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In the Space@Sea project a conceptual study is performed to develop standardized
cost efficient floating modular islands with low environmental impact. As these floating
modular islands are introduced for a purpose which is likely to determine the
environmental impact, possible applications were considered: living, aquaculture, ports
and logistics, and energy hub. The aim of this study is to develop a structured
approach for Environmental Impact Assessments (EIAs) of floating modular islands
and their applications as these are considered within the Space@Sea project. To
contribute to the efficiency and sustainability of future floating island developments, early
awareness of the likely environmental consequences is important and requires a solid
knowledge base. To that end we recommend a screening approach to identify the main
threats to the marine ecosystem and their potential impacts at the earliest (conceptual)
stage of development. For each Space@Sea type of application, this screening
approach should identify the main threats through an EIA that links critical pressures
with sensitive ecosystem components. While conventional impact assessments only
consider negative impacts, we also consider potential environmental benefits of floating
islands. This not only to enhance more environmental-friendly designs but also to
provide a balanced perspective which considers not only threats but also opportunities
in future developments and implementation of floating islands and their applications.
Keywords: environmental impact assessment, floating modular island, marine ecosystem, cumulative effect
assessment, cumulative impact assessment, Space@Sea, multi-use, multi-purpose

INTRODUCTION
With increasing human population and rising sea level there is a scarcity for space on land for the
people to live, grow food and harvest renewable energy. In search for solutions to this emerging
threat, initiatives for spatial developments are shifting to the offshore environment, e.g., (Buck and
Langan(eds), 2017; Wang et al., 2019, 2020; Ang et al., 2020; Elliott et al., 2020; Ruzzo et al., 2021).
The Space@Sea project is such an initiative, involving a conceptual study to develop a standardized
floating solution providing offshore space (Flikkema and Waals, 2019). Four applications focusing
on energy hub, living, aquaculture, and maritime transport are described and for two locations a
business case of a combination of these applications (i.e., multi-use) will be examined (Flikkema
and Waals, 2019). The Space@Sea project aims to support the development of a standardized
cost efficient floating modular island with low environmental impact. A state of the art review of
multidisciplinary analyses of multi-use platforms shows that most of the research has been focused
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or, in general, the development of an EIA. The EU projects
ODEMM (Knights et al., 2013; Knights et al., 2015) and
AQUACROSS (Borgwardt et al., 2019) developed generic EIA
approaches that included a broad range of marine ecosystem
components, pressures, activities and their relationships. These
provided a robust basis to develop a comprehensive framework
as part of this study for the potential environmental impacts
of floating island applications. In addition, the EU projects
TROPOS (TROPOS, 2014) and MERMAID (Airoldi et al.,
2016) provided specific information regarding environmental
impacts of floating islands and their applications. These sources
provided both broad and specific information which we here
combined in a comprehensive EIA framework for floating
island applications.
Here we develop and apply an EIA approach for Space@Sea
floating island multi-use applications (energy hub, living,
aquaculture, and maritime transport). Potential environmental
impacts are identified and discussed together with potential
benefits, allowing for more balanced decision-making.

on the technological aspects, followed by the socio-economic
aspects, and then the environmental impact aspects (Abhinav
et al., 2020). This study is part of the Space@Sea project and
aims to assess environmental impacts and guide the development
of a knowledge base for such initiatives. To that end this study
developed a structured approach to identify (potential) impacts
to the marine environment of multi-use floating islands.
An environmental assessment is required to predict the
environmental impacts of proposed initiatives before they are
allowed to be carried out. There are many types of environmental
assessments, e.g., “environmental impact assessment” (EIA),
“strategic environmental assessment” (SEA), “cumulative effect
assessment” (CEA), “cumulative impact assessment” (CIA), and
“environmental (or ecological) risk assessment” (ERA). Although
many different approaches exist, serving different purposes
in various contexts under different names, they all share the
common goal of assessing the effect, impact, or risk of human
activities on the ecosystem (Tamis et al., 2016). These approaches
therefore all have in common that they require a framework
building on the principle that activities cause pressures that
may lead to adverse effects on the ecosystem (Knights et al.,
2013, 2015; Tamis et al., 2016). Such a framework falls within
the concept of a mental or conceptual model, which is used
across a diverse spectrum of academic disciplines to think and
communicate about human-environment interactions (Lynam
et al., 2012). The use of an appropriate environmental assessment
methodology should provide a solid, broadly applicable and
transferable basis to guide the (further) development of an
ecological knowledge base for offshore floating island initiatives.
The European Commission has recognized that the
environmental effects of ocean energy installations have
not yet been identified, nor how environmental legislation in
the different phases of projects should be applied (Martínez
Pérez, 2017). For decades, EIAs have been one of the primary
policy instruments for environmental management and have
become a globally consistent approach in managing impacts
of human activities in all kind of environments, including the
coastal and marine environment (Gibbs and Browman, 2015).
The purpose of an EIA is to inform and/or influence planning
decisions for individual projects, such as the installation of an
offshore construction, often as part of a permit application.
In most cases, the development and design process has been
conducted prior to the EIA, so many design and development
decisions have already been made. Thus to make the best use of
the environmental assessments, it should start on a high strategic
level when alternative options for development that may benefit
conservation are still open and should be explicitly considered
to guide decision-making (Partidário, 2000). SEA, a structured
proactive process to strengthen the role of environmental issues
in strategic decision making (Verheem and Tonk, 2012), is
intended for such purpose. This results in early environmental
awareness and consequently more informed, efficient, and
focused project-level assessments and decisions (Noble et al.,
2013) and reduces the emphasis on compliance-oriented EIA
(Morgan, 2012; Guerra et al., 2015).
Several European research projects have already considered
the environmental impacts of (floating) marine constructions
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METHODOLOGY
Space@Sea floating islands are designed to enable multi-use
applications, e.g., combining transport activities with living
facilities and aquaculture (Flikkema and Waals, 2019). These
different applications comprise multiple activities taking place
within the same space and time dimensions. Besides assessing
each application individually, the methodology should therefore
also allow to assess their combined or cumulative impacts.
A generic approach to EIA is followed, that is also suited for CIA
(Tamis et al., 2016). Two main steps can be identified: (1) scoping
and (2) assessment.

Scoping
This scoping step determines what should be covered in the EIA
specified for floating island applications. The scoping step results
in a conceptual model of the ecological system (i.e., a linkage
framework of activities, pressures, and ecosystem components) at
an appropriate level of detail. Scoping should cover the following
aspects:

Spatial Scale
The spatial scale of the EIA needs to be identified, both in terms
of detail and spatial extent (João, 2002). The cases are situated
in the North Sea and Mediterranean (Flikkema and Waals, 2019)
and are addressed at a regional level. This means that the spatial
detail is at the level of the North Sea and Mediterranean Sea,
without site-specific information such as species distribution
within these areas.

Temporal Scale
An indication of the time frame, ranging from the present
situation (current, ongoing activities, and pressures) to inclusion
of past and future activities and pressures. All Space@Sea
activities are in the planning phase and may be realized in future.

2

April 2021 | Volume 8 | Article 664055

Tamis et al.

Environmental Assessment for Floating Islands

Information Requirements

European case studies and is accessible through the website portal
http://eunis.eea.europa.eu/habitats.jsp (Moss, 2008).

The decision-making level and the availability of appropriate
information determines the EIA methodology, ranging
from data-rich (e.g., monitoring data allowing quantitative
approaches) to data-poor (e.g., expert judgment based qualitative
approaches). For high-level strategic advice such as required for
e.g., SEA but also EIA, as identified for this Space@Sea study,
data-poor approaches may suffice (Tamis et al., 2016) and can
be used to guide the further elaboration of the knowledge base
toward future application of more quantitative and informationheavy approaches. In addition, several methodological issues
need to be explicitly considered (Piet et al., 2017). For other
applications such as in case of a license application this will
require a site-specific, project-level assessment which generally
come with high information requirements.

Linkages
Establishing the links between activities, their pressures and
ecosystem components, also referred to as impact chains (Knights
et al., 2015). A wide range of human activities in the marine
environment have already been linked to potential pressures and
ecosystem components (Knights et al., 2013, 2015; Borgwardt
et al., 2019), which was used as a basis for this study. These
interactions only include direct effects. For reasons of simplicity,
indirect effects and interactions between elements (e.g., food web
interactions) were disregarded.

Assessment
The assessment estimates the (cumulative) effects of the
activities and their pressures and how these may impact the
ecosystem. Methodologies used for assessing (and integrating)
the relationships are available for different levels of detail
(Tamis et al., 2016):

Activities
Identification of the different activities related to Space@Sea
floating island applications, e.g., construction, operation, and
decommissioning (Piet et al., in press) likely to cause a different
range of pressures. Here, the Space@Sea applications energy
hub, living, aquaculture and ports (Flikkema and Waals, 2019)
represent such different activities. For the assessment we include
incidents that are part of regular operation, such as small
operational spills, but not calamities.

• (semiquantitative) weighting of relationships using
available information and/or expert judgment and
classification schemes, which is most suitable for a broad
scale, low-detailed assessment on a high process (strategic)
level and thus used for this study;
• quantitative assessment of intensities of pressures and
sensitivities of ecosystem components, which is most
suitable for a focused, high-detailed assessment based on
functional relationships or;
• a combination of the above, depending on the above
mentioned suitability and data availability.

Pressures
Identification of the pressures, i.e., the mechanism through which
the activities may impact the ecosystem and its components
(Tamis et al., 2016). A standard list of pressures is available from
the Marine Strategy Framework Directive (MSFD) (European
Commission, 2017a,b). Here, the results of different EU projects
(Knights et al., 2013, 2015; TROPOS, 2014; Airoldi et al., 2016;
Borgwardt et al., 2019), which also address the MSFD, were
used as the basis for the pressures considered relevant to the
Space@Sea applications.

Impacts are identified for each Space@Sea application by
using specific information regarding environmental impacts of
floating islands and their applications as provided by the EU
projects TROPOS (TROPOS, 2014; Papandroulakis et al., 2017)
and MERMAID (Airoldi et al., 2016).

Ecosystem Components
Ecosystem components are the basis for the assessment of
Good Environmental Status (GES) as required in the MSFD
and can be described at different levels of detail. For example
at the lowest level three broadscale habitats are distinguished,
i.e., benthic, pelagic, and ice habitats, and five species groups,
i.e., birds, mammals, reptiles, fish, and cephalopods, but
these can be subdivided into smaller habitat types or species
groups. Ultimately specific species can be distinguished. For
the broadscale habitats applies that these encompass both the
physical habitat as well as its associated community such as the
benthic communities in case of seabed habitats or planktonic
communities in case of water column habitats. The MSFD
broadscale habitats are aligned with the European Nature
Information System (EUNIS) Habitat Classification, which is the
main comprehensive pan-European hierarchical classification of
habitats covering both the marine and terrestrial realms (Moss,
2008; Chytrı et al., 2020). The EUNIS was also used by Borgwardt
et al. (2019) to identify 82 ecosystem components across seven
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RESULTS
Framework
The framework for floating island applications identifies the
activities (Table 1) causing pressures (Table 2) that may lead to
adverse effects on the ecosystem (Table 3) and is schematically
presented in Figure 1. The tables list the activities, pressures
and ecosystem components including their coverage by the
EU projects AQUACROSS (Borgwardt et al., 2019), TROPOS
(TROPOS, 2014; Papandroulakis et al., 2017), and MERMAID
(Airoldi et al., 2016), which were used as information sources
for development of the EIA and its application (next section).
In addition, it is indicated in each table whether the activities,
pressures and ecosystem components are included in Annex
III of the MSFD (the indicative lists of ecosystem elements,
anthropogenic pressures and human activities relevant to the
marine waters) (European Commission, 2017b).
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The floating island applications, as described by Flikkema and
Waals (2019), represent the activities (Table 1). Each activity is
addressed by one or more sources of information, providing the
relevant potential pressures caused by these activities that may
lead to adverse effects on the ecosystem.
The pressure list (Table 2) was collated from various
sources, starting from MSFD Annex III but complemented
with additional pressures from other sources, e.g., AQUACROSS
(Artificialization of habitat; Barrier to species movement; and
Change of habitat structure/morphology), TROPOS (Attraction
of wild animals; Escape of fish; Shading; Emissions to
atmosphere; and Risk of accident and unplanned event), and
MERMAID (N&P Depletion). The pressure Risk of accident
and unplanned event is not included in the pressure list
(Table 2) because calamities are outside the scope of this
study (see section “Methodology”). Moreover, accidents are in
fact the cause of pressures and not a pressure as such. For
example, an explosion and subsequent fire on board of a floating
island involves emissions of light and noise and may lead to
emissions of hazardous substances and litter when facilities and
storages are damaged.
Ecosystem components (Table 3) are defined differently by the
sources: the components represent groups of species and habitats
which may differ between the sources. Ecosystem components
are not systematically included within MERMAID, but some
ecosystem components are mentioned. Within MERMAID,
potential impacts are described as activity-pressure combinations
(which we consider threats) and, depending on the effect,
ecosystem components are included ad hoc.
TROPOS includes microorganisms as separate group (not
shown in Table 3), which are here assumed to be part of the
benthic and pelagic habitats. In its ecosystem status assessment

the MSFD includes in addition to the structural aspects of
the ecosystem also its functioning, comprising of physical and
hydrological characteristics, chemical characteristics, biological
characteristics, functions and processes (not shown in Table 3).
Here we only consider the structural elements and assume
that this adequately covers the functional aspects. Furthermore,
TROPOS includes humans as receptor, which is not considered
an ecosystem component in the current study.

Assessment
The results in Table 4 show the potential impacts of the various
applications that are considered in Space@Sea, based on the
identified potential impacts in former studies, i.e., TROPOS,
MERMAID, and AQUACROSS. The specific design of the
Space@Sea applications was not taken into account in the
assessment but will be considered in the “Discussion” section.
Note that importance of impacts is based on TROPOS results
only. Although AQUACROSS also includes a semi-quantification
of impacts, AQUACROSS has not been used as literature source
to determine the importance of impacts for this study. Instead it
has been used only for the identification of potential links. The
scope of AQUACROSS (sector activities on a regional sea scale)
is not suited to assess the impact of the project scale activities
which are the subject of this paper. MERMAID only includes a
qualitative assessment and could therefore not be used as a source
to determine importance of impact.
Not all pressures identified in the pressure list (Table 2) are
included in the framework of potential impacts of floating island
applications (Table 4). Three pressures were not associated with
either of the floating island applications: selective extraction
of non-living resources (substrate e.g., gravel); introduction of
radionuclides; and salinity changes.
Some elaboration was needed to define the ecosystem
components, as the different sources defined them differently
(Table 3). For the integration of results, the ecosystem
components were harmonized resulting in a slightly different
representation of the ecosystem components in Table 4.
There are considerable differences between the various
Space@Sea applications in terms of the pressures they cause,
both in terms of type, amount of pressures and their relative
importance (Table 4). For the floating island structures and for
living, two pressures are considered potentially critical (input of
light and noise). For the energy hub the importance of impact
could not be assessed because of limited information. For fish
culture, three pressures could be critical (attraction of wild
animals, input of organic matter, N&P enrichment). Because of
limited information the importance of impacts resulting from
mussel culture is not included, but the number of pressures
caused by mussel culture is less than fish culture (17, as opposed
to 24 for fish culture). Seaweed culture (macro algae) may cause
a total of 23 pressures, but only one impact may be critical
(attraction of wild animals). For transport and logistics one
pressure may be critical (noise).
The importance of impacts resulting from a pressure may vary
depending on the ecosystem components (Table 4). For seafloor
habitats, the main threat is input of light and organic matter.
For pelagic habitats, critical impact may be caused by input of

TABLE 1 | List of activities identified for Space@Sea, representing the applications
as described by Flikkema and Waals (2019).
Activities

MSFD

A

Floating island basic structures

81

8

3

8

Energy hub

82

82

8

8

Living

33

33

3

8

Aquaculture

3

3

3

Fish

3

3

Shellfish

3

8

3

Seaweeds

3

3

3

34

3

8

Transport and logistics

34

T

M

3

The ‘3’ indicates inclusion in the sources and ‘8’ indicates no inclusion. Sources
are: A: AQUACROSS (Borgwardt et al., 2019); T: TROPOS (TROPOS, 2014);
M: MERMAID (Airoldi et al., 2016). It is also indicated whether the activity is
included in Annex III of the Marine Strategy Framework Directive (MSFD) (European
Commission, 2017b).
1 Not specified for floating structures as the MSFD refers to offshore structures
(other than for oil/gas/renewables) in general.
2 Not specified for energy hub. Activities related to offshore energy are
only addressed for generation of (renewable and non-renewable) energy and
transmission of energy (cables), but not for the storage of energy.
3 Addressed from a land-based perspective.
4 Including shipping and ports, where ports are addressed from a landbased perspective.
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different environments (TROPOS, 2014; Airoldi et al., 2016)
thereby providing a comprehensive overview of potential
pathways through which sectoral activities may affect ecosystem
components (Borgwardt et al., 2019). Here we combined this
knowledge and developed a generic approach appropriate to
assess the risk that these activities compromise the achievement
of GES in EU waters according to the MSFD. This exercise
revealed some gaps in the pressures from activities at offshore
locations, that were previously not considered, such as shading.
The framework (i.e., the activities, pressures, ecosystem
components, and their relationships) has a broad scope with
low information requirements, which is most suitable for more
strategic advice (Tamis et al., 2016). Consequently, the activities
and ecosystem components are included at a highly aggregated
level. Application of the framework resulted in a prioritization
of the major threats or potential impacts and the activities and

light, organic matter and N&P enrichment. For fish, cephalopods
and reptiles, critical impacts may be caused by attraction of wild
animals, input of light, noise and organic matter. For seabirds,
only changes of input of organic matter may cause critical
impact. For marine mammals, critical impacts may be caused by
attraction of wild animals, noise and organic matter.

DISCUSSION
Methodology and (Future) Application
In this paper, a structured approach is developed and applied
to assess the potential environmental impacts of floating
islands and their offshore applications. This was based on
earlier studies covering the environmental assessment of various
specific designs and applications of floating structures in

TABLE 2 | List of pressures identified for Space@Sea, categorized by pressure theme.
Pressure Theme

Pressure

A

T

M

Biological

Attraction of wild animals
Disturbance (visual) of species
Escape of fish
Extraction of flora and/or fauna
Introduction of genetically modified species
Introduction of Microbial pathogens
Introduction of non-indigenous species
Translocations of species (native or non-native)
Input of light
Noise (Underwater and Other)
Shading
Thermal changes
Abrasion/Damage
Artificialization of habitat
Barrier to species movement
Change of habitat structure/morphology
Changes in Siltation
Changes in wave exposure∗
Death or Injury by Collision#
Electromagnetic changes
Emergence Regime Changes∗
Selective Extraction of non-living resources: substrate e.g., gravel
Smothering
Total Habitat Loss
Water abstraction∗
Water flow rate changes∗
Changes in input of organic matter
Emissions to atmosphere
Introduction of Non-synthetic compounds
Introduction of Radionuclides
Introduction of Synthetic compounds
Litter
N&P Depletion
N&P Enrichment
pH changes
Salinity changes

8
3
8
3
3
3
3
3
8
3
8
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
8
3
3
3
3
8
3
3
3

3
3
3
8
8
8
3
3
3
3
3
8
3
8
8
3
3
3
3
8
8
8
8
8
8
3
3
3
3
8
3
3
8
3
8
8

3
8
3
8
8
3
8
3
8
8
3
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
3
8
8
8
3
8
3
3
8
8

Energy

Physical

Substances and litter

The ‘3’ indicates inclusion in the sources and ‘8’ indicates no inclusion. Sources are: A: AQUACROSS (Borgwardt et al., 2019); T: TROPOS (TROPOS, 2014); M:
MERMAID (Airoldi et al., 2016). Pressures in bold are included in Annex III of the Marine Strategy Framework Directive (MSFD) (European Commission, 2017b).
*MSFD pressure “Changes to hydrological conditions.”
# MSFD pressure “Extraction of, or mortality/injury to, wild species (by commercial and recreational fishing and other activities).”
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of the proposed development are within boundaries set by
environmental policies and legislations.
A more detailed framework involves dividing the applications
into specific activities and stages (i.e., installation, production,
and decommissioning) and transferring the ecosystem
components into a lower aggregation level. For example,
the EUNIS is here included at level 1 involving three different
habitats (benthic habitats, pelagic habitats, ice associated
habitats) of which two (benthic- and pelagic habitats) were
included in the framework. Including the EUNIS at level 2
comprises 42 benthic habitat types and 10 pelagic habitat types
(Moss, 2008). The biotic groups of fish, birds and mammals could
also be subdivided into e.g., demersal and pelagic fish, waterbirds
and seabirds, pinnipeds and cetaceans, or even be implemented
at a species level. Clearly increased detail of the ecosystem
components comes with increased requirements on information
availability. This should be reconciled already in the scoping
step. Criteria for the selection of relevant ecosystem components
could be policy and legislation concerning species and/or habitat
protection in force, stakeholders involvement and dependency
on species and/or habitats, ecological important species and/or
habitats (e.g., a relatively large part of the population inhabiting
the study area or vital processes, species and/or habitats, such as
coral), species and habitats that are (specially) sensitive to the
pressures that are caused by the proposed activities.
The outcome of the EIA may be influenced by several
uncertainties such as emerging from the (often unknown)
sensitivity of ecosystem components for pressures. Addressing
uncertainty is important when assessing cause-effect
relationships (Stelzenmüller et al., 2018). Our assessment
does not take uncertainty into account as the potential impacts
are all based on worst case assumptions. For example, the impact

TABLE 3 | List of ecosystem components identified for Space@Sea, categorized
by pressure theme.
Ecosystem components

MSFD

A

T

M

Benthic habitats

3

3§

3*

@

Pelagic habitats

3

3

3**

8

Fish and cephalopods

3

3

3#

3@@

Marine birds

3

3

3##

8

Mammals

3

3

3

8

Reptiles

3

3

3#

8

The ‘3’ indicates inclusion in the sources and ‘8’ indicates no inclusion. Sources
are: A: AQUACROSS (Borgwardt et al., 2019); T: TROPOS (TROPOS, 2014);
M: MERMAID (Airoldi et al., 2016). It is also indicated whether the ecosystem
component is included in Annex III of the Marine Strategy Framework Directive
(MSFD) (European Commission, 2017b).
§Divided into different habitat types.
*Divided into sediment quality and benthic fauna & flora.
**Divided into water quality and pelagic fauna & flora.
# Included as the group “fish and turtles.”
## Also including bats.
@Included/indicated as seabed, benthic fauna, seaweed, seagrass.
@@Included as fish.

pressures causing them. This methodology is consistent with riskbased approaches, which are considered most suited for assessing
(cumulative) impacts on the marine environment (GESAMP,
2008; Knights et al., 2015; Piet et al., 2015, 2019; Stelzenmüller
et al., 2018; Culhane et al., 2019). Clearly further elaboration of
this approach is possible in the future, in terms of detail but
this comes with additional information requirements. Using this
approach to guide this process has the advantage of utilizing
existing knowledge and avoiding spending unnecessarily much
time and space on irrelevant issues. For instance, a quantitative
outcome might be required to assess whether potential effects

FIGURE 1 | Framework for floating island applications showing relationships between activities (left), pressures (middle), and ecosystem components (right). Note
that pressure are aggregated and presented by MSFD pressure theme (European Commission, 2017b).
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TABLE 4 | Potential impacts of the various applications that are considered in Space@sea, based on a compilation of results from different projects.
Floating island applications
Pressures

Fl. isl.
struct.

Energy
hub*

Living

T

O

T,A

Aq._Fish

Aq._
Shellfish

Ecosystem components
Aq._
Seaweed

Transp.
and log.

Benthic
habitats

Pelagic
habitats

Fish, cep,
and rept.

Seabirds
and bats

Marine
mammals

T,M

T

T,M

T

T

T,A

T,A

T,A

T,M

T

T
A

Biological
T,M

Attraction of wild animals
Disturbance (visual) of species
Escape of fish

T
A

A

→
T,A

T,M

Extraction of flora and/or fauna
Intr. of genetic. modified species
A

Intr. of Microbial pathogens
Intr. of non-indigenous species

A

T

Transl. of (non-) native species

→
→

A

A

T

T

A

A

A

A

A,M

A

A

A

T,A

A

A

T

A

A,M

A

A

A

→

A

A

A

A

A

A

A

A,M

A

A

T,A

T,A

T,A

T,A

T,A

A

A

A

A

A

Energy
Input of light

T

O

T,A

T

Noise (Underwater and Other)

T

O

T,A

T,A

Shading

T

A

→

T

T

T,A

T,A

T,A

T,A

→

T

T

T,A

T,A

T,A

→

T,M

T

T

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

T,A

T,A

T,A

A

A

A

A

A

A

A

A

A

A

A

T

M
O

Thermal changes
Physical
7
Abrasion/Damage

T

Artificialization of habitat

O

T,A

T,A

A

A

A

O

A

A

A

A

A

→

T,A
A

Barrier to species movement

O

Change of habitat struct./morph.

T

O

T,A

T,A

A

A

A

→

A

T,A

Changes in Siltation

T

O

T,A

A

A

A

A

→

A

T,A

Changes in wave exposure

O

Death or Injury by Collision

T

T,A

O

A

T

→

O

A

A

Total Habitat Loss

O

A

A

Water abstraction

O

T

A

T,A

T,A

A

T,A,M

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

→

T,A

A

A

→

T,A,M

T,A

T,A

T

T

T

→

T

T

T

T

T
T,A

Substances and litter
Changes in input of organic matter

A

Emissions to atmosphere

T

O

Intr. of (Non-)Synthetic comp.

T

O

A

T,A,M

A

A

T,A

→

T,A,M

T,A

T,A

T,A

Litter

T

O

T,A

T,A

A

T,A

T,A

→

T,A

T,A

T,A

T,A

T

T,A
(Continued)
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Smothering

Water flow rate changes

T

A

O

Electromagnetic changes
Emergence Regime Changes

A

No indication of potential impact.

Potential impact, with unknown importance.

Potential impact, with worst case minor.

Potential impact, with worst case moderate.

Potential impact, with worst case major.

Potential impact, with worst case critical.

Light gray

Gray

Dark gray

Black

Potential Impact and Mitigation

Grid

A

pH changes
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of artificial lighting on birds and bats is assessed as moderately
negative but in fact can be negative, positive, or none at all
(TROPOS, 2014). Incorporating uncertainty into the framework
could be part of future developments. The actual impacts then
need to be validated through monitoring (see e.g., FAO (2009)
regarding EIA and monitoring in aquaculture), which could be
part of permit conditions.

Empty cell

A
A

T,A,M

A
A

M

A
M

A

N&P Enrichment

N&P Depletion

Pressures

Fl. isl.
struct.

Energy
hub*

A

Living

T,A,M

Aq._Fish

A,M

Aq._
Shellfish

Aq._
Seaweed

Transp.
and log.

→

T,A

A

Seabirds
and bats
Fish, cep,
and rept.
Pelagic
habitats
Benthic
habitats

Ecosystem components
Floating island applications
TABLE 4 | Continued

The letters in the table refer to the projects: A for AQUACROSS (Borgwardt et al., 2019); T for TROPOS (TROPOS, 2014); M for MERMAID (Airoldi et al., 2016). In case no information was available, i.e., for the application
energy hub, an own assessment was made by the authors, indicated by the letter O.
*The projects do not include “Energy hub.” Potential links are based on renewable energy (wind, wave, and tidal) and cables.
Classification
Criteria

Environmental Assessment for Floating Islands

Marine
mammals

Tamis et al.

Among the seven applications included in this impact
assessment, the main threat appears to be caused by the
application of floating islands for fish culture. The potential
impacts identified for aquaculture are primarily caused through
the pressures such as attraction of wild animals, changes in
input of organic matter and N&P Enrichment, all related to
discharges of food and feces. Regarding environmental impacts
from aquaculture a large knowledge base is available, including
practical guidelines from the Food and Agriculture Organization
of the United Nations (FAO). Buck and Langan(eds) (2017)
already emphasized that multi-use systems that incorporate
aquaculture development need to be guided by international
policy instruments such as the FAO Code of Conduct for
Responsible Fisheries (FAO, 2011) and the FAO Guidelines
for an Ecosystems Approach to Aquaculture (FAO, 2010).
Recent literature suggests well-balanced and properly managed
marine aquaculture operations should not significantly alter
the environment and should be the standard for aquaculture
development (Casadevall et al., 2021). Designing the Space@Sea
aquaculture plans as closed systems should ensure zero
discharge of substances to the marine environment thereby
alleviating the main threat caused by these pressures. The
use of closed cages for fish farming in floating structures
may have many other benefits, as described by Olsen
(2020).
The location of the floating island is important for the
environmental impact because of spatial differences in the local
abiotic environmental conditions and the density of sensitive
ecosystem components. Local abiotic environmental conditions,
e.g., the depth and currents, determine whether pressures
related to the input of substances may lead to environmental
concentrations above threshold values causing detrimental
effects. This needs to be considered within the selection of
suitable areas for marine aquaculture in order to minimize
environmental impact (Yucel-Gier et al., 2019; Casadevall
et al., 2021). In addition, the abundance and vulnerability
of ecosystem components may vary among locations and
may consequently lead to different detrimental effect levels.
For example, TROPOS assessed the potential impacts of
floating island applications at two locations and concluded
that the same species groups show higher vulnerability in
Gran Canaria as compared to Crete (TROPOS, 2014). It is
mentioned that the location near Crete is not expected to
have very critical detrimental effects on the environment,
because the existing environment is not of extremely high
sensitivity and it is very deep there. However, the waters
are phosphorous-limited and the deposits and remains from
the fish aquaculture may result in a boost of local primary
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to fish and turtles in the water by providing shelter from
predators (TROPOS, 2014).
Whether the impact of artificial light on birds and bats
has a positive, negative or no effect remains to be seen
because the responses to artificial light are expected to differ
between species and may involve disorientation, attraction, or
repulsion (Wiese et al., 2001; Poot et al., 2008; Marquenie
et al., 2013; Debrot, 2014; Stone et al., 2015; May et al.,
2017). For marine aquaculture, it has been suggested that
currently available scientific observations cannot clearly identify
the positive or negative effects of artificial light on wildlife
(Casadevall et al., 2021).
Underwater structures may have a positive effect on benthos
because structures may provide additional settling ground for
sessile benthic organisms. In addition, an indirect positive
effect can be expected from excluding commercial fisheries.
By excluding fisheries, these structures can act as important
refuges for a variety of taxa (Frumkes, 2002; Claisse et al.,
2014; van Elden et al., 2019). Particularly bottom trawl fishing,
probably the biggest threat to the seabed habitats (Halpern
et al., 2008; Knights et al., 2015; Piet et al., 2019). The so-called
reef effects of solid structures in some environments add to
biodiversity. However introduction the structures may facilitate
non-indigenous species (Glasby et al., 2007) and therewith
promote the spread of invasive species using structures as
“stepping stones” (Afonso et al., 2020).
Other potential positive, but indirect, effects of the floating
island structures involve the exclusion of shipping traffic
(except for platform related service and maintenance) from
the entire area for many years (e.g., 25 years), which could
have a positive effect on air and water quality, microorganisms,
benthic flora and fauna, fish and turtles and marine mammals
because shipping is related to many environmental impacts
(Erbe et al., 2020).

production due to phosphorous input (TROPOS, 2014). For most
pressures, negative environmental impacts can be prevented or
mitigated by site selection based on suitable abiotic and biotic
conditions with regard to nutrient availability, current speed,
near-bed currents, shear from waves, seabed characteristics,
dilution and nutrient absorption rate, and sensitive nature
values (e.g., natural populations of seaweed or seagrass,
protected areas) (Airoldi et al., 2016). For example, negative
impacts of suspended mussel/oyster farming on seabed can
be reduced if farms are located in exposed areas where nearbed currents and shear from waves regularly erode, resuspend,
and disperse waste (Airoldi et al., 2016). Location may also
be of importance regarding impact of shading. Shading, or
light deficit, caused by offshore floating platforms may affect
primary production and/or vulnerable species such as coral
reefs and seagrass (Benham et al., 2016; Karpouzoglou et al.,
2020). Karpouzoglou et al. (2020) studied the effects of floating
solar installations on the hydrodynamics and the ecodynamics
of the North Sea, with a physical-biogeochemical model. The
model showed that for up to 20% coverage of the water
surface with floating platforms, the changes in net primary
production were less than 10%. For higher percentages of
coverage, primary production decreased substantially with
strong dependence on the characteristics of the location. The
impact of light deficit was relatively high under stratified
conditions, whereas at well-mixed locations, hydrodynamic
effects resulted in partial compensation for effects of light deficit
(Karpouzoglou et al., 2020). Furthermore, the tidal amplitude
at the location may determine the degree of seafloor abrasion.
Any dragging of the platform mooring cables as the floating
structure moves with the wind and waves will cause scour.
Tidal changes in water depths may result in extended periods
during which slack mooring cables interact with the seabed
(Hooper et al., 2020).
Other aspects to consider for selecting a suitable location
for floating islands are the presence of other human activities
in the area, in order to minimize conflicts with other
activities and major environmental impacts, which falls under
the field of Marine Spatial Planning (Stelzenmüller et al.,
2013; Swedish Agency for Marine and Water Management,
2017; Schmidtbauer Crona et al., 2017; Rodriguez, 2017). The
framework developed here can be used to structure such
evaluation (Stelzenmüller et al., 2013).

Future Floating Structure Designs
Two business case studies are evaluated in Space@Sea
demonstrating their multi-use application (Flikkema and
Waals, 2019). In the North Sea case study, transport and logistic
activities are combined with living facilities and aquaculture. In
the Mediterranean case study an energy hub will be placed from
where wind farms can be serviced, combined with aquaculture
and the generation of wave energy. The structured approach to
EIA presented here, enables to address the cumulative impacts
of these multiple-use applications. By assigning numerical scores
to weight each impact chain, the relative impact risks can be
assessed, aggregated and ranked to identify activities and/or
pressures causing highest impacts and/or ecosystem components
receiving highest impact, see e.g., (Knights et al., 2015; Borgwardt
et al., 2019). Thus this approach is suited for both EIA and CIA.
For floating structures there is the opportunity to ensure,
from the outset, that designs maximize positive environmental
outcomes (Hooper et al., 2020). For other offshore sectors,
i.e., offshore wind energy, nature-inclusive designs have been
formalized within the development process: in the Netherlands,
the permit holder must make demonstrable efforts to design and

Positive Effects
Where impacts are generally considered as negative aspects
resulting from activities, there may also be positive impact,
i.e., benefits. For example, impacts from artificial structures
may increase local biodiversity through the design of the
structures (O’Shaughnessy et al., 2020). These positive impacts
are generally not taken into account in EIAs. The physical
structure provides a habitat for hard substrate organisms
attached to floating structures and attract higher trophic levels
such as fish, turtles and marine mammals that find food
or a living space. From the TROPOS study it was further
concluded that the shading effects of an island may be beneficial
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ecosystem components that primarily need to be covered by such
a monitoring strategy or management plan.

build the wind farm in such a way that it actively enhances
the sea’s ecosystem, helping to foster conservation efforts and
goals relating to sustainable use of naturally occurring species
and habitats (Hermans et al., 2020). However, to date there
is not enough experience with nature-inclusive designs in the
offshore domain to understand which design option will result
in the highest ecological benefits (Hermans et al., 2020). More
knowledge is required to improve the understanding of the
ecological consequences of floating engineered structures to
support decision-making by developers, regulators and planners
committed to sustainable oceans (Sheehan et al., 2020). Based
on the available structured knowledge on environmental impacts
from floating structure applications presented in this study,
some suggestions for mitigation are made (section “Potential
Impact and Mitigation”), for example the use of closed cages
for fish farming.
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