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Abstract

Stakeholders need scientific advice on the environmental impacts of offshore wind (OW) before the facilities are installed. The utility
of conventional environmental monitoring methods as a basis for forecasting OW impacts is limited because they do not explain the
causes of the observed effects. We propose a multistep approach, based on process-oriented hypothesis testing, targeted monitoring
and numerical modeling, to answer key stakeholder questions about planning an OW facility: Q1— Where do we place future OW
farms so that impacts on the ecosystem are minimized? Q2— Which species and ecosystem processes will be impacted and to what
degree? Q3 — Can we mitigate impacts and, if so, how? and Q4— What are the risks of placing an OW facility in one location vs. another?
Hypothesis testing can be used to assess impacts of OW facilities on target species-ecological process. This knowledge is transferable
and is broadly applicable, a priori, to assess suitable locations for OW (Q1). Hypothesis testing can be combined with monitoring
methods to guide targeted monitoring. The knowledge generated can identify the species/habitats at risk (Q2), help selecting/developing
mitigation measures (Q3), and be used as input parameters for models to forecast OW impacts at a large spatial scale (Q1; Q4).
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Introduction

The number and size of offshore wind (OW) turbines is in-
creasing rapidly in response to the rising demand for renew-
able energy. OW is expected to become the main source of en-
ergy in Europe by 2042 [International Energy Agency (IEA);
ICES 2022], but is also expanding rapidly elsewhere, includ-
ing in the USA and China (deCastro et al. 2019). Planned
OW farms will occupy thousands of square kilometer areas
on continental shelves and, as such, represent the most ex-
pansive industrialization of the ocean in history. Large-scale
OW farms will have a significant and semipermanent environ-
mental footprint-impact (Degraer et al. 2020, Gill et al. 2020,
Methratta 2020), with consequential societal and economic
impacts (Virtanen et al. 2022). To resolve societal conflicts,
and reduce OW impacts on the environment, effective marine
spatial planning for a sustainable use of ocean space is needed
(United Nations 2015). To guide developers and policy mak-
ers, marine spatial planning requires science-based knowledge
and tools to assess how marine ecosystems and organisms will
be affected by OW (Slater and Reid 2017).

During the planning phase of an OW farm, after poten-
tially suitable areas are identified (good wind conditions,
bathymetry, and so on), stakeholders need to know which
species, habitats, and ecosystem processes will be impacted

and if/how it is possible to mitigate the impacts. “Stakehold-
ers” refers to all sectors/actors having a stake/interest in the
development of OW or in the consequences thereof. The tim-
ing at which scientific advice is delivered to decision makers is
of key importance. By providing scientific evidence of OW im-
pacts on key species, habitats and ecosystem processes before
the location of the facility is decided or the facility is designed,
scientists can inform engineers about development sites, plan-
ning, and implementing solutions to mitigate impacts. For sci-
ence to be useful in assisting future ecosustainable develop-
ment of OW, it has to help stakeholders answer the following
key questions:

Q1—Where do we place future OW farms so that impacts
on the ecosystem are minimized?

Q2—Which species and processes will be impacted and to
what degree?

Q3—Can we mitigate impacts and, if so, how?

Q4—What are the risks of placing an OW facility in one
location vs. another?

Developing tools to answer these questions is essential to
meet the ambitious goals of energy production from OW while
maintaining a sustainably productive ocean. However, pro-
viding science-based answers to these questions is difficult,
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since there is a lack of knowledge about the potential effects
of large-scale OW facilities on marine organisms and ecosys-
tems. This lack of knowledge makes it challenging to assess
and, at the moment, impossible to forecast the environmental
footprint of future OW farms.

Expansive clusters of OW turbines modify the physical and
chemical habitat of an area and, therefore, will also change
the sensory world that marine animals experience on vast ex-
panses of the continental shelf, both at the sea bottom and in
the water column (Degraer et al. 2023). Turbines reduce wind
forcing and modify water circulation, changing the primary
productivity, oxygenation, and sedimentation rate at the sea
bottom (Daewel et al. 2022). These habitat modifications, in
combination with the newly introduced hard substrates from
turbines, substations, cables, and moorings will affect many
species of macro and mega-zooplankton, birds, marine mam-
mals, benthic animals, and fishes (Degraer et al. 2020).

Currently, the effects of OW on the physical, chemical, and
biological components of marine ecosystems are assessed us-
ing traditional approaches defined as basic monitoring (Lin-
deboom et al. 2015, Hutchison et al. 2020b); basic monitoring
is typically conducted before, during and after the installation
of OW turbines using biological sampling methods (trawls,
acoustics, and so on) and arrays of sensors mounted on re-
search vessels, autonomous vehicles, and/or monitoring plat-
forms (Lindeboom et al. 20135, Vinagre et al. 2021, Wang et al.
2022). Basic monitoring programs are site-dependent and are
usually based on 4-8 year-long sampling efforts (Methratta
2020, Livermore et al. 2023). These methods provide an
overview of the biotic and abiotic characteristics of the ecosys-
tem, and of how these evolve after the OW facilities are in
place (Methratta 2020). Such monitoring is essential to as-
sess ecosystem-wide effects of OW and to build time series
of the physical, chemical, and biological status of the area
throughout the lifetime of the OW facilities. However, stud-
ies that are based on this type of traditional monitoring pro-
duce data that are site-specific, are fully analyzed and inter-
preted only years after the OW facilities are in place, and are
observational and descriptive, allowing for the formulation
of hypotheses on local cause—effect relationships. Such mon-
itoring is often unsuitable to explain the mechanisms under-
lying the observed effects. Importantly, it is an understanding
of the mechanisms underlying the observed cause—effect rela-
tionships that are more likely to be universally applicable.

For these reasons, basic monitoring alone cannot provide
knowledge, or forecasting, that is site-independent and is
available to stakeholders before an OW facility is sited, de-
signed, and constructed. Site-independent knowledge can be
generated by using hypothesis testing-based research to inves-
tigate how the ecosystem processes, and the species inhabit-
ing an area, are affected by the introduction of OW facilities.
This knowledge can guide more targeted monitoring efforts,
which prioritize the affected ecological processes leading to
the observed impacts (Lindeboom et al. 2015, Hutchison et
al. 2020b)

Forecasting OW impacts is currently performed by us-
ing complex, ecosystem-wide numerical models that include
abiotic (hydrodynamic, atmospheric, and geological) compo-
nents and biological components throughout the food web,
from primary productivity to top predators (van der Molen et
al. 2014, Pinarbasi et al. 2019, Baulaz et al. 2023, Isaksson et
al. 2023, Wang et al. 2024). Models to forecast ecosystem-
wide effects of OW are only reliable and informative tools
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if based on high-quality data and realistic input parameters.
However, there is a general lack of understanding or empirical
observations of marine organism responses to the ecosystem
changes caused by the introduction and operation of OW fa-
cilities (Degraer et al. 2023, Soukissian et al. 2023). Without
such knowledge/observations, models to forecast OW impacts
on ecosystem processes cannot be realistically parameterized.
To fill this gap, experimental studies must be used to test key
hypotheses on how marine organisms respond, at the scale
of individuals, to the anthropogenic disturbances introduced
by OW farms in marine ecosystems. These individual-level re-
sponses must then be upscaled to the population level.

We contend that by integrating basic and targeted moni-
toring with hypothesis testing-based methods, it is possible
to achieve a paradigm shift in research on OW impact, from
“reactive” to “forecasting” science. We describe how targeted
monitoring and hypothesis testing can be used to assess and
forecast OW impacts by species and ecosystem process, at any
location, rather than by OW site. Through the integration of
targeted monitoring and hypothesis testing, the scientific com-
munity can generate the globally relevant knowledge neces-
sary for stakeholders to develop OW sustainably, and for en-
gineers to design effective mitigation measures, a priori.

Step 1: answering stakeholder questions to
achieve sustainable OW development

Energy produced by OW sources will increase rapidly to meet
the carbon neutrality goals of the 2030 UN Agenda for Sus-
tainable Development. To implement effective marine spatial
planning and mitigation measures that minimize impacts of
OW on ecosystems, stakeholders need scientific guidance be-
fore OW farms are planned, designed, and installed (Fig. 1,
Step 1). Scientific advice can be delivered a priori only by un-
derstanding how OW turbines affect the various biotic and
abiotic processes within an ecosystem. Knowledge of which
marine processes and species will be impacted by OW, and
the extent of that impact, will support developers and stake-
holders in selecting suitable areas for OW and in designing ef-
fective and anticipatory mitigation measures. Environmental
monitoring and hypothesis testing methods can provide such
knowledge, a priori.

How OW is impacting marine ecosystems is a com-
plex combination of a long list of cause-effect relationships
(Dannheim et al. 2019). It is not possible to investigate all
of them. Rather, the most pertinent ecological processes and
potentially impacted species must be identified, preferably in
collaboration with stakeholders (Gill et al. 2020). Such an
approach to the selection of hypothesis-driven research ques-
tions greatly increases the likelihood that the scientific knowl-
edge needed to address societal concerns will be obtained (e.g.
Degraer et al. 2023).

Steps 2 and 3: environmental
monitoring—hypothesis testing—targeted
monitoring

Understanding how OW farms affect ecosystem processes re-
quires knowledge of the disturbances introduced by the tur-
bines in marine environments and of how marine organisms
react to them. Environmental monitoring, including biolog-
ical, chemical and geological sampling, oceanographic mon-
itoring, and passive/active acoustics, are valuable tools to
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Figure 1. Conceptual diagram of a multistep framework to answer the key stakeholder questions about the impact of OW farms on marine life.
Step 1: during the planning phase of OW facilities, stakeholders need scientific advice to answer key questions (Q1-Q4) to minimize impacts on marine
ecosystems. Scientific advice on optimal locations for OW development, species that would be at risk, and possible mitigation measures is needed
before the location is selected, and before the facilities are designed and installed. Therefore, the scientific methods used to provide such advice to
stakeholders should be designed considering their main questions (Q1-Q4). Step 2: monitoring methods collect large amount of data (biological,
physical/chemical, oceanographic, and acoustic) that characterize the disturbances introduced by OW farms. From these data, it is possible to quantify
the exposure levels of these disturbances that marine organisms will experience within or in proximity of OW farms. Step 3: identify the species and
ecosystem processes that would be affected by OW farms before the facility is planned/installed by using process-oriented hypothesis testing. Using
the exposure levels quantified through Step 2, experimental methods can assess, which species respond (behavior, physiology, fitness, and survival), at
the level of the individual, to the disturbances introduced by OW farms, and the extent of the effect. These experiments provide discrete thresholds of
signal intensity causing effects, and estimations of the distance from the signal source at which effects would occur. The results from hypothesis-driven
experiments would also inform targeted monitoring efforts to study OW impacts on ecosystem processes at the OW farm after the facility is in place.
Step 4: the data from process-oriented hypothesis testing and targeted monitoring help engineers develop mitigation measures. By knowing the
species at risk and the thresholds of intensity of the disturbance that elicit effects, engineers can develop mitigation measures that focus on specific
harmful signals and on target sensitive species. Step 5: hypothesis testing and targeted monitoring provide data for the parametrization of models to
assess and forecast OW impacts at large scale. With high-quality data as input variables, models can estimate the proportion of populations that would
be affected by the facility and which species would be exposed to the disturbances. Therefore, through this integrative approach, models can provide
recommendations for suitable locations for the construction of OW facilities where adverse effects on marine ecosystems would be reduced compared
to other locations. Step 6: output results from targeted monitoring, process-oriented hypothesis testing, and numerical models provide the knowledge
base for stakeholders to make data-informed decisions. Marine spatial planning guided by forecasting scientific advice would support the development

of OW while reducing impacts on ecosystem services. The style of the infographic was designed by Erin Gallup, Hub Ocean.

characterize the disturbances introduced by OW farms (Lin-
deboom et al. 2011). Large datasets are collected at existing
OW facilities to characterize changes in noise conditions dur-
ing the installation and operational phases (Matuschek and
Betke 2009, Tougaard et al. 2020, Wang et al. 2022), elec-
tromagnetic fields (EMFs) in proximity of the subsea cables
connecting the turbines (Hutchison et al. 2021, Imperadore et
al. 2023), water stratification, oxygenation and productivity
(Daewel et al. 2022), hydrodynamics (van Berkel et al. 2020),
and sedimentation rates (Harris et al. 2011). These data are re-
lated to specific facilities and locations and, therefore, cannot
be used to assess, a priori, the impacts that OW farms would
have at different locations. On the other hand, data from mon-
itoring programs can be used to estimate the exposure levels
(for each of the disturbances) that marine organisms will en-
counter at future OW facilities (Fig. 1; Step 2).

Large-scale OW turbine facilities will modify the sensory
world that marine animals experience on vast portions of the
continental shelf. Benthic, demersal, pelagic, and planktonic
species will encounter habitat modifications, which include al-
tered sensory cues used for predator/prey detection and migra-
tions (Mooney et al. 2020, Hutchison et al. 2020c). By altering
important spatial orientation cues, such as sound, EMFs and
circulation patterns, among others, large-scale clusters of OW
turbines could lead to changes in the spatial distribution of
marine species that reside in or transit through the facilities.

To forecast and mitigate spatial shifts of marine species, we
need to understand how OW farms modify the processes driv-
ing the spatial distribution of marine animals. This knowledge
can be built using process-oriented hypothesis testing, which
tests key hypotheses on how realistic exposure to the signals
and disturbances introduced by OW farms affect the behav-
ior, physiology, survival, and reproductive success of marine
species. Data on exposure levels (noise intensity and frequency
bands, EMF intensity, modified sediment characteristics, arti-
ficial reefs, turbulence, and so on) found in proximity of OW
turbines can be obtained from past or current monitoring pro-
grams and used to test how individuals from any species re-
spond to these signals (Fig. 1; Step 3). For the hypotheses to
be relevant, they have to be formulated according to the sensi-
tivity of a species to a specific signal, the movement ecology of
the species, and its life history (Hutchison et al. 2020c¢). This is
because, when transitioning from early life to adult stages, ma-

rine species can change their lifestyle dramatically (e.g. from
planktonic to benthic), including their sensory capacity and
movement behaviour-ecology.

Examples of a hypothesis testing-based approach can be
found in the research on behavioral responses of benthic
animals to disturbances introduced by OW farms. Studies
on American lobster (Homarus americanus) and little skates
(Leucoraja erinacea) show that these species alter their ex-
ploratory behavior when exposed to weak EMFs in the in-
tensity range of those found in proximity of subsea power ca-
bles (Hutchison et al. 2020a). However, analogous work re-
vealed no effect on European lobster (Homarus gammarus)
(Taormina et al. 2020) and negligeable effects on lumpfish
(Cyclopterus lumpus) (Durif et al. 2023). Hypothesis testing-
based studies also reveal the importance of considering pos-
sible effects early in the life cycle, and how these can vary
between species. Atlantic haddock (Melanogrammus aeglefi-
nus) and Atlantic cod (Gadus morbua) larvae reduce their
swimming activity when exposed to weak anthropogenic
EMFs (Cresci et al. 2022b, 2023b), but this is not observed
in larvae of lesser sandeel (Ammodytes marinus) (Cresci et
al. 2022a). These laboratory-based studies provide species-
specific knowledge on the effects of exposure to EMFs that
is applicable to all the possible OW development areas where
these species are present, and the information is available a
priori.

Several key knowledge gaps remain about the effects of
OW farms on benthic species. For example, how changes in
hydrodynamics and primary production affect filter feeders,
how OW will attract non-native species and how operational
noise and vibration affect benthic species is largely unknown
(Dannheim et al. 2019, Popper et al. 2022). These questions
can be investigated by using process-oriented hypothesis test-
ing to explore, for example, how filter feeders respond to
changes in flow conditions and food availability, the move-
ment behavior of non-native species, or the behavioral re-
sponse of benthic animals to simulated noise and vibration
from OW turbines.

Another example of process-oriented hypothesis testing
comes from research on the response of marine animals to the
noise associated with OW. The intensity and frequencies of
the noise associated with the construction (pile driving) and
operation of OW turbines has been measured (Burns et al.
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2022, Sigray et al. 2022, Wang et al. 2022). The noise level
that will be produced by the next generation of OW turbines
(larger and more powerful) can also be predicted (Stober and
Thomsen 2021, Thomsen et al. 2023). This information on
the acoustic signals associated with OW provides the oppor-
tunity to test how animals respond to them before OW farms
are in place. For example, this approach was taken to experi-
mentally test the effect of noise from pile driving on cuttlefish
(Sepia officinalis), which display damage to the statocyst sen-
sory epithelia at the adult stage and decreased larval survival
when exposed to simulated pile driving noise (Solé et al. 2022).
A hypothesis-testing approach has been used to assess how
operational (continuous) noise from OW turbines affects dis-
persing fish larvae. Experiments conducted iz situ in a Norwe-
gian fjord revealed that cod larvae (G. morhua) are attracted
to the source of low-frequency (100 Hz) sound pressure and
particle motion in the intensity range of that produced by op-
erating turbines (Cresci et al. 2023a). Operational noise is one
of the disturbances introduced by OW that acts at moderate
to large spatial scales (Dannheim et al. 2019, 2020). There-
fore, research on movement/orientation responses of marine
animals to the directional component (acoustic particle mo-
tion) of OW operational noise is needed (Popper et al. 2022,
Williams et al. 2023), and it would reveal how OW noise could
affect the spatial distribution of marine species.

The synergistic use of targeted monitoring and process-
oriented hypothesis testing described above would answer the
key stakeholder question Q2-Which species and processes
will be impacted and to what degree?>—for any planned OW
facility location, before it is installed.

While basic monitoring supports a continuous and longer-
term assessment of the impacts of a specific OW farm, includ-
ing unexpected impacts, it delivers only post hoc and site-
specific knowledge (Lindeboom et al. 2015). More impor-
tantly, if not based on known cause—effect relationships, as
is the case for many OW monitoring programs, it involves
the collection of a large amount of data over a long pe-
riod (e.g. 4-8 years) that does not necessarily address the
most pertinent impacts; importantly, it may take many years
before it is known that the data being collected was not
fit-for-purpose. Thus, basic monitoring programs are at risk of
having low effectiveness with respect to informing prompt an-
swers to key stakeholder questions. Monitoring programs are
also constrained with respect to the number of samples that
can be collected and/or processed. Therefore, it is important
to carefully consider how to best allocate monitoring effort.

An enhanced understanding of the cause—effect relation-
ships behind OW-related ecological impacts, achieved via
hypothesis-driven research, will help monitoring programs
used for Environmental Impact Assessment (EIA) target the
impacts that really matter, i.e. targeted monitoring. Such an
approach would increase the effectiveness of monitoring pro-
grams (Wilding et al. 2017).

Step 4: providing knowledge for the
development of effective mitigation measures

Process-oriented hypothesis testing and targeted monitoring
provide insights into which signals/disturbances associated
with OW animals perceive and respond to. This knowledge is
essential to understand the cause—effect relationships underly-
ing OW-driven changes in ecosystem processes; such an under-
standing is the basis for designing and implementing effective

mitigation measures. For example, by assessing the response
of marine animals to artificially simulated disturbances intro-
duced by OW turbines, it is possible to identify the intensity
threshold levels eliciting effects on them. These thresholds can
be obtained for, among others, noise intensity, predator/prey
abundance, sediment granulometry, deoxygenation level, flow
speed, or EMF intensity, and can elicit lethal or sublethal ef-
fects in the marine species living in areas allocated for OW
development. By combining data on intensity thresholds and
targeted monitoring of relevant signals/processes at OW sites
with models of signal propagation, we can perform realistic
spatial risk assessment of OW farms for any species of inter-
est (described below in Step 35).

The combination of these methods can quantify the extent
of the area around the source where animals would detect the
signal, react to the signal, and/or would be impacted by the
signal. By knowing the thresholds of intensity causing effects,
and the areal extent of the effect, this approach can provide the
knowledge base for the development of mitigation measures
that are targeted at the marine species living in planned OW
farms areas (Fig. 1; Step 4). This step would answer the key
stakeholder question: Q3—Can we mitigate impacts and, if
so, how?

Step b: assess and forecast OW impacts at the
scale of populations

Results obtained through targeted environmental monitoring
and hypothesis testing can supply the knowledge needed to
scale up the assessment and forecasting of OW impacts to the
population scale. To estimate the ability of marine species to
cope with anthropogenic disturbances that act at large spatial
and temporal scales (e.g. OW farms), we need to understand
the spatiotemporal characteristics of the populations of the
species of interest. For example, for commercially important
fish species, population structure can be assessed using inte-
grated population models (IPMs), which are typically used to
provide management advice to harvest commercially valuable
populations. For these spatial IPMs to be robust, they have to
include the spatial dynamics of the populations. These can be
movement-related variables such as the degree of population
connectivity, life stage-dependent and species-specific move-
ment behavior, or climate change-driven changes in distribu-
tion (Goethel et al. 2011, 2021). IPM-like models could be
used to assess the potential impact of future OW facilities on
the biomass of fish populations in areas identified for devel-
opment of OW. These models can be sensitive to their input
parameters, and incorrectly specified spatial and movement
dynamics within the population can lead to large uncertain-
ties in the population estimates (Bosley et al. 2022). Process-
oriented hypothesis testing and targeted monitoring are valu-
able sources of data on fish movement behavior (which affect
the spatial dynamics of fish populations), and on how move-
ment responds to anthropogenic disturbances. By using empir-
ical data (from tagging, field/laboratory-based experiments)
and monitoring observations (e.g. from acoustic surveys) as
sources of input to spatial population models, these could as-
sess and forecast the footprint of OW farms on fish popu-
lations. The concept described above, which focuses on fish
biomass, has broad applicability and could target other ani-
mals, such as invertebrates, marine birds, or marine mammals,
and also to different habitats within the ecosystem (benthic,
demersal, and pelagic).
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Forecasting of OW impacts can be performed for the of-
ten recruitment-determining dispersal phase of the early life
history of fishes. Larval dispersal is a key process through
which fish eggs and larvae disperse from the spawning areas,
through pelagic waters, to reach suitable feeding and nursery
areas. The success of the dispersal phase plays an important
role in the survival and recruitment of fish populations (Hjort
1914). Larval dispersal depends on favourable ocean currents
(passive transport) and larval movement behavior (swimming
and orientation; active transport) (Houde 2016, Chaput et
al. 2022), both of which will be affected by the introduction
of large scale OW facilities (van Berkel et al. 2020, Cresci et
al. 2023a). Process-oriented hypothesis testing can quantify
the changes, caused by the disturbances introduced by OW
(sound, EMFs, turbulence, and so on), in key behaviors used
by fish larvae during dispersal, i.e. swimming kinematics, ver-
tical movement, horizontal orientation, and predator/prey in-
teractions. The data on larval behavior (both innate and af-
fected by OW) can be incorporated as input parameters into
biophysical-coupled models (Langrangian models) of larval
dispersal. Biophysical models can then be used in combination
with models of signal propagation from a source (e.g. acoustic
propagation models) to estimate how larval fish populations
will be affected by future OW facilities. This proposed com-
bination of empirical data and numerical simulations could
estimate the proportion of the population that would be ex-
posed to harmful levels of a disturbance, and which species
would be at risk.

These results would be applicable to any OW development
site and can be used to inform marine spatial planning as
well as for the development of mitigation measures. There-
fore, implementing numerical models with variables parame-
terised using data provided by monitoring and hypothesis test-
ing could answer the key stakeholder questions: Q1—Where
do we place future OW farms so that impacts on the ecosys-
tem are minimized? Q2—Which species and processes will be
impacted and to what degree? and Q4—What are the risks of
placing an OW facility in one location vs. another?

Step 6: supporting a rapid but ecosustainable
development of OW energy

The approach described above is an interdisciplinary frame-
work that can support EIA of OW development before the in-
stallation of the turbines. Combining targeted environmental
monitoring, process-oriented hypothesis testing, and numer-
ical modeling would generate knowledge of the species and
ecosystem processes impacted by OW (Fig. 1; Step 6). After
the installation of the facilities, targeted environmental mon-
itoring, guided by hypothesis testing, could be used to assess
the health of the ecosystem and the associated ecosystem ser-
vices within and around OW farms throughout the life cycle
of the facilities.

The proposed hypothesis testing-based approach would as-
sess how ecosystem processes are altered at the spatial scale of
the clusters of turbines. The assessment would be site-generic
and, therefore, would be applicable to all areas inhabited by
the species of interest, and it would be available before the
turbines are in place.

Given the rapid development of the OW industry, scientific
approaches that can support stakeholders in data-informed
decision making at the marine spatial planning stage are ur-
gently needed. By forecasting environmental impacts, rather
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than monitoring them after the turbines are in place, OW has
the potential to develop rapidly in an ecosustainable manner.

Concluding remarks

The framework that we propose is ambitious. Nonetheless, we
contend that it can be achieved within a realistic timeframe.
Continuous dialog between government, regulators, the OW
and fishing industries, scientists and the public (e.g. through
NGOs) is needed to identify any potential environmental is-
sues during the early stages of development of OW farms. Col-
laboration between companies developing OW farms and re-
search institutions is essential to ensure that the data needed to
inform the design and placement of OW farms is collected and
is considered by OW developers and regulators in the early
stages of project development and siting. Funding agencies
will have to prioritize research projects—integrated combina-
tions of field, laboratory, and modeling work—that support
forecasting the impacts of OW.

Collecting more knowledge on the impacts of OW turbines
on demersal, pelagic, and benthic species of vertebrates and
invertebrates, throughout their life cycles, should be a fo-
cus of research. It will not be possible to investigate the im-
pacts of OW on all species or processes. Keystone species
and processes—those of greatest economic and ecological
importance—will have to be targeted. Prioritization of the
species targeted for researchshould also consider their rela-
tion to ecosystem functioning such as their contribution to the
food web and conservation status. Such species-specific assess-
ment of OW impacts could provide the knowledge foundation
needed to plan, design, install, and operate OW farms.
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