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Man-made structures in the marine environment such as offshore Oil & Gas
infrastructure are known to provide a hard substrate that enables ecosystems to
develop on and around them. Current decommissioning practices on the UK
Continental Shelf are mandated by the OSPAR Decision 98/3 with the premise of
a clean seabed at its core, meaning that it is the expectation that all infrastructure
is completely removed at the end of its operation life, leaving a clear seabed
behind. This study critically reviewed 49 peer-reviewed articles relating to the
ecosystem and the impact to these ecosystems by current removal practices.
The results clearly demonstrate that current science-based evidence shows that
existing O&G platform substructures act as multipurpose artificial reefs upon
which rich ecosystems have developed and that their removal degrades the
overall North Sea marine environment. Furthermore, this study shows that clear-
sea bed policies, such as OSPAR 98/3, do not reflect, nor understand the
complex relationship and interdependencies between biology and man-made
structures and do not reflect current scientific knowledge. It is concluded that
based on current knowledge, it is no longer scientifically justifiable to mandate
the removal of all O&G infrastructure during decommissioning and that applying
the principle of a clean seabed according to the OSPAR Commission should be
re-considered.

KEYWORDS

OSPAR 98/3, manmade structures, ecosystem, ecology, Oil & Gas, marine,
environmental impact

1 Introduction

Offshore decommissioning regulations in the UK are controversial, as evidenced by a
recent focus of scientific research programs investigating the impact of man-made
structures (MMS) on the marine environment (Birchenough and Degraer, 2020). MMS
are emplaced in the marine environment for a number of different purposes by a range of
different industries and can include fixed and mobile Oil & Gas (O&G) installations and
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infrastructure, offshore wind farms (OWEF), pipelines and cables,
shipwrecks, and fish farms.

Recent research identifying the potential ecological benefits of
MMS on the marine environment (Fowler et al., 2020), highlight
environmental and political challenges of both decommissioning in
situ and full removal (Sommer et al.,, 2019) and list gaps in our
understanding and knowledge of MMS ecology (Dannheim et al.,
2020; Fortune and Paterson, 2020). It is not the intention of this
study to repeat this work, instead, a synopsis of the findings of each
of the reviewed articles is presented, and key ecological criteria are
identified from within these articles and a qualitative analysis is
presented in a ‘traffic light system’.

This study focuses on decommissioning of offshore O&G
infrastructure located on the UK Continental Shelf in the North
Sea where according to OGUK, 2019 36 % of it is expected to be
decommissioned and removed by 2028 (OGUK, 2019).

When the operator (owner of the infrastructure) decides to
decommission they must seek permission from the UK government
and as a requirement of that process an Environmental Impact
Assessment (EIA) is required (Department for Business, Energy &
Industrial Strategy, 2018). However, because of current policy, the EIAs
do not consider the full impact of the removal of MMS on the marine
environment (Fortune and Paterson, 2020) and that the clean seabed
policy mandated by the OSPAR Decision 98/3 results in biased
comparative assessments by not considering the full impact of
decommissioning on the marine environment, nor a comprehensive
range of decommissioning options, including decommissioning in situ.

1.1 Decommissioning in the UK

In 1998 the United Kingdom and Europe introduced the most
stringent regional decommissioning framework worldwide (Fam
etal., 2018). After the 1995 Brent Spar incident the OSPAR Decision
98/3 on the Disposal of Disused Offshore Installations (OSPAR
Commission, 1998) became legally binding under the Petroleum
Act 1998 as amended by the Energy Acts 2008 and 2016. It generally
prohibits “dumping, and the leaving wholly or partly in place, of
disused offshore installations within the maritime area” of the North
Sea. Derogations, such as leaving footings or the complete
installation in place, may be permitted by the competent
authority of a Contracting Party only for the following types
of structures:

* large steel installations weighing more than 10,000 tonnes,
installed before 1999.

* gravity-based/floating concrete installations.

* damaged/deteriorated structures.

To qualify for derogation one of these cases must apply and an
in-depth comparative assessment must be carried out to
demonstrate that the disused O&G installation cannot be re-used,
recycled or disposed on land. Currently, only 12 % of the O&G
platforms located on the UKCS may qualify for derogation (Oil &
Gas Authority, 2020a). All other platforms must be removed to
ensure a clean seabed. It has been argued that rigs-to-reefs is a valid
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method of re-using existing material and creating artificial reefs,
however, the OSPAR Guidelines on Artificial Reefs in relation to
Living Marine Resources (OSPAR Commission, 2012) demand
artificial reefs to be built from inert, virgin materials. Hence, the
guidelines exclude any type of rigs-to-reefs model in the North Sea.
An in-depth analysis (Jorgensen, 2012) of the development process
of these guidelines indicated that the Contracting Parties originally
intended to find suitable ways of using O&G installations as
artificial reefs. However, due to the Brent Spar controversy, many
of the Contracting Parties argued that the rigs-to-reefs alternative
would be mistakenly considered as dumping at sea by the general
public and the environmental NGOs (Jorgensen, 2012). Without
consulting the scientific community all Contracting Parties except
for Norway decided to ban rigs-to-reefs in the North Sea in order to
avoid any further public debates and protests.

Following the long history of decommissioning in the U.S. Gulf of
Mexico (Kaiser and Pulsipher, 2005), UK was the second country to
enter the decommissioning market at scale (Wood, 2018). The North
Sea Transition Authority (NSTA) (previously the Oil & Gas
Authority (2020b)) estimate the overall decommissioning
expenditure for the UKCS will be £44.5 billion, the cost of which
will be met by the operators (60%) and the UK tax payers (40%)
through tax relief (National Audit Office, 2019). These figures include
various decommissioning activities but are dominated by well plug
and abandonment (P&A) and the complete removal of the O&G
installations (subsea, floating, and fixed structures).

According to Oil & Gas UK (OGUK, 2019) £15.2 billion is forecast
to be spent on decommissioning in the North Sea over the next decade.
Furthermore, OGUK calculates that approximately 20 % of these
decommissioning costs will be used for the removal and onshore
disposal of more than 100 platforms, topsides and substructures.
Depending on the region the topsides removal may be marginally
more expensive than substructure removal. This equates to an estimate
of £1.4 billion to be spent over the next ten years; just for substructures’
decommissioning. In total, it will cost between £4 billion and £5 billion
to fully remove the 306 substructures that are currently installed UKCS
platforms (steel only) (OGUK, 2019).

1.2 Clean seabed or protection

The ecosystems of the North Sea have been significantly
impacted by human activities such as fishing, environmental
pollution, greenhouse gas (GHG) emissions, increase of sea
temperature due to climate change, sand, oil and gas extraction as
well as introduction of wind farms, shipwrecks and shipping
(Halpern et al., 2008; Lindeboom et al., 2011). This altered
ecosystem led some scientists (Schlippy and Hobbs, 2019; van
Elden et al,, 2019) to adopt the “novel” ecosystem approach, which
acknowledges the functions and services of a new ecosystem that is
formed by the presence of MMS. Some scientists argue that instead
of hoping that the ecosystem will be restored to its ‘original’
environmental baseline without human intervention (Ounanian
et al, 2019), we could start to accept the new state of the
ecosystem and try to restore it pro-actively and appropriately
(Macreadie et al., 2011; Fowler et al., 2018). Furthermore, the
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evidence for this ‘original’ environmental baseline is completely
absent. Decommissioning in situ (leaving the platform substructure
in place) can be seen as active marine restoration and an investment
in the future to be evaluated on an unbiased case-by-case basis
(Ekins et al., 2006; Fowler et al., 2014).

In the rigs-to-reefs model used in the U.S. Gulf of Mexico for
example, 50 % of the savings made by reefing rather than full removal
must be paid by the O&G operators to the artificial reef fund
(Scarborough Bull and Love, 2019). Liability for the structure is
transferred to the state, which is then responsible for maintenance
and monitoring. This model could be adapted and incorporated into
the Maximise Economic Recovery (MER) strategy as a life extension
option of O&G installations in the North Sea (Falcone, 2020).

From a marine spatial planning perspective, one might argue
that a clean seabed is the preferred choice to reopen the sea to other
users such as fisheries. However, the 500 m safety zones around the
1350 O&G installations in the North Sea (OSPAR Commission,
2017) only represents a maximum of 0.1 % of the total North Sea
area (Fowler et al, 2020), in comparison, the Marine Protected
Areas (MPA) cover 18.6 % (OSPAR Commission, 2019b).

1.3 Marine protected areas

The main goals of both OSPAR and the EU are protection of key
threatened and/or declining species and natural habitats, conservation
and restoration of natural ecosystems and enhancement of biodiversity
in the maritime area (OSPAR Commission, 2019a) and EU protected
Reef Habitats (European Environment Agency, 2013). To secure these
goals, Marine Protected Areas were established over the last two
decades. O&G installations were historically awarded licenses in
MPAs and therefore MMS exit in these areas. Supplementary
Figure 1 illustrates all designated OSPAR MPAs (OSPAR
Commission, 2019a) and EU protected Reef Habitats (European
Environment Agency, 2013) in which UKCS platforms are located.
Most of these MPAs were designated after the platforms’ installation
and that is why currently more than 50 % of all UKCS platforms (152
in total) are located either in designated OSPAR MPAs or 1170-Reefs
Habitats. No specific guidance is provided on how to address the
challenge of decommissioning platforms located in these areas. Hence,
16 out of 21 platforms located in a MPA with “not in use” status have
not yet been removed.

Some researchers have developed comprehensive decision-making
tools for decommissioning the infrastructure in MPAs, for example
Burdon et al. (2018) but all are based on full removal and therefore do
not compare the other options such as decommissioning in situ.

1.4 Protected marine species and MMS

The cold-water coral Desmophyllum pertusum (previously
named Lophelia pertusa and named as such in the 49 articles
reviewed for this study but will be referred to as D. pertusum
from here), is a protected and endangered marine species. It is found
in many locations throughout the North East Atlantic region and
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although it may be a protected species, there is no legal requirement
for it to be protected if it is found on an O&G MMS.

On both the Murchison (CNR International, 2013) and Ninian
North (CNR International, 2016) platforms. D. pertusum colonies
were found on the steel jackets, which was highlighted in the EIA.
The Joint Nature Conservation Committee (JNCC), the public body
that advises the government and is required to assess the EIAs as
part of the statutory decommissioning regulations, advised that
because the D. pertusum colonies would not have occurred without
the presence of the platforms, the mortality of the protected cold-
water coral because of decommissioning operations would not be
considered as an issue of significant concern.

In the case of the decommissioning of the Brent Delta (Shell
U.K. Limited, 2017) and Dunlin Alpha (Fairfield Energy Limited,
2019) platforms D. pertusum colonies were found on both and
Arctica islandia (ocean quahog) was observed near Dunlin. The
EIAs, however, concluded that it was not deemed necessary to take
any measures to protect these rare and threatened species during
the decommissioning.

In all these examples derogations were allowed, but the basis for these
decisions were not due to species and thereby environmental protection.

1.5 Ecological benefits of MMS

According to Fabi (2015) artificial reefs are human built
structures that actively enhance and/or recover natural habitats,
raise productivity and manage marine resources and can serve
many other purposes. In the North Sea an offshore artificial reef
should achieve at least one of the following objectives: 1) provide
new hard substrate for sessile invertebrates; 2) provide shelter for
juvenile and mature motile invertebrates; 3) restore depleted
habitats and mitigate habitat loss; 4) enable growth and
reproduction of rare, threatened and commercially important
species and habitats; 5) enhance biodiversity; 6) protect sensitive
habitats from fishing activities; 7) create potential networks of
MPAs to manage connectivity and species’ life cycle; 8) enable
research and educational activities.

While demonstrating which of these objectives are generally
met by an existing O&G reef, it is also important to identify any
uncertainties and knowledge gaps. This will further help in
concluding whether there is enough science-based evidence
available to enable an unbiased comparative assessment of
different options for decommissioning platform substructures.
Based on Fowler et al. (2014), a distinction is made between the
following in situ and full removal options for decommissioning:

 Full removal: transport complete substructure to shore and
re-use or re-cycle.

* “Leaving intact”™ remove topsides and leave complete
substructure in place (add navigational aid).

* “Topping”: cut top section and either transport to shore or
deploy next to structure (cutting depth requirement is the
IMO free draught of minimum 25 m following the
examination of Fowler, Jorgensen and Coolen et al.
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(2020) or 55 m following the Department for Business,
Energy & Industrial Strategy guidelines).
*  “Toppling”: topple whole structure in place.

Reefing of the structure in a designated area will not be
discussed further in this study as no research data are available to
evaluate this option in detail for the North Sea.

2 Evaluation methodology

In total, 49 peer-reviewed articles were examined in depth and
the most important data were extracted, see Table 1. More than 50%
of the research articles are from 2018 to 2020. A slight bias towards
the Southern North Sea can be observed.The most comprehensive
research review study conducted by Fowler et al. (2020) was further
used as guidance for the qualitative critical-analysis. The study
outlines five key ecological considerations when undertaking
decommissioning assessments: 1) provision of reef habitat; 2)
productivity of offshore ecosystems; 3) enhancement of biodiversity;
4) protection of the seabed from trawling 5) enhancement of
connectivity. The main criteria related to each of the ecological
considerations were then used to qualitatively evaluate the literature
findings. In addition, a colour-coded traffic light system was
introduced to highlight the current state of knowledge:

*  Green: Mature, science-based evidence is available. The findings
are statistically significant and are confirmed by other studies.

* Gray: Immature early research studies and simulation-
based evidence available. The results suggest a trend, but
extensive validation is lacking.

* Red: No science-based evidence available.

For the final presentation of the evaluation results the average of
the knowledge status of the respective criteria related to the five key
consideration was determined by reflecting this in the colour and its
brightness. The stronger the green colour, the more mature,
science-based evidence is available. The lighter the green colour,
the less science-based evidence is available. If the criteria is marked
as green, the current research knowledge status can be considered as
mostly mature, science-based evidence. However, if the criteria are
marked as gray, only immature research is available. If a criterion is
red, then no science-based evidence is available. The red brightness
scale is to be interpreted inverted to the green scale.

10.3389/fmars.2024.1264892

3 Results

More than 50 % of the research studies examined in depth were
conducted between 2018 and 2020. This strong interest is due to the
fact that environmental scientists identified a potential ecological
value in leaving O&G structures partly or fully in place (Fowler
etal,, 2018; Fortune and Paterson, 2020). That is why it is important
to understand the current knowledge status and highlight the
remaining knowledge gaps before the O&G structures are finally
removed (OGUK, 2019). Time is pressing and changing regulatory
frameworks and legislation takes a while as seen in the past in
California (Scarborough Bull and Love, 2019). It can take 10 years
until the research work is completed (see INSITE Programme -
Phase 2), all stakeholders involved are coordinated (Shaw et al.,
2018; Tung, 2020) and finally the political consensus to update
OSPAR Decision 98/3 was found. Past experience has shown that
aligning the OSPAR Parties could be the especially difficult
(Jorgensen, 2012). However, many research initiatives gained
considerable momentum worldwide (McLean et al., 2020),
therefore further research should be supported and access granted
to the not yet freely accessible but available extensive environmental
data (Macreadie et al., 2018; Murray et al., 2018) in order to close
the remaining knowledge gaps.

In the next sections the traffic light rating results of the current
knowledge status are presented, organised by the ecological
considerations identified by Fowler et al. (2020): 3.1) provision of
reef habitat; 3.2) productivity of offshore ecosystems; 3.3)
enhancement of biodiversity; 3.4) protection of the seabed from
trawling; 3.5) enhancement of connectivity.

3.1 Provision of reef habitat

Refer to Tables 2 and 3.

3.2 Productivity of offshore ecosystems

Refer to Table 4.

3.3 Enhancement of biodiversity

Refer to Tables 5 and 6.

TABLE 1 Summary of parameters for data extraction of the peer-reviewed articles.

Receptor No. articles Meta data
Key species
Seabed 9 Location
cabe Max. depth
Benthos 12
Fish 2 Substrate type
Sampling method
Mammals 6 . .
i R Sampling period
Fisheries 3 K
Data analysis
Food web
Frontiers in Marine Science 04

Community ecology @ Findings/effects

Abundance . -

. Species characteristics
Richness

. Water depth
Biodiversity

X Substrate material
Detection (first records)
Substrate type

Biomass .
. Location
Recover/reproduction L.
. Interconnectivity
Dispersal Spatio-t )
. atio-tempora
Disturbance P P
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TABLE 2 Provision of reef habitat (part 1): Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria

O&G reef vs. natural reef

O&G reef vs. other artificial reefs

Ecologically or commercially important species

Non-native or invasive species

Evaluation of findings in literature

O&G reefs provide habitat for many different species:

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red).

Frontiers in Marine Science
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References

Supplementary Table 7

Supplementary Table 7

Supplementary Table 11

Supplementary Table 7

Supplementary Tables 7, 14

Supplementary Tables 4, 5, 14

Supplementary Table 4 and 5

Supplementary Table 11

Supplementary Table 16

Supplementary Table 4

Supplementary Table 4

Supplementary Table 4
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TABLE 3 Provision of reef habitat (part 2): Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria Evaluation of findings in literature References

O&G reefs not only provide habitat for rare and threatened
species, but also support the self-restoration of biogenic reefs:

Supplementary Table 4

Supplementary Table 4

R .
are and/or threatened species Supplementary Table 5

Supplementary Table 11

Supplementary Table 16

Supplementary Tables 9, 13

Impact on soft-bottom ecosystems

See research studies

Supplementary Table 1

Supplementary Table 1

Partial removal of O&G has different impacts depending on
the selected option (“topping” vs. “toppling”), as the benthic

and fish species are very sensitive to depth:

Supplementary Tables 6, 9

Impact of decom-missioning options

Supplementary Table 6

Supplementary Tables 5, 6

Supplementary Tables 11, 12

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red).
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TABLE 4 Productivity of offshore ecosystems: Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria Evaluation of findings in literature References

Sessile

invertebrates Supplementary Tables 4, 5
Supplementary Tables 4, 5

Motile

invertebrates

Supplementary Table 8

Supplementary Table 11

Behaviour of important fish species for fisheries Supplementary Table 11

Supplementary Table 14

O&G reefs provide potential nursery and spawning
grounds, and give coral reefs the possibility to
reproduce. Observations so far include the following:

Supplementary Table 4

Supplementary Table 11

Reproduction & nursery grounds
Supplementary Table 14

Supplementary Tables 5, 7, 8, (Shell U.K. Limited, 2017)

Supplementary Tables 4, 9

Supplementary Tables 11 14

Local growth rate
n.a
na
Regional total productivity na.

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red). n.a., Not available.
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3.4 Enhancement of connectivity

Refer to Table 7.

3.5 Protection of the seabed from trawling

Refer to Table 8 and 9.

3.6 Traffic light rating of qualitative analysis

Table 10 presents the traffic light rating results of the qualitative
analysis. As the evaluation results highlight, the traffic lights for the
key ecological considerations are predominantly showing green.
This means that in general the current research knowledge status
can be considered as mostly mature, science-based evidence. In
detail, it can be seen that more mature, science-based evidence is
available for proving that O&G reefs provide reef habitat and
enhance biodiversity. Less mature science-based evidence is
available for showing that O&G reefs protect the seabed from
trawling, enhance the inter-connectivity of hard substrate for
larval dispersal, and are productive offshore ecosystems.

When examining the main criteria related to the key ecological
considerations, it can be seen that not all of them are highlighted in
green and the knowledge gaps have been identified and are
discussed as follows.

Only immature research data was available to assess the
effectiveness of protecting rare and/or threatened species from
trawling. It is evident that benthic fauna species and habitats such
as European Flat Oyster O. edulis beds (Kerckhof et al., 2018), cold-
water coral D. pertusum (L. pertusa) reefs (Bergmark and Jorgensen,
2014; Henry et al., 2018) and deep-sea sponge Porifera spp. (Gates
etal,2019; Vad et al., 2020) aggregations are actively protected by the
O&G reef from trawling, however, it is not evident if certain fish
species or marine mammals are effectively protected from trawling.
Furthermore, only immature research data are available to determine
the fishing results near the O&G reefs at the boundaries of the
exclusion zones (Reubens et al., 2013; Rouse et al., 2020).

It is evident that non-native or invasive species use hard
substrate such as O&G reefs as stepping-stones (Coolen et al.,
2016, 2018, 2020) to disperse. However, the exact larval dispersal
mechanism and the extent to which O&G reefs contribute to their
inter-connectivity has not yet been determined.

Due to the complexity, growth rates, especially of mobile species
in connection with O&G reefs, are difficult to measure and are
therefore lacking. For this reason, the overall productivity of O&G
reefs and thus their impact cannot be determined on a regional basis.

The qualitative analysis shows that the knowledge status on the
impact of MMS on the marine environment can be considered as
mostly mature, science-based evidence, however, some knowledge
gaps have been identified. In order to determine if the current
knowledge status is sufficient to conduct an unbiased comparative
assessment and decide whether to remove or not to remove the
O&G structures, the main evaluation criteria need to be critically
assessed (Martins et al., 2020). For example, are all criteria relevant
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generally or do they need to be adapted on a case by case basis? Do
all identified knowledge gaps need to be closed before conducting a
comparative assessment? These questions should be answered by
stakeholder collaboration (Tung, 2020) and an integrated scientific
team as suggested by Shaw et al. (2018) in order to avoid a Brent
Spar 2.0 (Side, 1997). Meanwhile, Fowler et al. (2020) recommend
temporarily suspension of the mandatory removal of the O&G
structures. The decommissioning community is currently
undergoing a paradigm shift and until now, the knowledge gaps
mandated the precautionary principle (OSPAR Commission, 1992)
of full removal. However, scientific evidence may soon be available
that will allow assessments on a case by case basis, so that the
application of the precautionary principle will become obsolete.

3.7 Main features of O&G reefs

Tables 2, 3 clearly demonstrate that O&G reefs provide the same
excellent reef habitat for benthic fauna, fish and marine mammals as
natural and other artificial reefs. However, it should be noted that they
also provide habitat to species that are not normally found far offshore,
such as M. edulis and J. herdmani. Furthermore, rare and/or threatened
species such as the cold-water coral D. pertusum colonise O&G reefs
and the overfished Atlantic cod resides there.

Table 4 shows that O&G reefs significantly produce biomass of
sessile and motile invertebrates and larger body sizes of Atlantic
cods have been observed. Furthermore, O&G reefs serve as
reproduction and nursery grounds especially for the edible crab,
but also for rarer species such as the whelk B. undatum and the
lumpsucker fish. A total of 199 D. pertusum colonies have been
identified on Brent D in 2008 (Shell U.K. Limited, 2017), 30 years
after start-up. Only the total productivity of mobile species at a local
and regional level has not yet been determined.

Tables 5-7 highlight that not only is the local biodiversity
significantly increased by O&G reefs, but also that regional
biodiversity can be enhanced. This is achieved by inter-
connectivity of hard substrates through larval dispersion. The
physical parameter that most affects biodiversity is water depth.
The material and type of substrate seem to play a less important role
when it comes to species abundance and richness.

Tables 8, 9 present that especially rare and/or threatened
benthic fauna species colonising a O&G reef are actively and
effectively protected from trawling. Since bottom trawling is the
number one cause of physical disturbance to the seabed, it is
expected that each exclusion zone, although very small compared
to the entire North Sea, will help protect valuable ecosystems
(Fowler et al., 2018).

In conclusion, the study clearly demonstrates that O&G reefs
act as artificial reefs according to the definition of Fabi (2015).

3.8 O&G reefs to be protected?

Tables 3, 6 and 9 highlight that different decommissioning
options will have different impacts on the O&G reef habitat
and fisheries.
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TABLE 5 Enhancement of biodiversity (part 1): Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria

Physical and environmental impacts

Regional impacts

O&G reef vs. natural reef

Trade-offs: O&G reef vs. soft-bottom ecosystem

O&G reef vs. other artificial reefs

Local vs. regional biodiversity

Evaluation of findings in literature

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red).
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Supplementary Table 7

Supplementary Tables 9, 13

Supplementary Table 9

Supplementary Table 8

Supplementary Tables 2, 3

Supplementary Table 7

Supplementary Tables 7, 14

Supplementary Table 11

Supplementary Table 7 and 9

Supplementary Table 11

Supplementary Table 8

Supplementary Table 8
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TABLE 6 Enhancement of biodiversity (part 2): Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria Evaluation of findings in literature References

« Full removal of O&G will clearly result in the loss of local biodiversity Table 1

« Full removal of O&G may also result in the decrease of regional biodiversity due
to the loss of connectivity between hard substrates. Simulations predict 60% Supplementary Table 8
reduction in connectivity.

« There is no clear evidence that the soft-bottom ecosystem in the North Sea could
fully recover after full removal of O&G.

« If “leaving intact” the O&G substructure, neither the local nor the potential for

Tables 1, 10
improving regional biodiversity will change. e

Impact of decom-missioning options
« Partial removal of O&G result in the reduction of local biodiversity. Due to the

buildup of vertical zonation, both removal options “topping” vs. “toppling” result in ~ Supplementary Table 6
the loss of the upper zones including M. edulis

« Partial removal of O&G may also result in the reduction of regional biodiversity

due to the loss of connectivity between hard substrates. However, simulations

indicate that benthic species living in deeper sections or in the bottom zone such as

L. pertusa, Echinodermata and Porifera spp. may stay connected through larval Supplementary Table 8
dispersal using the remaining parts of O&G as stepping-stones. Vertical extension of

reef habitat by “toppling” in place or “topping and deploy top next to structure”

may even enhance the epi-benthic biodiversity and connectivity.

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red).

TABLE 7 Enhancement of connectivity: Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria Evaluation of findings in literature References

« Various studies clearly highlight that benthic fauna use different types of
structures incl. O&G reefs as stepping-stones to spread out into areas that Supplementary Table 8
they otherwise could not reach.

« Simulations show that all different types of anthropogenic (e.g. O&G,
Connectivity through larval dispersal OWEF, wrecks, buoys, pipelines, etc.) and natural hard substrates Supplementary Table 8
are interconnected.

« Simulations underline that O&G reefs in the CNS and NNS contribute to
the distribution of benthic fauna through larval dispersal. Note that not all of ~ Supplementary Table 8
the simulations are yet validated against real data.

o J. herdmani develops distinct genetic populations on O&G/OWF that
hardly show any inter-connectivity of structures. It is assumed that structures
get populated by populations from the surrounding ecosystem that date back
to the time of the glaciers and not from neighbouring structures.

Supplementary Table 4

Larval dispersal mechanism

« Genetic taxa data show that M. edulis can spread over 181 km offshore,
whereas the current models predict locations greater than 85 km offshore to Supplementary Table 8
be isolated from coastal communities.

« Studies and simulations show that L. pertusa form highly interconnected
Rare and/or threatened species coral ecosystem networks and that the deep-sea sponge Porifera spp. uses the = Supplementary Table 8
O&G structure as stepping-stone to settle down in the surrounding seabed.

« Non-native or invasive benthic species use hard substrate as stepping-

Supplementary Table 4
stones and are found in the intertidal zone. PP Y

Non-native or invasive species
« No connectivity simulations of non-native or invasive benthic species are

available. No studies of larval dispersal and mechanism available. &

« Full Removal: evaluation see Table 4 Supplementary Table 8
Impact of decom-missioning options « “Leaving intact”: evaluation see Table 4 Supplementary Table 8

« Partial Removal: evaluation see Table 4 Supplementary Table 8

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red). n.a., Not available.
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TABLE 8 Protection from trawling (part 1): Qualitative analysis of recent research findings on the impact of man-made structures against this key
ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria

Protected vs. non-protected seabed

Ecologically or commercially important species

Rare and/or threatened species

Evaluation of findings in literature

o As a result of the compulsory exclusion zone of 500 m
established around O&G, roughly 0.1% of the North Sea
area is currently protected from fishing activities.
Estimates of future OWF exclusion zones lead to a
similar result as for O&G.

« Further 18.6% of the North Sea area are covered by
designated Marine Protected Areas reducing the
fishing pressure.

« More than 50% of all UKCS platforms are located
either in designated OSPAR MPAs or 1170-
Reefs Habitats.

« Bottom trawling is the leading cause of physical
disturbance to the seabed. Any type of disturbance has a
significant impact on the benthic habitat and associated
fish assemblages.

« Due to the development of a local ecosystem around
the O&G, which provides reef habitat and improves
biodiversity and productivity, it is assumed that the
soft-bottom ecosystem within the undisturbed exclusion
zone is in equilibrium and is different from the
disturbed, unprotected zone. This unprotected
ecosystem has to be constantly re-established and
calibrated in order to function properly

» Comparative data on the status of soft-bottom
ecosystems in the exclusion zones, MPAs and other
areas are not available.

« Direct measures of the biomass of the benthic fauna
within the protected exclusion are available.

References

Supplementary Table 17

Supplementary Figure 1

Supplementary Table 9

Supplementary Tables 2-6

n.a.

Supplementary Tables 4, 5

« Only indirect measures and estimates of the biomass
of the fish assemblages within the exclusion
are available.

« Benthic fauna such as Oyster O. edulis beds, cold-
water coral L. pertusa reefs and deep-sea sponge
Porifera spp. Aggregations are highly sensitive to
disturbance and bottom-trawling. Protected O&G reefs
clearly support the reproduction and recovery of

these species.

« Atlantic cod is highly overshed and use O&G reefs as
shelter, nursery, school and for foraging. However,
overall protected fish biomass can only be estimated
by observation.

« Harbour porpoises are significantly abundant at O&G
reefs and are very sensitive to any kind of disturbance.
However, there is no clear evidence that these mammals
use the protected O&G areas as shelter or for other
relevant activities.

Supplementary Table 11

Supplementary Tables 4, 5, 8, 9

Supplementary Tables 11, 13

Supplementary Table 16

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red). n.a., Not available.

While full removal will result in the complete loss of reef
habitat, the “leaving intact” option will provide the full reef
habitat. Depending on the partial removal option, cutting and
platform depth, certain species communities will lose their habitat
and some others may gain new extended habitat (Sammarco et al.,
2014). This should be assessed on a case-by-case basis.

However, it remains unclear whether scientists would agree that
O&G reefs should be protected because they provide full artificial
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reef services. Ounanian et al. (2019) introduced the “human-made
oasis” metaphor for O&G reefs. Hard substrate supports life, but it
is also uncommon in most parts of the North Sea. Scientists from
JNCC (CNR International, 2016) argue that D. pertusum would
have not colonised the Ninian Northen Platform if the structure had
not been installed and therefore, removing the structure and
destroying the species would not be considered as an issue. This
is partly supported by scientists interviewed by Fowler et al. (2018)
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TABLE 9 Protection from trawling (part 2): Qualitative analysis of recent research findings on the impact of man-made structures against this key

ecological consideration and its main criteria (Fowler et al., 2020).

Key criteria

introduced disturbance).

Impact of decom-missioning options

Ecologically or commercially important species

Evaluation of findings in literature

« There is no science-based evidence that reopening

fishing areas will increase the fishing pressure. However,

the loss of the protected area will clearly have an impact  n.a.
on the local ecosystem (e.g. newly

References

Supplementary Table 17

Supplementary Table 17

Supplementary Table 17

Supplementary Tables 17, 1

Supplementary Tables 17, 1

Supplementary Table 17

Supplementary Table 17

Supplementary Table 11

n.a.

Colour-code expresses knowledge status: mature science-based (green), immature (grey) and no science (red). n.a., Not available.

who stated that it is ethically acceptable to destroy such species
because they say this hard substrate does not belong there. Where
and how much hard substrate there was before trawling began in
the NS is unknown, so there is no way to understand where hard
substrate ‘should be’. On the other hand, the same scientists (Fowler
et al., 2018) also argue that O&G structures should not
automatically be removed; showing that some in the science
community are making decisions and providing policy advice
without understanding the entire picture. Many authors and

Frontiers in Marine Science

some NGOs, including van Elden et al. (2019) and Schlappy and
Hobbs (2019), now argue that O&G reefs could be valued as
novel ecosystems.

4 Discussion

The results show that the majority of the key ecological criteria
to determine the impact of MMS on the marine environment are
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TABLE 10 Colour-coded illustration of the qualitative analysis: traffic
light rating of the current knowledge status — mature science-based
(green), immature (grey) and no science-based (red) — with regards to
the key ecological considerations (Fowler et al., 2020).

Evaluation of findings
in literature

Key criteria

o O&G reef vs. natural reef
o O&G reef vs. other artificial reef

« Ecologically or commercially
important species

Provision of reef habitat X X X X
« Non-native or invasive species
« Rare and/or threatened species
« Impact on soft-bottom ecosystem
« Impact of decommissioning options
« Sessile invertebrates

« Motile invertebrates

« Behaviour of important fish species
for fisheries

Productivity of offshore ecosystems
« Reproduction & nursery grounds
« Local growth rates

« Regional total productivity

« Physical and environmental impacts

« Regional impact
o O&G reef vs. natural reef

« Trade-offs: O&G reef vs. soft-
bottom ecosystem

Enhancement of biodiversity
o O&G reef vs. other artificial reef
« Local vs. regional biodiversity
« Regional total productivity

« Protected vs. non-protected seabed

« Ecologically or commercially
important species

Protection of the seabed from trawlin, .
& I Rare and/or threatened species

« Fishing effort near O&G reef

« Impact of decommissioning options

« Connectivity through larval dispersal
« Larval dispersal mechanism
Enhancement of connectivity « Rare and/or threatened species

« Non-native or invasive species

« Impact of decommissioning options

The colour brightness relates to the maturity of the evidence available.

green in the traffic light system, meaning that in general the current
research knowledge status can be considered as mostly mature,
science-based evidence and that existing O&G platform
substructures can and do act as multipurpose artificial reefs.
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The results presented demonstrate that the current knowledge
about the impact of manmade structures on the marine
environment is mature enough to show that it is no longer
justifiable to mandatory remove all O&G platform substructures
without proper assessment of each of the five ecological
considerations as described here and in Fowler et al. (2020).

Furthermore, to ensure that an unbiased comparative
assessment is conducted, it is vital that the five key criteria are
included and are critically assessed so that the results are used to
determine the best decommissioning option, including the decision
about whether to remove O&G structures or to leave them in situ.

For example, are all criteria generally relevant or do they need to
be adapted on a case by case basis? Do all identified knowledge gaps
need to be closed before conducting a comparative assessment?
These questions can only be addressed in an iterative process and
full stakeholder collaboration (Tung, 2020). The Brent Spar
experience (Side, 1997) has demonstrated that only a transparent
assessment method (Martins et al., 2020) and sound decision
criteria (Fowler et al., 2020) can lead to success. To deal with this
it is recommended to set up an integrated scientific team as
suggested by Shaw et al. (2018) and a survey similar to Fowler
et al. (2018) could be conducted with all stakeholders involved. This
would help to find common ground and define team goals rather
than individual discipline goals.

Some limitations within the study come from the limited number
and type of research available, with benthic fauna dominating the
research and a bias towards the Southern North Sea. The main
knowledge gaps are identified (grey and red colour) in the traffic light
system and are in relation to the following key criteria; 2) protection of
the seabed from trawling, 4) enhancement of connectivity, and 5)
productivity of offshore ecosystems and are in some part due to the
complexities of these studies as well as a lack of available data. In
future, new tools such as eDNA (Harper et al., 2020) could facilitate
and improve the research work. Meanwhile, data gaps could be
mitigated by granting access to the large number of not yet published
industry monitoring data (Macreadie et al., 2018; Murray et al., 2018).
In particular, monitoring data of the derogation cases, where the
footings were left in situ such as the Ninian Northern platform (CNR
International, 2016) and the Murchison platform (CNR
International, 2013), would give some insight into the short-term
and long-term effects on the habitat provision. Any changes to the
benthic fauna and the behaviour of fish and marine mammals at the
remaining O&G reef could be determined. This information could
also be used to investigate knowledge gaps related to partial removal
impacts. For example, what is the impact on the local and regional
biodiversity including the surrounding soft-bottom ecosystem? How
is the fishing effort near the O&G reefs? And does the remaining
O&G reef provide protection from trawling?

Finally, It should be highlighted that other environmental
considerations, especially GHG emissions from decommissioning
operations (Davies and Hastings, 20232, 2023) and hence compliance
to net zero (Oil & Gas Authority, 2020a) need to also be evaluated when
conducting a comparative assessment of various decommissioning
options. In this respect, it is worth examining how other countries
are dealing with this issue (Scarborough Bull and Love, 2019).
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5 Conclusions and policy implications

This study demonstrates that a new clearly structured regulatory
framework with clear environmental objectives based on scientific
evidence is required for future decommissioning of O&G industry
infrastructure in the UK North Sea. This new framework should also
include specific expectations of decommissioning within MPAs and if
endangered, protected or endangered species are present.

This review concludes that the current research knowledge
status of the impact of MMS on the marine environment can be
considered as mostly mature, science-based evidence. Evidence that
shows that existing O&G platform substructures can and do act as
multipurpose artificial reefs and that a clear sea-bed policy is no
longer justifiable in the UK North Sea.

The results show that an unbiased comparative assessment
using the five key criteria should be undertaken for each
decommissioning program, on case-by-case basis, and that
decommissioning in situ should be considered within these
comparative assessments.

The study clearly shows that the precautionary principle of
OSPAR 98/3 (OSPAR Commission, 1992) should be reversed.

Finally, the study postulates that adherence to the current
version of the OSPAR Decision 98/3 is driven by politics and not
by marine environmental sciences.
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Supplementary Figure 1. Locations and status (Oil & Gas Authority 2020a) of (a) all UK platforms
and (b) potential candidates for derogation under OSPAR Decision 98/3; Surrounded by threatened
and/or declining habitats (OSPAR Commission 2018), designated MPAs (OSPAR Commission
2019a), protected reefs by EEA (2013), and protected fish species (JNCC 2016) in the North Sea.
Geospatial layers are overlapped and based on the respective official metadata.



1.2 Supplementary Tables

Supplementary Table 1: Impact on water quality and seabed condition: List of contaminants
deriving from O&G installations and surrounding drill cuttings.

Contaminants/
Disturbances

Findings due to substrate degradation and disturbances

Research
References

o risk of potential release of legacy chemicals during or after

(Suhring, et al.

Chemicals decommissioning 2020)
e used to protect platform substructures against corrosion and consist (Picken, Curtis
mainly of aluminum and/or zinc and Elliott 1997)
Sacrificial . relea}se of contgminants steadily decrease after gbandonm_ent . (Pors, et al. 2011)
anodes e no 3|gn|f|_cant increase of aluminum concentration found in water, but in (Gabelle, et al.
surrounding sediments 2012)
¢ low environmental impact expected, however, evidence limited due to (Kirchgeorg, et al.
lack of monitoring 2018)
ng:l?;[rlwggs & e organic compounds slowly released, but at very low concentrations g;'lrg; georg, etal.

Steel corrosion
& deterioration

o platform substructures consist mainly of steel and some traces of
aluminum and copper or concrete for GBS

o substructures will ultimately deteriorate and fall apart into iron oxide
pieces that will accumulate on the seabed

o estimations: +500 years for steel to fully corrode or concrete legs to fully
fall apart

(Pors, et al. 2011)

(Tornero and
Hanke 2016)
(Shell U.K.
Limited 2017)

o natural degradation and intensive monitoring is the preferred option

(Tornero and

Drill cuttings . - . . . Hanke 2016).
o disturbance (fishing, cable-laying) lead to leaching and spreading of (Henry, Harries,
contaminants et al. 2017)
Dredging o enable oxygen entering the sediment, hence enhancing aerobic microbial ~ (Mestdagh, et al.
operations processes leading to behaviour changes of species L. conchilega 2020)
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Supplementary Table 2: List of recent research works dealing with the influence of man-made
structures including O&G installations and OWFs on the benthic fauna in the Southern North Sea.

. location Substrate . . .
Key species max depth type sampling method/period/analysis Research References
M. acherusicum taxa collection by diving
J. herdmani SNS 0&G period n.a. (Coolen, Bittner, et al.
P. marina 25m (GBS) statistical analysis, data used and compared to 2020)
S. monoculoides (Coolen, van der Weide, et al. 2018)
taxa collection by diving
M. edulis SNS various 2014-2016 (Coolen, Boon, et al.
' 25m statistical analysis and PTM incl. model 2020)
validation with sample data
M. edulis 0&G taxa collection by divin
P. miliaris SNS OWF 20142015 y g (Coolen, van der
M. dianthus 32m Natural L . Weide, et al. 2018)
. statistical analysis
Tubulariidae reefs
taxa collection by diving
C. linearis SNS : 20132015 (Coolen, Lengkeek
. various? - . . and Degraer, et al.
C. mutica 45m statistical analysis, complemented with other
) 2016)
published research data
- SNS . taxa collection by diving (Coolen, Lengkeek
C. smithii 32m shipwrecks 2014, species detection only and Lewis, et al. 2015)
0. edulis SNS various® meta-analysis (Kerckhof, Coolen, et
' n.a. 2001-ctd. al. 2018)
SNS taxa collection by diving
C. pagurus OWF 2012-2014 (Krone, et al. 2017)
29 m e .
statistical analysis
M. edulis taxa collection by diving
Anthozoa® SNS research 2005-2007 (Krone, et al. 2013)
28m platform o .
Jassa spp. statistical analysis
taxa collection by diving I
J. herdmani ZSE’;\I r?w various? 2015-2016 gbg;khmzen, etal.
statistical analysis, DNA extracted
M. edulis SNS/CNS visual by ROV
M. senile 46 m 0&G 2015-2016 (Schutter, et al. 2019)
A. rubens 66 m statistical analysis
Asteroidea®
C. pagurus SNS visual by ROV -
B. undatum depth ioisle 2015 g‘ll'ozdgz,agvllllamson, et
L. holsatus n.a. pip statistical analysis '

P. bernhardus

Varl_atlon O.f SNS fixed& mobile visual by ROV (Todd, Lavallin and

sessile/motile 2014 ;

; 49m 0&G L . Macreadie 2018)

invertebrates statistical analysis

M. edulis visual by ROV

M. senile SNS 0&G period n.a. (van d_er Stap, Coolen
. 43 m L . and Lindeboom 2016)

A. digitatum statistical analysis

avarious substrate types include any kind of anthropogenic hard substrate and natural reefs; correct taxonomic rank of marine
invertebrates: "family, cclass



Supplementary Table 3: List of recent research works dealing with the influence of man-made
structures including O&G installations and OWFs on the benthic fauna in the Central and Southern
North Sea (NS).

. location Substrate . . .
Key species max depth type sampling method/period/analysis Research References
_ West-coast artificial taxa collection by diving (Rouse, Porter and
F. foliacea Scotland period n.a. -
reef L . Wilding 2020)
depth n.a. statistical analysis
NNS meta-analysis (Bergmark and
L. pertusa depth n.a. 0&G period n.a Jorgensen 2014)
Cnidaria®
Mollusca® NNS taxa collection by diving and visual by ROV
Annelida® 185 m 0&G 2009-2018 (Gates, et al. 2019)
Arthropoda® statistical analysis, observation
Echinodermata®
C. smithii
Bryozoa®
Hydrozoa® CNS visual by ROV
Actiniariad NNS pipeline  2012-2013 gag%égy and Hayes
S. triqueter 164 m statistical analysis
A. rubens
Paguridae®
NS simulation based on research data (Henry, Mayorga-
L. pertusa from 80 m 0&G 2010-2012 A dam{z, ot a)ll 2%18)
to 200 m PTM modelling only ' '
A. digitatum
E. esculentus simulation based on research data
L. pertusa NS . . 2001-2010 .
M. dianthus depth n.a. varous™ — ppy modelling only, based on (van der (Tidbury, et al. 2020)
C. fornicata Molen, et al. 2018)

Porifera spp.

@various substrate types include any kind of anthropogenic hard substrate and natural reefs; correct taxonomic rank of marine
invertebrates: "phylum, °class, %rder, ¢family
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Supplementary Table 4: List of epifauna species with greatest abundance on man-made structures
in the Southern North Sea including O&G installations and OWFs.

Species & community ecology

Findings of species’ significant behaviour

Research References

M. acherusicum

‘;' r;ﬁ;?m:m abundance e significant on O&G (GBS = concrete) (Coolen, Bittner, et al. 2020)
S. monoculoides
M. senile ag?g:g;ge ¢ dominated community biomass on O&G (GBS) (Coolen, Bittner, et al. 2020)
o . ¢ low percentage on O&G (GBS), not registered .
Non-native spp. detection in the Netherlands, but native in NS (Coolen, Bittner, et al. 2020)
M. edulis e M. edulis: pos. correlation with richness
P. m!llarls abundance  ® P. miliaris: pos. correlation with richness (Coolen, van der Weide, et al.
M. dianthus e M. dianthus: neg. correlation with richness 2018)
Tubulariidae® e all significant on O&G/OWF/natural reefs
C. mutica . (Coolen, Lengkeek and
(non-native) detection e only on nearshore OWF Degraer, et al, 2016)
_— . . . (Coolen, Lengkeek and

C. smithii detection e first record on shipwreck offshore Lewis, et al. 2015)
0. edulis detection e relict populations on O&G/OWF (Kerckhof, Coolen, et al.

' recovery e potential to recover 2018)
C. pagurus abundance e significant among crustaceans on OWF

Liocarcinus spp.

P. bernhardus

reproduction

C. pagurus: using OWF as nursery grounds

(Krone, et al. 2017)

M. edulis
Anthozoa® abundance e significant on research platform (Krone, et al. 2013)
Jassa spp.
M. edulis biomass * d_om_mated commur_uty bloma.s:s‘ on s_tructL_Jre” (Krone, et al. 2013)
¢ significant production/export: “Mytilusation

M. edulis
M. senile abundance e significant on O&G (Schutter, et al. 2019)
A. rubens
M. Ie|dy|_ detection " CNS on 0&G .. (Schutter, et al. 2019)
(non-native) e occur seasonally due to rising temperatures
P. bernhardus abundance e significant on newly installed O&G g(l;gg()j Williamson, et al.
A. rubens
E. esculentus A (Todd, Lavallin and
C. pagurus abundance e significant on O&G Macreadie 2018)
P. bernhardus

. abundance . Lo (Todd, Lavallin and
M. senile biomass dominated community biomass on O&G Macreadie 2018)

. (Todd, Lavallin and

B. undatum reproduction e egg masses found on O&G Macreadie 2018)
M. edulis (van der Stap, Coolen and
M. s_er}lle abundance e significant on O&G Lindeboom 2016)
A. digitatum

correct taxonomic rank of marine invertebrates: 2family, bclass



Supplementary Table 5: List of epifauna species with greatest abundance on man-made structures

in the Central and Northern North Sea including O&G and OWFs.

Species & community ecology Findings of species’ significant behaviour Research References
C. smithii
Bryozoa?
Hydrozoa®
Actiniaria® abundance ¢ significant on pipelines (Lacey and Hayes 2020)
S. triqueter
A. rubens
Paguridae?
Cnidaria®
Mollusca? biomass
Annelida? . e significant on O&G (Gates, et al. 2019)
richness
Arthropoda?
Echinodermata?
L. pertusa recovery e strong potential to form cold-water coral reefs  (Bergmark and
' reproduction on obsolete O&G in NNS Jargensen 2014)
L. pertusa recovery e strong potential to form cold-water coral reefs  (Henry, Mayorga-
' reproduction on obsolete O&G in NS Adame, et al. 2018)

correct taxonomic rank of marine invertebrates: 2phylum, °class, corder, ¢family
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Supplementary Table 6: List of epifauna species and their community ecology influenced by water
depth in relation to man-made structures including O&G installations and OWFs across the North
Sea.

Species & community ecology Findings due to water depth Research References
M. eqll_Jlls_ . buildup of vertical zonation: non-linear (Coolen, van der Weide,
P. miliaris richness distribution, peak at intermediate depths et al. 2018)
M. dianthus P P '
Non-native spp. detection ¢ higher percentage in the intertidal zone (Coolen, van der Weide,
et al. 2018)
M. edulis abundance e highest in the upper 10 m (Krone, et al. 2017)
M. edulis o Dbuildup of vertical zonation (from surface to
Anthozoa? abundance bottom): Mytilus, Mytilus-Jassa, Anthozoa- (Krone, et al. 2013)
Jassa spp. Jassa, Anthozoa
Variation of richness . .
species diversity ¢ higher in bottom zone compared to surface zone (Schutter, et al. 2019)
Motile atr)ili:mzrslge ¢ highest in bottom zone (Todd, Lavallin and
invertebrates o g Macreadie 2018)
diversity
. abundance ¢ Dbuildup of vertical zonation (from surface to :
Sessile . s - Lo . . (Todd, Lavallin and
invertebrates rl_chne_ss bottom): infralittoral, circalittoral, epi-benthic Macreadie 2018)
diversity assemblages
M. edu_lls ) o buildup of vertical zonation: non-linear (van der Stap, Coolen
M. senile richness distribution, peak at intermediate depths and Lindeboom 2016)
A. digitatum P P
;;Zré?:son of abundance e strong correlation with depth and latitude (Lacey and Hayes 2020)

correct taxonomic rank of marine invertebrates: 2class



Supplementary Table 7: List of epifauna species and their community ecology influenced by
substrate type effects in relation to man-made structures including O&G installations and OWFs
across the North Sea.

Species & community ecology

Findings due to substrate material/type

Research References

large overlap in communities between GBS
(=concrete) and steel O&G/OWF

Variation of abundance low overlap in communities between GBS and sandy ~ (Coolen, Bittner, et al.
species seabed 2020)
o relative large overlap in communities between GBS
and natural reefs in Borkum Reef Grounds
;;ig?;'son of unigueness e 23 % of species on GBS locally unique (;égg;en, Bittner, et al.
M. senile biomass e 12 times higher on GBS than in sandy seabed (Zggg;en, Bittner, et al.
M. edulis e no great differentiation between rock and steel
P .miliaris richness  ® gradient from deep rocks to shallow steel (Coolen, van der Weide,
M dianthus no great differentiation between artificial and natural et al. 2018)
' substrates
Variation of o large overlap in communities on steel and rock (Coolen, van der Weide
species abundance e large overlap in communities between young OWF and et al 20’18) '
old 0&G '
C. linearis
(native) abundance minor overlap of habitat preference (offshore vs. (Coolen, Lengkeek and
C. mutica nearshore) leading to co-existing potential Degraer, et al. 2016)
(non-native)
¢ highest at monopiles with scour protection: two times
C. pagurus abundance higher than on tripod and six times higher than on (Krone, et al. 2017)
jacket (all OWF)
Sessile abundance low overlap in communities between fixed and mobile (Todd, Lavallin and
invertebrates 0&G Macreadie 2018)
. ... e higher in complex, voided reef block habitats (Rouse, Porter and
F. foliacea productivity compared to simple blocks (all artificial) Wilding 2020)
Variation of large overlap in communities between O&G and
invertebrates abundance surrounding coarse/mixed seabed (Gates, etal. 2019)
Porifera spp. abundance e high in surrounding seabed, not found on O&G (Gates, et al. 2019)
Variation of richness higher on Link-lok/concrete mattresses
invertebrates abundance low overlap in communities between pipelines and (Lacey and Hayes 2020)
sandy seabed
L. pertusa abundance not only found on natural reefs, but also on O&G far (Henry, Mayorga-

offshore

Adame, et al. 2018)
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Supplementary Table 8: List of epifauna species and their community ecology influenced by
location or substrate inter-connectivity effects in relation to man-made structures including O&G
installations and OWFs across the North Sea.

Species & community ecology Findings due to location and inter-connectivity Research References

e no clear connectivity pattern between hard substrates in
SNS: PTM showing connectivity that is not validated by
genetic data
M. edulis dispersal e PTM predicts locations greater than 85 km offshore to be
isolated from coastal communities, but actual species
found 181 km offshore
¢ no correlation between isolation and distance

¢ no correlation between isolation and distance
J. herdmani dispersal ¢ no correlation between artificial substrates and genetic
connectivity

¢ higher in CNS than in SNS

(Coolen, Boon, et al.
2020)

(Luttikhuizen, et al.
2019)

;;aeré?élson of abundance e medium overlap in communities between CNS and SNS, (Schutter, et al. 2019)
significant clustering
L. pertusa dispersal e PTM showing strong potential of O&G infrastructure to  (Henry, Mayorga-

form highly interconnected coral ecosystem networks Adame, et al. 2018)

e PTM showing clear connectivity between all kind of
hard substrates across NS:
(2) Full removal of all O&G infrastructure leading to 60 %
Variation of dispersal reduction in connectivity across NS
species (2) Decommissioning as per OSPAR Convention leading to
complete loss of connectivity in CNS
(3) SNS is well connected, removal of O&G infrastructure
in SNS leading to loss of connectivity between CNS/SNS

PTM: Particle Tracking Model; SNS/CNS/NNS: Southern/Central/Northern North Sea

(Tidbury, et al. 2020)
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Supplementary Table 9: List of epifauna species and their community ecology influenced by
temporal and disturbance effects in relation to man-made structures including i.a. Oil & Gas (O&G)
installations and offshore wind farms (OWF) across the North Sea.

Species & community ecology Findings due to temporal and disturbance effects Research References

M. edulis e no difference between old O&G and young :

P. miliaris richness OWF differences between sampling months (Coolen, van der Weide,

. et al. 2018)

M. dianthus

0. edulis abundance sensitive to bottom trawling or sand/gravel (Kerckhof, Coolen, et al.
extractions 2018)

M. edulis

Anthozoa® biomass e differences between sampling months (Krone, et al. 2013)

Jassa spp.

M. conile richness e increases with communit (van der Stap, Coolen and

R creases community age Lindeboom 2016)
A. digitatum
abundance no differences between pre/post installation of
Variation of richness mobile O&G (Todd, Williamson, et al.
species diversity differences between laid and trenched pipeline:  2020)

significant decrease after trenching
correct taxonomic rank of marine invertebrates: 2class
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Supplementary Table 10: List of recent research works dealing with the influence of man-made
structures including O&G installations and OWFs on various fish species across the North Sea.

location Substrate

. . . .
Key species max depth type sampling method/period/analysis Research References
Variation of SNS/CNS simulation based on research data
. depth OWF 2010-2012 (Barbut, et al. 2020)
flatfishes X . .
n.a. Particle tracking modelling only
Variation of fish SNS OWF taxa collection by dive transects & line (Kerckhof, Rumes and
species Depth wrecks fishing Degraer 2018)
P n.a. 2001-2017, descriptive analysis g
taxa collection by line gear & data collection
Atlantic cod SNS OWF steel by tagging, acoustic (Reubens, Degraer and
. & - . Vincx 2014)
Pouting 24 m concrete telemetry & visual observation (Reubens, et al. 2013)
2011-2012, statistical analysis ' '
Whiting SNS taxa collection by gillnets
Common dab OWF 2001 (pre-installation) & 2009 (post- (Stenberg, et al. 2015)
135m . . - -
Sandeels installation), statistical analysis
Variation of fish depth 0&G \Zlgfgl by ROV (Todd, Williamson, et
species n.a. pipeline statistical analysis al. 2020)
Atlantic cod SNS flxed_& visual by ROV (Todd, Lavallin and
Pollack 49m mobile 2014 Macreadie 2018)
Common ling 0&G statistical analysis
Common dab SNS taxa collection by gillnets & data collection (van Hal, Griffioen
Common sole 21m OWF by sonar and van Keeken 2017)
Atlantic cod 2011, statistical analysis
. CNS ceased data collecthn _by monltorm_g syste_m: (Fujii and Jamieson
Saithe oceanographic instrumentation & time-lapse
103 m 0&G - . 2016)
photography 2014, statistical analysis
ceased taxa collection by fish traps at O&G, data
Saithe CNS collection by using bottom trawl survey at
0&G (Fujii 2016)
Haddock NNS & open water (Fujii 2015)
Atlantic cod 103 m 2010-2014 (2012 survey) |
open water L )
statistical analysis
Atlantic cod CNS 0&G data collection by electronic tags & fisheries
. NNS OWF .
European plaice denth Cables surveys (Wright, et al. 2020)
Thornback ray ng wrecks 1993-2010, statistical analysis

*scientific names: Atlantic cod (G. morhua), Common dab (L. limanda), Common ling (M. molva), Common sole (S. solea),
European plaice (P. platessa), Haddock (M. aeglefinus), Pollack (P. pollachius), Pouting (T. luscus), Saithe (P. virens), Sandeels
(Ammodytidae spp), Thornback ray (R. clavata), Whiting (M. merlangus)
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Supplementary Table 11: List of fish species with greatest abundance at man-made structures
including O&G installations and OWFs across the North Sea.

Species & community ecology  Findings of species’ significant behaviour

Research References

Variation of fish

25 different species observed at OWF and less

(Kerckhof, Rumes and

species richness at wrecks Degraer 2018)
Variation of fish detection  ° first records of obligate hard substrate fish (Kerckhof, Rumes and
species species uncommon to Belgian Sea though Degraer 2018)
e showing high residency, site fidelity at OWF, :
Atlantic cod abundance confirming early work (Jergensen, Lgkkeborg ggili?ens’ Degraer and Vinex
and Soldal 2002)
Atlantic cod (Reubens, Degraer and Vincx
Pouting abundance e strongly attracted towards OWF 2014)
Atlantic cod food web prey dominated in stomach for both species: (Reubens, Degraer and Vincx
Pouting e J. herdmani and P. longicornis (good quality)  2014)
Atlantic cod abundance ° significant within 50 m of OWF (97 % of all (Reubens, et al. 2013)
records) ' '
Whiting
Common dab abundance e significant at OWF (Stenberg, et al. 2015)
Sandeels
Atlantic cod ;
Common ling abundance e significant at O&G, dominated by Atlantic cod (Jggg},\b?evgg'&f nd
Pollack
Atlantic cod reproduction Lumpsucker brooding eggs on O&G and (Todd, Lavallin and
Lumpsucker juveniles of Atlantic cod spotted at 0&G Macreadie 2018)
Common sole - (van Hal, Griffioen and van
Atlantic cod abundance e significant at OWF Keeken 2017)
Goldsinny -
wrasse detection e first records in Belgian Sea &/: :k:? I2,(§31r7|;f|oen and van
Grey triggerfish
Saithe biological e showing diurnal rhythm of vertical movements (Fujii and Jamieson 2016)
thythm at O&G, confirming early work (Soldal 2002) J
Saithe
Haddock abundance e significant at O&G, dominated by saithe (Fujii 2016)
Atlantic cod
Saithe prey dominated in stomach in respective order:
Haddock food web g‘;ﬁ?jf;‘gg:?&i?) & pouting (trawl) (Fujii 2016)
Atlantic cod

unidentified fish (O&G)
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Supplementary Table 12: List of fish species and their community ecology influenced by water
depth and temporal effects in relation to man-made structures including O&G installations and
OWFs across the North Sea.

Species & community ecology  Findings due to water depth and temporal effects ~ Research References
o Dbuildup of vertical zonation: benthic fish (bottom

Variation of fish abundance zone), benthopelagic fish (live in bottom zone but  (Kerckhof, Rumes and
species do not rest there), pelagic fish (live in mid-depth or Degraer 2018)
surface zone)
Atlantic cod . . - . .
Common lin abundance  ® highest in bottom zone, pollack also significantin ~ (Todd, Lavallin and
Pollack g surface zone Macreadie 2018)
o peak at around 3—4 am at mid-depth and 34 pm at
Saithe abundance bottom of O&G, confirming early work (Soldal (Fujii and Jamieson 2016)
2002)
Saithe ¢ highest in bottom zone varying with season and
Haddock abundance Ighest | Zone varying wi (Fujiii 2015)
Atlantic cod year (correlated with temperature)
o spatial-temporal movement pattern: highest in
Atlantic cod abundance surface zone in winter/spring and highest in (Wright, et al. 2020)
bottom zone in autumn/winter
European plaice abundance e highest in surface zone (Wright, et al. 2020)
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Supplementary Table 13: List of fish species and their community ecology influenced by temporal
and disturbance effects in relation to man-made structures including O&G installations and OWFs
across the North Sea.

Species & community ecology  Findings due to temporal and disturbance effects Research References

e seasonal movement pattern: high in summer/
Atlantic cod abundance autumn (feeding season), very low in winter (Reubens, et al. 2013)
(spawning season)

Whiting . . .
Common dab abundance ?I%r?;ggrfg;mt changes due to installation of OWF (Stenberg, et al. 2015)
Sandeels

o significant increase from pre-installation to post-

Variation of fish a_bundance m_stallatlon of mobile Q&G (short term)_ _ (Todd, Williamson, et al,
. richness o differences between laid and trenched pipeline:
species S L . . 2020)
diversity significant increase after trenching except for
whiting
Variation of fish . o fish schools in April observed at OWF, none in (van Hal, Griffioen and
. aggregation
species summer van Keeken 2017)
saithe diff in stomach content bet i
Haddock food web * v:ar eirr?nz?e;;g:aﬁmac content between Species (Fujii 2016)
Atlantic cod ying y
Saithe e seasonal movement pattern: high and constant
Haddock abundance from spring to autumn, very low in winter (Fujii 2015)
Atlantic cod except for saithe
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Supplementary Table 14: List of fish species and their community ecology influenced by substrate
site/type and temporal effects in relation to man-made structures including O&G installations and

OWEFs across the North Sea.

Species & community ecology  Findings due to site/type and temporal effects

Research References

Variation of . PTM showing potential overlap between potential
flatfishes dispersal spawning grounds and future OWF sites (Barbut, etal. 2020)
;gaeré?;lson of fish diversity e OWTF: higher at turbines, decline with distance (Stenberg, et al. 2015)
g;:;g;?? dab abundance e OWF: higher at turbines, decline with distance (Stenberg, et al. 2015)
Whiting abundance e OWF: lower at turbines, increase with distance (Stenberg, et al. 2015)
: ; o larger at OWF than on sandy bottom varying (van Hal, Griffioen
Atlantic cod body size seasonally and van Keeken 2017)
Atlantic cod . (van Hal, Griffioen
Pouting abundance e higher at OWF than on sandy bottom and van Keeken 2017)
Flatfish species . (van Hal, Griffioen
Whiting abundance e higher on sandy bottom than at OWF and van Keeken 2017)
. e stomach content varies between O&G and open water
Saithe food web across CNS/NNS, but showing seasonal overlap (Fujii 2016)
Saithe abundance  ° higher and more constant over the seasons at O&G (Fujii 2015)
than in open water

Haddock ¢ higher and more constant over the seasons in open
Atlantic cod abundance water than at O&G (Fujii 2015)

e positive correlation with density of cables varying

. seasonally .
Atlantic cod abundance ¢ negative correlation with density of wrecks varying (Wright, et al. 2020)
seasonally
European plaice abundance  ° positive correlation with density of O&G and cables (Wright, et al. 2020)
pean p varying seasonally ' '

e positive correlation with density of wrecks varying

Thornback ray abundance seasonally (Wright, et al. 2020)

negative correlation with density of O&G and cables
varying seasonally
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Supplementary Table 15: List of recent research works dealing with the influence of man-made
structures including O&G installations and OWFs on various fish species across the North Sea.

Mammals/sharks location Substrate sampling method/period/analysis Research References
max depth type
visual observation & acoustic detection by
CNS manned & PAM (2 y) & taxa identification by eDNA (Delefosse, Jacobsen
Harbour porpoise 46 m unmanned  continued work (Delefosse, Rahbek, et al. ot al 2020)’ '
66 m 0&G 2018) '
descriptive statistics
Harbour porpoise . .
Dolphins CNS manned 85 visual observation (Delefosse, Rahbek, et
Whales 46m unmanne 201_3—'2015 . al. 2018)
66 m 0&G statistical analysis '
Seals
GPS tracking data
Seals SNS new O.WF 2008-2012: different tagging periods (Russell, et al. 2014)
pipeline L L
descriptive statistics
. NS . . .
Dolphins N-E 0&G visual/acoustic detection by ROV (Todd, Lazar, et al.
Seals . subsea 1998-2019
Sharks Allantic pipeline descriptive statistics 2020)
353 m
C'Vﬂgﬁ;;r porpoise fixed & visual observation during daylight &
Dolohins SNS mobile acoustic detection by PAM (Todd, Warley and
P 30m 2004-2014 (PAM in 2014) Todd 2016)
Seals, 0&G L o
descriptive statistics
Sharks
fixed & acoustic detection by PAM
Harbour porpoise fglg\l r?] mobile 2004-2006 gggg;j Pearse, etal.
0&G statistical analysis

PAM: Passive Acoustic Monitoring
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Supplementary Table 16: List of marine mammals and sharks sighted at man-made structures
including O&G installations and OWFs across the North Sea.

Findings of species’ behaviour due to interactions with

Species® anthropocentric hard substrate Research References
¢ highest abundance of mammals at/near O&G in NS
¢ mainly observed during night by PAM from July to
January, while eDNA confirmed presence of prey (Delefosse, Jacobsen, et al.
species (mackerel, whiting) at 0&G 2020)
Harbour porpoise o pronounced diel pattern in echolocation activity: (Delefosse, Rahbek, et al. 2018)
foraging at O&G during night; not supported by (Todd, Warley and Todd 2016)
observations (Osiecka, Jones and Wahlberg 2020) (Todd, Pearse, et al. 2009)

e sightings increased from North to South in CNS
e sightings increased with areal footprint of 0&G

White-sided e sightings increased with deoth (Delefosse, Rahbek, et al. 2018)
White beaked dolphins ghting P (Todd, Warley and Todd 2016)

Minke/Killer o significant abundance of minke whales at/near O&G (Delefosse, Rahbek, et al. 2018)

Pilot whales (Todd, Warley and Todd 2016)
o strongly associated with pipelines using for navigation (Delefosse, Rahbek, et al. 2018)
Common seal and foraging confirmed by observation & GPS data (Russell, et al. 2014)
Grey seal ¢ sightings increased with depth (Todd, Lazar, et al. 2020)
o foraging at OWF showing grid-like movement pattern  (Todd, Warley and Todd 2016)
Basking shark (Todd, Lazar, et al. 2020)

Porbeagle shark * travelling along pipeline (Todd, Warley and Todd 2016)

* scientific names: Harbour porpoise (P. phocoena), Atlantic white-sided dolphin (L. acutus), White beaked dolphin

(L. albirostris), Common dolphin (D. delphis), Bottlenose dolphin (T. truncatus), Minke whale (B. acutorostrata), Killer whale (O.
orca), Pilot whales (Globicephala spp.), Common seal (P. vitulina), Grey seal (H. grypus), Basking shark (C. maximus), Porbeagle
shark (L. nasus)
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Supplementary Table 17: List of recent research works dealing with the interactions between
fisheries and man-made structures including O&G installations and OWFs across the North Sea.

Interaction

Findings due to interactions with anthropocentric hard
substrate

Research References

Safety zones

also called exclusion zones of 500 m automatically
established around O&G installations (active/non-active)
any fishing activities prohibited in such zones

no restrictions applied to pipelines; restrictions may be
defined for OWF on a case-by-case basis

(Petroleum Act 1987 )

Hazardous incidents

majority of incidents occur in NNS and on muddy
substrate

80 % of incidents related to debris/wires/pipelines and
occur near pipelines or wrecks

probability of fishing gear incident with pipeline: 7.86E-5

(Rouse, Hayes and
Wilding 2020)

Deliberate, regular
interactions

36 % of all fishing trips of Scottish demersal fleet occur
within 200 m of a pipeline over a 5-year period
compromise pipeline integrity, increase risk of gear
snagging

(Rouse, Kafas, et al. 2018)

Co-location potential

high for crab/lobster fisheries within OWF
fisheries concerns: site-specific risk and safety issues
no existing collaboration of stakeholders

(Hooper, Ashley and
Austen 2015)
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Supplementary Table 18: List of threatened and/or declining species & habitats (OSPAR) filtered
for protected species and habitats recently found on, at or in the close vicinity of O&G installations.

Species & habitats Findings in literature Research
References
Invertebrates
. . . Invalid source
Ocean quahog e found near O&G, especially in designated MPAs specified.
: Supplementary
Ostrea edulis e found on O&G Table 4
Fish
. . . Supplementary
Atlantic cod e shown significant residency at 0&G Table 11
. Supplementary
Thornback ray e sighted near O&G, but prefers wrecks Table 14

Mammals and sharks

Supplementary

Harbour porpoise e sighted regularly at O&G, especially in designated MPAs Table 16
. . - Supplementary
Basking shark o sighted near pipelines Table 16
. L Supplementary
Porbeagle shark e sighted near pipelines Table 16
Habitats

o found next to O&G, abundance potentially increased due to the Supplementary

Deep-sea sponge o . . g . Table 7
aggregations p:ox1r21ty of designated MPAs and using O&G as “stepping Supplementary

stones Figure 1
Intertidal Mytilus edulis e massive colonies found on O&G, due to biomass export to Supplementary
beds on mixed and sandy surrounding sediment potentially form Mytilus beds in Table 4
sediments shallower water

Supplementary

Lophelia pertusa reefs colonies found on O&G, reefs found near O&G, strong potential Table 5

to form reefs around O&G Supplementary
Figure 1
Modiolus modiolus beds ¢ abundance potential near/at O&G IS::JgpuprI:Tentary
Ostrea edulis beds e potential to recover and form beds around O&G _Srzglp)gimentary
Sabellaria spinulosa reefs e  abundance potential near/at 0&G ﬁ:JgpuprI;Tentary
Sea-pen and burrowing . Supplementary
megafauna communities abundance potential near/at 0&G Figure 1
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