflect how human activities affect species and habitats, neglecting thus far how mul-

tiple activities cumulatively affect ecosystem services–the processes by which nature renders
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benefits for people [12]. Understanding impacts on ecosystem services would allow for a repre-

sentation of multiple societal benefits from the environment, enabling targeted management

on specific ecosystem services. Assessments of impacts on ecosystem services could allow us to

establish baseline knowledge of the ecosystem services and geographic areas facing the greatest

impact, as well as help evaluate and plan for emerging impacts from local and global stressors

(such as from future oil spills and climate change, respectfully).

Ecosystem services are the environmental processes that render benefits to people. Implicit

to this definition is that, while ecosystem functions are essential for providing ecosystem ser-

vices, these services do not exist without human beneficiaries [13,14]. Any human activity that

impacts ecosystems has the potential to impact ecosystem services in multiple ways. In addi-

tion to impacts on the biophysical production of services, human activities and infrastructure

can also undermine the “consumption” of ecosystem services [14].That is, a human activity

can undermine people’s ability to access or enjoy an ecosystem service. The role of impacts to

the production versus the consumption of ecosystem services is largely unexplored in the liter-

ature, however. For example, in New Zealand shellfish aquaculture sites and shipping lanes

can limit commercial fishing operations in an area because of legislation that limits their over-

lap, impacting the contribution of fisheries ecosystem services [15]. In this case, the assessed

impact of shipping and aquaculture on fisheries operated through changes in access and not

through impacts on biophysical supply (though the effluent from increased shipping may

impact biophysical supply in the long term).

Various human activities and stressors (which we collectively called drivers) impact ecosys-

tem services. We define drivers as the human activities and long-term stressors (such as ocean

acidification) that contribute to a deterioration of benefits derived from ecosystem services.

We define stressors as the processes that undermine ecosystem service benefits, and we define

impacts as the deterioration of ecosystem service benefit. For example, agriculture contributes

to runoff that can lead to sedimentation which can smother shellfish harvested by people

[15,16]. In this example, agriculture is a driver, sedimentation is a stressor, and reduced shell-

fish biomass for food is the impact [15,17]. Impacts to ecosystem services can be characterized

at each step in the ecosystem services ‘cascade’ [13], with impact drivers potentially affecting

supply (the biophysical components that produce ecosystem services), service (the ability of

people to access and benefit from a service), and value (people’s preferences for ecosystem ser-

vices, 13). Reframing the previous example, shipping lanes and aquaculture sites impact the

service (the ability of people to access fisheries for food through legal restriction), even if the

growth and availability of fish (the supply) might be unaffected. In this case (where shipping

lanes and aquaculture restrict fisheries) what might not be considered an environmental

impact (to fish) would be considered an ecosystem service impact. While this cascade is useful

for parsing out the dynamics of impacts to ecosystem services, the relative importance of these

factors (supply, service, and value) in regulating impact to ecosystem services is not known.

The ecosystem service cascade has potential repercussions for impact mapping. Because

delivery of ecosystem services to people requires both the provision of services through bio-

physical means (the supply) and delivery to people (service) that demand those services

(value), maps of ecosystem services may be more restricted in space than maps of total service

supply [14,18,19]. The few existing studies mapping cumulative impacts to ecosystem services

do so using human use and landscape proxies of ecosystem services [11,20]. Recently, spatial

models have been created that utilize production functions for ecosystem services, relating

landscape features important for ecosystem services, as well as spatial social data on human

use of the environment, to generate maps of ecosystem services on the coast [21,22]. These

models provide a more precise and comprehensive mapping of ecosystem services, including

those without close human use proxies.
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Beyond spatial representation, the ecosystem service cascade influences the metrics we use

to measure impact. Existing frameworks of impact to ecosystem services characterize change

in the underlying ecosystem as the principal (and sometimes sole) driver of impact, with

human beneficiaries of services largely subject to changes in ecosystem service supply [23–26].

However, as mentioned previously, considering only the underlying ecosystem represents

changes to potential ecosystem services without incorporating considerations of if and how

humans use them. Including metrics that consider impacts to the service and value of ecosys-

tem services can modify our understanding and measurements of impact. Maps of species and

habitat may be sufficient to approximate impacts to ecosystem services when the mechanisms

of impact operate mostly through biophysical supply. However, changes to people’s access,

use, and perceived quality of service may also be important for understanding impacts to eco-

system services [27,28], and understanding the mechanism of impacts on ecosystem services

can help address management goals [17].

Here we model human impacts to specific ecosystem services on coastal British Columbia

to identify areas of high impact in consideration of the ecosystem service cascade. In mapping

impacts according to the ecosystem service cascade we also attempt to advance the under-

standing of impacts to ecosystem services. Coastal British Columbia is an area renowned for

its scenery and productivity, contributing greatly to the economy, sense of place and other val-

ues important to residents and visitors [29,30]. Maps of cumulative impacts to coastal British

Columbia ecosystems have been produced [8,10,31]. This work, alternately, does so for ecosys-

tem services themselves, representing cumulative impact as the combined total impact that an

ecosystem service experiences from a variety of co-occurring drivers of impact (such as ocean

acidification, agricultural runoff, and fishing). We ask: 1) Which ecosystem services face the

most severe cumulative impact in coastal British Columbia?; 2) What drivers pose the greatest

threat to what ecosystem services?; 3) Where are ecosystem services under greatest threat?; 4)

How do the answers to the first three questions change if measures of service and value are

considered or left out (i.e. consider impacts to the ecosystem service cascade versus only to

supply)?; 5) How may projected future impacts affect ecosystem services?; 6) What is the rela-

tive importance of metrics of service supply, service, and value to impacts on ecosystem ser-

vices?; 7) What are the main causal pathways of impacts that affect the ecosystem services?

Together, addressing these questions builds on established methods to map cumulative

impacts using geospatial data and expert derived estimates of ecological vulnerability [4,32].

2. Methods

2.1 Study site

The coast of British Columbia, Canada spans a distance of almost 1000 km, with a complex

shoreline geography of fjords, inlets, and islands extending over 25,000 km in length. It is a

region of diverse resource harvesting important for ecological, economic and cultural reasons,

many of which are unique to the region; for example glass sponge reefs, globally significant

seabird populations, salmon, eulachon, and resident orca. The region is also important cultur-

ally for intangible benefits, including nature-based tourism. A broad range of human activities

occur in this region, and a multiple cumulative impact studies have been conducted to assess

impacts on the marine ecosystems [8,10,28]. Sea-based activities include fishing, aquaculture,

tourism, utility and transportation. Coastal activities also influence the marine and estuarine

resources in this region, including human settlement, ports and marinas, and log storage and

handling. Land-based activities occurring in the watersheds are connected to coastal marine

systems through freshwater runoff and include forestry, agriculture, mining and pulp and

paper mills. The region is also subject to impacts from long-range and global stressors such as
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climate change, pollutants and debris. Activities that include vessel use additionally include

the stressors associated with either small or large vessel use in their cumulative risk. Manage-

ment of coastal British Columbia is done in a piecemeal way (often with little coordination

between regulators), with sea-based activities under the purview of Fisheries and Oceans Can-

ada, land-based resources under provincial authority (Forest, Lands, Natural Resource Opera-

tions and Rural Development), coastal national parks under Parks Canada, and Environment

and Climate Change Canada, and towns and human settlements often governed by local gov-

ernments. Because of the diverse natural resources and ecosystem services, as well as the past

research done on ecological impacts, we chose to study this region as a case study to study

cumulative impacts on ecosystem services.

2.2 Methodological overview

Mapping and quantifying impacts to ecosystem services requires both (1) understanding the

location and intensity of drivers co-occurring with ecosystem services (i.e., the ‘footprint’ of

drivers) and (2) the risk (the potential of a driver to impact an ecosystem service where they

co-occur) each activity poses to each ecosystem service [23,24]. Measuring impact as a product

of risk and the co-occurrence of activities (with measured intensities) and ecosystem services

follows the conceptual structure of cumulative impact mapping [33], as diagrammed in Fig 1.

The analysis consisted of four main steps. 1) Spatial representation of ecosystem services:

we mapped eight ecosystem services using InVEST models and spatial data available for the

region. 2) Spatial representation of drivers of impact: we assembled spatial data for 21 drivers

that potentially impact ecosystem services. 3) Risk assessment: we derived risk scores for each

service-driver (risk of driver x on service y) combination under current conditions (within the

last 10 years) via an expert elicitation process. Ethics approval for this expert elicitation was

Fig 1. The aims of the study are to assess impact to ecosystem services across the ecosystem service cascade of supply, service, and value

dimensions of ecosystem services. To do so, we employ the methods of cumulative impact mapping, which combines spatial data on multiple

drivers of impact, multiple ecosystem services, and expert-derived estimates of the risk posed by drivers to ecosystem services, according to various

risk criteria. As a result, we generate maps of cumulative impact on ecosystem services.

https://doi.org/10.1371/journal.pone.0220092.g001
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given by UBC’s Behavioural Research Ethics Board (approval number H12-01868). Written

consent was obtained from each participant to partake in the study. These risk scores were cal-

culated by expert derived estimates of risk criteria and criteria weights, then combined with

data on human activities and stressors generates impact scores. We also used expert elicitation

to estimate the risk of key climate change and potential oil spills to ecosystem services in the

future. To further explore how ecosystem services across supply, service and value, we asked

experts to detail the causal pathways of impacts to ecosystem services. 4) Cumulative impacts

model: we overlaid maps of drivers of impact (with impact scores) on maps of ecosystem ser-

vice to assess the cumulative impacts of all available activities on each service, in accordance

with our definition of cumulative impacts. The resulting maps allowed us to answer where eco-

system services were under greatest impact, which ecosystem services were most impacted,

and by what driver. The expert scores allowed us to distinguish impacts on ecosystem service

supply from impacts on service and value considerations. We compared maps of total impact

with maps that only incorporated impacts on ecosystem service supply to explore the impor-

tance of service and value dimensions of ecosystem service risk. We detail each step below.

2.3 Spatial representation of ecosystem services

We mapped eight different ecosystem services using InVEST, including coastal aesthetics,

coastal protection, benefits from commercial demersal fisheries, benefits from commercial

pelagic fisheries, and coastal recreation [21,22], though for potential tidal and wave energy and

benefits from aquaculture we used publicly available spatial data on the extents of these ecosys-

tem services and did not need to use InVEST (see S2 Table). InVEST (integrated valuation of

ecosystem services and tradeoffs) is a decision-support tool for mapping and valuing ecosys-

tem services, that generates spatially explicit models of ecosystem services based on underlying

ecosystem characteristics. Coastal aesthetics was modeled by calculating the viewshed from

kayaking, recreational boating, population centers, recreational fishing. Coastal protection was

modeled assessing the protection provided by marine vegetation (kelp and seagrass) to differ-

ent types of shoreline (sandy to rocky). Benefits from commercial demersal fisheries and bene-

fits from commercial pelagic fisheries were modeled by aggregating multiple commercial

fishery spatial data layers. Coastal recreation includes kayak, recreational boating, recreational

fishing, and populous sites for recreation, including camping and dive sites. We modeled

“potential” energy generation because British Columbia currently does not have wave and

tidal energy operations, but there is interest in harnessing this energy supply. Benefits from

finfish and shellfish aquaculture were modeled by aggregating spatial data of finfish and shell-

fish aquaculture. For more detail on the ecosystem service models, see S1 File.

The InVEST tool has tiered models for mapping ecosystem services based on different lev-

els of data availability. The highest tier InVEST models are capable of quantifying and calculat-

ing monetary values of ecosystem services within the area that people use them [17]. Due to

data limitations, we were prevented from modeling ecosystem services at the most refined tier,

but we could produce maps of the extent of human use of ecosystem services for all eight

across coastal BC. We used the base InVEST models for fisheries and recreation maps whereby

overlapping maps of different activities creates the resulting service model. We modeled

coastal aesthetics with InVEST by calculating the viewshed from sites of recreation and human

habitation. This model considers topography and the curvature of the earth to calculate the

viewshed. We modeled coastal protection with InVEST by mapping the parts of the coast pro-

tected by vegetation, kelp, and erosion-resistant substrate (not mapped are areas of the coast

without protection). We did not use InVEST to map potential renewable energy and benefits

from aquaculture, as we opted to use instead the publicly available spatial data on wave and
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tidal energy areas of interest along the BC coast, as well as the locations of shellfish and finfish

aquaculture. See the Appendix A for detailed descriptions of ecosystem service model

parameterization.

2.4 Spatial representation of drivers of impact

We assembled spatial data layers for 21 different drivers of impact (processes that impact the

environment from either human activities or long term change), including drivers related to

fisheries, coastal commercial industries, land conversion and management, and climate change

impacts (these broad categories derived from [8], see Table 1). These spatial data layers

included the spatial range of each driver, as well as the intensity of each activity within its

range (for example, how many ships were using a particular shipping lane). Many human

activities, such as fishing, access benefits from ecological processes and play important roles in

Table 1. The ecosystem services modeled in our study and all associated human activities and stressors that pose

risk to these ecosystem services.

Ecosystem Service Human activity or stressor causing impact

Coastal Aesthetics demersal destructive fishing; demersal non-destructive low bycatch fishing;

demersal non-destructive high bycatch fishing; pelagic low bycatch fishing;

pelagic high bycatch fishing; recreational fishing; finfish aquaculture; shellfish

aquaculture; large boat traffic; ports, marinas, and harbours; small docks, ramps,

wharfs; log dumping, handling, storage; ocean dumping; industry; pulp and

paper; onshore mining; human settlements; agriculture

Coastal Protection recreational fishing; large boat traffic; ports, marinas, and harbours; small docks,

ramps, wharfs; log dumping, handling, storage; industry; pulp and paper;

onshore mining; human settlements; agriculture; sea level rise

Benefits from Commercial

Demersal Fishing

demersal destructive fishing; demersal non-destructive low bycatch fishing;

pelagic low bycatch fishing; pelagic high bycatch fishing; recreational fishing;

finfish aquaculture; shellfish aquaculture; large boat traffic; ports, marinas, and

harbours; small docks, ramps, wharfs; log dumping, handling, storage; ocean

dumping; industry; pulp and paper; onshore mining; human settlements;

agriculture; ocean acidification; sea temperature change; UV change

Benefits from Commercial

Pelagic Fishing

demersal destructive fishing; demersal non-destructive low bycatch fishing;

pelagic low bycatch fishing; pelagic high bycatch fishing; recreational fishing;

finfish aquaculture; shellfish aquaculture; large boat traffic; ports, marinas, and

harbours; small docks, ramps, wharfs; log dumping, handling, storage; ocean

dumping; industry; pulp and paper; onshore mining; human settlements;

agriculture; ocean acidification; sea temperature change; UV change

Coastal Recreation demersal destructive fishing; demersal non-destructive low bycatch fishing;

demersal non-destructive high bycatch fishing; pelagic low bycatch fishing;

pelagic high bycatch fishing; recreational fishing; finfish aquaculture; shellfish

aquaculture; large boat traffic; ports, marinas, and harbours; small docks, ramps,

wharfs; log dumping, handling, storage; ocean dumping; industry; pulp and

paper; onshore mining; human settlements; agriculture; ocean acidification; sea

level rise; sea temperature change; UV change

Potential Energy Generation demersal destructive fishing; demersal non-destructive low bycatch fishing;

demersal non-destructive high bycatch fishing; pelagic low bycatch fishing;

pelagic high bycatch fishing; recreational fishing; large boat traffic; ports,

marinas, and harbours; ocean dumping; industry

Benefits from Finfish

Aquaculture

demersal destructive fishing; demersal non-destructive low bycatch fishing;

pelagic low bycatch fishing; finfish aquaculture; large boat traffic; ports, marinas,

and harbours; industry; pulp and paper; onshore mining; human settlements;

ocean acidification; sea temperature change; UV change

Benefits from Shellfish

Aquaculture

demersal destructive fishing; demersal non-destructive low bycatch fishing;

pelagic low bycatch fishing; shellfish aquaculture; large boat traffic; ports,

marinas, and harbours; small docks, ramps, wharfs; pulp and paper; onshore

mining; human settlements; ocean acidification; sea level rise; sea temperature

change; UV change

https://doi.org/10.1371/journal.pone.0220092.t001
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ecosystem service delivery to people while also contributing impacts towards ecosystem ser-

vices [15]. We treat these activities (e.g. fishing), therefore as both ecosystem services as well as

drivers that cause impact (following Singh et al. [15]). To distinguish between these multiple

roles that fisheries play, we emphasize benefits when labeling fisheries as ecosystem services

(such as “benefits from commercial demersal fisheries”) and emphasize impacts when labeling

fisheries as drivers of impact (such as “demersal destructive fishing”). We treat ecosystem ser-

vices as broad categories (such as demersal vs pelagic fisheries) and drivers that cause impact

as specific categories because experts indicated that broad types of ecosystem services (such as

various benthic fisheries, or various pelagic fisheries) are impacted in similar ways, while they

indicated that they did not treat human activities and stressors in a similar way. Many of the

data layers of drivers that cause impact were adapted from a previous cumulative impact study

by Ban et al. [8] supplemented with data from British Columbia Marine Conservation Analysis

[33] and GeoBC [34]. We compiled the 25 fisheries used by Ban et al. [8] into five categories

(demersal destructive, demersal non-destructive, pelagic low bycatch, pelagic high bycatch,

and recreational fishing) of fisheries that cause impact because the number of data layers influ-

ences the overall cumulative impact scores [8], and we did not want to overly bias impact

based on fisheries scores. This dataset considers the area of influence of each human activity,

with the extent of each area of influence dependent on prominent stressors (processes that

cause impact) associated with each activity. We also included current climate stressors adapted

and updated from Halpern et al. [35] global map (see S2 Table for data sources).

2.5 Risk assessment

Following the cumulative impact mapping approach first demonstrated by Halpern et al. [33],

we overlay maps of impacting activities on ecosystem services, and calculate impact of activi-

ties by combining the spatial data of activity intensity with a measure of risk from a standard

unit of human activity to a given ecosystem service. We define risk as the potential of a driver

to impact a particular ecosystem service. In the context of our cumulative impact model, risk is

the potential of a single event of an activity to impact a given ecosystem service. Calculating

the quantitative estimates of risk and the model of cumulative impact were adapted from Hal-

pern et al. [33] and are described in detail in the Supplementary Methods. Below we describe

the expert elicitation process used to generate risk scores and summarize the cumulative

impacts model that build from the ecosystem service maps, human activity maps, and the risk

assessment.

2.5.1 Expert elicitation for risk scores. Our quantitative estimates of risk represent the

potential impact that a unit of a driverposes to an ecosystem service when a driver co-occurs

with an ecosystem service. To calculate the risk scores we relied on expert judgement, due to

pervasive data gaps (see S3 Table for a description of drivers for risk quantification). We

adapted the mail-in and phone expert survey used in Teck et al. [32] used to quantify ecosys-

tem vulnerability to different drivers through ranking and quantification exercises, and

adapted it for ecosystem services (survey description below). We used an online survey

because it allowed us to reach all experts using a common platform. The diversity of ecosystem

services and the large number of risk values precluded individual surveys, workshops, and

other elicitation methods [36]. We invited a total of 437 experts to take part in the full survey

(quantifying risk criteria, future risk criteria, generating risk criteria weights, and outlining

mechanistic pathways of impacts), but 217 did not respond to the survey invitation, resulting

in 220 potential expert responses (we could not determine whether these were appropriate

experts who chose not to respond or if they did not receive or see the invitation). Of the result-

ing 220, 112 self-indicated that their level of expertise was not sufficient to quantify risk though
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all 220 did provide responses on the mechanisms of impact. After accounting for non-

responses and self-identification, we were left with a pool of 108 confirmed potential experts.

Of this pool, 44 provided quantitative results on the survey (a 40.7% response rate).

Experts were selected by reviewing the literature of the various chosen ecosystem services

in British Columbia and identifying authors of relevant studies. Authors and studies were

identified through ISI Web of Knowledge with a focus on recruiting experts with subject-

expertise in specific (or multiple) ecosystem services specifically within BC. We allowed partic-

ipants to self-organize for chosen ecosystem services (some indicating their expertise for multi-

ple ecosystem services), and they provided responses for all ecosystem services they presumed

themselves experts on in BC. Risk estimates were compiled for benefits from commercial fish-

eries generally (instead of benefits from demersal and pelagic commercial fisheries separately),

and we elicited risk scores for benefits from commercial aquaculture generally (instead of ben-

efits from shellfish and finfish aquaculture specifically) because the fisheries and aquaculture

experts indicated their expertise pertained to these ecosystem services across their

subcategories.

Experts were tasked with quantifying risk according to seven criteria, building on those

used in Teck et al. [29]. The criteria encompassed exposure (area of influence, frequency of

impact and recovery time, S3 Table) and consequence (magnitude of impact on ecosystem ser-

vice production, ecological extent of impact, effects to access and effects to perceived quality,

S4 Table). The consequence criteria include considerations across the ecosystem service cas-

cade. Impacts to supply dimensions are represented by magnitude of impact on service pro-

duction and ecological extent, impacts to service dimensions are represented by effects to

access, and impacts to value dimensions are represented by effects to perceived quality. Experts

were instructed to consider current risk of activities to ecosystem services (within the last 10

years). For potential energy generation, only one expert provided these quantitative measure-

ments (though others provided other information on potential energy generation) so quantita-

tive results for this ecosystem service should be considered tentative, and future research

should be taken to verify findings here. For all other ecosystem services, there were�3 experts

providing measurements, consistent with expert input on previous cumulative mapping stud-

ies [4,29,35]. While we acknowledge that expert input can carry high uncertainty, expert input

was the best option present give that no empirical results exist as an alternative, though empiri-

cally quantifying impacts to marine systems is a priority research area [37]. Despite this limita-

tion, there is an established literature on using expert responses to inform decisions in

contexts of limited data, and the particular expert-based approach used in cumulative impact

mapping was evaluated in Teck et al. [29] and shown to be robust. Specifically for our study,

risk criteria scores had relatively low variation across experts (standard deviation was usually

less than half of the mean, and often less than a quarter of the mean for recreation, all fisheries,

and all aquaculture). Additionally, experts were provided opportunities to comment and dis-

agree with aggregated results, but in all ecosystem services, experts were satisfied with the

results. Taken together (low variation across experts and no further refinement by experts),

these results indicate that expert scores were relatively stable. See S6 Table for a summary of

expert scores for the seven criteria across impacting activities for each ecosystem service.

2.5.2 Future risk to ecosystem services. To partially assess future risks to ecosystem ser-

vices, experts were asked to quantify risk to two global driver and one regional driver of high

concern, given the changing climate and development trajectory of British Columbia. These

measures of future risk were not included in the final cumulative impact maps, as the maps

only included risk estimates for current activities and stressors that cause impact. Experts were

asked to quantify risk from sea surface temperature rise and ocean acidification according to

projections for the year 2100 (3˚C increase and 0.3 pH decrease, respectively, [38] and to
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quantify risk from a major oil spill (>40 000 m3, [39]). All risk scores were normalized so that

the resulting expert scores were scaled between 0–1.

2.5.3 Understanding mechanisms of impact. We asked experts in the risk survey to indi-

cate whether or not the given drivers of impact affected their chosen ecosystem service directly

or indirectly (or neither or both), with an optional follow-up to describe the mechanism of

impact. Each driver of impact were grouped in one of four different categories: fisheries

impacts, coastal commercial impacts, land-based impacts, and climate change impacts. Fisher-

ies impacts includes all those drivers related to fisheries including demersal destructive and

non-destructive fishing, pelagic fishing, and recreational fishing. Coastal commercial impacts

include coastal industries such as aquaculture, shipping, ports, docks, log dumping, ocean

dumping. Land-based impacts include industry, pulp and paper, onshore mining, human set-

tlements, forestry, and agriculture. Climate change impacts include ocean acidification, sea

level rise, sea temperature change, and UV change. When all drivers were categorized, we cal-

culated the proportion of direct versus indirect impacts (also accounting for impacts that

could be both or neither) within each category affect each ecosystem service.

2.6 Cumulative impacts model

After all ecosystem services were modeled, their spatial overlap with all activity and stressors

was mapped at a 500x500m cell resolution. The spatial extent of specific ecosystem services

served as the boundary for each overlapped map. All intensity data for drivers were log trans-

formed and normalized by dividing by the largest intensity value found for each driver across

the BC coast to generate a dimensionless 0–1 intensity scale [33]. Cumulative impact Ic was

calculated for each pixel according to the established cumulative impact map formula

Ic ¼
Xn

i¼1

Di � Ej � mi;j

where Di is the log-transformed and normalized intensity scores for driver i, Ej is the presence

or absence of ecosystem service j, and μi,j is the risk of individual occurrences of driver i on

ecosystem service j (see Supplementary Methods, 33). Cumulative impacts were calculated

twice: first, cumulative impact scores were calculated without the service and value dimensions

(i.e. only considering ecosystem service supply); next, cumulative impact scores were calcu-

lated with service and value dimensions. The difference between these two calculations reveals

the contribution of considering the service and value dimensions when assessing cumulative

impacts on ecosystem services. These cumulative impact scores were calculated both across

the spatial range of each ecosystem service as well as calculated per-cell (at a 500mx500m cell

resolution).

3. Results

3.1 Impacts to ecosystem services

3.1.1 Per cell cumulative impacts to ecosystem service supply, service, and value. Our

results indicated that all modeled ecosystem services are impacted across most–if not all–of

their range (Figs 2 and 3). Controlling for total range, benefits from commercial demersal fish-

eries were ranked highest for average per-cell cumulative impact (Ic) from drivers, followed by

benefits from commercial pelagic fisheries, potential renewable energy, coastal recreation, ben-

efits from finfish aquaculture, benefits from shellfish aquaculture, coastal protection, and aes-

thetics (Fig 4 and Table 2).
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3.1.2 Per cell cumulative impacts to ecosystem service supply. When mapping the per-

cell cumulative impact model while only considering impacts to ecosystem service supply (and

not including service and value dimensions), the ranked list of ecosystem services facing

impacts is similar to the list considering service and value dimensions, with some differences.

Benefits from commercial demersal fisheries are still ranked highest, followed by benefits from

shellfish aquaculture, benefits from commercial pelagic fisheries, benefits from finfish aquacul-

ture, coastal recreation, potential renewable energy, coastal protection, and coastal aesthetics

(Table 2). However, all ecosystem services vary greatly in their relative impacts (Fig 4). Most

ecosystem services have per-cell Ic values that range from ~0–0.8, except aesthetics, which only

has Ic values ~0–0.4 (Fig 3).

3.1.3 Cumulative impacts to ecosystem service supply, service and value across spatial

range. The total cumulative impact scores (Ic) across the spatial range of ecosystem services

were highest for benefits from commercial demersal fisheries, followed by benefits from com-

mercial pelagic fisheries, aesthetics, coastal recreation, potential renewable energy generation,

coastal protection, benefits from finfish aquaculture and benefits from shellfish aquaculture

(Figs 2 and 3, and Table 2). For many ecosystem services, higher levels of impact were found

on the south of the coast, between Vancouver Island and the mainland (for benefits from fin-

fish and shellfish aquaculture and potential energy generation, and coastal protection), and the

north coast (for aesthetics, coastal protection, demersal and pelagic fisheries, and marine

Fig 2. Cumulative impact maps for four ecosystem services (aesthetics, coastal protection, benefits from

commercial demersal fisheries and benefits from commercial pelagic fisheries), with associated bar graphs of

drivers of impact. Maps display the summed impact of all drivers to each ecosystem service; bar graphs show total

impact values for each driver. Red bars indicate impact only accounting for ecosystem service supply dimensions (ES

supply), and black bars indicate impact accounting for the entire ecosystem service cascade, including supply, service,

and value (ES). Coastal protection is not to scale to allow for visibility. Four drivers that cause impact have been left off

the bar graphs because they contribute negligible levels of impact across ecosystem services (small docks, log dumping,

ocean dumping, and industry).

https://doi.org/10.1371/journal.pone.0220092.g002
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recreation, Figs 2 and 3). Major hotspots of impact are similar when considering service and

value dimensions of impact versus not considering them.

3.1.4 Cumulative impacts to ecosystem service supply across spatial range. Considering

only ecosystem service supply dimensions in calculating cumulative impact (Ic), the ranked list

of ecosystem services facing the most severe impact is largely consistent with the ranking of

when service and value dimensions are also considered; however, the position of benefits from

finfish aquaculture and benefits from shellfish aquaculture are switched (Figs 2 and 3, and

Table 2).

3.1.5 Prominent drivers of impact. Different groups of drivers generated prominent

impacts for different ecosystem services (Figs 2 and 3). Climate related stressors contributed

high levels of impact to benefits from demersal and pelagic fisheries, marine recreation, bene-

fits from finfish aquaculture and benefits from shellfish aquaculture. Ocean acidification was

the main climate related stressor contributing to impact in these ecosystem services. Climate

related stressors had the highest spatial range across all ecosystem services (occupying all map

cells). Land-based activities contributed high levels of impact to aesthetics, coastal protection,

and both aquaculture categories. Human settlements and onshore mining contributed the

most impact to most of these ecosystem services. Coastal commercial activities contributed

high levels of impact to benefits from finfish aquaculture. Aquaculture was seen as a prominent

activity impacting itself, as experts scored risk to ecosystem service supply, service, and value

dimensions high for aquaculture, and multiple experts described the self-harmful practices

Fig 3. Cumulative impact maps for four ecosystem services (recreation, energy, benefits from finfish aquaculture,

and benefits from shellfish aquaculture), with associated bar graphs of drivers of impact. Maps display the

summed impact of all drivers to each ecosystem service; bar graphs show total impact values for each driver. Red bars

indicate impact only accounting for ecosystem service supply dimensions (ES supply), and black bars indicate impact

accounting for the entire ecosystem service cascade, including supply, service, and value (ES). Aquaculture sites are not

to scale to allow for visibility. Four drivers that cause impact have been left off the bar graphs because they contribute

negligible levels of impact across ecosystem services (small docks, log dumping, ocean dumping, and industry).

https://doi.org/10.1371/journal.pone.0220092.g003
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and invasive and disease problems of aquaculture. They also cited the poor public attitude

towards aquaculture as a high risk to itself. Fisheries contributed high levels of impact to

potential tidal and wave energy. Experts scored risk to service and value dimensions from fish-

eries to potential energy generation high, specifically the effects of fisheries on access to good

renewable energy sites.

Fig 4. Density histograms of per-cell Ic values for each ecosystem service. Red histograms indicate per-cell impact only accounting for ecosystem service supply (ES

supply), and black histograms indicate impact accounting for all dimensions, including supply, service, and value (ES).

https://doi.org/10.1371/journal.pone.0220092.g004

Table 2. Per-cell and total cumulative impact scores for all ecosystem services. Cumulative impact scores are provided for the models considering impact across ecosys-

tem service cascade (supply, service, and value), as well as for the models considering impact only to ecosystem service supply.

Ecosystem Service Per-cell cumulative impact (per-

cell Ic) for ecosystem service

supply, service, and value

Per-cell cumulative impact

(per-cell Ic) for ecosystem

service supply

Total cumulative impact (Ic across

spatial range) for ecosystem service

supply, service, and value

Total cumulative impact (Ic
across spatial range) for

ecosystem service supply

Coastal Aesthetics 0.058 0.040 35393.548 24854.244

Coastal Protection 0.178 0.090 798.622 404.969

Benefits from

Commercial Demersal

Fisheries

0.431 0.253 156985.599 92249.122

Benefits from

Commercial Pelagic

Fisheries

0.416 0.246 127730.680 75563.987

Coastal Recreation 0.312 0.189 21067.009 12825.409

Potential Energy

Generation

0.325 0.157 8264.231 4000.945

Benefits from Finfish

Aquaculture

0.303 0.243 58.162 46.749

Benefits from Shellfish

Aquaculture

0.289 0.249 54.436 46.941

https://doi.org/10.1371/journal.pone.0220092.t002
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3.2 Importance of service and value metrics to impact scores

Across all ecosystem services, total and per-cell impact scores were more severe when includ-

ing risk to service and value dimensions in impact calculations than excluding them (Figs 2, 3

and 4). Resulting maps show greater overall impact across the spatial range of all ecosystem

services when these service and value dimensions are included on top of ecosystem service

supply dimensions (S1 Fig). Though we use an additive model (and so any additional criteria

will add to total impact), the service and value dimensions contributed a substantial propor-

tion towards total impact (Fig 4). Including these service and value dimensions had the great-

est proportional increase in per-cell Ic for potential renewable energy generation, followed by

coastal protection, benefits from commercial demersal fisheries, benefits from commercial

pelagic fisheries, recreation, aesthetics, benefits from finfish aquaculture, and benefits from

shellfish aquaculture (Table 3 and Fig 4). Considering total Ic values (across the spatial range)

including service and value dimensions had the same proportional increases in cumulative

impact scores (Table 3). The only case where considering impacts on service and value dimen-

sions did not add to impact estimates was the impact of shellfish aquaculture on itself (Fig 3).

3.3 Future risk to ecosystem services

Considering future risk, experts perceived that some ecosystem services are at greater risk

from some future climate stressors than potential major oil spill, while others are at greater

risk from potential major oil spills (Fig 5). Aesthetics, coastal protection, and potential energy

generation were all perceived to be at higher risk from a major oil spill on the coast, and face

no risk from future sea temperature or ocean acidification. Coastal protection and potential

energy generation were perceived to be at high risk from sea level rise, but we did not have spa-

tial data for this stressor so we do not represent it here. In contrast, benefits from fisheries,

benefits from aquaculture, and marine recreation all appeared to be at higher risk from future

ocean acidification and sea surface temperature rise, and particularly ocean acidification.

3.4 Relative importance of ecosystem service supply, service, and value for

impact

Based on expert ranking, risk to ecosystem services is dependent on diverse criteria of expo-

sure and consequence, without a clearly dominant criteria influencing risk (Fig 6). For

Table 3. The relative (proportional) increase in per-cell and total cumulative impact scores when modeling

impacts to ecosystem service supply, service, and value for each ecosystem service compared to only modeling

impacts to ecosystem service supply.

Ecosystem Service Proportional increase in per-cell cumulative impact (per cell Ic) and total

cumulative impact (Ic across spatial range) from considering impact to

ecosystem service supply, service, value compared to only ecosystem service

supply

Coastal Aesthetics 0.42

Coastal Protection 0.97

Benefits from Commercial

Demersal Fisheries

0.7

Benefits from Commercial Pelagic

Fisheries

0.69

Coastal Recreation 0.64

Potential Energy Generation 1.07

Benefits from Finfish Aquaculture 0.24

Benefits from Shellfish

Aquaculture

0.16

https://doi.org/10.1371/journal.pone.0220092.t003
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exposure criteria, experts considered the spatial extent of individual occurrence of activities to

be most important, followed by the recovery time of an ecosystem service to an impact, and

finally the frequency at which an ecosystem experiences an activity. For consequence criteria,

experts considered the magnitude of change to the biophysical processes that produce the eco-

system service to be most important, followed by how the perceived quality of an ecosystem

Fig 5. The risk posed by future climate change risks and oil spills on six ecosystem services, compared with current climate

change risks. Points represent mean risk scores, error bars represent 25th and 75th percentiles, and lines connecting points

demonstrate the trajectory of risk from current conditions to future conditions.

https://doi.org/10.1371/journal.pone.0220092.g005

Fig 6. The perceived importance of risk criteria to exposure and consequence. Points and error bars represent mean and standard deviations of the distribution of

relative importance of risk criteria.

https://doi.org/10.1371/journal.pone.0220092.g006
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service changes in response to an impacting activity, the extent to which the environment is

impacted (from individual species to entire ecosystems), and finally the changes to access to an

ecosystem service. However, simple rankings mask the finding that experts perceived all crite-

ria to contribute non-trivially to risk (the best model estimated frequency to contribute 20% to

exposure, and access to contribute 19% to consequence), and that there was a diversity of

weights considered across our experts (Fig 6), reflecting that some experts considered service

and value dimensions of ecosystem services to be more important than biophysical supply

components.

3.5 Understanding mechanisms of impact

Experts suggested diverse prominent mechanisms of effect from drivers of impact among the

ecosystem services (Fig 7). Across all types of impact, including fisheries impacts, coastal com-

mercial activities, land based activities and climate stressors, some ecosystem services have

consistent impact mechanism types. Most aesthetics experts suggested that impact mecha-

nisms to aesthetics are direct, with some specifically suggesting that the physical footprint of

the activity is often all that matters for aesthetics. Renewable energy potential was an ecosystem

service that many experts suggested was not affected by any driver, though a sizeable minority

suggested that fisheries affect it directly through restricting access, and that climate change

affects it both directly and indirectly through changing sea levels and affecting energy demand

(which affects the infrastructural needs and suitability of locations for energy sites). Coastal

protection was most often thought to be directly affected by drivers through physical damage

to kelp and seagrass beds and through pollution, and some suggested that recreational fishing

vessels crowd estuaries and fjords, destroying habitat that support wave attenuation, and them-

selves generate additional wake that can risk coastlines. Most experts suggested that benefits

Fig 7. The proportion of each type of impact mechanism (direct, both direct and indirect, indirect, no impact, and unsure) from four categories of drivers to

the eight ecosystem services, as indicated by experts.

https://doi.org/10.1371/journal.pone.0220092.g007
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from aquaculture are predominantly directly affected by some drivers (such as land based run-

off) but indirectly through others (such as invasive and disease spread from fishing vessels and

ships), as well as directly and indirectly from sea temperature and ocean acidification affecting

the harvested species as well as organisms that they feed on. Fisheries and recreation were both

suggested to face both direct and indirect impacts from climate change, fisheries, coastal com-

mercial, and land-based sources, according to experts. Many experts suggested that changes to

foodwebs and other ecological dynamics result in indirect impacts along with direct impacts

from all types of human impacts.

4. Discussion

4.1 Including service and value dimensions lead to greater accounting of

impact

Considering service and value dimensions in addition to ecosystem service supply leads to

more severe cumulative impact scores and a greater diversity of impact pathways. However,

our results indicate that consideration of service and value dimensions does not greatly affect a

relative understanding of impact across ecosystem services: only considering ecosystem service

supply generated similar ranks of ecosystem services facing greatest impact and highlighting

hotspots of impact (though we found some differences in ranking of ecosystem services when

assessing per-cell impact). Our results may be interpreted to suggest that impact maps of eco-

system services that only consider supply dimensions may accurately generate conclusions

about what services face greatest impact and where they face greatest impact. However, consid-

ering service and value dimensions set the scope of which services are considered for impact

assessment (by determining which services are most valued) and their spatial boundaries

(because people do not benefit from ecosystem services throughout their entire range of bio-

physical production). Additionally, ours is an initial investigation into the importance of ser-

vice and value dimensions for ecosystem service impact, and expert scores of risk criteria may

fail to emphasize service and value dimensions because of two important biases. First, many of

the experts taking part in our survey have ecological and biophysical training. Second, most

prominent frameworks of ecosystem service change represent impacts as mediated solely

through the biophysical community [23,25,26], which may affect how experts think about

impacts. In cases where there are important impacts that overwhelmingly impact ecosystem

services through service and value dimensions, excluding these dimensions may lead to differ-

ent rankings of threatened ecosystem services and different map hotspots. Determining how

prevalent these cases are in different settings remains to be seen. Regardless of understanding

relative impact, our results indicate that studies based only on supply dimensions may under-

represent the processes that generate impact to ecosystem services. Considering the ecosystem

service cascade from service supply through service delivery through satisfying values [13]

may lead to a more detailed understanding about impacts and potential responses to these

impacts.

4.2 Mapping ecosystem services allows for insights not afforded by

mapping habitats

Impact on ecosystem services is a function not only of spatial overlap with concurrent activities

and stressors, but of the risk through ecosystem service supply, service, and value dimensions

of ecosystem services as well. Many ecosystem services face high impact in the area between

Vancouver Island and the mainland, a finding reinforced by previous studies that focused

solely on impacts to habitats [4,8,10,31,40]. Not all ecosystem services have impact hotspots
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here, however, reflecting the importance of accurately mapping ecosystem services. While our

study alongside previous ones may share similar patterns of human activity, the distribution of

ecosystem services themselves is important in determining where areas of high impact are.

The marine InVEST models use data of environmental process and human activity to spatially

represent ecosystem services, allowing us to directly model ecosystem services [21].

Accurately representing the overlap of activities and stressors on ecosystem services gener-

ate additional insights. Knowing where ecosystem services are at highest risk can allow manag-

ers to assess impact relative to areas of high demand [28]. Areas of high risk to coastal

protection were concentrated close to population centers (in the southern Strait of Georgia),

partly because the human activities that might benefit the most from coastal protection–

human settlements–also provide the largest impact to coastal protection. Spatial representation

also allows for an understanding of whether an ecosystem service faces high risk on account of

large spatial range despite low per-area impact (such as aesthetics), versus ecosystem services

that face low total impact because of limited geographic range despite having high per area

impact (such as benefits from shellfish and finfish aquaculture). Aesthetics was found to be the

least impacted ecosystem service per unit area, indicating that a beautiful coast may mask a

highly impacted coast.

Explicit inclusion of risk criteria (exposure and consequence) is important because activities

and stressors with extensive spatial range and high overlap with ecosystem services do not nec-

essarily generate high impact. Similar to a recent cumulative impact mapping study on coastal

ecosystems in British Columbia [10], and along the California current [4] we found climate

change impacts to be important stressors (especially ocean acidification), highlighting the

importance of their inclusion in analysis, and cautioning results from mapping studies that do

not include them [8]. For example, ecosystem services dependent on invertebrate and finfish

(benefits from fisheries, benefits from aquaculture, and marine recreation) were highly

impacted by ocean acidification. Climate change drivers exist across the entire marine system

along the British Columbia coast and consequently fully overlap with every ecosystem service

we modeled, yet impact on some ecosystem services is driven largely by climate impacts (such

as benefits from fisheries and benefits from aquaculture) while others are largely indifferent to

climate change stressors (such as aesthetics, coastal protection and potential energy genera-

tion). Indeed, kelp and seagrasses associated with coastal protection may benefit with ocean

acidification [41,42]. Sea-level rise was indicated as a high risk stressor especially to coastal

protection, but we did not have spatial data for sea level rise. While the risk scores for potential

energy generation are uncertain given the input from only one expert, the conclusion that

energy generating infrastructure and planning faces greater risk from human activities than

climate impacts is plausible.

This dichotomy between global and regional impacts may exacerbate in the future, as

experts suggested that future climate change impacts (specifically warming and ocean acidifi-

cation) will be a higher risk to those climate-sensitive ecosystem services compared to current

conditions, while climate-insensitive ecosystem services will face similar risk levels. For these

latter ecosystem services, potential future development may pose a greater cause for concern.

Future oil spill potential related to planned developments of oil and gas with associated marine

shipping poses a significant risk to these ecosystem services. Previous efforts to compare cli-

mate change impacts with future developments in British Columbia indicated that climate

change has greater regional scale impact across ecosystem types but lower local impact [10].

We show that some ecosystem services–in contrast to ecosystem types–show varying degrees

of risk to different types of stressors, leading to insensitivity to climate change stressors for

some ecosystem services at local and regional scales.
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4.3 Service and value dimensions are important for understanding causes

of impact

Experts in our survey treated individual service and value dimensions with comparable impor-

tance to supply dimensions when ranking scenarios. Service and value dimensions are defini-

tional to ecosystem services yet are often overlooked in quantitative assessments. Despite supply

dimensions potentially being sufficient for understanding which ecosystem services are most

impacted relative to one another, relying on supply dimensions alone is shortsighted for two rea-

sons. First, any quantitative measure of impact is likely to be an underestimate [14]. Service and

value factors, such as how people perceive an ecosystem service, can regulate the extent to which

people enjoy and benefit from the ecosystem service [27]. For example, open-pen finfish aqua-

culture practices are perceived negatively by many people in British Columbia [29], creating a

self-stigmatized industry. Whether public perceptions on finfish aquaculture are warranted or

not, they affect aquaculture as the aquaculture industry has launched marketing campaigns to

fight its reputation (www.bcsalmonfacts.ca). Second, many ecosystem services can be impacted

largely (even solely) through changes to access and perceived value. Experts indicated that

potential wave and tidal energy production face risk from fisheries and ports partly through the

competition for space, as access to suitable power generation sites can be blocked or zoned out

by competing interests for the area. If situations where impacts occur through service and value

dimensions become more common then relying on supply dimensions may no longer be suit-

able for understanding which ecosystem services face highest relative impact.

4.4 Accounting for pathways of impact can improve cumulative impact

models

Ecosystem services may require different data and representation techniques than ecosystem

types. Unlike ecosystem types, ecosystem services are not variants of geographical classes; eco-

system services do not only exist on a landscape but are related to people’s values and ability to

obtain them [27,43]. The same activity may have different impact pathways on two different

ecosystem services because one ecosystem service could be primarily impacted through a

change in species density while another could be impacted primarily because the activity

restricts people to a region through property rights and trespassing laws. The greater diversity

of potential pathways of impact that ecosystem services face arguably puts greater emphasis on

understanding the causal processes of impact for ecosystem services than for ecosystem types.

Given the diverse kinds of ecosystem services that exist, a common spatial representation of

specific human activities and stressors across ecosystem services may produce misleading

results in two important ways. First, the impact pathway important for the ecosystem service

should dictate the size of the zone of influence [8]. Many experts in our study suggested that

aesthetics are directly impacted from most activities and stressors, and that what matters is the

physical footprint of any activity. We have onshore mining spatially represented to account for

acid mine drainage and tailings that occur kilometers away from mines themselves. This area

of influence is likely appropriate when mapping impact to ecosystem services affected by these

processes, such as benefits from fisheries and aquaculture, but it may lead to overestimated

overlap of mining impacts and aesthetics. Future efforts to map impacts on ecosystem services

should match the spatial representation of activities with relevant impacts. Second, not all

experts understand the impact pathways the same, which means they may not answer the

same questions. The precedent set here using expert surveys, in conjunction with impact map-

ping, asks experts to assess vulnerability/risk to an activity “considering all relevant impacts”.

This open question framing allows for a tractable survey, yet our results suggest that what is

considered in “all relevant impacts” may vary from expert to expert for a given human activity.
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What’s hidden in our resulting maps is a significant epistemic uncertainty that can be reduced

with appropriate elicitation strategies [44]. Future expert elicitation processes should empha-

size specific pathways when assessing risk, even if it means batching surveys into sets of differ-

ent impact pathways so different experts quantify risk to different impacts.

4.5 Limitations and opportunities

While we present advancement in cumulative impact mapping–namely representing ecosys-

tem services and accounting for impact along supply, service, and value dimensions–and rec-

ommend data considerations specifically for ecosystem services, we must also acknowledge

persistent limitations of impact mapping. Most importantly these include a static representa-

tion of impact and a simplistic model of cumulative impacts [3,8,31]. Though experts consid-

ered temporal criteria of exposure as less important than area of influence, they were still

important components of risk, showing that temporal considerations are essential. Spatial

models are often snapshots in time, and though we include some temporal dynamics (assessing

risk of foreseen impacts) there are many important temporal aspects of impact that are not

captured. We do not represent future impacts spatially (but see Murray et al. [10] for a spatial

analysis of proposed projects), though understanding future impacts would be highly valuable

to managers. We also do not account for historic impacts. By focusing on contemporary

impacts we set a contemporary benchmark and could not consider change from ecosystem

service states that may be more ideal, such as times in the past when overfishing was not as

prevalent [45,46]. As a simple model of cumulative impacts we also could not explicitly repre-

sent some important ecological dynamics and cascading effects that do not co-occur spatially.

For example, bottom trawling can negatively affect nursery grounds for species that are fished

in other locations. While we tried to capture some of these dynamics by asking experts to score

the “community extent” of risk, we cannot capture the full complexity of human impact on

ecosystem function, particularly where impacts affect habitats and ecosystem functions under-

pinning services that occur elsewhere.

The cumulative impact model we employ assumes an additive, relative model of impact

with no upper bound. Both activity intensity and risk scores were normalized between 0–1, so

components of the model have measurement boundaries, but the cumulative impact can

aggregate indefinitely. Empirical studies have shown additive cumulative impacts to occur in a

minority of situations [47,48]. Synergistic impacts–when the total impact is greater than the

sum of component impacts–occur often, especially when more than two impacts co-occur

[5,47,49]. Antagonistic impact–when total impact is less than the sum of component impacts–

are also prevalent, and have been shown when global impacts interact with local impacts

[50,51]. The theoretically limitless measure of impact produced by the model employed here

also assumes that impacts can accumulate indefinitely, and that thresholds do not exist [3].

These are obviously false assumptions, but this model can still provide broad insights into the

relative impact faced by multiple ecosystem services.

Finally, this work depends on input from experts. Expert input can be affected by biases

[34] and therefore can increase uncertainty of results. Uncertainty in expert responses is even

higher when few experts provide input (such as for potential wave and tidal energy generation

here), and responses should be considered as hypotheses requiring empirical validation [6].

However, where empirical data does not exist (such as in the case here), expert input elicited

through structured processes can provide valuable input for decision-making [25,30,34],

including the specific elicitation techniques used here [29].

Despite modeling limitations, mapping cumulative impacts to ecosystem services allows for

unique planning opportunities. Ocean managers can use this approach to explore the spatial
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feasibility of potential coastal uses, as we show for potential wave and tidal power generation,

even if precise risk estimates are not available. By mapping areas of potential energy genera-

tion, we see that the areas of lowest threat to energy generation are the central coast and some

areas between Vancouver Island and the mainland. These are relatively unpopulated areas,

which may mean higher infrastructure costs to establish turbines, but these costs may be worth

avoiding impediments in more populous areas.

5. Conclusion

By mapping cumulative impacts to ecosystem services, we can better steward our ecosystems

and understand the dual relationship of humans to the environment: as agents of change and

beneficiaries of services [12]. We have demonstrated the kinds of rich insights that can be

gained from mapping impacts to ecosystem services, including: 1) discovering where, and by

what means, different ecosystem services face the greatest impact; 2) determining what ecosys-

tem services are comparatively worse (or better) off under current conditions; 3) understand-

ing the ways in which impacts manifest; 4) assessing spatial feasibility for new ocean uses. We

have also demonstrated the importance of considering service and value dimensions in assess-

ing impact. We argue that considering service and value dimensions is not only important to

more fully understand impact, but also to plan effective management responses. Finally, we

have pointed to areas of future methodological refinement, and encourage greater innovation

in cumulative impact mapping. Ecosystem services can be highly location specific [27], so

future risk assessments are warranted in new places. Understanding risk and impact to ecosys-

tem services should be an essential management priority to maintain the flow of services we

benefit from.
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• Cumulative effects assessments (CEAs)
are inherently complex and seldom
linked to real-world management pro-
cesses

• A risk-based CEA contains risk identifica-
tion, risk analysis and risk evaluation, re-
vealing the risk of exceeding thresholds

• Embedding CEAs in a risk management
process reduces complexity, streamlines
scientific products, and increases trans-
parency

• CEAs can be supported in practice by
standardized terminology, procedures
and the recent development of integra-
tive methods
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Marine ecosystems are increasingly threatened by the cumulative effects of multiple human pressures. Cumula-
tive effect assessments (CEAs) are needed to inform environmental policy and guide ecosystem-based manage-
ment. Yet, CEAs are inherently complex and seldom linked to real-world management processes. Therefore we
propose entrenching CEAs in a riskmanagement process, comprising the steps of risk identification, risk analysis
and risk evaluation.We provide guidance to operationalize a risk-based approach to CEAs by describing for each
step guiding principles and desired outcomes, scientific challenges and practical solutions. We reviewed the
treatment of uncertainty in CEAs and the contribution of different tools and data sources to the implementation
of a risk based approach to CEAs. We show that a risk-based approach to CEAs decreases complexity, allows for
the transparent treatment of uncertainty and streamlines the uptake of scientific outcomes into the science-
policy interface. Hence, its adoption can help bridging the gap between science and decision-making in
ecosystem-based management.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Environmental change driven by growing human pressures on ma-
rine ecosystems and their cumulative effects raises worldwide con-
cerns. Integrated and spatially-explicit assessments of these effects are
urgently needed to inform strategic planning and marine conservation
(Giakoumi et al., 2015b; Halpern et al., 2008a; Katsanevakis et al.,
2017; Korpinen and Andersen, 2017; Micheli et al., 2013). Cumulative
effect assessments (CEAs) are defined as holistic evaluations of the com-
bined effects of human activities and natural processes on the environ-
ment, and constitute a specific form of environmental impact
assessments (EIAs) (Jones, 2016).

In marine realms, multiple policy drivers for CEAs exist from global
and regional to national levels (Judd et al., 2015). For instance, the Unit-
ed Nations Convention on the Law of the Sea (UNCLOS; Articles 204–
206) outlines a clear responsibility forMember States to assess potential
threats to themarine environment and communicate the results of such
assessments to other parties. While UNCLOS does not explicitly refer to
CEAs, it is clear that cooperation and communication among States is es-
sential to avoid the over-exploitation of resources. To bestmanage these
resources, the most up-to-date, appropriate, and widely accepted
methods of assessment and analysis should be used.

Despite their utility and critical need, the operationalization of CEAs in
marine ecosystems remains one of the key challenges for scientists and
policy makers worldwide. Although CEAs have long been recognized as
an essential part of the impact assessment toolbox, debate remains with
regard to the processes and frameworks to be used. The nature of thema-
rine environment, in particular its vast opennesswith high connectivity of
marine ecosystems, and the large heterogeneity and uncertainty in bio-
physical processes add additional complexities and challenges for CEAs
(Carr et al., 2003; Stock and Micheli, 2016). A wide range of frameworks
have been developed to assess cumulative effects on marine ecosystems,
often also referred to as cumulative impact assessments (Halpern et al.,
2008a; Stock and Micheli, 2016). This plethora of approaches has led to
large variation of research agendas of CEAs (Foley et al., 2017) and
makes comparisons amongmethods and the results they deliver difficult
(Stock and Micheli, 2016).

Cause-effect pathways ofmultiple human activities on sensitive eco-
systemcomponents are often complex, involving a combination of addi-
tive, synergistic and antagonistic impacts on ecosystems (Crain et al.,
2008). Thus dynamic research languages, methods and models span-
ning across disciplines are required. Although a unified and broadly ap-
plicable CEA methodology is most probably not feasible, the
improvement of guidelines and best practices to facilitate CEA applica-
tions are urgently needed (Foley et al., 2017; Jones, 2016; Judd et al.,
2015; Portman, 2011; Stelzenmüller et al., 2010).

The application of an environmental risk assessment framework to
CEAs is a promising approach to align the assessment of the risk of cu-
mulative effects with the required management actions (Judd et al.,
2015). Here, we advance this thinking by entrenching CEAs in an

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Conceptual embedding of a cumulative effects assessment (CEA) into an ISO
standard risk management process. The CEA forms an integral part of the
framework, comprising the three basic steps of risk identification, risk analysis, and
risk evaluation.
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overarching risk management process, comprising the core steps of risk
identification, risk analysis and risk evaluation (Fig. 1) (Cormier et al.,
2013). To support a practical implementation of this risk-based ap-
proach to CEAs, we provide a description of the required tasks and de-
sired outputs for these steps, identify scientific challenges and
synthesize practical solutions. In addition, we also provide a broad re-
view of the types of tools useful to implement the respective CEA
steps, recognizing the range of available types of data.

The development of a standard glossary of CEAs key terms is a pre-
requisite for the transfer of knowledge, assessment approaches and ex-
pertise across management boundaries, stakeholders, and organiza-
tions. In particular, an inconsistent use of terms can pose barriers to
the communication of outputs (Foley et al., 2017; Judd et al., 2015).
An example for linguistic ambiguity is the use of the terms “pressure”,
“activity” or “threat” in EU marine policies (EU 2011/92). Here we
offer a glossary of 37 terms which are both often used in CEAs e.g.
(Korpinen and Andersen, 2017) and pertinent in a risk management
process (ISO 31000 standard; International Organization for Standardi-
zation (ISO), www.iso.org) (Appendix A).

Another important aspect still insufficiently treated in CEAs is uncer-
tainty, which can jeopardize the quality of CEA outputs and consequent-
ly their contribution to overarching management processes.
Uncertainty can be rooted in inadequate knowledge, low predictive
ability of ecosystem behavior, natural variability, measurement error,
or changing policies (Halpern and Fujita, 2013; Opdam et al., 2009;
Stelzenmüller et al., 2015). We address this gap and provide a synopsis
of uncertainty treatment in CEAs.

In this study we present a comprehensive and standardized guid-
ance for CEAs that allows the bridging of scientific approaches and de-
fining of required outputs more precisely. Standardization facilitates
informed decision-making in themanagement of the risk of cumulative
effects in marine realms (Ban et al., 2010; Foley et al., 2010;
Katsanevakis et al., 2011).
2. Recognizing and handling uncertainty in cumulative effect
assessments

Building on a review of marine CEAs (Korpinen and Andersen,
2017), we assessed the current gaps and challenges for treating uncer-
tainty in CEAs from a total of 41 peer reviewed studies and five project
reports. Nine out of these 46 studies did not refer to uncertainty and
thus were not further considered. We defined ten criteria related to
methodological assumptions and data quality (based on Stock and
Micheli, 2016) and evaluated (yes/no) the remaining studies (a) if un-
certainty was acknowledged in the CEA, and (b) if its impact on overall
CEA results was assessed (Table 1). While uncertainty was acknowl-
edged in the vast majority of studies (36 out of 37), only 26 studies
attempted (at least partly) to assess it (Fig. 2). Only six studies (out of
26) assessed more than two sources of uncertainty and overall not
more than four sources. Different methodologies were applied to ad-
dress uncertainty in CEA results, such as Bayesian models (e.g.
McManus et al., 2014), expert judgment (Knights et al., 2015), Monte
Carlo simulations and sensitivity analyses (Stelzenmüller et al., 2010).
Also, the aggregation of uncertainty and its impact on CEA results
were considered (Andersen et al., 2013; Halpern et al., 2015; Kelly
et al., 2014; Knights et al., 2015). From our analysis three key messages
can be distilled. First, there is a wide recognition of uncertainty
sources, showing the awareness of the inherent complexity of the
studied systems and the potential biases introduced by the chosen
methods and data. Second, only a limited number of studies actually
assess uncertainty related to generated outputs. Third, we revealed a
clear gap between the sources of uncertainty recognized and the
types of uncertainty assessed, and the need for further developing
methodological frameworks and tools for adequate uncertainty as-
sessments in CEAs.
3. A risk-based approach to cumulative effect assessments

We emphasize embedding CEAs in an overarching ISO standard risk
management processwhich comprises the three steps of risk identifica-
tion, risk analysis and risk evaluation (see Fig. 1). The risk management
process as a whole aims to reduce the risk of failing the management
objective i.e. to manage cumulative pressures in such a way that cumu-
lative effects do not exceed accepted thresholds (Fig. 3). A prerequisite
for a risk-based CEA is an established risk management context that
identifies clearly the relevant policy objectives.Without concrete policy
objectives risk criteria and thresholds cannot be derived for the subse-
quent CEA. Hence CEA results should reveal the probability of occur-
rence and intensity of cumulative effects of multiple human activities
and natural disturbances on defined ecosystem components. Moreover,
the CEA step of risk evaluation should evaluate management proce-
dures regarding potential failure to meet such management objectives
(e.g. conservation targets for certain species or habitats). In other
words, when following the standardized CEA, results should describe
the risk of failing on the management objective to manage cumulative
pressures in such a way that cumulative effects do not exceed accepted
thresholds (see Fig. 3). Thus the proposed consistent procedure allows
the linking of CEA outputs directly with the evaluation and implemen-
tation of management measures, regardless of the CEA context. The
CEA context is defined by the management area, specific ecosystem
components (ecological, social and economic) of concern and the likely
causes of cumulative effects (human activities, but also natural distur-
bances). Throughout the overarching risk management process,
communication is essential for the open exchange of explanatory in-
formation and opinions leading to better understanding and
decision-making. Monitoring and evaluation is another key element
allowing for adaptations of the entire process (see also Cormier et al.,
2013).

We propose a framed CEA that builds upon defined standards, tasks
and outcomes and which can explicitly address the severity of likely
ecological, social, cultural, and economic impacts together with their
legislative and policy implications. However, its practical implementa-
tion has challenges one of which is the identification and assessment
of uncertainty in relation to data, methods, assumptions or outcomes.
Although there is no “one fits all” solution regarding specific methods
or data, we provide general guidance for the implementation of the pro-
posed CEA process by indicating for each step: i) the required tasks and
outcomes for the process, ii) scientific challenges, and iii) practical
solutions.

http://www.iso.org
Image of Fig. 1


Table 1
The treatment of uncertaintywas evaluated for a total of 37CEA studies using ten criteria (based onStock andMicheli, 2016) related tomodel assumptions and data quality. The ten criteria
refer to the following sources of uncertainty: (1) Pressure data: The effect of missing pressures data on CEAs; (2) Sensitivity weights: CEA models use sensitivity weights to estimate the
effect of each pressure on each ecosystem component, often derived by expert judgment or models, and thus are often highly uncertain; (3) Spreading of effects from point sources: Un-
certainty onhow the effect fromapoint source decayswith thedistance from the source; (4) Non-linear responses to pressure: CEAmodels commonly assume linear responses to pressure
intensity but often responses of ecosystems to pressures are non-linear, this assumption adds uncertainty to the CEA results; (5) Reduced analysis resolution: The effect of the spatial res-
olution of the CEA analysis on the result; (6) Reduced pressure resolution: The effect of low spatial resolution of some pressures (and thus the need of downscaling) on CEA results;
(7) Mean or sum of effects: CEA calculate the human effect scores either as the sum of effects over all ecosystem components that are present in a given cell or as the mean effect across
all ecosystem components, this decision affects the CEA outcomes; (8) Transformation type: Various transformations to make stressors comparable have been applied (e.g. log-transfor-
mation, P-transformation) – the selection of transformation type affects the final result; (9)Modellingmultiple pressure effects: Commonly it is assumed that the effects of multiple pres-
sures add up, yet, non-additive effects and interactions are common in nature andmodels that donot account for them affect CEA outcomes; (10) Spatial distribution of ecological features:
Data gaps in the available maps of ecological features (habitats or species) often results in high uncertainty. For each criterion we explored whether the authors: (R) recognized relevant
sources of uncertainty and (A) assessed the potential impact upon the results; yes = y; no = n.

Pressure
data

Sensitivity
weights

Spreading
of effects
from point
sources

Nonlinear
responses
to
pressures

Reduced
analysis
resolution

Reduced
pressure
resolution

Mean
or sum
of
effects

Transformation
type

Modelling
multiple
pressure
effects

Spatial
distribution
of ecological
features

R A R A R A R A R A R A R A R A R A R A

Andersen et al., 2013 y n y y y n y n n n y n n n n n y n y n
Andersen et al., 2017 y n y n n n y n n n n n n n n n y n y y
Aubry and Elliott, 2006 n n y n n n n n n n n n n n n n n n n n
Ban et al., 2010 y n y n y n n n n n n n y n n n y n y n
Batista et al., 2014 y n n n n n n n n n y n n n n n y n y n
Clark et al., 2016 y y y n y n y n n n y n y n y y y n y n
Murray et al., 2015 y n n n n n n n n n y n n n n n y n n n
Coll et al., 2012 y n y y y n n n y n y n n n n n y n y n
Coll et al., 2016 n n n n n n n n n n n n n n n n n n y n
De Vries et al., 2011 y n y n n n n n n n n n n n n n n n y n
Foden et al., 2011 y n y n y n n n n n y n n n n n y y y n
Giakoumi et al., 2015a, b n n y n n n n n n n n n n n n n n n n n
Goodsir et al., 2015 y n n n y n n n n n y n n n n n y n y n
Griffith et al., 2012 n n n n n n n n n n n n n n n n n n n n
Halpern et al., 2008a, b y n y y n n y n y n n n y y y n y n y y
Halpern et al., 2009 y n y n n n n n y y y n y y n n n n y n
Halpern et al., 2015 y y y n n n y n n n y n y y y y y n y n
Hayes and Landis, 2004 y y y y y y n n n n n n n n n n n n y y
Holon et al., 2015 y n n n n n y n y n y n n n n n y n y n
Kappel et al., 2012 y n y y y n n n n n y n n n y n n n y n
Katsanevakis et al., 2016 y n y y n n n n y n y n n n y n y n y n
Kelly et al., 2014 y y y y n n n n y n n n n n n n y n y n
Knights et al., 2015 y n y y y y y n y y n n n n n n y n y y
Korpinen et al., 2012 y y y y n n y n y n y n n n n n n n y y
Korpinen et al., 2013 y n y y y n n n y n y n y n n n y n y n
Marcotte et al., 2015 y n y n y y y n y n n n n n n n y n y y
Maxwell et al., 2013 y y n n n n n n n n n n n n n n y n y y
McManus et al., 2014 y n y y y y y y n n n n y y n n y n y n
Micheli et al., 2013 y n y n n n y n n n y n n n n n n n y n
Moreno et al., 2012 y n y n y n y n n n y n n n n n y n n n
Murray et al., 2016 y n y y n n y n n n n n n n n n y n y n
Parravicini et al., 2012 y n y y y n y n n n n n n n n n y y y n
Rodríguez-Rodríguez et al., 2015 y n y n n n n n n n n n y n n n n n y n
Selkoe et al., 2009 y y y y n n n n y y y n n n n n y n y n
Stelzenmüller et al., 2010 y n y y n n y n n n n n n n n n y y y n
Van der Wal and Tamis, 2014 y n y n n n n n n n y n n n n n n n y n
Wu et al., 2016 y n y y y n n y n n n n n n n n n n y n
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4. Synopsis of cumulative effect assessment tools

Each step of the CEA process calls for different scientific analyses and
expertise, hence requiring a selection of appropriate tools. In turn, the
selection of tools is determined by the ecosystem component/(s) and
available input data (expert knowledge, qualitative or quantitative)
being assessed in the CEA. We provide a synopsis of methods and
tools applied in CEAs resulting from an extensive review of 154 studies
and their subsequent quantitative classification regarding the input
data, methods and tools applied in the respective riskmanagement pro-
cess (methods and results are described in Appendix C and classified
references are provided in Appendix D). Our results (Table 2) demon-
strated that: 1) expert knowledge and qualitative data are sporadically
or moderately used across the CEA process; 2) the use of Geographic In-
formation Systems (GIS) is almost a prerequisite for CEAs; 3) large gaps
exist in addressing uncertainty in the risk analysis stage and when
assessing the impacts of different management options in risk
evaluation; and 4) novel integrative methods (e.g. a combination of
qualitative data and qualitative modelling to assess ecosystem state
and pressures) have been developed over the past decade to assess
the status of marine ecosystems and some have been applied to fulfil
the different components of CEAs.

5. Risk identification

5.1. Description

Risk identification is the process of finding, recognizing and describ-
ing risks (ISO guide 73). This involves the identification of risk sources,
events (change of particular set of circumstances), and the determina-
tion of causes and consequences. Risk identification comprises also the
identification of the main criteria to be used for the risk evaluation.
Given the risk management and CEA context, risk criteria need to be
specified in relation to specific management goals or policy objectives



Fig. 2. Proportion of CEA studies recognizing and assessing uncertainty in respect to ten
sources of uncertainty comprising spatial distribution, multiple pressure effect,
transformation type, mean/sum of effects, pressure resolution, analysis resolution,
responses to pressures, spreading of effects, sensitivity weights, and pressure data
(based on Stock and Micheli, 2016; see Table 2).

1136 V. Stelzenmüller et al. / Science of the Total Environment 612 (2018) 1132–1140
for ecosystem components and services (see Cormier et al., 2013). In
Fig. 4 and Appendix B an example of the adoption of risk criteria to as-
sess the vulnerability of nursery areas of plaice (Pleuronectess platessa)
in the Southern North Sea is shown. A key task to risk identification is
the establishment of the cause-effect relationships or pathways of
risks to describe the vulnerability of ecosystem components to
pressures.

5.2. Scientific challenges

Pathways of risks are uncertain since spatio-temporal dynamics of
ecological processes (e.g. sensitivity to a contaminant can be high in
summer and low inwinter) and the associated distribution and relation
between effects (additive, synergistic or antagonistic) can alter the
cause-effect relationships and therefore the pathways of risks (João,
2007; Tzanopoulos et al., 2013) (see Fig. 3). The lack of full coverage
Fig. 3. Implemented management measures maintain the risk of cumulative effects
resulting from human pressures and natural disturbance at accepted levels. Changes to
the total pressure load e.g. due to a newly implemented activity (activity n + 1), can
trigger deviations to cause-effect relationships (indicated by light grey, grey and black
lines). Consequently the risk of cumulative effects can exceed accepted levels calling for
new management measures. The uncertainty of cause-effect relationships can be
transparently handled with a risk based approach to CEAs that entails structured risk
evaluation.
of spatial and temporal data for most CEAs adds to the challenge of
deciphering cause-effect pathways. Most systematic monitoring rarely
spans the past few decades failing to encompass the life spans of
many species or important environmental disturbances such as e.g. El
Niño–Southern Oscillation (Jackson and Hobbs, 2009). As a result, the
definition of meaningful benchmarks or tipping points is often difficult,
compromising the quantification of pressure-state relationships
(Dayton et al., 1998; De Young et al., 2008). Hence, a deeper consider-
ation of the non-linearity between pressures and their effects at differ-
ent scales is critical for improving risk identification. Table 2 shows
that the predictive ability of various models and CEA tools largely de-
pends on the type and quality of the input variables. A key scientific
challenge is outlining a transparent approach for the implementation
of a standardized CEA assessment, acknowledging that assumptions
might be insufficiently grounded (Halpern and Fujita, 2013).

5.3. Practical solutions

Disentangling cause-effect pathways is supported by a number of
conceptual frameworks (e.g. Driver Pressure State Impact Response
(DPSIR); Patrício et al., 2016) which provide guidance on how to link
‘driving forces’ to generic ‘pressures’ and to physical, chemical and bio-
logical attributes, and then translate the impacts into policy responses.
Fundamental for the proximate assessment is the common understand-
ing that the vulnerability of an ecosystem component is defined by the
degree of exposure to a pressure, its sensitivity and recovery potential
(De Lange et al., 2010) (see CEA glossary provided in Appendix A).
The sensitivity to a pressure depends on structural properties, functions
or trophic relations of the ecosystem componentswhile recovery can be
the result of population rebound, resilience, positive feedback loops and
adaption (Tyler-Walters et al., 2001). As opposed to single ecosystem
components, defining the vulnerabilities of ecosystem functions or ser-
vices has received less attention in current CEAs. Some studies assessed
the effects of single or multiple pressures on ecosystem function, goods
and services with the help of functional trait approaches (Christensen
et al., 2015; Froján et al., 2011; Hewitt et al., 2016). The adoption of
these methods is often constrained by a lack of fundamental ecological
information, even in very well studied ecosystems (Tyler et al., 2012).
Therefore, promising initiatives collecting trait information and building
data platforms (e.g. databases such as Biotic (www.marlin.ac.uk/biotic),
WoRMS (www.marinespecies.org) or Arctic Trait Platform (www.sites.
google.com/site/arctictraits/home/the-project)) are crucial for the de-
velopment of trait-based approaches in CEAs and could offer a compre-
hensive alternative for risk identification.

Once the pathways of risk are identified, the risk criteria can be
assessed with the help of qualitative data using, for instance, expert
knowledge or published data (see Fig. 4 and Appendix B). Recent ad-
vances have been achieved in the development of models that directly
implement risk criteria and thresholds (e.g. mortality rate is equal, larg-
er or smaller as recoverability rate) using quantitative data to map the
vulnerability of ecosystem components to specific pressures (e.g. sea-
floor communities to benthic trawling; Fock, 2011; Pitcher et al., 2017;
Stelzenmüller et al., 2014). The use of such quantitative models is facil-
itated by the growing access to regional spatio-temporal data on ecosys-
tem features and human activities via webportal warehousing and the
provision of freely available data sets (e.g. such as Emodnet www.
emodnet.eu at a European scale).

6. Risk analysis

6.1. Description

Risk analysis comprises the comprehension of the nature of risk and
the determination of the level of risk (ISO Guide 73, 2009). This consists
of determining the probabilities of identified risk events, taking into ac-
count the presence and effectiveness of control measures (IEC/ISO

http://www.marlin.ac.uk/biotic
http://www.marinespecies.org
http://www.sites.google.com/site/arctictraits/home/the-project
http://www.sites.google.com/site/arctictraits/home/the-project
http://www.emodnet.eu
http://www.emodnet.eu
Image of Fig. 2
Image of Fig. 3


Table 2
Result of the classification of 154 studies regarding the input data,methods and tools applied in the respective riskmanagement process (all classified references are provided in Appendix
D). Based on the number of references found in a literature review of these tools, we classified their use as: (1) Sporadic, when there were between 1 and 10 studies that used them;
(2) Moderate, when we found between 10–20 studies, and (3) Frequent, when we found more than 20 studies.

Input data Methods and tools

CEA step Tasks Expert
knowledge

Qualitative Quantitative SA -
GIS
tools

SM-linear
models

SM-no
linear
models

FWM -
qualitative

FWM -
quantitative

Integrative
assessments

SP-Marxan

Risk
identification

Description of ecosystem
components

1 1 3 3 2 2 3 3 3 3

Description of pressures 1 1 3 3 2 1 3 3 3 3
Risk analysis Estimation of pressures 1 1 3 3 1 2 2 3 3 2

Estimation of likelihood of impact 1 2 2 2 1 2 2 3 1
Consideration of uncertainty 2 1 1 1 2 2 3

Risk evaluation Evaluation of impacts on
ecosystem components

2 2 2 1 2 1 2 3 3 1

Evaluation of different
management options

1 1 2 1 1 1 2 2 3 3

Note: SA: spatial analysis, SP: spatial planning; SM: statistical modelling; FWM: food web modelling.
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31010, 2009). Thus, risk analysis identifies the actual consequences of
cumulative effects after accounting for the effectiveness of implement-
ed management measures. Existing management measures are consid-
ered to be effective if they succeed inmaintaining the risk of cumulative
effects at levels which are compliant with the management objectives.
This is analogous to fisheriesmanagement forwhichmanagementmea-
sures are assessed in relation tofishingmortality and against population
trends and defined allowable catches.

6.2. Scientific challenges

In the marine environment the sourcing and mapping of pertinent
management measures is challenging due to complex governance
structures (Buhl-Mortensen et al., 2017), often revealing mismatches
in scales and in resolutions relative to the assessment at hand. Data of
appropriate spatial and temporal resolution (monitoring data and/or
predictive model output) are, similar to risk identification, a condition
for a quantitative assessment of the effectiveness of implementedman-
agement measures. In the absence of empirical data, eliciting expert
Fig. 4. Risk identification and risk analysis of the effects of human pressures on nursery grou
qualitative scoring of nine risk criteria describing their exposure and sensitivity (1 to 3, 3 = h
for the risk analysis. Alteration was identified to cause a medium level of risk (dashed line
increased risk for nursery grounds (framed in green). (For interpretation of the references to c
opinion is commonly used as a way to derive baseline information for
conceptualizing the probability and magnitude of cumulative environ-
mental effects or quantifying the effectiveness of management mea-
sures (Giakoumi et al., 2015a). In these cases a transparent assessment
of uncertainty accounting for both the experts' context and opinion
should be conducted (Stelzenmüller et al., 2015). The challenge is there-
fore twofold: a) to generate, collate, standardize and share data sets;
and b) to develop and apply methods that combines various data
sources and account for uncertainty.

6.3. Practical solutions

The analysis of existing management measures requires a compre-
hensive review of legislation, policy, and management practices, guide-
lines and thresholds. A “bow-tie” is a graphical model which could offer
the ground for awide-ranging analysis of the performance of amanage-
ment system. This conceptual model is widely applied in risk analyses,
but largely ignored so far in CEA; it allows mapping out cause-effect re-
lationships that lead to an undesired event with the consequences of
nds of plaice (Pleuronectes platessa) in the Southern North Sea (Gimpel et al., 2013) by
igh) (Appendix B). All scores (1 to 27, 27 = high magnitude of impact) were combined
s) and the summation of all pressures per grid cell (cumulative pressures) showed an
olour in this figure legend, the reader is referred to the web version of this article.)

Image of Fig. 4
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failure (Ferdous et al., 2013; Lu et al., 2015). Hence, a bow-tie analysis
can help to order the complexity of relevant legislation measures in re-
lation to the ecosystem components or ecosystem services of concern in
the CEA (Cormier et al., 2013; Gerkensmeier and Ratter, 2016, IEC/ISO
31010, 2009). Our assessment of CEA tools (Table 2, Appendix
C) highlighted that the use of Geographical Information System (GIS)
and overlay analysis is very useful to reveal scale mismatches between
existingmanagementmeasures and areas with an increased risk for cu-
mulative effects. Besides spatially explicit data, time series and baselines
beyond the temporal limits of implemented monitoring programs are
required. Recent examples show that palaeoecological data could offer
information on ecosystem variability exceeding the length of most
time series, and thus supporting marine risk assessments (Kosnik and
Kowalewski, 2016).

7. Risk evaluation

7.1. Description

The prior risk identification identifies the risk of cumulative effects,
while the risk analysis describes the risk of cumulative effects after ac-
counting for the performance of existing management measures. In
contrast, risk evaluation compares the results of the risk analysis with
the established risk criteria and benchmarks to determine the signifi-
cance of the level and type of risk (IEC/ISO 31010, 2009). Inconsistencies
and gaps between the effectiveness of existing management measures,
the specified risk criteria and the level of risk accepted by society (see
Cormier et al., 2016) are identified. Risk evaluation assists in the deci-
sion about risk treatment and requires also a performance assessment
of newmeasures. The CEA risk evaluation step delivers a recommenda-
tion to the competent authority on whether new measures need to be
implemented or existing ones need to be enhanced to reduce the risk
of cumulative effects. In a risk management process at this stage a deci-
sion has to be taken by the competent authority on the basis of probabil-
ities and uncertainties (Cormier et al., 2016) and should build on a
participatory process with jurisdictional partners and stakeholders
(Cormier et al., 2013). The recommendedmeasures are further assessed
through riskmanagement (see Fig. 1)where cost-effectiveness analyses
can help to directly propose final management measures.

7.2. Scientific challenges

Risk analysis and risk evaluation involve comprehensive and inter-
disciplinary approaches to evaluate the performance of existing or
new management measures that might represent ecological, social
and economic targets (Katsanevakis et al., 2011; Stelzenmüller et al.,
2013). These approaches often deliver very specific and technical re-
sults, and their communication to responsible authorities and stake-
holders is a key challenge in risk evaluation. The challenge is the
delivery of particular science products to the science-policy interface
and the following rendering of the outcomes of this participatory pro-
cess into technical advice. Different views on evaluating the quality of
the provided evidence often result in scientific and societal debate
(Gluckman, 2016); thus, scientific input is most needed by policy-
makers where science is complex, multidisciplinary, and incomplete.
Discrepancies can arise between scientific recommendations and polit-
ical solutions highlighted by cases where the implementation of man-
agement measures is based on concrete factors (Portman et al., 2012),
for instancewhen protected areas are designated in resource-poor loca-
tions because there are little or no claims by other sectors. In addition,
some pressures are much easier to regulate (or mitigate) than others
(Prugh et al., 2010). The degree to which a pressure is manageable de-
pends on the scale of measured implementation and the jurisdiction
of the authority responsible for the uptake of the management action
(Judd et al., 2015; Tulloch et al., 2015). For example, a local government
that has supported and contributed to the CEA may not be in a position
to take the necessary steps to regulate a pressure (e.g. trawling activities
that take place outside of jurisdictional waters).

7.3. Practical solutions

There are a number of tools and methods that facilitate the perfor-
mance assessment of existing and newmanagementmeasures (Appen-
dix C). For instance, a framework for structured decision making
proposed by Tulloch et al. (2015) can help to evaluate potential man-
agement measures and as such supports a more cost-effective decision
process. Mechanistic ecosystem models (Christensen and Walters,
2004; Fulton et al., 2015a) enable the incorporation of current or future
control or mitigation measures for the assessment of spatial explicit
cause-effect relationships between e.g. fishing and single ecosystem
components (e.g. commercial species) or ecosystem functions (such as
reproduction grounds). Also end-to-endmodels such as Atlantis can as-
sess management options as requested for a CEA analysis (Fulton et al.,
2011). Another modelling approach that has been successfully used for
environmental risk assessments (Marcot et al., 2006) and the assess-
ment ofmanagement scenarios (Pascual et al., 2016) is the use of Bayes-
ian belief networks. The latter enables the incorporation of prior
knowledge allowing for different data sources (e.g. expert judgment,
data from preliminary studies or other locations) and levels of uncer-
tainty, which may be particularly valuable when data are scarce. This
is a powerful approach for CEA analyses, especially from an adaptive
management perspective. Our analysis showed that the use of GIS and
specifically the use of planning tools, such as Marxan and Zonation, en-
able a spatially explicit evaluation of management options (Table 2 and
Appendix C). In any case, effective communication of candidate man-
agement measures and building consensus on clear recommendations
require participatory processes (Fulton et al., 2015b) so that the simple
use of a spatial explicit decision support tool may not be enough or may
be only the start of the evaluation of management options. Other exam-
ple tools for structured science-based stakeholder dialogues are rational
actor paradigm, Bayesian learning (Pascual et al., 2016), organizational
learning (see Welp et al., 2006), and qualitative modelling
(Dambacher et al., 2015) (see Appendix C).

8. Conclusions

Worldwide policy mandates at different jurisdictional levels and
scales call for CEAs in marine realms. As a result, there have been an in-
creasing number of CEA endeavors across regions and ecosystems. De-
spite methodological advancements, they often lack some key
features. For instance, our review revealed a clear divergence between
the sources of uncertainty evident in CEAs and the ones actually ad-
dressed. More importantly, we highlighted a lack of standardization of
processes when conducting CEAs. The risk-based approach to CEAs pro-
posed here helps to standardize procedures and allows treating uncer-
tainty in a more transparent manner since our framework comprises
key definitions of terms, criteria, standards, and required outputs. Our
approach specifically acknowledges uncertainty in cause-effect rela-
tionships and highlights the need to account for managementmeasures
in such analyses.We show that entrenching CEAs in a riskmanagement
process reduces complexity, allows for the transparent treatment of un-
certainty and streamlines the uptake of scientific outcomes for an im-
proved the science-policy interface. In conclusion, a risk-based
approach to CEAs can help bridge the gap between theory and practice
in ecosystem based management.
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