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1.

Abstract
This report summarises the results of a review of the environmental impacts of oil and gas production
activities on marine ecosystems and fish stocks in the Danish parts of the North Sea. The review focuses on
the Danish sector of the Norths Sea but includes studies and data from other parts of the North Sea and
effects related to the various phases of oil and gas activity: exploration, installation, operation and
decommissioning. The review builds on knowledge from several sources from key scientific publications,
environmental impact assessments of offshore installation in the Danish sector of the North Sea to
assessments and data from authorities and operators on the Danish shelf.
The major impacts on marine ecosystems from oil and gas development in the Danish sector are
discharges of produced water, emissions to atmosphere and potential deposition to the marine
environment from flaring and noise generation. Some effects are temporary and local (e.g. noise emission
from seismic surveys), while others are chronic and more widespread (impacts from discharge of produced
water or flaring). Lack of baseline knowledge on many ecosystem components and parameters hinders
quantitative assessments of impacts on ecosystems. Noise emission from seismic surveys can be
potentially harmful, but mitigative efforts are in place to reduce impacts and no discernible effects on
populations of fish and marine mammals have been identified in the Danish sector. Physical disturbance
from placement of platforms and pipelines are a local impact, where the footprint of structures destroys
benthic habitats and sediment spreading can cause temporary effects. Drilling of wells result in piling of
cuttings with associated chemicals. Most chemicals are chemically bound to sediments and less
bioavailable, and piles are distributed quickly by currents, but local effects are observed in monitoring
programs. However, programs are not designed to detect potential sub lethal effects on populations and
ecosystems.
Potential effects on fish stocks from produced water discharges have been investigated by analysing
potential relations between areas with different discharge intensity and fish stock data on 21 fish species
in an ANOVA model. This analysis did not show any negative impact of oil and gas production on fish
stocks.
A cumulative effects assessment (CEA) uses maps of human activities and ecosystem components to rank
the importance of different groups of pressures in the North Sea. The results indicate that the most
important pressures on the North Sea environment are: (1) commercial fishing, (2) inputs of nutrients and
(3) contamination by hazardous substances. Neither of the first two pressures are related to oil and gas
activities. Pollution by contaminants could potentially be linked to the oil and gas sector. However, the
data layer representing this pressure is derived from an assessment which aggregates data for many
different substances, and which has a coarse spatial resolution. Because of this limitation, the results do
not allow for quantification of the contribution of the oil and gas industry to this pressure and further data
is required before contributions to this pressure can be apportioned to oil and gas activities. Noise inputs
is a less important pressure but here there does appears to a clear relation between intensity of impulsive
noise and oil/gas activities.
The report highlights important gaps in knowledge which should be filled in order to estimate quantitative
links between activities of the oil and gas industry and their potential effects on the environment.
Recommendations include (1) specific sampling of fish to improve the link to effects on fish stocks, (2)
improved monitoring of produced water (3), coordination of benthic monitoring of offshore activities with
the national monitoring program and (4) expansion of the national monitoring program to give improved
baseline data for assessment of status in areas with oil and gas activities.
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2.

Introduction
The Danish Environmental Protection Agency (DEPA) has initiated a review on the environmental impacts
from oil and gas production activities on marine ecosystems and fish stocks in the Danish part of the North
Sea.
Danish oil and gas production began in 1972 at Dan about 200 km west of the coast of Jutland, Denmark.
Currently, there are about 20 fixed oil and gas installations located in the Danish part of the central North
Sea (Figure 1).

Figure 1. Location of oil and gas production facilities in the Danish sector of the North Sea. Source: (DEA, 2020)).

In the period from 1972 to 2019 Denmark produced 443 mio. m3 oil. The total production of gas amounts
to 182 mio. Nm3 from 1984-2019. Production peaked from 1995 to 2010 where it significantly exceeded
Danish demands (Figure 2).
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Figure 2. Production and long-term prognosis for oil and gas in the Danish sector of the North Sea (Danish Energy
Agency, 2018).

2.1

Objective
The objective of this review is to investigate the potential effects of offshore oil- and gas activities in the
North Sea with focus on marine ecosystems and fish stocks. It also aims to identify gaps in our knowledge
and propose areas/aspects where future research is required and to provide recommendations for future
work. The aim of the review is to add value to a broader understanding of the existing knowledge of oiland gas related environmental impacts in the North Sea in perspective to other activities in the region,
which constitutes pressures on the marine environment.

2.2

Scope
The review focuses on the Danish sector of the Norths Sea but includes studies and data from other parts
of the North Sea to cover as many issues as possible in an acceptable manner. In that context, mechanisms
and magnitudes of effects and exposures are assumed to be comparable between the Danish sector and
neighbouring sectors such as Germany, the Netherlands, United Kingdom and Norway. The comparison is
valid in so far as the environmental conditions such as hydrography, bathymetry and ecosystems are
comparable to Danish conditions.
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3.

Methodology
The literature review lists and analyses the available knowledge on the potential effects on marine life
from oil- and gas activities in the Danish sector of the North Sea.
The structure of the review organises impacts and effects according to the various phases of oil and gas
activity: Exploration, installation, operation and decommissioning. Several impacts can occur in more than
one phase, but with different levels of magnitude and duration. The following Table 1 provides an
overview of the impacts connected to the various phases.
Table 1 Schematic overview of the potential impacts on marine ecosystems and fish during all phases of an offshore oiland gas field.

Decommission

Operation

Installation

Exploration

Impact/Phase

Physical disturbance/presence
Platform foundation

x

x

Laying of pipeline

x

x

Sediment spreading

x

x

Platform reef effect
No fishing zone

x
x

x

x

x

Noise
Underwater noise
-Seismic surveys

x

x

-Ramming

x

x

x

-Drilling

x

x

x

-Ship traffic

x

x

x

x

Light

x

x

x

x

x

x

x

Planned discharges
Drill cuttings & chemicals
Produced water

x

Unplanned discharges
Accidental spills

x

x

x

x
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Waste
Generation of waste

x

x

x

Emission to atmosphere

x

x

x

x

Depositions

x

x

x

x

Emissions

3.1

Data basis
The review is based on knowledge from several sources from key peer-reviewed scientific publications,
environmental impact assessments of offshore installation in the Danish sector of the North Sea to
assessments and data from authorities and operators on the Danish shelf.
Norway possesses state-of-the-art knowledge on the effects of oil and gas on marine ecosystem in
temperate areas. Experience from the Norwegian environmental management of offshore oil and gas
production has provided valuable scientific input to the project.
In the search for literature, the focus has been on work and studies primarily within the last 20 years and
from the North Sea area, except for a few key studies. In total, approximately 200 references have been
collected, with more than 60% (123) being peer-reviewed scientific papers and the remaining reports from
authorities, universities, international conventions and other institutions.
The data collection was done by using central key words on authorised web services (Web of Science) and
then expanding the search through related research findings. A breakdown of the most commonly found
key words (defined by authors in each paper), show a tendency towards the most researched topics
(Figure 3). Danish authorities and operators also provided relevant data.
Specific environmental conditions, in addition to the quantity and characteristics of the discharges, will
typically differ between platforms. Especially for platforms located in different waters. Further, there are
difference between regulation of the oil and gas production in the various countries. International studies
and experiences may therefore not be directly comparable to the Danish conditions but are still found to
be relevant and valid as a valuable contribution to this study. The results of these studies and experiences
should therefore not necessarily be considered to be directly transferable to a Danish context.
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Figure 3. Most common key words in references defined by authors.

A few themes stand out with high number of references, such as studies related to benthos, fish,
monitoring and produced water. Deeper analyses of these trends should be taken with caution as they
vary depending on what is searched for and how it is done. In this case, the initial searches were scoped
after spatial and topical frames, which could influence the outcome. On the other hand, it is noteworthy to
observe that a topic like decommissioning is relatively well represented, which possibly reflects its
upcoming importance and relevance.
3.1.1

National data
National data include benthic monitoring reports from the operators, environmental data monitoring of
discharges and emissions from oil and & gas activities, reporting to OSPAR, a pilot project on water column
monitoring, risk assessments on produced water discharges (RBA), assessments and information from the
latest EIAs made for developments in the Danish sector.
To describe the current status of the marine environment in the Danish sector, knowledge and
assessments given in the National Monitoring Program (NOVANA) and the work related to the Marine
Strategy Framework Directive has been used.

3.1.2

International data
Although the scope of the review is the Danish sector of the North Sea, the bulk of knowledge on oil
related effects on marine ecosystems and fish stocks are international. Briefly listed below are the main
sources used to find knowledge for the study.
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3.1.2.1

OSPAR
The OSPAR commission works to implement the OSPAR convention with the aim to protect and conserve
the North-East Atlantic and its resources. Within OSPAR, the Offshore Industry Committee (OIC) aim “to
prevent and eliminate pollution and take the necessary measures to protect the OSPAR maritime area
against the adverse effects of offshore activities, by setting environmental goals and improving
management mechanisms”. OSPAR is an important source of information for this review.

3.1.2.2

EEA
The European Environment Agency (EEA) has recently published a range of marine assessments covering
Europe’s seas, which all contain results and information of relevance to the present review:
•
•
•
•

3.1.2.3

ICES
The International Council for the Exploration of the Sea (ICES) collects information on more than 200
species of fish and shellfish in the Northeast Atlantic region and data are submitted by 20 ICES member
countries. ICES has been gathering and publishing fisheries statistics since 1904 and the fish trawl survey
dates back more than 50 years. The historical datasets of ICES are therefore key for the understanding of
the temporal development in fish stocks in the North Sea. In addition, ICES data centre holds and provides
information on ecosystems and advice for the MSY (Maximum Sustainable Yield) which are highly relevant
for the present study. The ICES data included in the present project includes:
•
•
•

3.1.2.4

Contaminants in Europe’s seas. Moving towards a clean, non-toxic marine environment, EEA
Report No. 25/2018. (Andersen, et al., 2018)
Nutrient enrichment and eutrophication in Europe’ seas, EEA Report No. 14/2019 (Andersen, et
al., 2019)
Biodiversity in Europe’s seas, ETC/ICM Technical Report 3/2019 (Vaughan, et al., 2019)
Human activities and pressures in Europe’ seas, ETC/ICM Technical Report 4/2019 (Korpinen, et
al., 2019)

Fish trawl surveys
Advice on fishing opportunities, catch and effort
The North Sea Ecosystem overview

Cumulative effects
The cumulative effects assessment is based on a broad set of relevant data sets including the ECOMAR
project (Andersen et al. in prep.), the HARMONY project (Andersen, et al., 2013), and the RALAHA project
(Miljø- og Fødevareministeriet, 2019) (Andersen, et al., 2020a). Data sets (> 45 individual data sets) for
pressures includes all Marine Strategy Framework Directive (MSFD) pressures including relevant data for
oil and gas installations and production in the North Sea. For ecosystem components, data (> 45 individual
data sets) ranges from plankton over benthic communities to fish, seabirds and marine mammals.
The method applied for mapping and analyses of potential cumulative effects of multiple human pressures
was developed by Halpern et al. (Halpern, et al., 2008) and is now widely used (Korpinen & Andersen,
2016). Four types of information are required in order to map potential cumulative effects of multiple
human pressures in the Danish parts of the North Sea: 1) Data on the spatial distribution and intensity of
pressures, 2) data on the spatial distribution of ecosystem components, 3) sensitivity weights (µ weights)
and 4) effect distances, i.e. information on how far the effect is spread from a pressure originating in a
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specific point. The data used are from all of the above-mentioned projects, whilst sensitivity weights and
effects distances are from ECOMAR.
3.2

Ecosystem effects
The analysis of potential effects on ecosystems and fish stocks will focus on the potential impacts on
relevant descriptors of the MSFD, which are listed in the below Table 2.
Table 2. Relevant descriptors in MSFD relevant for effects from offshore oil- gas production.

Descriptor ID

Topic

Definition and objective

Descriptor 1
(D1)

Biodiversity

Biodiversity describes the variety of life at
various scales, from genes, species to entire
ecosystems. Biodiversity refers to all lifeforms and their behaviours, the
environments or habitats in which they live,
and the complex system of relationships
between organisms.
The quality and occurrence of habitats and
the distribution and abundance of species
are in line with prevailing physiographic,
geographic and climatic conditions.

Descriptor 2
(D2)

Non-indigenous
species

non-indigenous species are species
introduced outside their natural past or
present range, which might survive and
subsequently reproduce.
Non-indigenous species introduced by
human activities are at levels that do not
adversely alter the ecosystem

Descriptor 3
(D3)

Commercial fish
and shellfish

Commercially exploited fish and shellfish are
all living marine resources targeted for
economic profit

Stocks should be, (1) exploited sustainably
consistent with high long-term yields, (2)
have full reproductive capacity in order to
maintain stock biomass, and (3) the
proportion of older and larger fish/shellfish
should be maintained (or increased) being
an indicator of a healthy stock
Descriptor 4
(D4)

Food webs

Food webs are networks of feeding
interactions between consumers and their
food (or predators and prey). Functional
aspects of marine food webs, especially the
rates of energy transfer within the system
and levels of productivity in key
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components, and ecosystem structure in
terms of size and abundance of individuals.
All known elements of the marine food webs
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
Descriptor 6
(D6)

Sea-floor integrity

The sea-floor integrity reflects the
characteristics (physical, chemical and
biological) of the sea bottom.

Sea-floor integrity is at a level that ensures
that the structure and functions of the
ecosystems are safeguarded, and benthic
ecosystems are not adversely affected
Descriptor 7
(D7)

Hydrographical
conditions

Hydrographical conditions are the physical
parameters of seawater: temperature,
salinity, depth, currents, waves, turbulence
and turbidity

Permanent alteration of hydrographical
conditions does not adversely affect marine
ecosystems
Descriptor 8
(D8)

Contaminants

Substances (i.e. chemical elements and
compounds) or groups of substances that
are toxic, persistent and liable to bioaccumulate.

Contaminants are at a level not giving rise
to pollution effects.
Descriptor 9
(D9)

Contaminants in
seafood

Contaminants in fish and other seafood for
human consumption do not exceed levels
established by community legislation or
other relevant standards.

Descriptor 10
(D10)

Marine litter

Properties and quantities of marine litter do
not cause harm to the coastal and marine
environment

Descriptor 11
(D11)

Introduction of
energy (including
underwater noise)

Introduction of energy, including
underwater noise, is at levels that do not
adversely affect the marine environment.
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If possible, each documented impact on ecosystems or fish will be related to relevant descriptors among
the above described, and the potential of the impact to interfere with reaching the set assessment goals (if
any) for the relevant descriptors in the North Sea.
3.3

Effects on fish stocks – methods for data analysis
No data sets have been designed and collected specifically to address potential effects from oil and gas
activities in the Danish sector on fish stocks. Therefore, it has been necessary to use separate data sets
generated for other purposes, to assess potential relationships. Such correlation studies cannot answer
questions on cause and effects, but only indicate if there are potential correlations between fish stocks
and impacts from oil and gas activities. Here, we have used fish data provided by ICES surveys together
with data sets on produced water discharges and investigated across temporal and spatial scales.

3.3.1

Fish data
In the present study, scientifically collected ICES data have been analysed to illustrate the historical
fluctuations of standardized fish catches in the North Sea. Data was collected by member states in the
International Bottom Trawl Survey (IBTS) (ICES , 2019) with a standardised method between years and
countries. The fish landings of the commercial fisheries were disregarded in this context due to varying
fishing intensity between years (quotas) and areas (fishing grounds) in addition to the difficulty in
standardising the catches from various fishing gear types and engine power.
ICES IBTS data was downloaded for 22 fish species and three invertebrate species. These were selected for
their importance for the commercial fisheries or sensitivity of the species (Table 3). With a few exceptions
due to data deficiency or missing data in the ICES catches (Crangon crangon, Dipturus ssp., Galeorhinus
galeus, Mustelus ssp., Pandalus borealis, Physic blennoides, Trisopterus esmarki), the same species were
chosen for the ECOMAR-project – a framework for ecosystem-based marine spatial (confer section 3.1.2.4
and chapter 7). Only data collected during daytime with a GOV-trawl (Grand Ouverture Vertical) was
included in the analysis. Due to minor alterations in the method over years, only catches from 1st quarter
was included in the analysis. This also reduced any bias from the impact of season on the data to a
minimum, as all data were collected in the same season. The fish catches were standardized in Catch Per
Unit Effort (CPUE) as catch per length per haul per hour. ICES-data was divided into ICES statistical
rectangles of 30 x 30 nautical miles.
Table 3. Fish species included in the analysis of effects on fish stocks.

Species
Starry ray
Lesser sandeel
Small sandeel
Atlantic catfish
Rabbit fish
Herring
Atlantic cod
Atlantic halibut
Monkfish
Haddock
Hake
Ling
Norway lobster
Greater forkbeard

Latin name
Amblyraja radiata
Ammodytes marinus
Ammodytes tobianus
Anarhichas lupus
Chimaera monstrosa
Clupea harengus
Gadus morhua
Hippoglossus hippoglossus
Lophius piscatorius
Melanogrammus aeglefinus
Merluccius merluccius
Molva molva
Nephrops norvegicus
Phycis blennoides
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Plaice
Saithe
Turbot
Thornback ray
Spotted ray
Mackerel
Sole
Sprat
3.3.2

Pleuronectes platessa
Pollachius virens
Scophthalmus maximus
Raja clavate
Raja montagui
Scomber scombrus
Solea solea
Sprattus sprattus

Produced water data
The most likely type of impact on fish stocks is discharges of produced water, due to its magnitude and
chronic nature. The discharges occur at 16 different platforms in the western part of the Danish North Sea.
Risk based assessments has modelled discharges to potentially extend between 0,8-22 km from the
platforms depending on the prevailing current direction and speed (see chapter 5.3.5.1 for further details).
Data on the amount of produced water discharged from the Danish oil and gas platforms in the Danish
sector of the North Sea was provided by The Danish Environmental Protection Agency and Oil & Gas
Denmark. The discharged produced water for each platform was mapped to the relevant ICES statistical
rectangle in order to test the produced water discharges against fish data (Figure 4).

Figure 4 The location of each Danish oil and gas platform in the ICES statistical rectangle grid.

Based on the variation in the dataset (Figure 5), the discharged amounts were divided into three overall
categories; low release (< 5 mio. m3), intermediate release (5-10 mio. m3) and high release (>10 mio. m3)
(Table 4).
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0

Figure 5 The temporal variation in the release of produced water from Danish oil and gas platforms in the Danish
sector of the North Sea.

It is assumed that the discharged produced water may have potential effects on fish stocks, i.e. through
decreased biomass and therefore lower numbers in catches. Thus, the discharged amounts of produced
water are a proxy for potential impact on the environment. It is not possible to analyse directly the nature
of the impact such as cause and effect or dose-response relationships given the current data sets and
these are not part of the analysis.
Table 4. Levels of produced water discharges divided into three overall categories of low, intermedium and high
discharged amounts and time periods in each ICES square, where they occur.

ICES
rectangles

low discharge
<5 mio. m3

intermedium discharge
5 mio-10 mio. m3

high discharge
> 10 mio. m3

41F4

2000-2019

39F5

2000-2003; 2018-2019

2004-2017

40F5

2011-2019

40F4
41F5

1996; 1998-2002; 2005-2010; 2017-2018

2003-2004

2005-2019

The effect of oil and gas production on fish stocks is expected to be most significant when comparing areas
of potentially high impact with areas of no or low impact. Therefore, ICES statistical rectangles with most
similar depth (Figure 4) and substrate type (Figure 6) were chosen to reduce bias as much as possible from
the data set.
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Figure 6 Substrate type in the Danish sector of the North Sea. Impacted areas include 41F4, 40F4, 40F5 and 39F5.
Control areas include 42F5, 41F5 and 40F6.

The chosen impacted areas include 41F4, 40F4, 40F5 and 39F5. Control areas include 42F5, 41F5 and 40F6.
Table 5. shows the active offshore oil- and gas installations that are placed in the individual ICES squares in
the analysis.
Table 5. Active offshore oil- and gas installations in the individual ICES squares with total discharges of produced water
(PW) from 1972 to 2019.

ICES subarea

Danish installation

41F4 (impact)

South Arne
Siri
Harald
Svend
Cecilie
Tyra & Tyra SE
Rolf
Skjold
Gorm
Roar
Ravn
Valdemar
Dagmar
Halfdan
Dan
Harald

40F4 (impact)

40F5 (impact)
39F5 (impact)
41F5 (control)

Total discharge of PW (1972-2019)

20,1 mio. m3

167,7 mio. m3

89,3 mio. m3
241,2 mio. m3
1,3 mio. m3
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42F5 (control)
40F6 (control)
Total discharges

3.3.3

None
None
-

519,5 mio. m3

Analysis of variance (ANOVA) model
In the ANOVA model ICES areas and time periods are considered fixed effects and different patterns in
catches between time periods when observing in different areas can be detected as significant interaction
effects between areas and periods.
The full ANOVA model is:
𝑌𝑖𝑗𝑘𝑚 = 𝜇… + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑘(𝑖) + (𝛼𝛽)𝑖𝑗 + (𝛽𝛾)𝑗𝑘(𝑖) + 𝜀𝑚(𝑖𝑗𝑘)
where
𝜇…
𝛼𝑖
𝛽𝑗
𝛾𝑘(𝑖)
(𝛼𝛽)𝑖𝑗
(𝛽𝛾)𝑗𝑘(𝑖)
𝜀𝑚(𝑖𝑗𝑘)

: global constant
: fixed Period effects
: fixed ICES Area effects
: random Year (within Period) effects
: fixed Period-Area interactions effects
: random Area-Year interactions effect (within Period)
: random error terms

We assume that 𝛾𝑘(𝑖) , (𝛽𝛾)𝑗𝑘(𝑖) 𝑎𝑛𝑑 𝜀𝑚(𝑖𝑗𝑘) are normally distributed with expectations 0 and with constant
variances.
These assumptions have been examined, and it has been necessary to transform the CPUEs with a square
root transformation to meets these preconditions.
The results of the analysis are described and discussed in chapter 6.
3.3.4

Sedentary species
It is expected that the sedentary species or species with limited habitat range are more susceptible to the
possible impact from produced water discharges as they spend more time in close proximity to the
discharges and are often in close contact to the sediment (benthic and demersal species) where most
compounds in the discharges eventually accumulate through sedimentation. Of the 22 fish and
invertebrate species, 10 were selected for further analysis based on their sedentary behaviour (Table 6).

Table 6 Sedentary fish and invertebrates selected for analysis of impacts from produced water discharges

Species

Latin name

Reference

Starry ray

Amblyraja radiata

(Templeman, 1987)

Lesser sandeel

Ammodytes marinus

(Munk, et al., 2019)

Small sandeel

Ammodytes tobianus

(Muus & Nielsen, 1998)

Atlantic catfish

Anarhichas lupus

(McCusker & Bentzen, 2010)
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3.3.5

Monkfish

Lophius piscatorius

(FAO, 2021)

Norway lobster

Nephrops norvegicus

(Muus & Nielsen, 1998)

Plaice

Pleuronectes platessa

(Carl, et al., 2019)

Turbot

Scophthalmus maximus

(Aneer & Westin, 1990) (Støttrup, et al., 2002)

Thornback ray

Raja clavate

(Ebert & Stehmann, 2013)

Sprat

Sprattus sprattus

(Vitale, et al., 2016)

Primer analysis
The catch data are analyzed using the nMDS (nonmetric Multidimensional Scaling) ordination technique.
NMDS is designed as an analysis based on calculations of a “distance” between every pair of samples. The
first step is to calculate “distance” between the samples based on an appropriate metric. The longer the
distance between data points, the less similar they are. There are a number of different measures of
distance available, each having their own qualities. The measure used here is the Bray-Curtis similarity, a
commonly used measure for distance in between samples in investigations of benthic fauna. If that index
of similarity is scaled as percentage, the similarities will be in the range from 0 to 100 representing from
totally different to identical. Using the proper transformation of the raw data, it is possible to increase or
decrease the weight of different parameters, such as the presence of rare species, in the calculation of the
similarity index. The final product is an N*N distance matrix, which provides all the mutual distances
between the studies N samples.
The similarities have been calculated based on square root transformed number of individuals, which
results in a reasonably strong emphasis on abundance and less on rare species. The similarities are
presented graphically as a Multi-Dimensional Scaling plot or MDS-plot. MDS is a complex mathematical
method to construct a map of the samples in a certain number of dimensions. The purpose of the map is
to place the samples on the map in accordance with the calculated distances in similarity. If sample A is
more like sample B than C, then A should be closer to B than to sample C.
To formally test for differences between groups of samples, permutation techniques are used. The groups
in the present data are the time periods of different exploration activity (none, low, medium and high) and
with three ICES areas forming a fifth group, control. The permutation test for differences, ANOSIM, can be
seen as an analogy to the well-known ANOVA for univariate data. The test performs a large number of
permutations of the labels for the samples and measure whether the dissimilarities between groups in the
original labeled data area different from the permutated ones.
When differences between groups have been shown to exist one can interpret the differences by looking
at the roles of individual species contributing to the separation between two groups or the closeness of
samples within a group. Here this interpretation is done by the SIMPER routine, calculating the ‘similarity
percentages’.
The results of the analysis are described and discussed in chapter 6.

Projektnummer: 3622000128
Dokument ID:

Report

Version:

0.4

21/105

4.

Environmental Status of the Danish North Sea
The description of the present environmental status of the marine environment in the Danish North Sea
focus on three key issues: eutrophication status, chemical status (i.e. contaminants) and biodiversity
status.
Eutrophication problem areas are found in the Wadden Sea and along the west coast of Jutland, whilst the
offshore parts are classified as non-problem areas (OSPAR, 2017), (Andersen, et al., 2019). These findings
relate to land-based inputs, mostly from countries in the southwestern parts of the North Sea and to a
lesser degree on inputs from Danish catchments.
Contaminants are monitored and found in water, sediments and biota and in some areas, the resulting
biological effects are monitored. A recently published integrated assessment of chemical status in Europe’
seas (Andersen, et al., 2018) concludes that most assessment units in the Danish part are classified as
‘problem areas’ not fulfilling the objective of a good environmental status. The impaired conditions are
caused by inputs of human derived contaminants from land- and sea-based sources as well as atmospheric
deposition. Detailed information on the source-apportionment was not possible.
A recently published integrated assessment of biodiversity status in Europe’s seas, based on biodiversity
indicators ranging from plankton over benthic communities to fish, seabirds and marine mammals, reveals
that all assessment units in the Danish parts of the North Sea are impaired (Vaughan, et al., 2019). Bad
status is found in the most western parts, whilst moderate status is found in the remaining parts, including
the coastal waters.
The implementation of the marine strategy directive requires assessment of the environmental status of
the North Sea based on the descriptors listed in Table 2. Based on the latest assessment, it has been
concluded that, for several aspects and descriptors, good environmental status in the marine environment
in the North Sea has not yet been achieved (Miljø- og Fødevareministeriet, 2019). It is unlikely that the
objective of the Marine Strategy Framework Directive, to achieve good environmental status for all topics
and descriptors by 2020, will be reached.
All in all, and on an overall level, there is no evidence for existence of areas in the Danish parts of the
North Sea having a good environmental status (Reker, et al., 2019) and (Andersen, et al., 2020a). Based on
the current analyses of pressures and the expected development in these towards 2030 and 2050, it is
unlikely that the status can improve under the current human perturbations (Andersen, et al., in prep).
The status of fish stocks in the North Sea is described in chapter 6.
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5.

Effects on marine ecosystems from oil and gas production
This chapter presents an analysis of known observed effects from oil and gas development on the marine
environment in the Danish North Sea, including an overview of the most important discharged chemicals.
The chapter is divided in the four phases of the life cycle of an oil field development; exploration,
installation, operation and decommission. Some impacts are present in several phases.

5.1

Exploration phase
In this phase, the presence and potential capacity of the oil field is explored. Usually, this includes for
example seismic surveying and drilling of one or more exploration wells. The main impacts on the marine
environment during exploration of potential oil and gas fields come from underwater noise emission
during seismic surveys of the sediment, drilling and related activities from exploration drilling as well as
discharges of chemicals and drill cuttings.

5.1.1

Noise emission
Noise emission can come from several activities related to oil and gas production. In the context of this
review, we limit the discussion to under water noise as it is having the main influence on marine
ecosystems and fish. Noise emission above water occurs, but with very limited impacts on marine life. This
section will describe the current level of knowledge on impacts from noise on marine organisms from all
the major activities during oil and gas production. This includes noise emission from seismic surveys during
exploration, ramming and drilling activities during exploration and installation and ship traffic in all phases
of oil and gas activities.
Anthropogenic sound sources can be divided between impulsive or continuous (ambient). Impulsive sound
sources include percussive pile driving for offshore construction, seismic surveys (using airguns) to inspect
subsea oil and gas deposits and other activities, which typically emit noise in loud, low and midfrequencies. Continuous sound sources are mainly from shipping in low frequencies. Higher frequency
sounds transmit less well in the marine environment whereas lower frequency sounds can travel far (Erbe,
et al., 2018). The latest assessment of the noise levels in the Danish North Sea estimates a low to very low
level of impulsive noise and an unknown level of ambient noise (Miljø- og Fødevareministeriet, 2019).
Most studies on effects from noise emission under water have focused on effects on marine mammals and
fish. Marine mammals use sound to communicate, and to navigate and find food, and they have very
variable sensitivity thresholds to different frequencies and sound pressures (Tougaard, 2014). Hearing
among fish vary a lot between species as described below. Very little is known of underwater hearing of
diving sea birds and invertebrates. Some studies have been done on plankton, including pelagic fish and
invertebrate larvae where local and temporal effects from noise during seismic surveys have been
observed on individual plankton organisms but without effects on population levels (Tougaard, 2014).
The increasing attention to negative effects from underwater noise on marine organisms has led to
development of tools for assessment and monitoring of underwater noise generated by anthropogenic
(man-made) activities at sea. Within the marine strategy framework, monitoring has been planned and
implemented on impulsive noise and ambient noise (Dekeling, et al., 2014), to reflect the recognized noise
emission spectra. For marine mammals, actual regulation was improved significantly with the first
proposal for exposure criteria for marine mammals (Southall, et al., 2007) (Southall, et al., 2019). Here,
criterions for injury, known as the temporary threshold shift (TTS) were proposed as a threshold of sound,
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expressed both as pressure and accumulated energy (SEL, sound exposure level), which may inflict injury
on the animal.
Intense underwater noise may impair the hearing of marine mammals, and two injury levels have been
established (Southall, et al., 2007):
•

•

Temporary threshold shift (TTS), where the hearing is temporarily impaired, but gained again
later. The severity of the impairment is reflected in the longevity of the reduced hearing
sensitivity and the severity of the impairment.
Permanent threshold shift (PTS), where an animal’s hearing sensitivity is changes permanently.
Normally only occurring after repeated TTS or exposure to higher sound levels than those causing
TTS.

For harbour porpoise, TTS is reported at noise levels of ≥ 105 dB re. 1 μPa2s, and PTS from 183 dB re. 1
μPa2s and above (Southall, et al., 2007).
Based on this work and additional data obtained since 2007, a number of recommendations have been put
forward, relevant for Danish species of marine mammals, especially harbour porpoise and grey seal and
harbour seal (Tougaard, 2014). In recent years, the increased development of the offshore wind sector has
driven a further development of threshold recommendations for TTS, PTS and behavioural impacts of the
most relevant species in Danish waters (see e.g. (Dietz, et al., 2015)). The Danish Energy Agency has issued
a guideline for mono pile ramming and seismic surveys, which outlines a specific procedure for operators
to estimate potential impacts of their noise emission activities (Energistyrelsen, 2016). This includes the
preparation of a prognosis of the emissions and a control measurement program.
Very few data are available for assessment of impact on other species relevant for Danish waters,
primarily white-beaked dolphin and minke whale. For these species, TTS thresholds from bottlenose
dolphins are the best available data, until further data are available. These studies have shown TTS
induced at sound exposure levels in the range 190-210 dB re. 1 µPa2s, depending on stimulus frequency
and duration (Tougaard, 2014).
Relatively little is known about the distribution and diversity of marine mammals around Danish offshore
oil and gas structures, although regularly incidental sightings have been reported (Delefosse, et al., 2018).
Over the course of three years, a total of 131 sightings corresponding to about 288 animals were reported
belonging to seven marine mammal species, ﬁve cetaceans: harbour porpoise (Phocoena phocoena),
minke whale (Balaenoptera acutorostrata), white-beaked dolphin (Lagenorhynchus albirostris), killer
whale (Orcinus orca), pilot whales (Globicephala spp.) and two species of pinnipeds: harbour seals (Phoca
vitulina) and grey seals (Halichoerus grypus). The most sighted species were harbour porpoise (41%) and
minke whale (31%) (Delefosse, et al., 2018). This correspond to the findings from a recent comprehensive
integrative mapping of marine mammals in the North Sea (Figure 7), where harbour porpoise and minke
whale are the predominant species in the Southern North Sea both in winter and summer (Waggitt, et al.,
2019).
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Figure 7. Predicted spatial density of marine mammals in January and July in the North-East Atlantic Source: (Waggitt,
et al., 2019).

5.1.1.1

Seismic surveys
Seismic surveys may utilise different methods to map the oceanic underground. These include multibeam
echosounder, side scan sonar or 2D, 3D or 4D air guns. The noise levels from seismic surveys may typically
reach 179-266 dB re. 1 µPa2s, depending on the method used (Rambøll, 2016). Seismic surveys require a
permit, which include an impact assessment of the planned activities on the environment. In case
potential negative effects are predicted, a permit may contain mitigation requirements similar to those
described in the below section 5.1.1.2.
All fish have ears to detect sound, however, fish species without a swim bladder (used for buoyancy
control) such as most flatfish, are not as vulnerable to extreme sound pressure changes as fish with a swim
bladder (Halvorsen, et al., 2012). Therefore, fish are often categorized into three groups of vulnerability
(Popper, et al., 2014):
•
•

•

Fish without swim bladder or other gas chamber such as flatfishes, which are less susceptible to
barotrauma and only detect particle motion and not sound pressure
Fish with swim bladder where hearing does not involve the swim bladder or other gas chamber
such as salmon, which are susceptible to barotrauma although hearing only involves particle
motion and not sound pressure.
Fish where hearing involves a swim bladder or other gas chambers such as cod and herring, which
are susceptible to barotrauma and detect both particle motion and sound pressure.

Almost all fish respond to noise at 90 dB re. 1 µPa2s and above by eliciting a strong avoidance reaction
(Nedwell, et al., 2007). From 186 dB re. 1 µPa2s, fish experience a temporary threshold shift (TTS) in their
hearing ability, reversible impairments occur from approximately 203-2016 dB re. 1 µPa2s, depending on
the hearing ability of the species (Popper, et al., 2014). Mortal injury occurs from 207 dB re. 1 µPa2s for
adult fish and 210 dB re. 1 µPa2s for fish eggs and larvae.
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A recent study of harbour porpoise reaction to 3D seismic survey airguns in the North Sea showed signs of
temporary displacement of animals up to 12 km from the survey area, but no general displacement was
observed (Sarnocinska, et al., 2020). Porpoises are relatively small cetaceans, with a high energy demand,
which requires almost continuous foraging (Wisniewska, et al., 2016). Any displacement away from a
feeding area may impact populations. The magnitude of the eﬀects on the population level are impossible
to quantify at present, due to the lack of data on energy budgets of porpoises and the link between
potential reduced food uptake and fitness response (Sarnocinska, et al., 2020). On the other hand, reef
effects from platforms may act as feeding grounds. Long-term monitoring of marine mammals around oil
and gas platforms have provided evidence of animal activity on a year-round basis (Delefosse, et al., 2017).
Harbour porpoises were recorded within 800 m of the platform three times more often than at stations
further away and acoustic data showed porpoises actively searched for prey, whose presence were
confirmed by eDNA techniques.
Decrease in porpoise echolocation to 8-12 km from an active seismic vessel, is suggestive of a temporary
displacement of animals in the corresponding area. There was no large scale or long-term displacement as
harbour porpoises were detected again in the area few hours after airgun operations ended. The results
indicate that despite elevated sound level in the E&P area, porpoise distribution appears to be linked to
higher availability of prey around the artificial reef created by subsea O&G structures.
Please refer to section 5.1.1.2 for possible mitigation measures.
5.1.1.2

Ramming and drilling
Drilling operations cause vibrations and underwater noise spreading from the drilling string to the
surrounding water. Noise may also be generated at the seabed if vertical seismic profiling (VSP) is used.
However, the largest impact of noise arises from installation of the first casing tube, the conductor. The
steel tube is hammered into the seabed with a hydraulic hammer or drilled into the seabed. The duration
of the hammering may be several days, and the noise level (e.g. 228 dB, (Rambøll, 2016)) is high enough to
impair marine mammals and kill fish (Popper, et al., 2014) (Southall, et al., 2019). Therefore, several
mitigating measures are taken to prevent injury to nearby marine mammals in close cooperation with
authorities (DEA). Based on background data from underwater sound modelling, impact assessments
(including protected species and habitats) and monitoring, appropriate mitigating measures are taken. The
measures include e.g. exclusion zones, where the work will be postponed, if marine mammals are
observed by marine mammal observers (MMO) in the area when the work is commenced, so-called soft
start or ramp-up, where the force of the hydraulic hammer is gradually increased to scare marine
mammals and establishments of barriers of metal and in some projects acoustic deterrent device are
implemented (seal scares). In the offshore wind sector, air bubble curtains are regularly used to limit noise
emission. Fish in the area also benefit from the latter, as they too demonstrate avoidance behaviour when
exposed to high level noise (above 90 dB) (Popper, et al., 2014).
Reaction of porpoises to underwater noise from mono pile driving during installation of oﬀshore wind
farms has been studied extensively. Passive acoustic monitoring and aerial surveys have demonstrated a
signiﬁcant gradual decrease in harbour porpoise echolocation activity and visual observations from about
20 km from the piling site and toward the sound source (Tougaard, et al., 2009) (Brandt , et al., 2011)
(Dähne , et al., 2013). A study of pile driving noise impacts on harbour seals (Phoca vitulina) during a wind
farm construction in English waters, seal abundance was signiﬁcantly reduced up to 25 km from the piling
activity (Russell, et al., 2016). Within 25 km of the centre of the wind farm, there was a 19-83% (95%
conﬁdence intervals) decrease in abundance compared to during breaks in piling corresponding to
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approximately 11% (440 individuals) of the seals at sea. Displacement was limited to piling activity and
within 2 hours of cessation of pile driving, seals were normally distributed.
Assessments through model studies in connection with an EIA of a Danish offshore wind farm on Kriegers
Flak, showed similar displacement magnitudes, where 10.65 % (4,311 individuals) were modelled to be
displaced from their home range during pile driving (Dietz, et al., 2015). Extended periods of displaced
animals may force them to forage in areas that are already occupied by other animals, raising competition
for food and space. This may in turn potentially cause a stronger impact on the population level due to
increased competition for food for large parts of the population (Dietz, et al., 2015). The same study used
a behavioural threshold of 140 dB re. 1 µPa2s (single strike SEL, unweighted) for harbour porpoise. The
authors concluded based on available scientific data, that it was not possible to provide a behavioural
reaction threshold for seals as only very limited information is available on the reactions of seals to pile
driving (Dietz, et al., 2015).
It is noted, that although the type of impacts from ramming and drilling for offshore wind farms and for oil
and gas production are similar, the magnitude and extent of possible impacts are expected to be more
severe from drilling and ramming at offshore wind farms. This is because the offshore windmill
foundations typically are significantly larger than the pipes that are rammed for the oil and gas production.
5.1.1.3

Ship traffic
Shipping is the largest marine anthropogenic noise source in the world's oceans. The North Sea is a heavily
trafficked area with vital shipping lanes connecting the North and South Atlantic, major European ports
and access to the Baltic Sea (Figure 8).
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Figure 8. Typical pattern of ship traffic intensity in the North Sea. Image is ship position intensity based on AIS data
from 2012. Notice only Total installations are depicted. Source: (Maersk Oil, 2014).

The available studies on the impact of noise is still limited and the biological significance of observed
responses is mostly unknown (Erbe, et al., 2019). In addition, there is a bias in data towards more
accessible species compared to e.g. pelagic and deep-diving marine mammals even though ship noise is
focused in a downward direction reaching great depths and the noise may be channelled over long ranges
resulting in a potentially larger impact (Erbe, et al., 2019). Further studies are required to answer the
overall question: What is the consequence for marine mammals of chronic exposure to sound?
Studies of harbour porpoise have demonstrated that they encounter vessel noise 17-89% of the time
during tracking (Wisniewska, et al., 2018). Noise levels greater than 96 dB re 1 µPa caused interrupted
foraging, vigorous fluking, bottom diving and cessation of echolocation ultimately leading to fewer prey
capture attempts. For these high metabolic animals, disturbances from vessel traffic may prevent harbour
porpoise from attaining their energy requirements with negative long-term fitness consequences.
However, a trade-off occurs between high levels of noise and increased food availability near the oil and
gas structures that provide a reef effects for fish (Todd, et al., 2007), and year-round sightings of marine
mammals around the oil and gas installations in the North Sea are reported (Todd, et al., 2016) (Delefosse,
et al., 2018).
Supply and safety vessels as well as occasional standby vessels frequent the oil and gas areas contributing
to the underwater noise levels. The vessels produce underwater noise typically in the range of 122-192 dB,
depending on the engine, which in general decreases with increasing distance from the source (MSFD,
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2011). The impact from vessel noise on marine mammals is usually assessed to be of minor significance
and any displacement expectedly short term (Rambøll, 2015) (Rambøll, 2016).
Behavioural changes of seals that coincided with vessel encounters has been documented in the southern
North Sea (Mikkelsen, et al., 2019). Individuals of harbour seal and grey seal were tagged with audio and
3D‐movement sensors to study behaviour related to noise impacts from shipping. Animals were exposed
to audible ambient vessel noise up to 20.5% of their time in water and interruption of functional
behaviours (e.g., resting) were in some cases coinciding with high‐level vessel noise.
Fish are expected to demonstrate avoidance behaviour when exposed to high level noise (above 90 dB)
(Popper, et al., 2014). For further descriptions of noise and impact on fish, please see section 5.1.1.1
In general, noise emission from oil and gas activities in the Danish sector contributes to the overall
cumulative noise level in the North Sea (Descriptor 11 in MSFD), but the expected low relative contribution
from the sector is unknown. Regulation and mitigating efforts have and will also in the future ensure that
existing criteria for GES on impulse noise (Miljø- og Fødevareministeriet, 2019), related to D11 is not
violated.
5.1.2

Planned and unplanned discharges
During the exploration phase, wells may be drilled to explore and sample an oil or gas field and during
these activities, planned discharges of chemicals and drill cuttings may occur. The mode of impact on
marine ecosystems and fish are identical to discharges during the installation phase, where the magnitude
of the impacts is usually larger as more wells are drilled in the installation and operation phases. The
knowledge of impacts from these activities are therefore described below in section 5.2.2.
Likewise, for impacts from unplanned discharges via accidental spills, they can happen in the exploration
phase, but are likely also to happen in the installation and operation phases. As mode of action and
impacts are similar in all phases, the knowledge of impacts from these activities are therefore described
below in section 5.5

5.2

Installation phase
In this phase, structures and pipelines are placed on the sea floor and wells are drilled and stimulated. The
major structures in the Danish oil and gas fields in the North Sea includes stationary platforms placed on
the seabed, a few subsea wellheads, and large oil storage tanks placed on the sea floor at the Siri field and
South Arne. Drilling takes place not only during the installation phase of a field, but often also while the
field is in operation. The impacts of drilling of wells during operation is like the impacts in the installation
phase.
Specific impacts on the marine environment during installation of oil and gas fields come from physical
disturbance of benthic communities when platforms, pipelines and production wells are installed with
associated sediment spreading. In contrast no-fishing zones are established in a perimeter around
installations, which may lead to less disturbance from fishing activities. Underwater noise emission during
drilling and ramming and related activities as well as discharges of drilling mud, cuttings and chemicals are
also occurring.
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5.2.1

Physical disturbance
Physical disturbance of the seabed is unavoidable when oil platforms, subsea wellheads and tanks,
pipelines and spools connecting the pipeline on the seabed and the riser on the jacket legs are installed.
The type of impacts during installations are very similar to other types of physical disturbance of soft
sediment areas (e.g. bottom trawl fishing) with suspension of sediment, which relocates with currents and
settle downstream, and a physical footprint, where the structure occupies the space. However, the area of
impacted seabed from oil and gas activities is much less that what is impacted by fishing activities. Further,
the impacts on marine ecosystems are local and temporal and therefore most often perceived as being
minor in mandatory environmental impact assessment of field developments, which is in contrast to
trawling activities which are generally more continuously and with a wider range impact. Very little
research has been done on the subject for the oil and gas production apart from investigations on the
impact of the structures during operation as artificial reefs (see section 5.3.1) and potential issues during
removal in the decommission phase (see section 5.4.1).
In general, physical disturbance of the benthic zone during installation of oil and gas facilities conflicts with
the general principle of descriptor 6 seafloor-integrity. However, the total area disturbed by existing
platforms only amounts to a small fraction of the total habitat in the North Sea. The distribution of habitat
types in the North Sea is poorly understood because of lack of mapping efforts, which makes a proper
assessment of impacts from physical disturbance difficult. However, the Danish Environmental Protection
Agency has recently performed a mapping project in the North Sea which awaits publication (pers. Comm.
DEA). Finally, no targets or threshold criteria are yet developed for the descriptor to assess the current
status or set future goals.

5.2.1.1

Platform foundation
Platforms are typically mounted on a jacket structure with three or more legs anchored in the seabed with
various technologies. During the installation, the sediment and associated benthic life is destroyed in the
footprint, and to a lesser degree disturbed in a radius around the position.

5.2.1.2

Laying of pipeline
Pipelines are used to transport production to and from platforms and to shore and smaller pipelines are
laid to transport chemicals, cleaning material and water. Normally, the structures are buried in the seabed
in trenches to prevent damage caused by anchors or trawl nets, but some are lying openly on the seabed
and others are covered in various protective covers (Figure 9). The trenching method is typically ploughing,
jetting or cutting. The pipeline will lie in an open trench on the seabed, which will be filled by natural
transport and deposition of sediments in the trench over a relatively short time. Based on Norwegian
experiences it may be expected that the pipelines will be completely buried within half a year after laying.
In the Danish sector, all pipelines are initially buried to 1,5 meters to 2 meters, but upheaval buckling may
happen on rare occasions. The pipelines are inspected regularly and when upheaval buckling happens,
then the section is covered by mattresses to protect from damage (Rambøll, 2016).
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Figure 9. Different types of pipeline coverings. (a) Exposed concrete pipe, (b) buried, (c) concrete mattress, (d) Link-lok
mattress, (e) rock-dump, (f) 3-layer polypropylene (3LPP). Source: (Lacey & Hayes, 2020).

The laying of the pipeline will disturb the seabed and cause temporary turbidity of the water, which may
affect burrowing organisms and organisms living on or immediately above the seabed in various ways as
sediments are removed, the organisms are buried or covered with suspended sediments. In the trench,
most benthic fauna will probably be killed as a result of the trenching.
During the trenching operation sediment particles will be brought in suspension and dispersed with the
currents. The suspended sediments will gradually settle on the seabed again. Coarser particles will settle
immediately downstream the trench and potentially bury benthic fauna within short distances of the
trench. Installation activities lead to avoidance behaviour of mobile species, such as fish, but only on a
temporary basis.
5.2.1.3

Spreading of sediment
Increased concentrations of suspended sediment in the water column and increased sedimentation rates
may occur in the construction and decommissioning phase of oil and gas platforms. They usually occur
locally within a few hundred meters and are only short term during e.g. cable flushing and the impact is
often assessed to be of minor negative size (Rambøll, 2016).
Increased concentrations of suspended sediment may have a negative or even lethal effect on fish as it
reduces the efficiency of the respiratory system (Moore, 1991) (Newcombe & MacDonald, 1991) (EngellSørensen & Skyt, 2002). Furthermore, sediment may adhere to pelagic eggs causing the eggs to sink out to
the bottom with lower oxygen levels. However, the fish fauna in the North Sea is adapted to the high and
varying concentrations of suspended sediment in the water column, and e.g. flatfish can survive sediment
concentrations of 3,000 mg/l (Engell-Sørensen & Skyt, 2002), although fish tend to flee the area at
concentrations higher than 10-50 mg/l (FeBEC, 2013) (Støttrup, et al., 2006). The natural concentrations
are generally highest just above the seabed (Vattenfall, 2020a; Rambøll, 2020a). The background
concentrations of suspended sediment in the water column on the west coast of Jutland is estimated to be
approximately 0-7 mg/l, but may at times be as high as 185 mg/l (Rambøll, 2020a).
Increased sedimentation rates caused by the hydraulic flushing of cable corridors is low compared to the
natural sediment transport on the very dynamic west coast of Jutland. During severe storms, more than 1
m of sand can be removed or deposited (COWI, 2015). In addition, the sand transport along the west coast
of Jutland is approximately 1.4 million m3 per year towards south from Thorsminde and up to 1 mio. m 3
per year in a northerly direction towards Thyborøn (Kystdirektoratet, 2001; Vattenfall, 2020a).
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The increased levels of sedimentation may alter the habitat and bury food subjects in the sediment,
potentially reducing the food availability. However, the exposure is short and the benthic community in
the North Sea is robust and able to handle regular displacement, burial and high sediment concentrations
due to the area’s dynamic nature.
5.2.1.4

No fishing zone
When exploring the area and installing and operating oil and gas platforms commercial fisheries are
restricted due to short term bans during exploration and installation and a permanent ban during
operation of the platform. According to sea cable legislation (Kabelbekendtgørelsen), fishing with bottom
contacting gear types or anchoring is not permitted in the 200 m wide safety zones which are located
along and on each side of the cables (BEK nr. 939 of 27/11/1992). This includes the main cable from oil and
gas platforms to shore, but also cables connecting platforms. The ban also includes anchoring within the
200 m zone.
Data from studies and monitoring of fully protected marine areas with no fishing allowed, have shown no
fishing zones have strong positive impacts on fish stocks. The impacts include greater biodiversity (Ciriaco
et al., 1998; Wantiez et al., 1997; Edgar & Barrett., 1999; Barrett et al., 2007), greater trophic diversity
(Harmelin-Vivien M et al., 2015) (Shears and Babcock, 2003; Harmelin-Vivien M et al., 2015), and greater
functional diversity (Stelzenmüller V. et al., 2009) (Villamor & Becerro, 2012) (Guilhaumon, F. et al., 2015)
when compared to areas where all types of fishing are allowed and areas with some fishing types allowed.
Increases in fish biomass, especially within commercial important species have been observed ( (Barrett et
al., 2007) (Fenberg PB., et al., 2012) (Parravicini et al., 2014) (Pérez-Ruzafa et al., 2017) presumably as a
result from a reduced fishing pressure (e.g., larger biomass of bigger fish) (Edgar & Barrett., 1999; Barrett
et al., 2007) (Stuart-Smith et al., 2017).
The magnitude of potential positive impacts is dependent on other factors as well. Size of the area with no
fishing is important, where the largest effects are observed in larger areas. Furthermore, there are other
pressures on marine ecosystem in the North Sea which affect fish stocks (refer to chapter 6). An analysis of
data from monitoring of 87 protected areas worldwide has been made with comparisons of biomass,
abundance, fish biodiversity and their interactions to five factors: Degree of fisheries allowed, degree of
enforcement, duration of the protection status, size of area and connectivity to other areas (Edgar, et al.,
2014) (Halpern, 2014). The study showed that a combination of no fishing for more than 10 years in areas
>100 km2 were most effective in protecting fish stocks.
The size of no fishing zones caused by oil and gas activities are limited in comparison. The total restricted
areas due to oil and gas in the Danish sector of the North Sea, presently amounts to 27,76 km2 (sum of
safety zones around platforms, pipelines are not included). Although the ban has been in effect more than
10 years, it is assessed too small and fragmented to yield strong positive impacts as described above.

5.2.2
5.2.2.1

Planned discharges and use of chemicals
Cuttings and drilling mud
During drilling, the drill hole and drill bit is flushed with a mixture of water or oil with various offshore
chemicals (drilling mud) in order to remove the crushed material (cuttings). The drill mud also cools and
lubricates the drill bit and helps to prevent blow outs. The added chemicals commonly include for example
barite (BaSO4) which increases the gravity of the mud and thus helps to prevent blowouts. Other chemicals
are added to control other properties such as viscosity, pH, anticorrosion, etc. Whenever possible, water-
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based drilling mud is used, because it is less costly and has a lower environmental impact. However, for
example under high-pressure/high temperature-conditions or when drilling through water-sensitive
shale/clay layers, it may be necessary to use oil-based mud. Water based drilling mud may be discharged
along with the cuttings at the drill site, whereas oil-based mud must be collected and brought to shore.
Any use and discharge require a permit and chemicals to be used (even if not discharged) require a
Harmonised Offshore Chemical Notification Format (HOCNF), which documents biodegradability, toxicity
and bioaccumulation (OSPAR, 2010).
OSPAR guidelines allow cuttings from oil-based mud to be discharged if the oil content is below 1%,
although this is not practised in Denmark. In Denmark, the offshore chemicals used in the drill mud (or for
other purposes) are sorted according to their risk level in four colours:
•
•
•

•

Green chemicals include compounds that are considered PLONOR (Poses Little Or No Risk to the
environment) or are inorganic with LC50/EC50 above 1 mg/l.
Yellow chemicals are “ranking” chemicals that do not fall under one of the other categories
Red chemicals contain components that are considered hazardous, either because they have
LC50/EC50 below 1 mg/l, are degraded slowly in the environment (less than 20% in standardized
assay), or because they meet at least 2 of the criteria related to persistence, bioaccumulation or
toxicity (PBT criteria) defined by OSPAR (OSPAR, 2006a)
Black chemicals include substances that are on OSPAR’s priority list for substitution because they
are environmentally hazardous.

Usually, Danish operators can discharge green and yellow chemicals, whereas red chemicals may only be
discharged under special circumstances and following a specific permit from the authorities. Black
chemicals may not be discharged.
Since the beginning of oil and gas exploration in Danish waters and up to the 1990s, cuttings and all
associated drilling fluids were discharged during drilling operations. In the western and northern parts of
the North Sea, it may result in the formation of large cuttings piles, most notably at multi-well drill sites
(OSPAR, 2019b). No installations in the southern North Sea including in the Danish sector have
accumulated cutting piles because of the relatively high energy seabed conditions in the area (OSPAR,
2019b). Any potential impacts from cutting piles will therefore not be described here.
Chemicals can be added to the drill mud during drilling for various purposes (see above). Water based drill
mud discharged with drill cuttings to the sea may therefore contain chemical additives. Depending on their
physical properties, these chemicals may either deposit on the seabed with the drill cuttings and mud or
dissolve in the seawater. Like all other production chemicals employed by the industry in the North Sea,
the drill mud additives are registered according to their OSPAR classification and the operator is required
to report discharges.
Field- and laboratory studies have shown benthic communities to re-establish themselves relatively quickly
after exposure to drill mud. Stable communities can be expected to be found within 0,5 - 2 years after end
of exposure, although restoring original communities may take longer time, depending on the amounts
and grains sizes of the deposited material (Bach & Robson, 2008) (Neff, 2010) (Trannum, et al., 2011).
Heavy metals in drilling mud are almost exclusively associated to barite and bentonite, where they are
tightly chemically bound and therefore have a low bioavailability and a resulting low potential
environmental impact (Grant & Briggs, 2002) (Schaaning, et al., 2002) (Neff, 2008). The bound metals do
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not dissolve into pore water of the sediment or the water column, even in anaerobic conditions (Neff,
2010), which reduces the potential environmental impact significantly.
Exposure of chemicals from drill mud and other discharges, relates to descriptor 8 (Contaminants) and 9
(Contaminants in seafood) in the MSFD. In the Danish Marine Strategy, one target for descriptor 8
stipulates “No discharges are allowed to exceed environmental quality standards in water, sediment and
biota” (Miljø- og Fødevareministeriet, 2019). This is not always the case near oil and gas installations as
documented in the Danish benthic monitoring program (Oil Gas Denmark, 2017). Danish Oil and gas
installations are outside the territorial zone and within the Danish implementation of the MSFD, there are
defined environmental quality standards for four contaminants outside territorial waters, of which only
one (benz(a)pyrene levels in mussels) is deemed relevant for oil and gas activities (Miljø- og
Fødevareministeriet, 2019). Currently, there are no guidelines on how to manage this standard (DEPA,
2020). In the current benthic monitoring program, no data exists on concentrations in water and biota of
the relevant contaminants as it only targets benthic abundance and diversity and sediment concentrations
of selected contaminants (confer section 8.1). On the other hand, most relevant quality standards for biota
are still to be developed, which is an operational target for the descriptor.
In relation to descriptor 9, there are no data to assess, whether discharges of drill mud in the Danish sector
can lead to exceedance of maximum threshold concentrations of contaminants in fish and shellfish.
5.2.3

Unplanned discharges
With regards to oil spillage, fish eggs and larvae are sensitive life stages to the damages caused by
hydrocarbons. The highest total concentration of hydrocarbons (THC) that does not cause immediate
death for the most sensitive species has been assessed to 90 ppb (Johansen, et al., 2003). Oil spills and
their potential effects on the pelagic environment are described in detail in the mandatory environmental
impact assessments (EIA), which are performed when new fields are developed. Typically, the fate and
distribution of a spill is modelled in a model framework, which include standard parameters for
hydrodynamics, oil spill degradation dynamics and movement of marine organism in and around the
relevant areas. One example is data from the EIA of the development of the Ravn field (COWI, 2014). For
platforms such as Ravn, it was assessed based on modelling that the THC concentrations would only
exceed the advised level within 10 km from the platform in case of a spill (COWI, 2014). The impact was
thus assessed to be only local and – although it had a lethal impact on eggs and larvae in the vicinity of the
platform, but without any impact for the overall fish populations.

5.2.4

Waste generation
On a cumulative scale, high amounts of waste or litter are discharged to the North Sea. In the MSFD, there
is a specific descriptor concerning marine litter (D10), which focus on plastic, but specific indicators and
thresholds are yet to be developed for this descriptor (Miljø- og Fødevareministeriet, 2019). Sources are
many but it is broadly assumed that approximately 80% is originates from land and the remaining comes
from several offshore sources, possibly shipping and fishing being the main sources.
The normal procedure by offshore oil and gas operators for handling waste generated during operations is
to transport all operational waste to shore where it is recycled, incinerated or landfilled in accordance with
current legislation. It is assessed that plastic waste discharge from Danish oil and gas facilities are only
accidental and on a very small scale. On manned facilities, some grey wastewater from sanitation and
kitchen facilities are produced and treated before discharge. The amounts are relatively small and consist
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mainly of organic material, which are diluted to low concentration, when discharged. Discharges follow
Danish and IMO regulations and magnitudes are comparable to discharges from commercial vessels. No
specific research has been carried out on this aspect and the magnitude of the contribution to the North
Sea in general.
5.2.5

Emissions and depositions
Emissions to the atmosphere and associated deposition from oil and gas activities in the Danish sector are
dominated by burning gas through flaring and fuel for combustion. The bulk of the activities occur in the
operation phase, but potential effects are similar regardless in all phases. The potential impacts are
described in section 5.3.7.

5.3

Operation phase
The operation phase of an oil and gas field development is the main part of the lifecycle of the field, where
oil and gas are produced and transported onshore by ship or pipelines. The main environmental effects in
this phase are from the presence of the structures (reef effects and effects from no fishing zones),
discharges of large volumes of production water and associated chemicals and emission from flaring
activities.

5.3.1

Reef effect
Offshore oil and gas platforms, are known to act as artificial reefs, attracting a broad range of marine
species such as algae, invertebrate species and fish common to the North Sea (Schutter, et al., 2019), and
several marine mammal species are regularly sighted or detected near oil and gas structures (Delefosse, et
al., 2017) (Clausen, et al., 2021) . Fish may seek shelter for a variety of reasons e.g. shelter form currents
and predators as well as good feeding opportunities (Bohnsack, et al., 1991) (Spanier, 1996) and oil and
gas structures are expected to be no different. The attraction of a broad scale of organisms makes the oil
and gas structures excellent feeding grounds for several predatory species, including cod, saithe and
haddock (Fuji, 2016).
Investigations between installations in the Dutch and Danish sector of the North Sea, have shown little
difference in abundance and biodiversity across regions in the North Sea, but on individual platforms a
depth zonation may occur, characterized by higher species diversity and species richness closer to the
seafloor compared to communities found closer to the surface (< 10 m) (Coolen, et al., 2020) (Schutter, et
al., 2019) (van der Stap, et al., 2016) (Fuji, 2015) (Whomersly & Picken, 2003). Depth zonation is typical for
hard substrate species and is related to differences in temperature, light penetration, salinity and other
parameters. Colonisation of pipeline structures (only exposed near platforms in Denmark) follow a similar
pattern with growth of typical epifaunal species of natural hard substrate that varies with depth and
latitude (Lacey & Hayes, 2020).
Studies of fish species distribution factors haves shown that cod, plaice and thornback ray distribute not
only according to temperature, depth and substrate but all three species also showed seasonal increases
in their abundance in areas with high densities of artiﬁcial structures, including oil and gas platforms and
wrecks (Wright, et al., 2020).
There may be positive as well as negative effects on the marine ecosystem of the attraction of fish to oil
and gas structures constituting artificial reefs. It is often discussed whether artificial reefs increase the
production in the ocean or merely redistribute the existing biomass. If aggregation of fish at the artificial

Projektnummer: 3622000128
Dokument ID:

Report

Version:

0.4

35/105

reef causes a local increase in biomass but without adding to the existing biomass and causing a general
decrease in the surrounding habitats, the fish may become vulnerable to fishing (Lindberg & Loftin, 1998)
(Relini & M., 1997). The fishery may thus overexploit the population, even without increasing the fishing
effort. On the other hand, it has proven more difficult to demonstrate increased fish production or
recruitment on an artificial reef, however, there is potential if a species is habitat-limited at a certain life
stage or in general, or if the artificial reef can provide improved feeding opportunities than ensure
increased somatic growth (Harmelin & Bellan‐Santini, 1997). Studies have suggested that oil and gas
structures produce rather than attract species such as Atlantic cod (Gadus morhua), lumpsucker
(Cyclopterus lumpus) and whelk (Buccinium undatum) as the species utilize the structures at different
stages of reproduction (Todd, et al., 2018).
Another point of discussion has been whether artificial structures in soft sediment areas might alter
conditions that can affect the existing soft sediment communities (van der Stap, et al., 2016). Many
epifaunal species on artificial structures are filter-feeders, which may change water composition of organic
matter in the water column (Krone, et al., 2013) (Maar, et al., 2009). This may alter food availability for
soft sediment species below as a “shadow” effect (Klunder, et al., 2018). Empirical studies have mostly
shown only small differences in change primarily due to changes in sedimentary organic matter content,
which could not be separated from the physical disturbance by the structure itself (i.e. changes in currents
etc.) (Klunder, et al., 2018).
In addition, the oil and gas structures may function as steppingstones to invasive species. The oil and gas
production often occur in areas with homogenous substrate, and the introduction of artificial reefs in
these areas will increase the complexity of the substrate and inevitably alter the characteristics of the
seabed. The expansion rate of invasive fish species increases rapidly in areas with artificial reefs due the
generalist nature of the invasive species (Dahl & Patterson, 2014). The same trend has been observed in
algae and invertebrates, where the disturbance of native species provides potential opportunities for
invasive species to exploit – invasive species which thrive significantly better on artificial structures
compared to native species (Bulleri & Airoldi, 2005) (Glasby, et al., 2007). The introduction of artificial
structures may thus facilitate biological invasion which poses a threat to native biodiversity and coastal
systems (Sala, et al., 2000).
This may influence the targets set for descriptor 2 (indigenous species), but a study of 17 Danish and Dutch
oil and gas platforms suggest that the platforms’ role in the dispersion of non-indigenous species seems
limited. The platforms of the study ranged in depth from 26-66 m depths and a total of 38 taxa were
identified on or around the platforms (Schutter, et al., 2019). Only one identified species was nonindigenous, the cnidarian Mnemiopsis leidyi (Ctenophora). Benthic sampling around Danish oil and gas
platforms have in a period of 26 year (1989-2015) identified a total of four non-indigenous species at 19 of
739 sampled platforms. They include Jassa marmorata (crustacean), Scolelepis korsuni (a polychaete
worm), Atlantic jack-knife clam Ensis directus and the soft-shell clam Mya arenaria. None of the species
were observed at the same stations more than once (Oil Gas Denmark, 2017).
5.3.2

No fishing zone
In the operational phase, the commercial fisheries are restricted by a permanent ban. Fishing with bottom
contacting gear types is not permitted within 200 m of pipelines for safety reasons according to
Kabelbekendtgørelsen (BEK nr. 939 of 27/11/1992). Please see section 5.2.1.4.
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5.3.3

Noise emission
The main source of impacts from noise emission is the operation phase comes from ship traffic as drilling
ad seismic surveys are very seldom in this phase. The effects from ship noise are described in
section5.1.1.3.

5.3.4

Light disturbance
Potential environmental impacts caused by light disturbance are relevant for the exploration, installation,
operation and decommissioning phases, however, are potentially most pronounced during the operation
phase.
Safety light are present at all satellite platforms and vessels; however, only manned platforms are
illuminated, allowing for normal working conditions during night. In addition to this, it has been
demonstrated, that the gas flare was the predominant source of underwater light near platforms (Keenan,
et al., 2007). Few studies have investigated the effect of the light from platforms, and most studies have
focused on fish. Artificial light is known to influence fish behaviour either by phototaxy as with herring,
mackerel and sprat or by photophobia with eel and salmon smolt (Oppedal, et al., 2001) (Cullen &
McCarthy, 2000). However, with an attenuation coefficient of 0,27 m-1 (Jerlov, 1968) the reach of the light
from offshore installations and associated ship traffic in the water is rather small, limited to a few
decametres.
Other results from the Gulf of Mexico suggests that compared to open water control sites 10-1000 times
more light was present near platforms and that the platforms provide enhanced foraging sites for larval,
juvenile and adult fish due to the attraction of prey species and providing light to locate and capture prey
(Keenan, et al., 2007) (Barker & Cowan, 2018). Although the platforms function as artificial reefs attracting
fish, the abundance has been observed to decline during night as the fish suggesting avoidance of
nocturnal predators or foraging away from the platform (Barker & Cowan, 2018). Conditions are expected
to be somewhat different in Danish waters with less light penetrating the water column.
Some bird species have been observed to be attracted by the light emitted from offshore rigs and
platforms. Under certain conditions when the natural light is scarce (e.g. night, fog or heavy cloud cover)
songbirds, wading birds, ducks and geese lose their bearings during autumn migration and have been
observed to circle around the rigs (Deda, et al., 2006) (Van de Laar, 2007). The birds may risk spending
they energy reserves when circling the rigs making them unable to cross the open ocean and consequently
there is a risk that especially the small songbirds may perish. However, bad weather is generally the cause
of a higher mortality of birds crossing the open oceans, and the negative impacts from light emissions
from offshore rigs and platforms is assessed to be marginal (Alerstan, 1982) (RSPB, 2012).
Light is a fundamental controlling factor for the diel vertical migration of zooplankton (Haney, 1993), and
plankton has been observed to migrate closer to the surface on dark nights compared to moonlit nights
(Dietz, 1962). As zooplankton prefer to forage in darkness to avoid predation (Gliwicz, 1986 ), the reported
local attraction of positively phototaxy prey taxa (Keenan, et al., 2007), may be a local change in
community structures caused be the light.
The potential effects on planktonic organisms are expected to be local as the light is only detectable in the
vicinity of the platforms and zooplankton are per definition carried around with the prevailing currents,
primarily controlling the vertical movements.
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5.3.5
5.3.5.1

Planned discharges
Produced water
The main source of oil discharge during operations is produced water, which is an oil-water mixture that
comes from the reservoir. Produced water contains hazardous substances occurring naturally in the
reservoir, these include heavy metals, aromatic hydrocarbons, alkyl phenols, organic acids and
radionuclides (Neff, et al., 2011) (OSPAR, 2010). Produced water also contains residues of chemicals used
in the production process such as corrosion and scale inhibitors, demulsifiers and biocides. Its composition
can be complex and varies signiﬁcantly between different oil ﬁelds and lifetime of the well (Neff, et al.,
2011).
The discharge of produced water requires a permit issued by the Danish Environmental Protection Agency
(DEPA), which includes an dispersed oil in water limit of 30 mg/l measured as a monthly flow weighted
average (OSPAR, 2019a). The amounts of produced water discharged into the Danish sector of the North
Sea, are shown in Figure 10. Six facilities are currently discharging produced water in total amounts of 19.9
mio. m3 per year (2019), which is approximately 16% the amount discharged annually from production
facilities on the Norwegian shelf (Hansen, et al., 2020).
Discharges were at a maximum in 2008 with 28.8 mio. m3 produced water discharged. Amounts are
estimated to drop slightly in 2020 and 2021 due to reconstruction of the Tyra field, during which no
discharges from these platforms are expected. For a division of discharges in regional ICES squares, please
refer to Figure 5 in section 3.3.2.

Figure 10. Amounts of discharged produced water in the Danish sector of the North Sea from 1972-2019 (Source: OGD
and DEPA).

Produced water discharges represent in general, the largest volume waste stream in oil and gas
production operations on most offshore platforms (Neff, et al., 2011). It is continually discharged during
production and their potential content of oil components and other substances with potential harmful
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effects on the environment, has led to substantial research into potential effects and mitigation efforts
(see extensive list of references in (Beyer, et al., 2020)).
Produced water is cleaned on the platforms with different treatment systems before being discharged to
sea. The main components include BTEX (benzene, toluene, ethylbenzene, xylene), PAH-NPDs
(polyaromatic hydrocarbons - naphthalenes, phenanthrenes and dibenzothiophenes), alkylated phenols
(APs), naphthenic acids (NAs), production chemicals and metals. In terms of risk, it is the PAH-NPDs and
APs that are thought to contribute most to the perceived risk of produced water chemicals including
reproductive disturbance, neurotoxicity and carcinogenicity (e.g. (Froment, et al., 2016).
When discharged, produced water rapidly mixes with seawater and its mixture of compounds begins to
biodegrade, which reduces levels of organic components, thereby also reducing potential exposure levels
(Neff, et al., 2011) (Bakke , et al., 2013). There has been concern over the potential persistence of
produced water compounds in seawater, which can lead to impacts on the environment. Biodegradation
studies on the Norwegian shelf indicate half-lives ranging from 10 to 19 days for groups of naphthalenes
and PAHs, while half-lives for Alkylated phenols (C0- to C9-alkylated) were 10-14 days (Lofthus, et al.,
2018). For some single compounds, half-lives were considerably longer (>50 days).
Water column monitoring (WCM) has been performed in Norway for more than 20 years (Nielsen & Bakke
, 2011), with an objective to monitor not only effects from produced water discharges, but also relevant
chemical additives and seeps or leaks from the seabed, as well as any other relevant discharges
(Pampanin, et al., 2019). The WCM in Norway involves the mapping of pollutants or biological effects of
pollutants, using caged and wild caught organisms in the water column. The program experiences are
elaborated in detail in section 8.4. Lessons learned in this extensive monitoring program are for the most
part applicable for a description of expected effects from discharges of produced water in the Danish
sector. Data from Norway show higher body burden concentrations of PAH in caged mussels closest to
discharging platforms, primarily petroleum napthalenes, phenanthrenes and dibenzothiphenes (Pampanin,
et al., 2019) (Brooks, et al., 2011), and elevated levels of PAH metabolites in cod collected close to a
platform in comparison to a reference site. Measured biological effects have included higher stress levels
(biomarker parameters) in mussels (Mytilus sp.) and fish (cod, saithe, haddock), some with levels above
EAC criteria from ICES and with genotoxic potential (Pampanin, et al., 2019).
Early life stages of fish exposed to crude oil of environmentally relevant concentrations have
demonstrated fouling of eggs, craniofacial deformities of cod and haddock larvae (Sørensen, et al., 2017)
leading to premature death either as a direct consequence of the exposure or as an indirect effect due to
malfunctioning jaws and starvation. Low concentrations of crude oil have also been known to cause heart
abnormalities of herring and pink salmon (Incardona, et al., 2015). The PAH had direct effects such as
heart abnormalities causing reduced cardiac function, reduced swimming performance and thereby
reduced prey capture and predator avoidance. Indirect effects included impaired basal metabolism,
reduced energy budget, reduced overall health, reduced growth thereby also increased risk of associated
size-dependent predation. In the study there no lower limit for herring was found, below which the
concentrations of PAH had no impact (Incardona, et al., 2015). Abnormalities to the gill morphology have
also been reported for rainbow trout and juvenile turbot exposed to various concentrations of crude oil
(Engelhardt, et al., 1981), (Stephens, et al., 2000), where a fusion of the gill lamellar progressed to a
virtually continuous barrier, and oxygen uptake would inevitably be impaired although not tested. Again,
sub-lethal effects but still highly reducing for the fish’s overall fitness.
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Key zooplankton species, such as copepod populations (Calanus spp.), which represent a high biomass and
are keystone species in the Northern Atlantic marine food web due to their high lipid content, which is an
important lipid source for predating species , have also been investigated in relation to exposure to
produced water or dispersed oil. Field and laboratory studies, have shown correlations between PAH body
burden and acute toxicity, reproduction and molecular endpoints (Hansen, et al., 2020) (Bakke , et al.,
2013; Hansen, et al., 2015) (Hansen, et al., 2008).
Discharges of radionuclides (NORM1) in produced water have also been a matter of concern (Hylland &
Eriksen, 2013). OSPAR operates a Radioactive Substances Strategy which aims to achieve 'concentrations
in the environment near background values for naturally occurring radioactive substances' (OSPAR, 2020).
Concentrations and total emissions vary greatly between areas and platforms, but in general produced
water discharges from the oil/gas sub-sector are the major contributors of radionuclides to the
environment from the non-nuclear sector. Contracting parties to OSPAR report annually discharge data
and the radionuclides reported from the offshore oil and gas industry in 2018 were 226Ra, 228Ra, 210Pb,
discharged via produced water (OSPAR, 2020). The levels were comparable to discharges for recent years
and are distributed among countries as shown in Figure 11. The most important radioactive nuclides in the
marine environment from a biological effect’s perspective are 226Ra, 228Ra, 210Pb and 210Po, because they
have sufficiently long half-lives to be released into the environment, and enough high specific radioactivity
(Hylland & Eriksen, 2013).

Figure 11. NORM discharge per country through produced water in OSPAR region II in 2018. (Source: (OSPAR, 2020)).

Only a limited number of studies have investigated possible impacts on biota from naturally occurring
radionuclides present in produced water (Hosseini, et al., 2012). There are indications of a small risk to the
environment from naturally occurring radionuclides discharged in produced water although with
considerably uncertainty. The problem is complex and needs have been defined to for supplementing
existing data and acquire new knowledge (Hylland & Eriksen, 2013) (Hosseini, et al., 2012).

1

NORM= Naturally Occurring Radioactive Materials
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Since 2016, the operators in the Danish sector have provided a Risk-based Assessment (RBA) of the
environmental impacts related to PW discharged from the individual platforms. DEPA published guidelines
for these RBAs in 2018 (Miljøstyrelsen, 2018). The RBA includes modelling the areal size and volume of the
body of seawater in which PW constituents may affect local fauna negatively, and it quantifies the relative
environmental risk of the various potentially harmful compounds in the water.
The results of RBA modelling from fields operated in the Danish sector are summarized in Table 7 below.
The table also shows the Environmental Impact Factor (EIF), which is a measure for the affected volume of
seawater and the maximum distance from the platforms where Predicted Environmental Concentration
(PEC) exceeds the predicted No-Effect Concentration (PNEC). EIF=1 represents a volume of water
100x100x10m in which the risk exceeds 5%, or where PEC/PNEC is ≥ 1.
Table 7 Results from RBA modelling of environmental risk related to discharges of produced water (Lyng, 2019; Lyng,
2020) (Lyng & Berry, 2018b) (Lyng & Berry, 2018c) (Lyng & Berry, 2018d) (Lyng, 2017).

Chemical
type

Contribution to environmental risk (%)
Fields operated by

Fields operated by

Fields operated by

Total

Ineos

Hess

1743

3

31

22.9 km

940 m

2.1 km

0.56

1,07

0.19

BTEX

1.12

0,37

0.57

PAH

37,9

25,07

1.08

Phenols

10.19

1,91

1.11

Heavy metals

0,12

0

0.30

Biocide

23,12

57,6

51.64

Scavenger

13.22

-

44.2

Total EIF (time
averaged)
Maximum distance to
platform where
PEC>PNEC
Dispersed oil
Naturally occurring
contaminants

Added chemicals
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Corrosion

12.31

13,84

0.86

<1

<1

<1

control
Other
chemicals

The biocides that are added to discharged waters are used to control the water quality in the system, but
clearly also present an environmental risk to the seawater around the platforms. Biocides in the PW are
typically based on glutaraldehyde or formaldehyde, both compounds which are biodegradable in the
seawater and do not bioaccumulate. The two other types of chemical additives that affect the water
quality around the platforms are sulphide scavengers and corrosion inhibitors. These are diverse groups of
chemicals that may behave differently in the seawater depending on which active compounds they
contain. From the RBA model estimates in Table 7, it can be seen that PAHs, added biocides and corrosion
controls are among the most contributors to overall environmental risk. The chemicals added to the
discharged PW are subject to the same classification and regulation as the chemicals discharged with the
drilling mud (see section 5.2.2). Table 8 gives an overview of the reported discharged chemicals in the
Danish sector from 2009-2017 grouped according to the DEPA classification.

Table 8. Discharged chemicals (tonnes/year) from oil and gas platforms in the Danish North Sea. Source: (OSPAR,
2019a; OSPAR, 2018).

Tonnes/year

DEPA
colour
code

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

PLONOR
(Predicted Low Or
NO Risk)
Inorganic,
LC50/EC50 > 1mg/l
Ranking
LC50/EC50 < 1mg/l
Biodegradation
<20%
Substances meet 2
of 3 PBT criteria
Chemicals of
Priority Action

Green

30919

31371

24603

11839

13966

12335

7979

8694

8807

12161

10118

Green

169

1485

432

305

146

124

143

522

233

223

113

Yellow
Red
Red

4624
0.25
45

3828
0.002
56

4981
0
1

1503
0
8

4500
0
4

4752
0
0,4

5148
0
0,04

4786
0
0,4

4557
0
0

4665
18
0,5

5606
30
0,1

Red

83

63

7

33

6

7

6

7

7

7

4

Black

0

10

0

0

0

0

0

0

0

0

0

There has been no discharge of priority chemicals (black group) and limited amounts of red chemicals. The
discharge of green chemicals has decreased during the period whereas the discharge of yellow chemicals
has remained on the same level. It should be noted that the numbers in Table 8 are affected by the
reclassification of production chemicals; For example, the increased use of red production chemicals
during the years 2016-17 compared to previous years is related to a re-classification from yellow to red of
certain chemicals (mainly sodium hypochlorite).
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Effects from discharged produced water and chemicals may affect MFSD descriptors D1, D4, D8 and D9
(Table 2.). With the current level of knowledge, it is not possible to estimate the magnitude of the impact
on the descriptors in the Danish sector. However, it is likely to assume, that similar impacts as observed in
the Norwegian sector will be found in the Danish monitoring program, when it is implemented.
Experience from the Norwegian monitoring program have defined several gaps in the knowledge on
effects from produced water discharges. A realistic scenario for marine organisms in areas of oil and gas
exploration are chronic exposures to diluted concentrations of concentrations, but little is known on this
issue (Beyer, et al., 2020). Furthermore, increasing genotoxic responses in biomarkers have been observed
in fish and mussels (e.g. DNA adducts in haddock), but the physiological and ecological consequence of this
remains unclear (Beyer, et al., 2020). Biomarkers in fish and other marine species must also be developed
to evaluate sub-lethal effects that are relevant to biological fitness, using study conditions that are
environmentally realistic. Finally, timing of exposure is important, as organisms have different sensitivity at
different life stages. In summary, new research should address sub-lethal and long-term impacts of
environmentally realistic low-dose exposures to produced water and associated contaminants (Beyer, et
al., 2020).
5.3.6

Waste generation
No impacts from waste generation are assessed to occur during operations like the installation phase.
Refer to section 5.2.4.

5.3.7

Emissions and depositions
In general, emission and the subsequent deposition is a transfer of chemicals and compounds from the
atmosphere to the marine environment. This transfer may include nutrients (e.g. nitrogen, phosphorous,
iron), toxins (e.g. heavy metals) and pH regulators (e.g. carbondioxide). These chemicals and compounds
may have direct and indirect impacts on the marine environment and ecosystems.
Emissions to the atmosphere and associated deposition from oil and gas activities in the Danish sector are
dominated by burning gas through flaring and as fuel for combustion (Figure 12). It does not directly affect
marine ecosystems and fish, but indirectly it may affect the marine environment on a local scale (e.g.
deposition of VOC2, dioxides and particulate matter).
During oil production, associated gas is produced from the reservoir together with the oil. Much of this gas
is utilized or conserved, but some of it is flared because of technical constraints. Flaring of gas contributes
to climate change and impacts the environment through emission of CO 2, black carbon and other
pollutants. Work is in progress to reduce flaring and several initiatives have been taken, including the
“Zero routine flaring by 2030” initiative introduced by the World Bank, which Denmark and the operators
in the Danish sector have endorsed (World Bank, 2020).
Emissions to the atmosphere from flaring and combustion engines in the Danish sector are reported
annually to the Danish authorities and to OSPAR. Data from all active years are shown in Figure 12, which
over the whole period shows a sharp increase in flaring amounts to a maximum in 1999 followed by a
decrease to current levels, corresponding to mid-1970 levels. Amounts of gas used as fuel has been
increasing since the beginning of oil and gas production to a maximum of 711 mio. Nm3 in 2007.

2

Unburned hydrocarbons, incl. methane and volatile organic compounds (nmVOC).
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Figure 12. Annual use of gas 1971-2019 in flaring and as fuel in the Danish Sector. Source: (DEA, 2020)

The consumption of gas described above results in atmospheric emissions of CO2 and other compounds.
Amounts and type of compounds depend on the gas content, and types of combustion. The latest report
to OSPAR for the period 2013-2017, showed a stable atmospheric emission of CO 2 on approximately 1,8
mio. tonnes annually with a slight decrease in 2017 to 1,6 mio. tonnes/year. The emission of nmVOC and
methane were stable during the period (OSPAR, 2019a). Emissions of sulphur dioxide and NOx fluctuated
with a peak in 2016 (160 t SO2 and 8500 t NOx, respectively) but subsequently went down to a low in 2017
with emissions of 80 t SO2 and 6500 t NOx.
Later studies have shown that oil and gas platforms leak methane to some degree from pilot lights on flare
stacks or emissions from working deck levels. In a study from 2019, it was found that all investigated oil
and gas platforms (eight platforms in UK sector) leaked CH4 during normal operation without flaring
(Riddick, et al., 2019). A weighted estimate (per production) from this pilot study quantify the loss to be
0,19% of the gas production. The authors stress the emission estimates are considered a pilot study and
further work is needed to establish total CH4 leak-age rates from offshore oil and gas platforms (Riddick, et
al., 2019).
Deposition characteristics of flaring components is not investigated in detail (Pederstad, et al., 2014).
Focus is on VOC and particulate matter. Particulate matter comprises many different chemical compounds
determined by the flaring source. Emissions influence local air quality, the global climate, and can be
transported over great distances along with other pollutants. Related to flaring, emissions of PM are
primarily “Black Carbon” and “Organic Carbon” that arise from incomplete combustion of gas (Pederstad,
et al., 2014). Most of the higher molecular weight pyrogenic PAHs entering aquatic environments are
sorbed to black carbon (Neff, et al., 2005). Petrogenic lower molecular weight PAHs may enter the water
from the vapor phase in rainfall or dry fallout. They quickly adsorb to the organic phase of suspended
particles and are deposited with them in sediments and potential absorption (bioconcentration) by living
organisms (Neff, et al., 2005). Efforts have been implemented to minimise emissions of black carbon from
flaring, including BAT technology guidelines on EU level (Saunier, et al., 2019), but many aspects are still
unknown concerning environmental impacts. This includes joint efforts in standardised monitoring
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programs, emission and deposition inventories of particulate matter and modelling frameworks to aid in
regulation (Pederstad, et al., 2014) (Olusegun, et al., 2016) (Saunier, et al., 2019).
Deposition from flaring and other emissions are sources of exposure of chemicals, which relates to
descriptor 8 (Contaminants) and 9 (Contaminants in seafood) in the MSFD. One target for descriptor 8
stipulates “No discharges are allowed to exceed environmental quality standards in water, sediment and
biota” (Miljø- og Fødevareministeriet, 2019). No data exists to assess the contribution from depositions
from flaring and emissions to contaminant concentrations in marine ecosystems in the Danish sector.
5.4

Decommissioning phase
Decommission is a part of an oil- and gas installation’s lifecycle and plans for decommissions are
mandatory for operators according to the subsoil act. According to the Oslo and Paris Commission’s
decision 98/3 (OSPAR, 1998), the dumping of whole or partial offshore structures are prohibited and states
that re-use, recycling, or disposal on land is the preferred option. “Dumping” includes structures that
might be left in place after their commercial life is over, such as subsurface structures and pipelines. This
requires most man-made structures to be wholly or partially removed during decommission (Fortune &
Paterson, 2020). However, there has been some scientific debate as to whether this principle is the
optimal choice for minimal impact on marine ecosystems (see below).
In the Danish sector of the North Sea, most installations are old and decommissions are imminent in the
coming decades. There is no experience from the Danish sector on the impact from decommission
activities on marine ecosystems and fish, but the Norwegian and British sector has some experience.
The Danish Energy Agency (DEA) provides a guidance on decommissioning plans (Danish Energ Agency,
2018), where it is stipulated that an environmental impact report must be approved with a detailed
decommissioning plan. The guidelines also require that all offshore in-situ decommissioning of
installations must be justified based on a comparative assessment comparing all available
decommissioning methods with the one selected. The comparison should be made according to OSPAR
criteria:
• Technical complexity
• Safety considerations
• Environmental considerations
• Societal interests
• Economy
In the following the main expected impacts from decommissions are described, which include physical
disturbance to the seabed (similar to impacts during installation phases), but also recent discoveries on
unexpected impacts from decommissioned wells.
Over the next 35 years or so, about 470 platforms and 10,000 km of steel pipeline will need to be removed
from the North Sea (Bull & Love, 2019). Within those numbers, according to the decommissioning
forecasts of the UK's Oil and Gas Authority, 109 platforms (95 of them in the UK sector, 14 in the
Norwegian sector) will be removed between now and 2025 (Jack, 2017). In the Danish sector, only the
ongoing decommission and re-installation of the Tyra facilities are expected. In contrast, plans for life
extensions of facilities at Siri are developed in connection to the start of the Hejre Field.
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5.4.1

Physical disturbance
When sub-sea structures such as jackets, anchoring structures and sub-sea tanks are to be
decommissioned and re-use, recycling, or disposal on land is the preferred option, it requires the structure
to be removed. This implies a physical disturbance of the seabed and destruction of any faunal
communities which have developed on the structures over time. Many of these structures have been
acting as ecosystems interacting with other natural ecosystems and provided refuge, shelter and food
source for many marine species (Fortune & Paterson, 2020). The structure and function of the ecosystem
varies with age of the structure, location and depth (confer section 5.3.1).
It has been argued that the ecological benefits from leaving the structures are worth to consider in
comparison to expected effects from full removal (Figure 13).

Figure 13. Schematic diagram showing selected environmental impacts during three decommissioning scenarios
(modified from (Fortune & Paterson, 2020)). MMS: Man-made structures.

In Figure 13, three decommission scenarios and their potential effects are depicted. They include a
removal of marine biota on structures at sea followed by removal (top left), full removal including
attached marine biota which is the most common (top right) and a scenario, where structures are more or
less left in place after decommissioning (lower centre). The first two scenarios lead to a loss of the
ecosystem of the structure, physical disturbance and associated release of sediments as well as some
biological waste generation. This contrasts with the third scenario, where the established marine
ecosystem may be retained, and no or minimum physical disturbance will occur. On the other hand,
potentially recyclable materials are left on the seabed. The debate on the biological costs and beneﬁts of
decommissioning is ongoing and a recent review on the matter concludes there is a need to quantify the
ecosystem services that ecosystems on man-made structures provide, together with a more
comprehensive EIA process with a science based decision-making process when decommission processes
are to be determined (Fortune & Paterson, 2020).
5.4.2

Well closure
Recent studies have shown significant releases of the greenhouse gas methane from decommissioned oil
and gas production wells in the English and Norwegian sector of the central North Sea (Böttner, et al.,
2020). Measurements indicate that the releases are significant on a regional North Sea scale and larger
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than those from all known natural seepage sites combined. The study showed releases were dependent on
the presence of isolated shallow gas accumulations in the vicinity of the wells. The full scale of the
methane release from all possible decommissioned wells is yet to be determined and the study concludes
that further assessments need local identiﬁcation of shallow gas in correlation with drilled wells to update
the estimates of methane emissions from fossil fuels.
5.4.3

Emissions and depositions
See section 5.3.7

5.5

Unplanned discharges
During all phases of oil and gas production in the North Sea, there is a risk of events where oil, gas or
chemicals may be spilled into the marine environment. Here, it is distinguished between blow-outs, which
typically are spills from wells and accidental spills, which may happen from well, platform installations,
pipelines, storage tanks or ships including groundings or collisions. These events are extremely rare in
general and in the North Sea. Statistics quantify the frequency of a blow-out or releases during well drilling
in the North Sea to be in the range of 9,2*10-6 to 8,5*10-3 per well (IOGP, 2019). Blow-out events have
never occurred in the Danish sector of the North Sea. The potential impacts from a blow-out are similar to
other spills, but the magnitude may be larger. Due to the rare occurrence of the events, little field data is
known, and it will not be discussed further here.
Offshore operators are responsible for preparing suitable contingency plans in case of unintended spills to
the sea (Christensen & Carpenter , 2015). The Danish authorities require a tiered response including
mechanical and chemical response (use of dispersants) measures (Christensen & Carpenter , 2015).
Mechanical measures include the use of equipment such as booms and skimmers to contain and collect oil
spills, whereas dispersants are used to chemically enhance dispersion of oil compounds for quicker
degradation. The response measures are coordinated regionally across the North Sea in various
frameworks (e.g. MARPOL, Bonn Agreement, EU and operator cooperation). The use of dispersants is
heavily debated and extensive research has been put into effects of the use of dispersants because of their
potential negative environmental effects (i.e. (Katsumiti, et al., 2019) (Hansen, et al., 2015) (Lewis & Pryor,
2013; Almeda, et al., 2014)). The dispersants break the oil into small droplets, which subsequently disperse
in the water column, where they are more readily biodegraded. However, while submerging the oil with
dispersant may lessen exposure to marine life on the surface, it increases exposure for organisms in the
water column or on the seafloor. In Danish waters, dispersants are only to be used for extreme
emergencies and any use of dispersants requires permission from the Danish EPA (Christensen &
Carpenter , 2015), which to date has not happened. In other North Sea countries, the issue of dispersant
use is also discussed (e.g. (Grote, et al., 2018)).

5.5.1

Accidental spills
On a regional scale, the annual total number of oil spills in the North Sea has declined over more than two
decades from all sources (Carpenter, 2019).To our knowledge, no major oil spills have occurred in Danish
waters. There have been a number of spill incidents off the Danish coasts, the most significant being the
BALTIC CARRIER (2001), IBN ROCHD (1984) and the JAN (1985) (ITOPF, 2018). Most incidents have
occurred close to the coast and in rough sea conditions and consequently most of the clean-up took place
on shore. Except for the Baltic Carrier, which resulted in an oil leak of 2.700 t of crude oil.
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Figure 14. Number of spills and quantity spilled as reported by the industry per year 2009-2017 (OSPAR, 2019a)
(OSPAR, 2016).

DEPA receives immediate reports from the Maritime Assistance Service (MAS) on all registered spills of oil
or chemicals from Danish oil and gas activities. All spill events and their magnitude are reported to OSPAR
according to the convention and Figure 14 shows the reported number of spills and amounts of oil spilled
in the period 2009-2017. The number of spills vary from 21 to >70 per year in the period, where the
majority are minor spills (<1 ton oil). There have been some incidents with larger spills in 4 out of the 9
years reported here, the most significant ones in 2014, where three larger spills with total amount of 45
tonnes of oil were spilled to the sea (OSPAR, 2019a).
Exposure of chemicals from spills, relates to descriptor 8 (Contaminants) in the MSFD. In the latest Danish
Marine Strategy, this descriptor includes a target to reduce spill events through monitoring, prevention
and risk based dimensioning of spill response plans (Miljøstyrelsen, 2020). In the latest assessment, it has
not been possible to determine a trend between the environmental status and acute pollution events
from oil and chemical spills due to large yearly variations and lack of correction to activities (Miljø- og
Fødevareministeriet, 2019).
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6.

Potential effects on fish stocks
In this chapter, it is investigated if oil and gas activities may influence fish stocks in the North Sea. There
are no specific monitoring programs or research projects, which are specifically designed to investigate
this, and therefore can the analysis only be made on the basis of separate data sets collected for other
purposes (see section 3.3).
The historical fluctuations in the catches of the chosen fish species are illustrated in histograms, and
general as well as specific changes discussed with reference to relevant MSFD descriptors. The results of
the univariate analysis are also shown.

6.1.1

Fluctuations in fish populations
Habitat loss due to human impact is one of the greatest threats to marine ecosystems and 85% of the
European coastline is estimated to be degraded (Wollf, 2000), (Lotze, et al., 2006), (Bryant, et al., 1995),
(EEA, 1999). This is especially troubling, as the temperate regions also are among the most productive
ecosystems on earth (Suchanek, 1994). Destructive trawl fishing has been likened to forest clearcutting
(Watling & Norse, 1998), reducing biodiversity (D1) and impairs sea-floor integrity (D6) and food webs
(D4). When the seabed is exposed to repeated trawl, as is common in the Northeast Atlantic, it becomes
homogenized with severe effects on the benthic community and thus on sediment stability, water column
turbidity and carbon processing (Thrush & Dayton, 2002). High nutrient loading and eutrophication has a
negative impact on the colonization of benthic vegetation (D4 and D6), (Eriksson, et al., 1998) (Nielsen, et
al., 2002a) (Nielsen, et al., 2002b), which function as nursery grounds for several commercially important
species (Seitz, et al., 2014). It is estimated that 44% of all fish and shellfish species that ICES give advice on
in the Northeast Atlantic utilizes coastal habitats at one or more life stages (Seitz, et al., 2014). These
species cannot complete their life cycle without these essential coastal habitats, which ultimately may
cause a reduction in population size (Gibson, 1994) (Sundblad, et al., 2014), affecting the sustainable
exploitation (D3).
The Danish fishing fleet has been heavily exploiting the Greater North Sea and Denmark has the third
largest number of fishing vessels operating in the area, only exceeded by UK and Norway. The landings
have fluctuated over time with peak period in the early 1970s and a decline after 1995 (Figure 15). The
decline was attributed to overfishing and decreased productivity of important stocks (ICES, 2018). As
trawling has intensified in the North Sea during the 20th century, a fundamental shift in the ecosystem has
been observed. From the 1950s to 1990s, the global commercial landings shifted from long-lived, high
trophic level, piscivorous, demersal fish towards more short-lived, low trophic level invertebrates and
planktivorous pelagic fish (Pauly, et al., 1998) – a phenomenon called “fishing down the food web”
(Christensen, 1996) (D4). For the fisheries, this meant a change from a dominance of larger commercially
important species to smaller and more productive species which often have low economical value (Sguotti,
et al., 2016). This change was a clear indication of unsustainable exploitation patterns. After 2000 the
fisheries made a successful reduction in fisheries pressure and, thus, fishing mortality dropped to more
sustainable levels (ICES, 2018).
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Figure 15 Landings (thousand tonnes) from the Greater North Sea in 1950–2017, by country. The nine countries having
the highest landings are displayed separately and the remaining countries are aggregated and displayed as “other”.
(source: (ICES, 2018)).

The North Sea is characterized by regime shifts where the productivity of various key components such as
phytoplankton, demersal or pelagic fish have exhibited episodic changes in productivity (ICES, 2019). The
North Sea is a shallow basin in open connection with the North Atlantic, and the ecosystems of the North
Sea is therefore strongly affected by variations in the inflow from the North Atlantic. The variations may
occur on a monthly or annual scale, or even over several decades. Links between hydrography and fish
stocks suggest that fluctuations such as the herring decline in the North Sea in the 1970s and the
expansion of the sprat stock concurrently was a result of changes in the Atlantic inflow, which disrupted
the normal transport of herring larvae to their normal nursery area, and a parallel change in plankton and
benthos (Corten, 2002) – in effect the entire food web (D4). Figure 16 illustrates the resulting low herring
catches in the Danish North Sea until the early 1980s. The decline in herring stock was originally attributed
to overfishing and lack of spawning stock (Christensen, 1996), but other factors may also contribute, such
as oceanic currents (Corten, 1990).

Figure 16. Historical changes in herring (Clupea harengus) from the 1967 to 2020.

Low catches of e.g. cod (Figure 17) can also be observed until the late 1970s to early 1980s. As herring is
an important food source to several large bodied fish species, the lack of prey will cause changes in the
entire food chain. A reduction in herring production has occurred again since 2002 (ICES, 2019).
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Figure 17. Historical changes in Atlantic cod (Gadus morhua) from the 1967 to 2020.

Exploitation is a major cause in depletion and extinctions in marine species (Lotze, et al., 2006) and it has
been suggested that ecological extinction caused by overfishing precedes all other pervasive human
disturbance to coastal ecosystems, including pollution, degradation of water quality, and anthropogenic
climate change (Jackson et al., 2001). A general decrease in large-bodied fish species such as cod (Figure
17), saithe and ling (Figure 18) has been observed for the past decades as a result of overfishing (ICES,
2019). In the case of some heavily exploited populations , the fishing mortality exceeds the natural
mortality by as much as 400%.

Figure 18 Historical changes in ling (Molva molva) from the 1967 to 2020.

The Atlantic wolffish has also experienced a decline that may be attributed to targeted overfishing
(Steneck, et al., 2004) – a decline that is also obvious in the ICES histograms below (Figure 19).
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Figure 19. Historical changes in wolffish (Anarhichas lupus) from the 1967 to 2020.

Elasmobranchs are particularly vulnerable to anthropogenic pressures, as their life-history traits result in
low rates of population growth (Stevens, et al., 2000). Larger species of rays, such as thornback ray, have
generally exhibited long-term declines and some are even locally exterminated (angelshark) (Sguotti, et al.,
2016). Smaller ray species, such as starry ray, have increased possibly due to their greater resilience to
fishing and/or climate change. The same can be observed for the ICES catches illustrated below for
thornback ray (Figure 20) and starry ray (Figure 21). In recent years, however, some trends have reversed
and starry ray, which is cold water associated, is declining while thornback ray increasing probably due to
climate change (Sguotti, et al., 2016).

Figure 20. Historical changes in thornback ray (Raja clavate) from the 1967 to 2020.
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Figure 21. Historical changes in starry ray (Amblyraja radiata) from the 1967 to 2020.

Analysis of long time series of data shows clear signs of improvement in the North-East Atlantic Ocean
where 62.5 % of stocks meet at least one of the good environmental status criteria (EEA, 2019). Better
management of fish and shellfish stocks has, since the early 2000s, contributed to a decrease in fishing
pressure. Now some large-bodied piscivorous fish show signs of recovery, and plaice, cod and hake
demonstrate a three-to four-fold increase from 2000-2016 (Gemert & Andersen, 2018). This trend can also
be observed in the ICES catches analysed here for cod (Figure 17), hake (Figure 22) and plaice (Figure 23).
In 2017, the average fishing mortality dropping below the maximum rate of fishing mortality and several
fish and shellfish stocks now show signs of recovery. If the fishing mortality remain on average near the
maximum rate of fishing mortality and reproductive capacity continue to improve, this will ensure that the
fish and shellfish stocks in the North-East Atlantic can accomplish the 2020 objective for GES (EEA, 2019).

Figure 22. Historical changes in hake (Merluccius merluccius) from the 1967 to 2020.
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Figure 23. Historical changes in plaice (Pleuronectes platessa) from the 1967 to 2020.

Recent years climate change and increased oceanic temperatures (D7) have revealed an overall northward
shift in the distribution of northern species (Engelhard, et al., 2013) (Baudron, et al., 2020) and a northern
shift was also observed in the species’ southern range (Skinner, 2009) (Baudron, et al., 2020). The
southern species have likewise expanded their range towards north (Baudron, et al., 2020). The impact of
this general northwards shift can have substantial ecological impacts such as species relocating to
suboptimal habitats if the temperature range does not match the species’ depth range (Rutterford, et al.,
2015) or if essential fish habitats such as nursery areas losses it connectivity to the spawning ground
(Sinclair & Iles, 1989).
Fish stocks have fluctuated over time and so do the fish catches in the ICES data. Histograms of a variety of
species illustrate the changes the fish populations in the Danish North Sea have experienced (Figures 2025).

Figure 24. Historical changes in rabbit fish (Chimaera monstrosa) from the 1968 to 2020.
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Figure 25. Historical changes in haddock (Melanogrammus eaglefinus) from the 1967 to 2020.

Figure 26. Historical changes in pollack (Pollachius virens) from the 1967 to 2020.

Figure 27. Historical changes in turbot (Psetta maxima) from the 1967 to 2020.
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Figure 28 Historical changes in Sole (Solea solea) from the 1967 to 2020.

Figure 29. Historical changes in sprat (Sprattus sprattus) from the 1967 to 2020.

A few species show a general decrease in catches during periods where the Danish oil and gas industry has
increased their yearly release of produced water discharges to more than 10 mio. m 3 (1990 and onwards),
e.g. Atlantic cod (Gadus morhua) (Figure 17), starry ray (Amblyraja radiata) (Figure 21) and wolffish
(Anarhichas lupus) (Figure 19). However, it is also unlikely that the discharges of produced water within
the RBA-defined range from the platforms would impact the fish catches in the entire Danish sector of the
North Sea, even though the impacts are characterized as chronic exposures (see section 5.5).
6.1.2

Results of ANOVA analysis
The relation between produced water discharges and all 22 fish and invertebrate species were tested with
multivariate analysis (ANOVA). However, no clear results or trends was found in test. Few significant
results were found, but they were not consistent between areas or periods and are more likely to be Type
II errors. The results are not presented here.

6.1.3

Results of Primer analysis
The result of the Primer analysis of ICES catches of 10 sedentary fish and invertebrate species showed that
there was a significant difference between fish catches in areas with discharges of produced water in
periods when the discharges were categorised as medium or high levels compared to periods with low
levels (temporal comparison within the impacted ICES area). There was also a significant difference
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between control areas and each impacted area in periods when the discharges were categorised as
medium or high levels (temporal comparison between ICES areas). All significant results indicated higher
fish catches of particularly sprat, plaice, Norwegian lobster, starry ray and lesser sand eel in impacted
areas and temporal periods. The results are presented individually for each impacted area in the following
sections.
6.1.4

ICES area 39F5
For area 39F5 there was a significant difference between catches of sedentary fish and invertebrate
species for periods with Low vs. High discharges of produced water (P=0,011) within area 39F5. Sprat
accounted for 85% of this result while plaice accounted for 12%. When comparing 39F5 with the control
areas, there was a significant difference between catches of sedentary fish, Low vs. Control (P= 0,034),
Low vs. None (P=0,001), High vs. Control (P=0,018) and High vs. none (P=0,002) were significant. Again,
sprat accounted for more than 80% of this result while plaice and Norway lobster accounted for less than
10% each. Figure 30 shows the result of the Primer analysis.
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Figure 30 Primer results in 2D for ICES area 39F5. Above: temporal comparison of CPUE of sedentary fish species for
periods with low, medium and high discharges of produced water in ICES area 39F5. Below: comparison of CPUE of
sedentary fish species for ICES areas 39F5 vs. control areas 41F5, 42F5 and 40F6. Control areas are indicated by both
“None” and “Control”.

6.1.5

ICES area 40F4
For area 40F4 there were no significant differences between catches of sedentary fish and invertebrate
species for periods with low, medium and high discharges of produced water within the area. When
comparing 40F4 with the control areas, there was a significant difference between catches of sedentary
fish, Low vs. Control (P= 0,005) was significant. Sprat contributed approximately with 60% of the result,
while plaice, Norway lobster, starry ray and lesser sand eel each contributed with 15%, 8%, 7% and 5%,
respectively, to the result. Figure 31 shows the result of the Primer analysis.
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Figure 31 Primer results in 2D for ICES area 40F4. Above: temporal comparison of CPUE of sedentary fish species for
periods with low, medium and high discharges of produced water in ICES area 40F4. Below: comparison of CPUE of
sedentary fish species for ICES areas 40F4 vs. control areas 41F5, 42F5 and 40F6. Control areas are indicated by both
“None” and “Control”.

6.1.6

ICES area 40F5
For area 40F5 there was a significant difference between catches of sedentary fish and invertebrate
species for periods with None vs. Medium discharges of produced water within the area. When comparing
40F5 with the control areas, there was a significant difference between catches of sedentary fish, None vs.
Medium (P= 0,006), Low vs. None (P=0,001), Low vs. Control (P=0,033) and Medium vs. Control (P=0,0033)
were significant. Sprat contributed with between 60% and 80% to this result, while plaice accounted for 811 %, Norway lobster accounted for 6%-14% and starry ray contributed with app. 5%. Figure 32 shows the
result of the Primer analysis.
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Figure 32 Primer results in 2D for ICES area 40F5. Above: temporal comparison of CPUE of sedentary fish species for
periods with low, medium and high discharges of produced water in ICES area 40F5. Below: comparison of CPUE of
sedentary fish species for ICES areas 40F5 vs. control areas 41F5, 42F5 and 40F6. Control areas are indicated by both
“None” and “Control”.

6.1.7

Discussion of results
The ANOVA analysis showed no clear results. However, the Primer analysis showed significantly higher fish
catches in areas impacted by discharged produced water and in periods with high discharges. The size of
the areas compared (ICES Subareas) were 30x30 nautical miles, which are substantially larger than the
spreading risk distance modelled in the RBA (see chapter 5.3.5.1 for further details). The released
compounds during normal operation would therefore have an even smaller impact zone, and we did not
expect to find any significant results.
All ICES catches were standardized onto catch per unit effort (CPUE). This ensures that any bias due to
differences in sampling intensity in certain subareas compared to others is removed. The bias due to
differences in sampling intensity and method was exactly the reason why commercial fisheries data was
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disregarded in this study and only scientific data included, where the same gear and method is used every
year and all catches are standardized. The observed significant differences in catches between areas and
periods can therefore not be attributed to sampling intensity or to differences in methodology.

Figure 33 Known spawning sites for plaice in the North Sea. Orange: spawning sites. Yellow: areas with high egg
concentrations. Light yellow: areas with low egg concentrations. Blue: nursery areas (from (Warnar, et al., 2012)).

Produced water discharges can lead to contamination of sediments. Although the results presented here
showed a significant correlation between higher catch rates of certain fish and invertebrate species and
periods of high amounts of discharged produced water, there is no explainable causal link. However,
sedentary species such as flatfish, rays and certain invertebrates spend most of their time buried into the
sediment. Their main prey are likewise organisms that live on or in the sediment such as polychaetes,
crustaceans and mussels – of which at least blue mussels are known to accumulate oil and gas compounds.
Several factors in the life strategies of plaice, sole and Norway lobster thus point towards an increased risk
of accumulating PAH and other substances derived from the oil and gas industry. In addition to this, plaice
is known to spawn in the western part of the Danish North Sea in the areas of oil and gas production
(Coull, et al., 1998) (Worsøe, et al., 2002), (Warnar, et al., 2012) (see Figure 33). Therefore, when
investigating further into the impact of oil and gas production on fish it is relevant to prioritize
investigation into these species.
Pelagic fish eggs and larvae are potentially also exposed to produced water for shorter or longer time
periods, which makes it relevant to investigate information on spawning sites. The spawning site for plaice
have shifted in the North Sea (Figure 34) (Loots, et al., 2010). In the 1980 the area with the highest
intensity of spawning occurred in the eastern North Sea (including Danish waters) and there was a very
low abundance of spawners in the central and western North Sea. In 2007, the spawning was more
dispersed in the entire North Sea including near the UK coastline but still with the highest intensity of
spawners in the eastern North Sea near the Danish oil and gas productional areas. So there has been for
several decades and still is a real risk of contaminating plaice eggs with oil compounds and potentially see
similar impairing impacts as described in hake, cod, herring and salmon with reduced health and increased
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risk of premature death (Sørensen, et al., 2017) (Incardona, et al., 2015) – and for herring no lower
concentration was found without negative impacts.

Figure 34 Spawning distribution of North Sea plaice from 1980 to 2007. Abundance of spawning adults are classified
into twenty classes of equal interval from 0 to 3.07 (log transformed) (from (Loots, et al., 2010))

In comparison, the spawning sites for sole are primarily coastal in the Wadden Sea (Coull, et al., 1998)
(Worsøe, et al., 2002), so the risk of contaminating eggs and larvae is not as high as for plaice. For Norway
lobster, the life strategy is mainly sedentary, and they live most of their lives in the burrows they dig in
muddy sediments. After egg-laying, the females return to their burrows bearing the fertilized eggs. There
is little overlap between the distribution of VMS recordings of Norway lobster and oil and gas activities
(Figure 35), however, there is a risk that oil and gas compounds may harm the vulnerable early life stages
of Norway lobster.
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Figure 35 Distribution of Norway lobster in the North Sea, Skagerrak and Kattegat based on VMS data from the
commercial fisheries (from (Warnar, et al., 2012))

The study areas were chosen based on their similarities for depth and sediment characteristics. Naturally,
other parameters may influence the findings such as local fishing effort from the commercial fisheries both
national and international. The results obtained in this study, therefore, requires further analysis than
what is possible here.
Based on the analyses above, it cannot be concluded that oil and gas activities have an effect on fish
stocks. But we can conclude that there are positive correlations between the intensity of the oil and gas
production and fish catches in some areas of the North Sea. Further investigations based on data collected
specifically for this purpose will aid to determine the impact of oil and gas production on the fish stocks.

Projektnummer: 3622000128
Dokument ID:

Report

Version:

0.4

63/105

7.

Cumulative effects
Management of human activities and pressures can only be considered “ecosystem-based” when all
ecologically relevant ecosystem components from planktonic and benthic communities to fish, seabirds
and marine mammals are considered and all relevant activities and pressures are addressed. The
Cumulative Effect Assessment (CEA) is a method to estimate the relative potential combined effects of all
relevant activities and pressures on all relevant ecosystem components.
The cumulative effect analysis is carried out using EcoImpactMapper, a software tool developed by Stock
(Stock, 2016). The calculations are based on data layers for ecosystem components and human activities
and pressures collected in the ECOMAR project Andersen et al. (Andersen, et al., 2020b) and other sources
(see section 3.1.2.4).

7.1

Method
Briefly, the cumulative effect assessment makes use of four types of data:
•
•
•
•

Ecosystem component maps – spatial data layers mapping the presence or
quantity/concentration of ecosystem components.
Human pressure /activity maps – spatial data layers mapping the presence or intensity of human
pressures and activities.
Effect distances – for point-source pressures, estimates of the range of the effect.
Sensitivity weights –factors expressing the existence and relative strength of the effect of a
human pressure on a particular ecosystem component.

The ecosystem and pressure/activity data from ECOMAR are in the form of gridded data with a resolution
of 500 m. In each assessment grid cell, the cumulative effect index, I Mean is calculated according to the
mean method (Stock, 2016) (cf. sum method), given by:
𝑛

𝐼𝑀𝑒𝑎𝑛 (𝑥, 𝑦) = ∑

𝑚

∑
𝑖=1

1
𝐷𝑖 (𝑥, 𝑦)𝑒𝑗 (𝑥, 𝑦)μ𝑖𝑗
𝑗=1 𝐸𝐷𝑖𝑣 (𝑥, 𝑦)

where:
𝑚

𝐸𝐷𝑖𝑣 (𝑥, 𝑦) = ∑

𝑗=1

𝑒𝑗 (𝑥, 𝑦)

Di, the intensity of pressure activity i in grid cell x,y.
ej, the presence, concentration or quantity of ecosystem component j in grid cell x,y.
µi,j, the relative sensitivity weight of ecosystem component j to pressure/activity i, with a sensitivity weight
of 0 indicates that there is no estimated effect.
More detailed descriptions of the CEA method are given by e.g. Andersen et al (Andersen, et al., 2020a)
and Stock (Stock, 2016).
The contributions from each pressure/activity to the total estimated effect index in each assessment grid
cell is summed for groups of pressures/activities across all grid cells within the entire assessment area.
Comparing the sum of effects for each activity/pressure group as a proportion of the total calculated effect
index in the Danish North Sea allows us to rank these groups in order of their importance for the overall
cumulative effect.
Finally, the robustness of this pressure ranking is tested by carrying out an uncertainty analysis. This
analysis tests what happens to the overall ranking of groups under a large number different scenarios
where one or more actions are included at random before each calculation is made: (1) one or more

Projektnummer: 3622000128
Dokument ID:

Report

Version:

0.4

64/105

pressures (up to a third of the total) are removed from the assessment, (2) sensitivity weights are
increased or decreased by up to 50%, (3) nonlinear relationship between stressor intensity and response
introduced (e.g. ecological thresholds) (4) alternative models for combining stressors are employed e.g.
additive, antagonistic, dominant stressor (5) reduced analysis spatial resolution by a factor 2 (6) These
random adjustments are explained in detail by Stock & Micheli (2016).
7.2

Data layers
A full catalogue of maps of ecosystem component and pressure/activity layers can be seen in Andersen et
al. (Andersen, et al., 2020b), including descriptions of the origin and processing steps for each data layer.
In preparation for this assessment, the data layers, representing the entire Danish EEZ were “cropped” to
the North Sea region. The present assessment included 41 ecosystem components (Table 9).
Table 9. Ecosystem component layers.
Group

Ecosystem Component

Pelagic Habitats
Productive surface waters - chlorophyll a
Benthic habitats
Infralittoral coarse sediments
Infralittoral mixed sediments
Infralittoral mud
Infralittoral sand and muddy sand
Circalittoral coarse sediments
Circalittoral mixed sediments
Circalittoral mud
Circalittoral sand and muddy sand
Eelgrass potential distribution, Zostera marina
Stone reefs within ˋNatura 2000ˊ areas
Sensitive fish species (Cartiligionous)
School shark, Galeorhinus galeus
Skates, Dipturus spp
Smooth-hound sharks, Mustelus spp
Spotted ray, Raja montagui
Starry ray, Amblyraja radiata
Thornback ray, Raja claviata
Sensitive fish species (Bony)
Atlantic halibut, Hippoglossus hippoglossus
Ling, Molva molva
Monkfish, Lophius piscatorius
Commercial fish species (Pelagic)
Herring, Clupea harengus
Mackerel, Scomber scombrus
Norway pout, Trisopterus esmarki
Saithe, Pollachius virens
Sprat, Sprattus sprattus
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Commercial fish species (Demersal/benthic )
Plaice, Pleuronectes platessa
Sole, Solea solea
Cod, Gadus morhua
Haddock, Melanogrammus aeglefinus
Hake, Merluccius merlucccius
Sandeel, Ammodytes spp
Turbot, Psetta maxima
Commercial fish species (Crustaceans)
Shrimp, Crangon crangon
Norwegian lobster, Nephrops norvegicus
Pandalus, Pandalus borealis
Sea birds
Fulmar, Fulmar spp
Marine mammals
Harbour Porpoise, Phocoena phocoena
Recreational and archaeological interests
Bathing sites
Areas important for recreation and tourism
Archaeological sites, findings, findings and wrecks
Shipwrecks

Several pressures/activities do not occur in the North Sea region and their data layers were not included in
the present analysis, for example those representing aquaculture which is not found in the North Sea
outside the Limfjord. The original ECOMAR CEA analyses included several scenarios with different
combinations of pressures and activities, including analyses with and without potential effects of climate
change, as represented by sea-level changes and sea surface temperature changes. The present analysis is
limited to pressures related directly to human activities and therefore does not include potential effects of
pressures related to climate change. The 37 pressure/activity layers are:

Table 10 Pressure/activity layers
Group

Pressure/Activity

Effect
Distance*

Pollution - nutrients
Nitrogen winter concentrations (DIN)
Phosphorous winter concentration (DIP)
Pollution - contaminants
Dumped chemical munitions

5 km

Contaminants
Oil spills
Marine litter
Marine Litter
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Commercial fishing
Longlines
Pelagic trawl
Set gillnet
Mobile contacting gears (large mesh sizes)
Mobile contacting gears (small mesh sizes)
Surface SAR
Sub-surface SAR
Recreational fishing and hunting
Recreational fishing
Bird hunting
Industry, infrastructure & energy prod.
Sea cables

0 km

Offshore oil and gas installations

1 km

Oil and gas pipelines

0 km

Noise and energy
Energy production

1 km

Impulsive noise
Continuous noise (ship sound 125 Hz)
Industry, infrastructure & energy prod.
Disposal sites for construction, garbage and dredged material

5 km

Dredging

5 km

Wind farms

1 km

Bridges and coastal constructions

1 km

Coastal habitat modification

1 km

Lighthouses

0 km

Military areas

7.5 km

Physical disturbance of the sea floor
Extraction of material from the seafloor
Shipping and transportation
Industrial ports

5 km

Harbours

3 km

Shipping
Non-indigenous species
Non-indigenous species
Societal and recreational interests
Coastal recreation sites
Non-motorised water craft
Recreational boating
Scuba-diving recreational

* Median effect distance from point sources. Where no effect distance is given, pressure intensity is
mapped explicitly in each model grid cell.
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7.3

Results

7.3.1

Cumulative Effect Index
The results of the CEA calculation show the spatial variation in the dimensionless Cumulative Effect Index
through the assessment area (Figure 36). The highest index values are noticeable along the west coast of
Jutland, reflecting inputs of pollutants from land but there are also considerable variations in index values
within the offshore areas.

Figure 36 Cumulative Effect Index for the Danish North Sea. The 12 nautical mile boundary is indicated by a black line.

7.3.2

Ranking of Pressures/Activities
The contribution of each activity/pressure to the potential cumulative effect index in each grid cell is
summed over the entire assessment area, to give an estimated total contribution to the overall impact for
each pressure group. By ranking pressures according to the size of this aggregated contribution to
potential cumulative effect, we can say something about the relative importance of each pressure group
within the entire Danish North Sea area (Figure 37).
The most important pressure/activity groups are 1) pollution by nutrients, 2) commercial fishing and 3)
pollution by hazardous substances, together accounting for 69% of the estimated potential cumulative
effect. The next 3 most important pressure/activity groups are 4) marine litter, 5) noise and energy and 6)
Non-indigenous species. The remaining other groups account for only 3% of the combined effects.
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Figure 37 Relative contributions of pressure categories to combined effects in the North Sea.

“Pollution – contaminants” group includes both the CHASE contaminants layer and the layer representing
oil spills. The oils spills pressure layer accounts for 6% of the effect for the contaminants group. This
pressure layer includes spills from all sources, including ships. The “Pollution – contaminants” group also
includes a third pressure layer for dumped munitions, but the contribution calculated for this layer is
negligible. There may be some contribution to the contaminants pressure from the Oil and Gas industry
but the data layer representing this pressure is comes from an assessment which considers the presence
of chemical substances, without any reference to their potential sources. This problem is considered
further in 7.4. The pressure layers which are wholly attributable to the oil and gas industry are represented
in the group “Industry, infrastructure and energy prodn.” where they account for a fraction (7%) of the
effect of this group.

Figure 38 Relative contributions of pressure categories to combined effect for offshore areas (>12nm).

Considering only the offshore region (Figure 38), by excluding the effect calculated in grid cells within the
12 nautical mile boundary, the picture changes slightly. The 6 most important pressure groups remain the
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same but the overall greatest contribution to the total estimated cumulative impact comes from
commercial fishing, rather than nutrient pollution. Again, oil spills account for 6% of the effect for the
“Pollution – contaminants”. In the offshore region oil and gas layers account for 23% of the Industry,
infrastructure and energy group but this group as a whole is far less important than other groups.
The “Noise and energy” pressure group is not one of the most important and comes 5 th in the pressure
ranking but it does account for 10% of the overall combined effects index and is important in relation to
marine mammals. This group includes the layer representing shipping noise and a layer representing
impulsive noise. Impulsive noise accounts for 85% of the effect calculated for this group, both when
considering the entire Danish North Sea or when considering the offshore area alone. The impulsive noise
layer is based on data from the ICES impulsive noise register and includes noise from five sources: 1)
seismic surveys, 2) pile driving, 3) explosions, 4) sonars < 10 kHz (primarily military) and acoustic alarms, 5)
generic impulsive sources (e.g. sub bottom profiling equipment). Whilst only the first of these five
categories is related to oil and gas surveying operations, a map of the intensity of impulsive noise shows
that the greatest intensity corresponds to the operating area of the oil and gas industry (Figure 39). The
“Noise and energy” pressure group also includes a layer representing land-based energy generation but
the contribution from this layer to the overall impact is negligible.

Figure 39. Impulsive noise.
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7.3.3

Ranking of Pressures/Activities per Ecosystem component groups
A) Benthic habitats

B) Pelagic habitats

C) Fish species

D) Marine mammals

E) Sea birds

F) Societal and recreational interests

Figure 40. Relative contributions of pressure categories to effects on A) Benthic habitats, B) Pelagic habitats, C) Fish
species, D) Marine mammals, E) Seabirds and F) Societal and recreational interests, in offshore area (>12nm).
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Further analyses of the CEA results were to rank pressure groups according to their potential importance
for each ecosystem component group, by aggregating the calculated effects related only to particular
ecosystem components. These rankings are shown in (Figure 40). For benthic habitats (A), the most
important pressures are nutrient pollution and commercial fishing. Contaminants, non-indigenous species
and marine litter are also significant. For pelagic habitats (B), pollution by nutrients is by far the most
important pressure, accounting for 68% of the estimated cumulative effect. For fish species (C),
Commercial fishing is the most important pressure group, but contaminants, marine litter, nutrients as
well as noise and energy also account for significant contributions. (D) shows that noise is estimated to be
the pressure group with the largest contribution to the estimated cumulative effect for marine mammals,
followed by nutrient pollution and contaminants. For seabirds (E) the greatest contribution comes from
marine litter, followed by noise and energy then contaminants. For societal and recreational interest (F)
within the North Sea pollution from nutrients (linked to e.g. water quality) have the highest impact
whereas marine litter, noise and pollution from contaminants are contributing almost equally to the CEA
index.
7.3.4

Uncertainty assessment
An important part of any CEA analysis is to assess the robustness of the assessment (Stock & Micheli,
2016) e.g. to assumptions made in the assessment process or errors in the estimates of sensitivity weights.
This method does not use a numerical uncertainty associated with each data layer. Rather, it tests the
robustness of the pressure ranking to random changes by carrying out Monte Carlo simulations where
factors in the assessment are changed at random. For each of the 500 simulations, the pressure groups are
ranked in the same manner as seen in 7.3.3 above, according to their contribution to overall cumulative
effect summed over the whole assessment area. If the ranking of a particular pressure group remains
unchanged whilst different random effects are included in the assessment, we can safely assume that the
ranking result is robust.
The resulting summary (Table 11) shows that the 3 most important pressure groups, nutrient pollution,
commercial fishing and contaminants are placed in the top 3 in over 70% of all simulations. This Monte
Carlo exercise was carried out for the North Sea region, including offshore and coastal (<12nm) grid cells
and is therefore comparable with Figure 37, allowing us to conclude that the CEA analysis is quite robust
with respect to potential uncertainties.
The pressure group “Industry, infrastructure and energy production” includes the layers representing the
pressure for the physical presence of offshore installations and pipelines. This pressure group never makes
an appearance in the “top 3”
Table 11 Percentage of MC simulations where pressure group is in ”top 3”

Pressure group

Top 3

Pollution – nutrients

92%

Commercial fishing

82%

Pollution – contaminants

71%

Marine litter

35%

Noise and energy

17%

Non-indigenous species

4%
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7.4

Pollution by contaminants
The pressure from pollution by contaminants is one of the most important contributors to the overall
estimated cumulative effect. Since offshore oil and gas platforms are potential sources of contaminants, it
is relevant to ask how much of this estimated effect that can be attributed to the offshore industry and
how much is attributable to other sources of contaminants.
The data layer used to represent the pressure from pollution by contaminants is the result of an EEA
hazardous substances assessment (Figure 41). This assessment, described in full in the EEA report
“Contaminants in Europe’s Seas” (Andersen, et al., 2018) maps 'problem areas' and 'non-problem areas'
across European seas, with respect to pollution by hazardous substances. Status is estimated using an
indicator-based assessment tool “CHASE”. In line with other recent EEA assessments, the CHASE
assessment was made within 100km (offshore) and 20 km (coastal) grid cells. Within each grid cell,
observed concentrations of hazardous substances in sediments, biota and water phase are compared with
established threshold values to determine a “contamination ratio”. As described in the report, the
measurement data used in the CHASE assessment was obtained from several sources. However, in the grid
cells either partially or wholly within the Danish North Sea, 12469 observed concentrations of 41 different
substances come almost exclusively from the ICES DOME database. With one exception, threshold values
used are from two sources, either published by OSPAR (EAC, BAC or ERL) or taken from the EU directive on
priority substances (EC, 2013). The exception is the threshold value for tributyl tin (TBT) in sediments,
which is published by HELCOM. Complete lists of threshold values used are given in the online
supplementary material to “Contaminants in Europe’s Seas”.
The overall assessment result
within an assessment grid cell is
determined by aggregating the
contamination ratios for different
substances across both sediment,
water and biota phases. The
resulting contamination score in
each grid cell determines the final
classification as “problem area” or
“non-problem area”. A

B

Figure 41 European assessment of hazardous substances in the marine environment using the CHASE tool, darker
colours indicating poorer status. Panel (A): the results of the Europe-wide assessment Panel (B): results in grid cells
covering the Danish North Sea, showing also positions of measurements used (red points) and offshore installations
(grey points).
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The data layer resulting from the EEA assessment calculations and employed here in the CEA analysis
represents an aggregated “contaminant pressure” which combines contamination ratios from many
different substances and is, furthermore, resolved at a relatively coarse spatial scale. This makes it difficult
to assess the relative contribution to this pressure from oil and gas production. However, the CHASE
assessment uses an indicator for each substance included, representing the mean concentration within
the assessment grid cell. By considering which of the CHASE indicator substances have mean
concentrations exceeding the defined threshold value (Figure 42).
A) Metals

B) Organobromines

C) Organochlorines

D) Organotins

E) PAHs

F) PCBs

Figure 42 Problem substances in CHASE assessment. Orange shading indicates assessment grid cells where mean
concentrations of one or more substance within the substance group exceed threshold concentrations for A) metals, B)
Organobromines, C) Organochlorines, D) Organotins, E) PAH’s and F) PCBs.

The CHASE assessment indicates problems with organobromines (PBDEs, used as flame retardants) (Fig.
37B) and a single organochlorine substance (Hydrochlorobenzene, a persistent organic pollutant once
used as a fungicide) (Fig. 37C), measured in biota in the extreme western parts of the Danish EEZ.
However, neither of these substances are found in production water from offshore platforms.
PAHs are found in production water but the CHASE assessment does not indicate a problem with these
substances in the Danish North Sea, except for the case of two coastal grid cells far from oil and gas
platforms where the mean concentration in sediment samples for a single substance, Benzo[ghi]perylene,
exceeds the threshold value (Fig. 37E). None the remaining 12 PAH substances included in the CHASE
assessment are seen to be at problematic levels.
PCBs and organotin substances are not found in production water, nor are they found as “problem
substances” by the CHASE assessment in offshore areas (Fig. 37F and Fig. 37D).
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This leaves metals: cadmium, chrome, copper, mercury, lead and zinc. All of these substances occur at
problematic concentration levels throughout the North Sea. They are also found in process water from oil
and gas platforms. However, there are many other sources of contamination by metals and it is not
possible on the basis of the EEA assessment results to make any estimates about the relative contribution
of the oil and gas industry to this pressure compared with other sources.
7.5

Conclusions from the CEA study
The results of the cumulative effect analysis suggest that the two most important groups of
pressures/activities in the Danish North Sea are nutrients and commercial fishing. These two groups are
clearly unrelated to the oil and gas industry.
The pressure from impulsive noise in the North Sea is not the most important per the cumulative effect
analysis but the spatial variation in this pressure does indicate a link to the seismic surveying activities
carried out by the oil and gas industry.
The third most important pressure group according to the CEA analysis is the pressure from pollution by
chemical contaminants. Here the question is how much of this pressure is attributable to the oil and gas
industry. The data layer representing the pressure from contaminants taken from the CHASE assessment
for the EEA report “Contaminants in Europe’s Seas”. These results and are too coarsely resolved to link any
spatial variation in this data to the presence of oil and gas installations.
The input data for the EEA contaminants assessment does allow us to determine which substances are
found in problematic concentrations in the North Sea. We can then consider which of these might be
related to oil and gas production. PBDEs (flame retardants) and Hydrochlorobenzene are measured in
problematic concentrations in biota close to the location of oil and gas installations but these substances
are unrelated to oil and gas production and are not found in production water. Furthermore, they are
persistent in the environment, accumulating in food chains and could have been transported some
distance from their source.
The only other substances found in problematic concentrations close to offshore installations are the six
metals: cadmium, chrome, copper, mercury, lead and zinc. Since all these metals are also found in
production water, it is likely that some of the metals found in the environment originate from oil and gas
production. However, pollution by metals is widespread and there are many possible sources and
pathways for the concentrations of metals measured in the North Sea. It simply not possible from this
cumulative effect assessment to say if the contribution of the oil and gas industry to this particular form of
pollution is significant.
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8.

Effect monitoring of oil and gas production
The following is a brief analysis of the existing and future monitoring program of the offshore oil- and gas
activities in the Danish North Sea, including an assessment of its potential to identify single and cumulative
pressures.
As mentioned in previous sections, discharges, spills and emission data from offshore oil and gas
operations on the Danish Continental Shelf are monitored and reported to OSPAR (OSPAR, 2019a).

8.1

Emissions
Reporting of emissions in the Danish sector is part of the annual reporting to OSPAR that is a requirement
in the discharge permits issued by DEPA. Atmospheric emissions of CO2 are reported annually to the
Danish Energy Agency (DEA). See section 5.3.7 for an assessment of the flaring in the Danish sector.

8.2

Discharges and spills
Operators in the Danish sector are required to record the use and discharge of all offshore chemicals in
accordance with the terms and conditions of the permit. The reporting includes production and drilling
activities. There are no specific requirements in the discharge permits on how the operators should
quantify the use and discharge of offshore chemicals and it may vary from quantities shipped from
suppliers to daily consumption from stock tanks on board the installation. See section 5.3.5 for an
assessment of the flaring in the Danish sector

8.3

Benthic monitoring
Biological and chemical baseline and monitoring surveys have been conducted around selected offshore
platforms in the Danish sector of the North Sea since 1989, in order to monitor and assess effects of
operational discharges (Bach & Robson, 2008) (Oil Gas Denmark, 2017).
The monitoring program follows guidelines set by OSPAR (OSPAR, 2017b) and has historically consisted of
coordinated biological and chemical monitoring of the seabed around offshore platforms, where
monitoring stations are placed at 100, 250, 750, 1500, 3000, 5000m in the 4 cardinal directions North,
East, West and South of platforms. Fauna is sampled with a haps corer and sediment core samples are
collected for chemical and physical characterization of the surface sediment (Oil and Gas Denmark, 2015).
The monitoring frequency is not regular, although some platforms have been surveyed every 3-4 years
(Table 12).
Table 12. Overview of the Danish benthic monitoring program in the period 1989-2014. C= Chemical monitoring, B=
Biological monitoring, *=Baseline study. (Maersk Oil, 2014)
Platform

Adda

Dan

Gorm

Halfdan

Harald

Hejre

Kraka

Siri

F

Tyra

Arne

Valdemar

NWP

BA
Hess

Maersk

Maersk

Hess

Dong E&P

Maersk

Dong E&P

Maersk

Maersk

Maersk

Maersk

Maersk

Operator

Syd

CB*

2014

CB*

2013
2012

CB

CB

CB

CB

CB

CB*

2011
2010
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2009

CB

CB

CB

CB

CB

CB

CB

CB

CB

CB

CB

CB

CB*

CB*

CB

2008
2007
2006
2005
2004
2003
2002

CB

CB

CB

CB

2001
2000
1999

CB

1998

CB

1997

CB, CB

1996

CB*,

CB

CB
1995

CB

1994
1993

CB

1992

CB

1991

C

1990

C

CB

1989

CB

CB*

The monitoring program shown in Table 12 is documented in a series of monitoring reports and a collected
database maintained by operators. In 2008 and 2017 two synthesising analyses (Bach & Robson, 2008) (Oil
Gas Denmark, 2017) were issued to integrate the results. The following describes in short, their main
findings in relation to ecosystem effects.
In general, the monitoring program has shown that sediment in the Central North Sea is characterized as a
mixture of fine sand with extremely low total organic carbon content (TOC < 0,2%) and aluminium (Al <
0,1%) (Oil Gas Denmark, 2017). The sediment in the northern operated areas is finer and 25% richer in <
63 μm grain size fraction and 42% richer in organic matter compared to the southern areas. Contaminant
concentrations in sediment within 750 meters of platforms were usually two to three times that of
background conditions but below ecotoxicological threshold values (Oil Gas Denmark, 2017).
Multivariate analyses of data from the program during 1989-2006, showed significant impact on benthic
fauna composition up to 750 meters from platforms in up to 5 years after drilling (Bach & Robson, 2008).
Spatial differences in sensitivities and resilience of the benthic fauna community were also detected and
linked to different local hydrodynamic conditions. These findings are comparable to data from the
Norwegian shelf, where effect levels on benthic fauna occurred within 0,5 – 1 km distance (Bakke , et al.,
2013).
8.4

Produced water monitoring
Produced water has been monitored through regularly sampling (operators are required to sample
discharge streams once per day and within the same 1-hour time interval each day) and reporting to meet
requirements on dispersed oil-in-water concentrations, where concentrations and quantities are
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monitored. Since 2016, a Risk-based Approach to the Management of Produced Water Discharges from
Offshore Installations (RBA Recommendation) and associated guidelines has been implemented in
Denmark. The risk-based approach is a method of prioritising mitigation actions on those discharges and
substances that pose the greatest risk to the environment based on modelled data.
There has not been any targeted water column monitoring of potential toxicity and effects of produced
water after discharge in the Danish sector, where dose and response are monitored in connection. A
monitoring program is under development and projected to start field implementation in 2021 on one
selected location (Dan facility).
The programme is divided into four main parts including a literature review, laboratory experiments, field
monitoring and modelling. The main aim of the laboratory experiments is to quantify the impacts of
produced water on plankton communities, including phytoplankton growth and survival and zooplankton
survival. Furthermore, laboratory exposures using passive samplers and mussels are proposed for
determining the bioaccumulation of produced water chemicals. For the field experiments passive samplers
and mussels are to be used to measure the bioaccumulation of produced water chemicals around a Danish
platform.
The Danish design derives much from the Norwegian effects-based monitoring programme, where both
chemical accumulation and biological responses of caged mussels and fish as well wild fish and
zooplankton communities have been investigated in situ around offshore platforms. The Danish field study
in contrast is designed to determine chemical concentrations in passive samplers and mussels, which
alongside hydrodynamic field data, will be able to provide information on the produced water dispersal
from an offshore installation. The Danish field study in contrast to the Norwegian programme does not
attempt to measure the effects of chemical exposure on organism health. The modelling part of the
Danish WCM is designed to map the temporal and spatial changes in water quality in order to predict
potential impacts on plankton biodiversity and primary production.
The potential of the Danish benthic and water column monitoring programs to identify single stressors are
assessed to be adequate in terms of exposure concentrations, but the link to effects both on an
organismal, population and ecosystem level is weak as no in situ dose-response patterns are included or
sublethal effect parameters.
8.4.1

The Norwegian offshore monitoring programme
As the Danish water column monitoring program is under development and yet to be deployed fully, it is
valuable to examine closer the Norwegian program to benefit from the experiences and new knowledge
that can be drawn from this. The monitoring experiences and new knowledge may not be directly
transferable to a Danish context, due to differences in the environmental conditions, quantity and
characteristics of discharges and difference in regulations of the sector between Norway and Denmark.
However, it is still highly valuable to investigate the experiences gained from the Norwegian offshore
monitoring programme.
The offshore monitoring programme in Norway has been running for over 25 years and when first initiated
in 1995 consisted of three separate activities including, sediment monitoring, condition monitoring, and
water column monitoring (WCM). The sediment monitoring programme investigates the abundance and
distribution of benthic organisms in relation to the sediment chemical concentrations and proximity to
offshore oil and gas installations. The condition monitoring programme assesses the health status of
important fish populations in the wider regions of the North and Norwegian Seas. This involves measuring
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chemical exposure and biological effects in wild fish species from regions of the Norwegian continental
shelf that are either more or less impacted by offshore oil and gas activity. The WCM, measures more
directly the effects of produced water from offshore platforms. The WCM is the programme that has
evolved most over the last 25 years and is constantly being updated as the programme matures and
develops. In 2017, the condition monitoring programme was merged with the WCM to create a larger
effects-based monitoring programme that combines both near field effects together with the wider
regions of the North Sea. It is the WCM that is most relevant to the current review and will be the main
focus within this section.
One of the main reasons for the Norwegian WCM is to ensure that the discharge regulations set by the
Norwegian Environment Agency (NEA) are suitable for providing adequate environment protection to
organisms living within the water column around offshore platforms. Operators that discharge produced
water on the Norwegian continental shelf are legally obliged to perform environmental monitoring within
the water column around offshore platforms to ensure that the produced water is not causing adverse
environmental impacts. In Norway, the operators together with the NEA chose the study area and the
design of the programme. An independent panel of scientific experts are employed by NEA to provide
advice on the design of the programme and to evaluate the final report. Scientific contractors carry out the
programme as well as provide advice and suggestions on the design and suggested improvements to the
programme. Guidelines on the design and structure of the programme were published in 2015 and these
guidelines were updated in 2020 (Norwegian Environment Agency, 2015, rev. 2020). One of the main
changes in 2015, was that the previous annual survey was changed into a more comprehensive field study
that would be conducted every 3 years. A large field survey was performed in 2017 and was planned for
2020, until the Covid-19 pandemic postponed the programme until 2021.
8.4.1.1

Transplantation studies
The Norwegian WCM aims to use the best available tools in order to assess the potential biological effects
of produced water from offshore oil and gas installations. One of the main approaches employed in the
offshore programme has been transplantation studies using both mussels and fish. Due to the logistical
challenges with transporting and caging of fish, much fewer fish cages have been used around the
platforms (previously only 2) compared to mussels (up to 20). Cages are placed at specific positions in
proximity to an offshore platform, with the aim to create a realistic worst-case scenario of exposure to the
produced water plume. Using predictive modelling to track the produced water plume, the positioning of
the cages can be optimised to achieve maximum exposure.
Plume direction and mixing with the seawater recipient is strongly influenced by many factors including
temperature, water currents, depth of the produced water discharge, stratification of the water column
and tidal forces. The programme has been typically performed in the warmer spring months with thermostratification of the water column, which holds the produced water plume in the warmer water above the
thermocline together with the mussels and fish, reducing mixing of the plume with the larger water
column. Increasing the number of mussel stations around the platform combined with the plume
modelling has been one strategy to ensure that mussels are exposed to the plume within the seawater
recipient with respect to direction and depth. An example of the positioning of caging around the Statfjord
platform, based on DREAM (Dose-related Risk and Effect Assessment Model) modelling in 2017 is shown in
Figure 43(Fig. 7.1. (Pampanin, et al., 2019). DREAM provides a risk map based on the physical, chemical
and toxicological properties of produced water chemicals providing information on chemical behaviour
and fate in the water column (https://www.sintef.no/en/software/dream/).
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Figure 43. The number and approximate positions of the mussel cages at the Statfjord A and Statfjord B platforms used
in the WCM2017 based on predicted risk (DREAM simulation, inserted image). Left image shows an example of the
mussel rig, where mussels and instrumentation are held at known depths within the water column.

8.4.1.2

Mussel caging
Mussels are highly versatile organism that are widely used in biological effects monitoring studies mostly
due to their ability to bioaccumulate contaminants as well as having many validated biological effects
endpoints that can be measured (reviewed in (Beyer, et al., 2020)). Mussels are transplanted from a clean
population (same source each time) and placed out to sea for a period of 6 weeks. The design of the
mussel stations has improved over time partly to reduce the risk of collision with supply vessels visiting the
platforms as well as increasing the ease of deployment and retrieval. For these reasons, no surface marker
buoy is used but mussels are held at approximately 15-18 m below the surface and retrieved with an
acoustic release (Figure 43). An exposure duration of 6 weeks was a compromise between the temporal
variation in biological effect responses, taking into account the faster enzyme reactions to the longer
histological changes. Six weeks also provides enough time for the mussels to bioaccumulate chemicals
from the water column to which they have been exposed. Following the 6-week exposure, chemical
concentrations and biological effects responses are measured.

8.4.1.3

Bioaccumulation of produced water chemicals in mussels.
A comprehensive review of the environmental effects of offshore produced water that focusses on the
Norwegian continental shelf has recently been produced (Beyer, et al., 2020).
The bioaccumulation of PAH-NPDs, metals and radioactive radium (226Ra) have been regularly reported in
mussels exposed to produced water from offshore platforms. For metals measured in mussels, no
relationships between metal concentration and the distance from the platform has been found. The
metals measured include Al, As, Ba, Cu, Cd, Co, Fe, Hg, Ni, Pb, Zn. This has also been shown for 226Ra where
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concentrations in mussels around offshore platforms were not elevated above those measured in
reference mussels. This suggests that the produced water does not provide a significant source of metals
and radioactivity to organisms living in the water column. However, in contrast, PAHs have been shown
repeatedly to bioaccumulate in mussels and show a clear relationship between PAH concentration in
mussel tissue and distance from the platform. An example of this is shown in Figure 44 where mussels
were placed at distances and directions from the Troll platform as part of the 2012 WCM. Although
direction, in relation to the platform and the produced water plume is important, clear differences
between PAH concentration and distance are shown. The figure shows the sum of all measured PAH,
although similar profiles with distance from the platform are typically found for alkylated PAHs including
NPDs.
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Figure 44 PAH concentrations measured in whole mussel homogenates of mussels held at distances (500, 1000, 2000
m) from an offshore platform in the Norwegian sector of the North Sea (Troll platform, WCM 2012, Pampanin et al.,
2012).

Mussels do not bioaccumulate APs and NAs in the same way as shown for PAHs and consequently other
methods have been used. These include different passive sampling devices (PSDs) as well as measuring the
metabolised component in the bile of fish (i.e. AP metabolites). Table 13 summarises the suitability of the
different approaches for determining chemical exposure around offshore platforms. Due to the polar
nature of APs and NAs, polar samplers such as the POCIS (polar organic chemical integrative sampler) have
been used to provide a time integrated measure of the chemical concentration in the water column with
reasonable success. One of the main limitations with the PSDs has been that only semi-quantitative
estimates have been available, although recent work is ongoing to quantify a range of APs and NAs in
silicon and POCIS extracts.
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Table 13 Tools for measuring the accumulation of produced water chemicals in field studies.

8.4.1.4

Mussels

Fish bile

POCIS/polar sampler

SPMDs/silicon

PAH-NPD

PAH metabolites

Alkylated phenols

PAH-NPD

Metals,
Radioactivity

Alkylated phenol
metabolites

Naphthenic acids

Alkylated phenols

Biological effects in caged mussels
The range of biological effects measurements used in the Norwegian WCM has evolved over time and an
example of the methods employed for both mussels and fish are provided in Figure 45. Although a clear
pattern in PAH bioaccumulation with distance from the platform has been documented in mussels,
indicating an exposure, the biological effects markers in mussels have been on the whole less responsive.
In order to provide a holistic biological effects approach, a suite of biomarkers at different levels of
biological complexity including subcellular, tissue and whole organism responses are used. Such an
approach is ideally suited to investigate the effects of exposure to a complex mixture of environmental
chemicals such as produced water, with biomarkers measuring specific responses to certain groups of
chemicals such as oxidative stress, neurotoxicity or genotoxicity in addition to more general health
parameters. This is designed to cover many of the potential impacts that chemical exposure may have on
organisms living within the water column near oil and gas installations. To date, the general health
biomarker lysosomal membrane stability measured by neutral red retention in the lysosomes of mussel
haemocytes as well as genotoxicity presented with the increased frequency in micronuclei, have been the
most sensitive biomarkers in mussels within the WCM. However, these biomarkers have mostly shown
only low-level stress responses when positioned 500 m to 1000 m from an offshore platform. The other
biological effects markers in mussels have either shown no or only a weak response.

Figure 45. Integrated suite of biological effects measured in mussels and fish used in the Norwegian WCM. LMS
Lysosomal membrane stability, AChE Acetylcholine esterase, EROD ethoxyresorufin-O-deethylase, CYP1A cytochrome
P450 1A, VTG vitellogenin, ZRP zona radiata protein.

8.4.1.5

Fish caging
The use of farmed cod (Gadus morhua) transplanted into large fish cages and placed close to the produced
water outlet of an offshore platform have been used on several occasions, but most recently at Ekofisk in
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2006, 2008 and 2009 (Sundt et al., 2006; 2008, Brooks et al., 2009, Fig. 7.4). The use of farmed fish was
thought to be an advantage over caging wild fish for several reasons; mostly because of their known
exposure history, and usually coming from a single population, but also because they were more tolerant
of the stresses of caging and they were easier and cheaper to obtain. However, the use of caged fish has a
number of challenges, mostly due to the stresses of caging, transport to site, and the availability of food
within the cage whilst being held in the water column offshore. Blue lights were employed on occasions to
increase the likelihood of prey items entering the cages although the success of this strategy was never
measured. Specialised well boats were also used to reduce stress on the fish during transport. However,
despite these efforts, the stress of transport to site, food availability and stress of holding densities in a
cage were confounding factors that overshadowed any biological response that may be elicited from
produced water exposure. No clear biological effects responses were observed in caged cod placed within
a few hundred meters of the Ekofisk platform on three separate occasions (Sundt et al., 2006; 2008,
Brooks et al., 2009).

Figure 46. Deployment of a fish cage at Ekofisk in 2009. In addition to fish inside the cage, mussels and PSDs were tied
onto the side of the fish cage (photo source: Eivind Farmen).

Fish have a wide range of biological effects that can be quantified, one of these, which was thought
important to produced water exposure was the egg yolk protein vitellogenin (VTG) as well as the egg shell
protein zona radiata protein (ZRP) that have both been used to determine the potential estrogenic effects
of produced water. Previous laboratory studies have reported potential estrogenic effects of produced
water using in vitro bioassays, which led to concerns that such effects may be seen offshore (Thomas et al.,
2004ab). However, no estrogenic responses were observed in caged fish around Ekofisk in 2006, 2008 or
2009. Later laboratory exposures of cod to produced water revealed that estrogenic effects were only
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observed at concentrations typically seen within a few meters of the discharge outlet (Sundt et al., 2012),
and due to adequate dilution of the produced water within water column, estrogenic responses, an
increase in either VTG or ZRP, would be highly unlikely.
8.4.1.6

Wild fish caught around offshore platforms
The measurement of biological effects in wild fish populations caught from around offshore platforms was
first performed in WCM2013 at Oseborg South and Veslefrikk platforms but has since been used at Njord A
platform in WCM2014 and at Statfjord A in WCM2017. The use of wild fish changed the focus of the
programme from the effects of produced water to the inclusion of sediment sources such as leakages from
well deposits and historical drill cuttings. This was particularly the case when the platforms under study
were in deeper waters (100 to 350 m), since produced water discharges close to the surface were likely to
have less impact on fish living on or above the seafloor.
One of the main concerns with using wild fish collected from around offshore platforms was whether they
were representative of the area from which they were collected, i.e. were they permanent residence or
just passing through? To increase the likelihood of the fish being resident at the platform, demersal fish,
which live on or just above the seafloor, were targeted. A list of species caught from around the offshore
platforms as part of the Norwegian WCM are shown in table 7.2. Species like tusk and ling are deeper
water species and unlikely to be so relevant to the species caught in the Danish sector of the North Sea,
which is typically shallower (50 m). However, cod, haddock, saithe, whiting and red fish are species that
can be present around Danish platforms and would be suitable monitoring species.
Table 14. Wild fish species caught from within the safety zone (500 m) of offshore platforms in the Norwegian WCM.

8.4.1.7

Location

Fish species

Mode of life

Veslefrikk

Tusk (Brosme brosme)

Demersal

(depth 185 m)

Ling (Molva molva)

Demersal

Saithe (Pollachius virens)

Pelagic

Oseberg South

Saithe (Pollachius virens)

Pelagic

(depth 100 m)

Whiting (Merlangius merlangus)

Benthopelagic

Haddock (Melanogrammus aeglefinus)

Demersal

Njord A

Tusk (Brosme brosme)

Demersal

(depth 300 m)

Ling (Molva molva)

Demersal

Saithe (Pollachius virens)

Pelagic

Red fish (Sebastes sp.)

Demersal

Statfjord A

Cod (Gadus morhua)

Benthopelagic

(depth 150 m)

Haddock (Melanogrammus aeglefinus)

Demersal

Saithe (Pollachius virens)

Pelagic

Ling (Molva molva)

Demersal

Whiting (Merlangius merlangus)

Benthopelagic

At all offshore platforms surveyed within the WCM, wild fish caught in the vicinity of the platforms have
shown clear genotoxic and neurotoxic responses (Brooks et al., 2013; 2014; Pampanin et al., 2019).
Neurotoxicity in wild fish populations
The inhibition of the enzyme acetylcholine-esterase (AChE) is a validated assessment of exposure to
neurotoxic chemicals. Since being an inhibition assay, a significant lowering of AChE activity is an indication
of exposure. From the WCM in 2013, 2014 and 2017, significant inhibition in AChE has been shown in
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several fish species collected around offshore platforms. Significant inhibition of AChE was found in saithe
from around both the Veslefrikk and Oseberg platforms compared to a reference population (Brooks et al.,
2013). Whereas saithe and tusk had significantly lower AChE activity in fish collected at the Njord A
platform compared to their reference population (Brooks et al., 2014). For WCM2017, biological responses
in fish populations collected at Statfjord A were compared with those from regions in the North Sea
(Tampen, Central North Sea and Egersundbank). Here significant lower AChE activities were measured in
cod from Statfjord compared to the cleaner Egersundbank region population. In addition, ling from
Statfjord showed significantly lower AChE activity than all three regions (Pampanin et al., 2019). The
reasons for these neurotoxic responses are not entirely understood. It is known that exposure to produced
water and petroleum related chemicals can cause neurotoxic responses and some candidate compounds
have been suggested (e.g. Froment et al., 2016). However, linking a biological response with a chemical
exposure is challenging in field investigations, made more difficult when biological responses are
measured in wild fish populations whose movement and exposure history is not known.
8.4.1.8

Genotoxicity in wild fish populations
Genotoxic responses in wild fish have been measured using both the comet assay in blood and DNA
adducts in liver, as well as more recently DNA adducts in the fish intestinal tissue. DNA adducts related to
PAH exposure are a form of DNA damage caused by the covalent attachment of PAH compounds to DNA.
Evidence of DNA adducts and other forms of genotoxicity have been frequently reported in demersal fish
species in the North Sea in fish populations around each of the four oil and gas platforms surveyed in the
2013, 2014 and 2017 campaigns.
DNA adducts in fish liver were significantly higher in saithe from Veslefrikk and Oseberg platforms
compared to the reference populations (Brooks et al., 2013). Whilst the following year at Njord A, saithe
and redfish showed significantly higher DNA adducts than reference populations (Brooks et al., 2014).
OSPAR/ICES internationally recognised assessment criteria exist for DNA adducts where background and
environment assessment criteria, BAC and EAC values, have been developed for some fish species (Davies
& Vethakk, 2012). For example, in cod and haddock BAC values of 1.6 and 3 relative adduct levels (RAL),
have been recommended with an EAC of 6 RAL. Median DNA adduct values of 6 and 3.6 RAL were
calculated for redfish and saithe from around the Njord A platform in 2014 (Brooks et al., 2014). At
Statfjord A in 2017, mean DNA adduct levels were elevated above background in whiting (3.6 RAL) and ling
(2.5 RAL). However, highest DNA adducts were found in haddock from the Tampen region (4.9 RAL), an
area with a high density of production platforms (Pampanin et al., 2019).
Additional regions of the North Sea have been investigated for DNA adducts in fish as part of the condition
monitoring programme since 2002 (Klungsøyr et al., 2003) and most recently in 2014 (Grøsvik et al., 2014).
Haddock from the western part of the Halten Bank reported mean DNA adduct levels of 12.8 ± 9.5 RAL,
whilst haddock from the central Halten Bank and more coastal waters near Kristiansund, Norway had
levels of 4.2 ± 4.7 RAL and 5.6 ± 6.1 RAL respectively. In 2013, haddock caught from the North Sea had
DNA adduct levels of 3.3 ± 3.5 (Southern North Sea), 4.8 ± 5.5 (Austbanken) and 8.6 ± 4.0 (Egersund bank).
The comet assay has been used to provide additional information of DNA damage in fish and supports the
results of DNA adduct assessment. Significant increases in comet tail, indicating DNA damage, were
reported in ling from the Veslefrikk platform compared to those from the reference location (Brooks et al.,
2013). Additionally, significant increases in comet tail were reported in tusk, ling and saithe from the Njord
A platform compared to those from their reference location (Brooks et al., 2014). More recently,
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significant increases in comet tail were reported in cod from the Statfjord A platform compared to those
from the reference location (Pampanin et al., 2019).
Other approaches
The offshore monitoring programme in Norway has been in operation for many years and a wealth of data
have been collected on the impacts of offshore oil and gas activities. The evolution of the WCM has
endeavoured to apply the most suitable tools and many methods and approaches have been applied over
the years of which only some have been illustrated here. Other approaches include:
•
•
•
•

Additional species for biological effects monitoring
Scallops for deeper waters
Pelagic: zooplankton (Calanus sp.)
Multi-trophic assessments

It is evident that mussels are suitable in accumulating PAH-NPD chemicals from the produced water
plume, which can be used to predict exposure within the water column. However, the level of exposure
overall only appears to show low level biological effects responses. This may be partly due to the
limitations in the sensitivity of the biological effects methods used and/or an indication that adequate
dilution of the produced water in the water column is enough to result in no or a weak biological response.
Caging fish had the advantage over wild fish since exposure to the produced water plume could be better
controlled. However, the stress of caging fish offshore was thought to have resulted in confounding many
of the biological effects responses, and unless methods could be developed to reduce such stresses
associated with fish handling, food availability or holding densities, then it is unlikely to be used further.
The use of biological effects responses in wild fish populations around offshore platforms has shown some
of the clearest impacts of oil and gas activities (e.g. produced water, cutting piles, leakages from well
deposits on the sea floor). Significant neurotoxic and genotoxic responses have been measured in several
fish species around offshore platforms as well as in wider regions of the North Sea. Although this appears
to be due to exposure to petroleum related chemicals, linking the biological effects observed with a
chemical exposure is difficult, since the exposure history is not known. Since PAHs do not accumulate in
fish due to them being actively metabolised, PAH metabolites are measured to determine exposure.
However, so far little relationship between PAH metabolite concentration and DNA adducts (genotoxicity)
have been found. It is likely that not only PAH is responsible for the observed genotoxicity but
contributions from many of the other hundreds of compounds associated with oil and gas activities.
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9.

Gaps of knowledge
The following is a list and description of gaps of knowledge identified in the review.

9.1

Noise emission
Monitoring of ambient noise levels is absent but plans for measurements are being prepared for the next
monitoring cycle in relation to the marine strategy framework directive.
The most common impact on marine mammals from underwater noise emission is temporal displacement.
However, little is known on what effects such displacements have at a population level. Data is missing on
issues such as energy budgets and the magnitude reduced food uptake has on individual fitness and
populations of the most common mammals, such as harbour porpoise.
Furthermore, relatively little is known about the distribution and diversity of marine mammals around
Danish offshore oil and gas structures, although regular incidental sightings and acoustic detections have
been reported.

9.2

Effects on fish populations
The Norwegian water column monitoring program has mainly concentrated their investigations of fish on
gadoids as these are easy to catch using passive fishing gear such as gill nets as these species are often
attracted by structures providing reef effects. Flatfish are often caught using active fishing gear such as
trawl, which is difficult to utilize near oil and gas structures without potentially harming the structure. But
the flatfish exhibit a behaviour where they may more susceptible to negative impacts of oil and gas
compounds as they spend their entire lives associated with the potentially contaminated sediment. In
addition, these species are not attracted to the platform structures and may thus demonstrate a more
realistic impact from the oil and gas industry on the overall fish stocks. Future studies on the effect of oil
and gas industry should therefore look closer into the effects on benthic species in nature possibly also
including Norway lobster. Controlled experiments with exposure to oil substances in environmentally
relevant concentrations on the same benthic species is also needed to explore further.
Impairing impacts have been demonstrated on fish eggs and larvae of the oil and gas compounds from
laboratory studies. However, the same effects are not yet documented in nature. And sampling of fish
eggs and larvae in spawning areas near the oil and gas productions is missing from Danish waters. The
long-term effect on fish spawned at these sites is an additional knowledge gap that may be analysed
further. Adult fish known to spawn near the oil and gas production, such as dab, grey gurnard whiting, cod,
plaice, long rough dab and mackerel may be sampled and analysed for abnormalities (e.g. heart) while
comparing the results with their body burden and biomarkers.
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9.3

Benthic and water column monitoring

9.3.1

Benthic monitoring
The Danish program complies to the standards from OSPAR by monitoring benthic community structure
and sediment loadings of contaminants. However, data on exposure is limited to sediment concentrations
and no data exists on hazard identification, which makes a proper risk assessment weaker. Hazard
identification establishes what effects a given substance inherently has the capacity to cause, and together
with a dose–response effect assessment, it constitutes an effect assessment (Carstensen, et al., 2011). A
dose–response effect assessment estimates the relationship between dose or exposure level, and the
magnitude and type of effect. The data behind effect assessment are generally not generated in a
monitoring program but is more the out-come of specific screenings and research projects.

9.3.2

Water column monitoring
Direct in situ monitoring of effects from discharges of produced water has not been conducted in the
Danish sector so far. Regulation is done by risk modelling assessments (RBA) based on concentrations and
amounts of compounds discharged, according to OSPAR guidelines. As described before, initiatives are
underway to establish a water column monitoring program to gain knowledge specific on effect
parameters in the Danish sector and with a purpose of alignment to relevant MSFD descriptors. Lessons
learned from the Norwegian monitoring program has identified gasp of knowledge, which could be
beneficial for the coming Danish program.
A realistic scenario for marine organisms in areas of oil and gas exploration is chronic exposures to diluted
concentrations of concentrations, but little is known on this issue (Beyer, et al., 2020). Furthermore,
increasing genotoxic responses in biomarkers have been observed in fish and mussels (e.g. DNA adducts in
haddock), but the physiological and ecological consequence of this remains unclear (Beyer, et al., 2020).
Biomarkers in fish and other marine species must also be developed to evaluate sub-lethal effects that are
relevant to biological fitness, using study conditions that are environmentally realistic. Finally, timing of
exposure is important, as organisms have different sensitivity at different life stages. In summary, new
research should address sub-lethal and long-term impacts of environmentally realistic low-dose exposures
to produced water and associated contaminants (Beyer, et al., 2020).
Although significant genotoxic and neurotoxic responses have been measured in wild fish populations
around offshore platforms, linking the observed response with exposure to petroleum chemicals in either
produced water or sediment sources (well deposit leakages and cutting piles) is lacking. Chemical analysis
in produced water is concentrated on PAH-NPD and metals with AP and NA measured to a limited extent.
There is little knowledge on the effects of the production chemicals on marine life in the receiving waters
around offshore installations. New knowledge requires improvements in the quantification of AP and NA
in the receiving waters around offshore platforms. Passive sampling devices for chemicals with low
partition coefficients have documented benefits.

9.4

Emissions
Deposition characteristics of flaring components is not investigated in detail (Pederstad, et al., 2014). In
relation to effects on marine ecosystems, focus should be on VOC and particulate matter. Many aspects
are still unknown concerning environmental impacts. This includes joint efforts in standardised monitoring
programs, emission and deposition inventories of particulate matter and modelling frameworks to aid in
regulation (Pederstad, et al., 2014) (Olusegun, et al., 2016) (Saunier, et al., 2019).
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New knowledge on emissions from decommissioned wells shows they are potentially widespread across
the North Sea, but the full scale of the potential methane release from all possible decommissioned wells
in the Danish sector is yet to be determined.
9.5

Cumulative effects
The method applied is simple, transparent, reproducible and widely used. What currently is seen as a
limiting factor is the resolution of maps with spatial distribution of the pressure intensities. These
pressures maps have been developed for other purposes, e.g. implementation of the Marine Strategy
Framework Directive and the Maritime Spatial Planning Directive. Further development of more detailed
pressure layers related to inputs of contaminants, especially from the oil and gas productions, would
enable more detailed analyses and ultimately provide an answer to the question on how much oil and gas
production by itself potentially affects marine ecosystem components.

10.

Conclusions

10.1

Ecosystem effects
The major impacts on marine ecosystems from oil and gas development in the Danish sector are
discharges of produced water, emissions to atmosphere and potential deposition to the marine
environment, which is similar to what is known for other marine areas with oil and gas extraction. Some
effects are temporary and local (e.g. noise emission from seismic surveys), while others are chronic and
more widespread (impacts from discharge of produced water or flaring). Lack of baseline knowledge on
many ecosystem components and parameters hinders quantitative assessments of impacts on
ecosystems.
In the exploration phase, noise emission from seismic surveys can be potentially harmful, but mitigative
efforts are in place to reduce impacts and no discernible effects on populations of fish and marine
mammals have been identified in the Danish sector.
During the installation phase, physical disturbance from placement of platforms and pipelines are a local
impact, where the footprint of structures destroys benthic habitats and sediment spreading can cause
temporary effects. Noise emission can be high temporarily due to ramming of casings. Drilling of wells
takes place in this phase resulting in piling of cuttings with associated chemicals, although the cutting piles
are only temporary in the Danish sector of the North Sea due to the relatively high energy seabed
conditions (see Section 5.2.2.1). Most chemicals are chemically bound to sediments and less bioavailable,
but local effects are observed in monitoring programs. However, programs are not designed to potential
effects on populations and ecosystems.
The operational phase is the longest phase of an oil and gas field. The presence of the physical structures
develops into artificial reefs, when sessile organisms settle on jacket legs, risers and exposed pipelines. The
positive effects in terms of increased biodiversity and higher biomass with associated bigger attraction of
higher trophic levels are well documented from other similar areas of the North Sea. Noise emission
occurs mainly from ship traffic, which represent another kind of energy distribution and frequency than
pulse exposures from earlier phases.
The main sources of impacts in the operational phase are from discharges of produced water and potential
impacts from depositions of emissions from flaring and use of fuel.
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Effects from produced water discharges have not yet been monitored directly in Denmark but are subject
to a threshold concentration of oil and an evaluation and permit process with a risk-based modelling
approach. Experience from Norwegian monitoring efforts have shown evidence of biological effects, which
are likely to be present in the Danish sector.
Emissions from flaring and fuel consumption are major contributors of CO 2, methane, volatile organic
compound and particulate matter. Amounts are reported annually, and efforts are implemented to
decrease flaring. Little is known on the deposition of contaminants in the vicinity of platforms and its role
as a source of exposure of contaminants to marine ecosystems.
The decommission phase, where installations are closed, cleaned and transported ashore can potentially
have many of the previously described impacts. This includes physical disturbance, noise emission and
emissions. New findings reveal closed wells as a potential emitter of methane from sediment layers
(Böttner, et al., 2020).
10.2

Effects on fish stocks
One objective of this review was to investigate if oil and gas activities influence fish stocks in the North
Sea. There are no specific monitoring programs or research projects which specifically are designed to
investigate this, and therefore our analysis could only be carried out, on the basis of separate data sets
designed for other purposes.
Based on the analyses, it cannot be concluded that oil and gas activities have an effect on fish stocks. But
we can conclude that there is a correlation between increased fish catches for periods with high or
medium levels of produced water discharges compared to periods with low levels of discharge and control
areas. The fish catches in the Danish North Sea varied greatly between years. There may be various
reasons for these fluctuations including, fishing pressure, habitat degradation, climate change and longterm changes in oceanic currents. The analysis of the fish catches in areas with high/medium and low/no
oil and gas activity showed a significant impact for sprat, plaice, Norwegian lobster and starry ray. The
catches were higher in areas affected by oil and gas during the time period where the discharges of
produced water were highest. However, the size of the analysed areas was significantly larger than the
expected impact zone of the oil and gas compounds, and areas were chosen based on similar depth and
sediment structure. There are other factors such as fishing intensity of national and international vessels
that remains unknown at this point, but which are expected to have a larger impact than that of
discharged produced water. Further analysis based on data collected specifically for this purpose is needed
to identify the impact the oil and gas industry on the fish stocks.

10.3

Cumulative effects
Existing state-of-the-art data sets on pressures and ecosystem components enable both mapping of
potential cumulative effects of multiple pressures and ranking of groups of pressures. The mapping
includes pressure within the Danish parts of the North Sea (i.e. point sources), but for some data sets, also
pressures taking place outside the Danish sector but with effects into the sector (e.g. eutrophication,
noise, contaminants, climate change). Hence, the analyses and results presented do include transboundary
effects, although in an indirect manner.
Areas with low CEA values are identified and found in the north-western- and western-most parts of the
Danish marine waters, in the southern-eastern parts and in a band stretching from the central parts of the
Danish waters toward the shoulder of Jutland (Hanstholm and Thyborøn). Areas with high values are
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found in the offshore parts of the Wadden Sea, at Horns Rev and along the west coast of Jutland. Areas
with high values are also found in the central and southwestern parts of the Danish waters.
The following top five pressure groups have been identified: 1) commercial fishing, 2) inputs of nutrients,
3) inputs of contaminants, 4) marine litter, and 5) noise and energy. The data sets on contaminants does
not enable a more specific analysis of the direct contribution from the oil and gas production activities.
This shortcoming is linked to a specific data set (a CHASE-based classification of contamination status,
which is used as a proxy for the pressures ‘inputs of contaminants’). When excluding coastal water for the
ranking, the inputs of nutrients (i.e. eutrophication) is less important than commercial fishing,
corresponding with the fact that this to a large extent land-based more important in coastal areas. As the
project is a review and a re-analysis of existing data, the development of a new contamination status
proxy, which would be a major effort, has not been possible. If pursued, it would probably be doable, at
least as a demonstration project, but would require a substantial amount of time and funding.
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11.

RECOMMENDATIONS
From a scientific standpoint, all the identified gaps of knowledge will provide vital new knowledge, which
may contribute to decrease some of the pressures on the marine ecosystems in the North Sea. In general,
the existing regulation effort through OSPAR and Danish authorities aims to minimise discharges and
associated effects on the marine environment and the development of new monitoring efforts are
promising (e.g. water column monitoring, ambient noise monitoring, marine mammal distributions). The
following is a brief discussion of issues, where efforts can be placed with benefit. A specific prioritisation is
difficult as it is also dependent on many other factors such as political focus and economy. However, this
review has yielded a list of five issues, which are prioritised below according to the potential
environmental risk the gaps represent.

11.1

Strengthen the knowledge link between fish stock effects and pressures from oil and gas
One objective of this study was to examine potential effects from oil and gas activities on fish stocks. One
of the main findings of the project was that there are no data sets designed to address this issue, and this
makes it inherently difficult to draw conclusions. The constraints of the resulting correlation study could
not provide a clear answer, and among other things, it has become evident that there is a lack of
knowledge on how impacts from chronic oil and gas activities such as discharge of produced water affect
fish populations.
Studies have demonstrated that early life stages of fish are most vulnerable to e.g. oil, resulting in fouling
of eggs, craniofacial deformities of fish larvae (Sørensen, et al., 2017) and heart abnormalities of fish
(Incardona, et al., 2015). It is therefore suggested to start with these life stages in order to identify the
impact of Danish oil and gas production on fish stocks. In addition, it is possible to detect low levels of
PAHs, biomarkers in e.g. fish and this procedure can be utilized as risk indicators in procedures for
Environmental Risk Assessments (Sanni, et al., 2018). It is expected that the negative impact from the oil
and gas production is local with crude oil solids dropping to the ocean floor near the release site. Thus, the
impact is expected to be most pronounced for sedentary species, including sand eel, flatfish and rays as
they remain on or buried into the sediment and often feed on organisms also living on or in the sediment.
Future investigations in Danish waters may therefore include, in prioritized order:
1.
2.

3.

4.
5.

sampling of fish eggs and larvae near oil and gas structures and control area and inspect for
fouling of eggs, abnormalities in larvae and body burden,
sampling of adult fish in the greater North Sea species known to utilize oil and gas areas as
spawning site, such as dab, grey gurnard whiting, cod, plaice, long rough dab and mackerel
(COWI, 2014), (Rambøll, 2015), (Rambøll, 2016) as well as sedentary species for abnormalities
(e.g. heart), body burden and biomarkers to possibly link observed abnormalities to exposure to
oil and gas compounds,
sampling of relevant food objects for fish larvae (e.g. copepods) near oil and gas structures and
control area to inspect for abnormalities and body burden to possibly link any observed impacts
in fish with the food web,
laboratory tests to inspect sedentary species reaction to oil and gas compounds in
environmentally relevant concentrations,
follow population and stock trends for fish species spawning in oil and gas areas

Some of these investigations can be coordinated with the development of the water column monitoring
program.
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11.2

Produced water monitoring
A major impact from oil and gas activities is discharge of produced water, and as described vital lessons
can be learned from the Norwegian programme, were also gaps of knowledge have been identified. It is
recommended to fill as many of these gaps as possible and implement features to monitor dose-response
relationship to establish cause and effect. The purpose of the used risk-based approach (RBA) to map risks
from produced water discharges and identify and limit the use of the most risk generating compounds is
ongoing and contribute to a proper management of the impact. However, sub lethal long-term effects are
still poorly monitored. This includes chemical accumulation and biological responses and effects of
chemical exposure on organism health. The new and coming monitoring program may benefit from the
development of sublethal indicators, which can be done by collaborating together with relevant
institutions.

11.3

Combining monitoring efforts
There are potential benefits in combining existing benthic monitoring programs with water column
monitoring within the framework of the national monitoring program. This could provide a link between
sources of pressure such as deposition from flaring and discharges of produced water and benthic systems
and provide important baseline data. This would require a redesign of the benthic monitoring program,
where among other things a more consistent frequency could be an issue both on a temporal and spatial
scale, i.e. where monitoring take place with regular time intervals in the same locations and also adding on
new effect parameters to the existing program. However, redesigns should carefully plan to consider a
proper link to older time series. This recommendation is not easily and quickly implemented, but could
nevertheless be considered for the next planning period of the marine strategy monitoring program.

11.4

Baseline knowledge
In general, for many types of impacts relevant for the MSFD, assessment of status and therefore also
determination of thresholds and criteria is limited because of poor baseline data. Offshore monitoring and
mapping programs are scarce both on a temporal and spatial scale for many parameters (e.g. marine
mammal distribution, benthic habitat distribution, fish population distributions, contaminant loads in
biota, ambient noise distribution, plankton distribution and others). The existing network of monitoring
stations in the national monitoring program on effects and loads of hazardous substances may be able to
take into account effects from oil and gas activities, if it were extended to include areas with oil and gas
activities. Most assessment of impacts and their impacts on marine ecosystems and fish stocks are
hampered by this and makes future management uncertain. This recommendation is not easily and quickly
implemented, but could nevertheless be considered for the next planning period of the marine strategy
monitoring program

11.5

Cumulative effects
The basis for the mapping of cumulative effects is well-established, but with some room for
improvements. In order to specify the relative contribution of contaminants for the Danish oil and gas
sector, it is recommended to further develop the pressure layers for inputs of contaminants related to the
oil industry. This should be planned and executed to enable source apportionment and ultimately allow an
estimation of the direct contribution for the Danish oil and gas sector.
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