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SPECIAL ISSUE ON UNDERSTANDING THE EFFECTS OF OFFSHORE WIND ENERGY DEVELOPMENT ON FISHERIES

SETTING THE CONTEXT FOR OFFSHORE WIND 
DEVELOPMENT EFFECTS ON FISH AND FISHERIES

ABSTRACT. Changes to fisheries that result from offshore wind farm (OWF) installations may be con-
sidered good or bad depending on various stakeholders’ perspectives. OWFs can act as artificial reefs 
that may benefit secondary fish production, but such effects may also have ecological consequences. 
The fisheries exclusion effect that turns some OWFs into no-go areas, hence effectively no-take zones, 
could provide resource enhancements or redistribution. However, the displacement of fishing effort may 
have consequences to fisheries elsewhere. Changes in the sensory environment related to sound, as well 
as electromagnetic fields and physical alterations of current and wind wakes, may have as yet unknown 
impacts on fisheries resources. Understanding the interactions among effect type, OWF development 
phase, and spatiotemporal population dynamics of commercial and recreational species remains chal-
lenging, exemplified by the commercial fishery lobster genus Homarus in European and North American 
waters. While knowledge of the interactions between resource species and OWFs is improving, there 
remain questions on the wider interaction between and consequences of OWFs and fisheries. Studies 
of this wider relevance should aim to improve understanding of the economic and societal impacts of 
OWFs linked to ecosystem services that support fisheries. Furthermore, assisting fisheries management 
and providing advice requires monitoring and survey data collection at appropriate spatiotemporal 
scales. This information will help to determine whether OWFs have any meaningful impact on regional 
fisheries, and increased investments will be needed to target scientifically appropriate monitoring of 
OWFs and fisheries, which is supported by better integrated policy and regulation.
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Fishing vessel in the vicinity of the Belwind offshore 
wind farm in the Belgian part of the North Sea.
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INTRODUCTION
With the increasing number of offshore 
wind farms (OWFs) being built and 
planned in several coastal zones around 
the world, there is a growing need to 
fully consider multiple use options of 
the marine space because some tradi-
tional uses, such as fishing, are cur-
rently regarded as mostly incompatible 
with OWFs. In many European coun-
tries, active fisheries methods, such as 
trawling, are legally banned from OWF 
development footprints that include 
500 m buffers around the turbine arrays 
(e.g.,  Belgium). In countries where no 
legal ban exists, trawling may not take 
place anyway because liability and safety 
issues prevent fishers from entering the 
wind farm array (e.g., UK). Passive fish-
eries methods, including the use of 
fixed fishing gear (e.g.,  pots for the lob-
ster genus Homarus), may still be used 
within OWFs and may thus profit from 
the increased abundances of large crusta-
ceans inside (Krone et al., 2017). Hence, 
OWFs result in a loss of or restricted 
access to some traditional fishing grounds 
but may equally provide new opportuni-
ties to specific types of fisheries. 

This differential effect resulting from 
the interaction between OWFs and fisher-
ies has led to lively debate and some con-
flict between the two sectors. For exam-
ple, protestors have used fishing vessels 
to obstruct pre-construction surveys in 
France. In the Netherlands, a fisheries 
action group protested against new OWFs 
in the North Sea. Fishing and related 
businesses have also petitioned federal 
agencies in the United States to improve 
inclusion of the fishing industry in the 
decision-making process and consider 
appropriate mitigation and compensa-
tion for any detrimental effects on the 
fisheries resources or fishers. The diffi-
culty is that evidence is required to clearly 
demonstrate effects at both local and 
regional scales. Furthermore, some effects 
may be deemed positive and others neg-
ative, depending on the perspectives of 
various stakeholders. To obtain the most 
appropriate evidence critically requires 

improved baseline fisheries data and 
ongoing site and regional research and 
monitoring, which will require cross- 
jurisdictional collaborations and proper 
resourcing. In the absence of appropriate 
knowledge, the effects of OWFs on fisher-
ies is uncertain; however, the debate can 
be facilitated by collaboration through 
sectorally focused organizations.

At present, improving knowledge 
about how OWF developments may 
affect fishery resource species is directed 
to examining fishes’ life histories and 
determining how the effects may act 
at the cellular, organismal, population, 
and/or ecosystem levels of organization 
(Gill and Wilhelmsson, 2019). Arguably, 
regardless of how and at what life stage 
the resource species is affected, what is 
significant to the fishery stock is whether 
effects are seen in catches, landings, and 
quality of the species. Hence, the links 
between the biological, ecological, and 
socioeconomic outcomes of the effects 
and the changes to the stock require bet-
ter understanding. Changes in the sen-
sory environment caused by the emission 
of energy from OWFs (e.g.,  electromag-
netic fields, EMFs) and by underwater 
sound along with changes to the physi-
cal environment caused by the alteration 
of water currents and wind wakes may 
be regarded as significant to the fishery if 
they affect fish (re)production, migration, 
and/or distribution. As artificial reefs and 
(often) fisheries exclusion zones, OWF 
areas are contributors to locally increased 
attraction, concentration, and food pro-
vision for some fish species (Mavraki, 
2020), with possible consequential effects 
to fish stocks. No OWF-related evidence 
currently exists regarding whether there 
are changes to fish production (Gill and 
Wilhelmsson, 2019). In the offshore oil 
and gas sector, increased fish production 
studies have focused on the trophic path-
ways that lead from artificial reef effects 
to increased fish production (Daigle 
et  al., 2013; Dance et  al., 2018; Reeves 
et  al., 2019), and fish numbers and bio-
mass have been shown to be greater than 
in nearby natural hard substrate areas 

(Claisse et al., 2014). Despite this surro-
gate evidence, because OWF footprints 
are different from those of oil and gas 
installations, there remains uncertainty 
about how local ecological changes at the 
wind turbine scale translate to the wider 
ecosystem and about any consequence to 
resource species stock dynamics.

Although the European offshore wind 
industry has existed and slowly expanded 
for more than two decades (WindEurope, 
2020), the pace and scale of growth in 
the industry are now at similar inflection 
points in Europe, the United States, and 
East Asia, and major policy initiatives, 
such as net zero or specific renewable 
energy targets, are either already in place 
or being seriously contemplated by politi-
cal jurisdictions. OWF growth is reflected 
in increases in the pace of new wind devel-
opments, new technological advances 
in turbine design and power manage-
ment and transmission, and a significant 
increase in the spatial scales of projects 
(GWEC, 2020). Therefore, there is now a 
prime opportunity and in fact a need for 
shared learning to best address the chal-
lenges of building the requisite scien-
tific frameworks to apply to the effects of 
OWFs on fisheries that are commensurate 
with the scale and pace of development 
and the concomitant forecasted changes.

In this paper we provide an overview 
of likely direct effects on commercially 
and recreationally fished species and their 
fisheries, including artificial reef effect, 
fisheries exclusion from OWF areas and 
displacement to other areas, and changes 
in the sensory and physical energy envi-
ronment (e.g., noise, EMF, currents, and 
wind wakes). We highlight both the com-
plexity and the spatio temporal variabil-
ity of interactions that have been studied 
and where knowledge gaps remain. These 
gaps include a lack of an assessment 
of the best methods for collecting data 
appropriate for scaling local effects to 
population and ecosystem levels as well 
as a lack of an assessment of how import-
ant cross-boundary regional coordina-
tion of research and monitoring is to ful-
filling this need. To advance the necessary 
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scientific understanding of the effects of 
OWFs on fisheries, we also reflect on the 
wider societal, policy, and financial hur-
dles that currently hinder the efficiency 
and efficacy of monitoring and research 
programs, and propose possible solutions 
to overcome these hurdles.

FOUR TYPES OF OFFSHORE 
WIND FARM EFFECTS ON FISH 
AND FISHERIES
OWFs have four broad types of direct 
effects on fish and fisheries (Table 1): the 
artificial reef effect, fisheries exclusion, 
energy landscape effects (i.e., sound, EMF, 
and currents, wind wake), and fisheries 
displacement (Bergström et al., 2014). The 
first three occur at the OWF scale with 
possible knock-on effects at larger scales, 
while the fisheries displacement effect 
occurs at spatial scales beyond the OWF.

Artificial Reef Effect
By their presence, OWFs attract spe-
cies and hence function as artificial reefs 
(Langhamer, 2012; Degraer et  al., 2020, 
in this issue), potentially resulting in 
both benefits and adverse consequences 
for populations and ecosystems. Newly 

introduced turbine foundations are hard 
(concrete and metal) substrates that are 
rapidly colonized by communities of epi-
faunal (i.e.,  “fouling”) species (De Mesel 
et al., 2015). Subsequently, mobile fauna 
such as crustaceans, mollusks, and 
fish forage and refuge near the intro-
duced substrates, often at higher den-
sities compared to surrounding areas 
(Reubens et al., 2014; Paxton et al., 2020). 
Increased abundance of finfish may 
result from redistribution of existing bio-
mass or from increased species produc-
tion, a topic hotly debated for decades 
(e.g.,  Bohnsack, 1989; Lindberg, 1997; 
Brickhill et  al., 2005) that still requires 
further evidence to be deemed an effect 
of OWFs (Gill and Wilhelmsson, 2019). 
The facilitation of non-native species col-
onization is also possible, as has been 
documented for some artificial structures 
(Schulze et al., 2020), and for OWF tur-
bine foundations specifically (De Mesel 
et  al., 2015). Importantly, because the 
primary purpose of OWFs is not fisher-
ies enhancement, OWFs lack the design 
features that are incorporated into plan-
ning artificial reefs (e.g., consideration of 
placement, materials; Paxton et al., 2020). 
Thus, caution is needed in drawing direct 
inference from the artificial reef literature 
to effects of OWFs.

Fisheries Exclusion, Displacement, 
and Beyond 
Fisheries regulations within OWFs dif-
fer among management jurisdictions. In 
Belgium, access to OWFs is prohibited 
for all vessels except wind farm mainte-
nance and governmental research vessels. 
Consequently, some fishing grounds 
are no longer accessible to commercial 
and recreational fishing. In the United 
Kingdom, navigation of fishing vessels 
and passive fishing is allowed within 
OWFs. This is, however, not yet com-
mon practice as there are still barri-
ers relating to safety of navigation, lack 
of insurance coverage for damages to 
gear or vessels inside OWFs, and lack 
of cooperation and knowledge exchange 
between sectors (Gusatu et  al., 2020). 

Initially, OWFs in the Netherlands were 
inaccessible to fishing vessels; however, 
in 2015, the Dutch government adapted 
regulations to allow some types of fish-
ing vessels and commercial ships to nav-
igate through OWFs. Arrangements 
were made between the different stake-
holders, and conditions for multi-
use and transit of vessels were adapted 
based on new insights from research 
(https://www.msp-platform.eu/). 

Although some have suggested that 
the absence of fishing at OWFs could 
lead to their functioning as marine pro-
tected areas (MPAs) (Ashley et al., 2014), 
OWFs are not designed as conservation 
management tools and therefore lack the 
design elements of MPAs that have suc-
cessfully contributed to enhanced fishery 
resources (Gaines et al., 2010). Thus, it is 
possible that the exclusion of fishing from 
OWFs could have both positive and neg-
ative consequences for species and local 
ecosystems. On the one hand, for spe-
cies whose local production is limited 
by fishery or bycatch mortality, increases 
in biomass, numerical density, and size, 
as well as “spillover effects,” are possible 
(Lester et al., 2009; Harrison et al., 2012), 
depending on the spatial scales of closed 
areas and the degree of overfishing of the 
resource in general. A reduction in bot-
tom towed gear (trawls and dredges) 
within the regulated OWFs would fur-
ther likely result in reduced impacts on 
benthic biomass, habitat complexity, and 
biodiversity, all with potentially positive 
consequences to managed fish popula-
tions. On the other hand, fisheries exclu-
sion within OWFs may also increase pre-
dation risk from attracted predators and 
fishing pressure by attracted (e.g.,  recre-
ational) fisheries. Furthermore, a reduc-
tion in commercial fishing activity inside 
OWFs will lead to a spatial redistribution 
in fishing effort (i.e.,  fisheries displace-
ment effect) to areas outside the wind farm 
(Murawski et al., 2005; De Backer et al., 
2019), potentially leading to competi-
tion among fishermen and to unintended 
adverse interactions with other previ-
ously less impacted sensitive habitats. 

TABLE 1. Distribution of the four types of effects 
that may occur across the three development 
stages of OWFs. Brackets represent potential 
effects. *Energy landscape includes the sen-
sory and physical energy environment. 
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Understanding the availability and 
ecology of alternative fishing locations 
and fisheries resources is vital to deter-
mining whether displacement will have 
impacts (or not). Beyond fisheries exclu-
sion and displacement, offshore wind can 
have other positive and negative social 
and economic implications for both com-
mercial and recreational fishing com-
munities and the extended fishing busi-
nesses they support (Hooper et al., 2017). 
Negative effects could include changes in 
shoreside infrastructure, navigation and 
transit radar interference, reduced effi-
ciency in effort (e.g.,  through increased 
transit time and changes in landing loca-
tions), and effects on fisheries manage-
ment (e.g.,  impacts to stock abundance 
surveys, population assessments). On the 
positive side, local communities could 
benefit from, for example, increased local 
investment and diversity of employment. 
The totality of such impacts, be it posi-
tive or negative, requires spatially explicit 
data and models of how species and eco-
systems will respond as well as an under-
standing of fishing community responses 
in relation to the development of OWFs.

Sensory and Physical Energy 
Environment Effects
OWFs can change the sensory and 
physical energy of the environment 
with increased energy emissions in the 
form of underwater sound and vibra-
tion, EMFs, and changes in water cur-
rent and wind wakes. The OWF con-
struction phase is often characterized by 
high-intensity impulsive sounds from 
pile driving, potentially affecting fisher-
ies resources sensitive to sound and vibra-
tion (Debusschere et  al., 2014; Mooney 
et  al., 2020, in this issue). Exposure to 
such sound-based energy can cause acute 
stress responses in species, influencing 
individual’s behavior and physiology, and, 
if widespread within a species, potentially 
leading to reduced population growth 
rates (Hawkins et al., 2015). Scaling up to 
population-level effects requires consider-
ation of the intrinsic population dynam-
ics, including the mortality rates of a spe-

cies that is a target for a fishery and of 
other species supporting them as prey. 
Naturally very high fecundity and mortal-
ity rates, for example, may render anthro-
pogenic effects relatively inconsequential. 
The acoustic effects of OWFs on sensitive 
species may occur through sound emitted 
when the OWF is operational; however, 
the effect is likely restricted to masking 
animal communication and orientation 
signals, rather than causing physiologi-
cal damage or permanent avoidance reac-
tions (Popper and Hawkins, 2019). 

During OWF operation, species will 
interact with EMFs generated by electric-
ity transmission within the subsea cable 
array and the export cable to the main-
land (Taormina et  al., 2018; Hutchison 
et  al., 2020b, in this issue). Species that 
migrate using magnetic cues, and those 
that orient and/or forage using electric 
and/or magnetic fields are of particu-
lar interest as research has shown move-
ment and behavioral changes in response 
to subsea cable EMFs (Hutchison et  al., 
2020a; Gill and Desender, 2020). 

Changes to water currents and wind 
wakes (i.e.,  the loss of kinetic energy 
leeward of the turbines) and their cou-
pling to oceanographic processes may 
alter hydrodynamic patterns and verti-
cal stratification, potentially over large 
spatial scales (Carpenter et  al., 2016; 
SCEMFIS, 2020; van Berkel et  al., 2020, 
in this issue). This may change the verti-
cal and horizontal transport of nutrients 
to primary producers, the distribution of 
suspended particulates, and photic zone 
depth. These changes could have import-
ant implications for primary and sec-
ondary biological production (Floeter 
et al., 2017). Changing currents can also 
impact larval dispersal and distribution 
(Barbut et al., 2020).

Time and Space Dependency of 
Offshore Wind Farm Effects
The type and magnitude of OWF effects 
vary with the stages of offshore wind 
development (construction, operation, 
decommissioning; Table 1; Gill, 2005). 
While our understanding of effects 

during the construction and operational 
phases is constantly growing, little is 
known about the effects of decommis-
sioning and how a post- decommissioning 
environment will look and function. The 
options for OWF decommissioning, 
which has only recently begun, include 
complete removal, partial removal, or 
simply leaving the infrastructure in place. 
Removal options will cause habitat dis-
turbance, and all options will have unique 
effects on future associated fish assem-
blages and potentially on fisheries and 
fisheries resources and access to them 
(Fowler et al., 2018).

Knowledge of local effects on fish 
assemblages at individual wind farms 
and fisheries is increasing, particularly in 
the North Sea; however, effects of OWFs 
on fish stocks in Europe or elsewhere are 
poorly understood (but see De Backer 
et  al., 2019). Similar questions regard-
ing effects on regional production have 
been explored at offshore oil and gas plat-
forms, and there has been some effort to 
incorporate abundance estimates mea-
sured at platforms into stock assess-
ments (Campbell et  al., 2012). Yet, even 
for this 60-plus year-old industry, many 
questions remain regarding the regional 
implications of local ecological effects. 

Ecosystem modeling could be used to 
explore potential effects on regional pro-
duction. Ecopath with Ecosim (EwE) 
modeling applied to an OWF in the 
English Channel suggests that a possi-
ble reef effect could increase total system 
biomass by 55% (Raoux et  al., 2017). In 
the Jiangsu coastal ecosystem of China, 
EwE modeling indicated that OWFs may 
increase detritus and benefit phytoplank-
ton, zooplankton, anchovies, and some 
benthic fish (Wang et al., 2019). The valid-
ity of most ecosystem modeling relies on 
local-scale data, but these approaches 
allow researchers to move beyond study-
ing impacts on individual functional 
compartments of the ecosystem toward a 
more holistic approach and may improve 
insights into how OWFs affect fish pro-
ductivity and hence fish stocks, with con-
tinued input from ongoing field data col-
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lection. Integrating the temporal and 
spatial dependency of the four OWF 
effect types and of the life history of, for 
example, commercial marine species, 
is complex, as illustrated by the lobster 
genus (Homarus) in Box 1.

SOCIETAL ENGAGEMENT, 
MONITORING, REGULATORY 
FRAMEWORKS, AND 
INVESTMENT NEEDS
While environmental considerations are 
important for understanding OWF and 
fisheries interactions, several other 
aspects of this topic need to be addressed 
in order to more fully establish the effects 
OWFs have on fisheries.

Societal Engagement 
Seafood provision and a positive percep-
tion of biodiversity by society are recog-
nized drivers for marine management 
worldwide (Botsford et  al., 1997; Worm 
et  al., 2009). Thus, taking an ecosystem 
services approach to explaining fisher-
ies resource changes to the public could 
be useful. However, public participation 
is a crucial yet often neglected consider-
ation in the plans for new developments 
in marine areas (O’Keeffe and Haggett, 
2012). While fisheries changes related 
to OWFs can be determined scientifi-
cally (in terms of statistical, ecological, or 
environmental significance), to properly 
address whether such changes are mean-

ingful to society requires the social signif-
icance of any change to be interpreted and 
communicated to the public (Dannheim 
et  al., 2020). It also requires building 
shared-knowledge trust through collab-
orative research between industries and 
scientists. OWFs will directly or indirectly 
alter a range of provisioning, supporting, 
regulating, and cultural ecosystem ser-
vices as a result of changes to the pres-
ence, abundance, and distribution of fish-
eries species and how fisheries and fishing 
communities respond to these changes 
(Gill and Wilhelmsson, 2019). The pub-
lic will notice these shifts through changes 
in the availability of fresh seafood locally 
and nationally; preferred type, and price, 

The population (or stock) of a resource species is determined 
by the recruitment and growth of individuals and the mortality 
rate from both natural and human causes. Recruitment occurs at 
a specific point in the life of a resource species, while growth 
and mortality occur at each life stage. Thus, understanding the 
potential causes and effects of OWFs on growth and mortality 
rates at the different life stages is important for recruitment and 
the resultant population available to be fished. OWF effects may 
occur during construction and/or operation phases. Processes 
determining growth and mortality of a species can operate at dif-
ferent scales, with passive and/or active dispersal and life stage 
duration driving spatial and temporal variation in occurrence. 

The effects of an OWF on a resource species may occur at one or 
more life history stages, depending on spatial and temporal habi-
tat use and requirements of the species as well as interactions with 
other species (e.g., predator-prey). To illustrate, the lobster genus 
Homarus has five distinct life stages: embryonic egg, larval zoea, 
early benthic juvenile (megalopa), juvenile, and adult (Figure B-1a). 
During the construction phase, noise and vibration disturbance 
from pile driving and vessel movement could influence lobsters 
(Roberts and Elliott, 2017). Higher sound levels in the water col-
umn may increase mortality or cause sublethal effects (e.g., devel-
opmental or behavioral) for the larval stages, while suspended 
sediment in the water column (turbidity) may reduce mortality 
because the predator’s vision may be inhibited (Figure B-1b; Gill 
and Wilhelmsson, 2019). If there is pile driving during the construc-
tion phase, then benthic life stages may be exposed to vibration of 
the seabed (Figure B-1b; Roberts and Elliott, 2017). 

During the OWF operational phase, the artificial reef effect 
and fisheries exclusion will cause spatial and temporal changes 
in local food opportunity (Figure B-1c; Mavraki et al., 2020), hab-
itat availability (Krone et  al., 2013), and likelihood of predation 
(Reubens et al., 2014; Dannheim et al., 2020). Hydrographic prop-

erty changes may cause differences in passive dispersal for the 
pelagic zoea larval stage (Figure B-1b; Floeter et  al., 2017). For 
the benthic megalopa stage, the priority is finding shelter prior to 
molting (Wahle, 1992). The early benthic juvenile stage is consid-
ered site attached, as the animals occupy shelter-providing sub-
strata such as cobble-boulder or muddy seabed into which they 
can burrow (Figure B-1b,c; Cooper and Uzmann, 1980). OWF foun-
dations and scour material may alter the availability of suitable 
habitat as can rock dumps or placement of concrete mattresses 
for protecting subsea cables in hard seabed areas (Figure B-1c). 
Homarus spp. juveniles are very vulnerable to predation and only 
leave the burrow if forced out. Therefore, exposure of burrowing 
juveniles because of shelter limitation, or when in suitable shel-
ters via increased vibration transmitted through the seabed or 
EMF from buried cables, may be relevant to survival (Figure B-1b). 
Once juveniles have grown large enough to avoid (most) preda-
tors, they begin migratory and/or long-distance foraging behavior. 
Adults usually travel several kilometers, with H. americanus mov-
ing over larger distances than the European lobster H. Gammarus 
(Wahle, 1992). During this stage, they inhabit crevices in sandy 
and rocky substrata that are similar to some scour protection 
(Figure B-1c). The distance traveled to preferred habitat will also 
vary by gender, as egg-carrying females are less active than those 
searching for a mate, and Homarus spp. perform seasonal migra-
tions from deep to shallower waters (Cooper and Uzmann, 1980; 
Moland et al., 2011). While moving around, adult American lobster 
(H. americanus) may respond to electromagnetic fields emitted 
by subsea cables (Hutchison et al., 2020a). There are therefore 
clear conceptual pathways that link OWF effects on lobster early 
life stages (that last days to a few years) and adult stages (tens of 
years) to potential effects at the level of the population. However, 
a clear mechanistic understanding of these cause-effect relation-
ships requires further targeted study.

Box 1. Space- and Time-Based Interactions Between Offshore Wind Farms 
and the Life History of the Lobster Genus (Homarus)
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size, and quality of food; and/or regular-
ity of supply. Improved understanding 
of the economic and societal impacts of 
the OWF on fisheries is needed to assist 
energy policy development, planning, 
decision-making, and potential mitiga-
tion suggestions (Hooper et al., 2017). 

Effective management of the marine 
environment requires appropriately 
scaled and focused data collection to 

ensure that meaningful changes attrib-
utable to OWFs are acceptable to soci-
ety (Wilding et al., 2017). The present- day 
debate between fisheries and OWFs high-
lights the need for (re)directing knowl-
edge advancement (both monitoring and 
research) toward addressing societal con-
cerns, which fundamentally relate to fish-
eries (e.g.,  through effects on stock size, 
structure, and/or distribution). Current 

monitoring and research programs pri-
marily target observing the aggregate 
effects of OWFs on individual recep-
tors rather than determining the under-
lying cause-effect pathways; exceptions 
include the Belgian WinMon.BE mon-
itoring program (Degraer et  al., 2019) 
and the Dutch WOZEP research program 
(Dutch Ministry of Infrastructure and the 
Environment, 2016). The conflict between 

FIGURE B-1. Overview of the main effects on the different life stages of the lobster genus Homarus during the different offshore wind farm (OWF) devel-
opment phases (not to scale). (a) Life cycle of Homarus spp. with five distinct life stages: embryonic egg, larval zoea, early benthic juvenile (megalopa), 
juvenile, and adult, with an indication of the duration of each life stage; the larval zoea has several molt stages. (b) and (c) Composite pictures of OWF 
effects during construction and operation on the different life stages of the lobster genus Homarus at a (b) turbine scale and at a (c) wider scale. Sound 
and vibration are transmitted during both construction and operation (Mooney et al., 2020, in this issue), though at a much lower intensity during oper-
ation. Construction sounds, which propagate over longer distances (particularly at low frequencies) compared to operational sounds, can have effects 
outside the OWF boundaries with decreasing intensity (c). Electromagnetic fields (EMFs) are only emitted when electrical current is transported through 
power cables. EMFs are emitted into the seabed and seawater from the infield cables (those extending between turbines in the array) and at higher 
intensities from the export cable (to the coast). Cables here are shown buried 1–2 m. The EMF extends several meters, and intensity decreases with dis-
tance above the seabed (Hutchison et al., 2020b, in this issue). Where the cables cannot be buried, they are protected by rocks or mattresses. Other 
factors that can affect the different life stages of the lobster are the artificial reef effect, fisheries avoidance (indicated by the broken arrow in front of 
the fishing vessel) and fisheries exclusion; changes in hydrography (including boundary layer mixing); and turbidity. Exclusion of fisheries can either be 
operational exclusion or regulatory exclusion, and can include the cable route to the coast.
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societal concerns and research questions 
in such programs can only be addressed 
by an iterative four-way interaction 
(i.e., society, including fishing communi-
ties; OWF industry; policy; and science). 
The ultimate goal is to translate societal 
concerns into a selection of tangible sci-
entific questions. Figure 1 distinguishes 
two types of steps: (1) consultative steps 
that necessitate interaction among all four 
sectors (steps 1, 3, and 5), and (2) scien-
tific reflection steps (steps 2, 4, and 6). The 
consultative steps set the context of the 
four-way interface and should inform and 
steer the scientific reflection steps. Such 
an approach has been successfully applied 
to defining a research program that tar-
gets mitigation of undesired impacts and 
promotion of desired impacts—as defined 
by society (in this case, nongovernmental 
environmental organizations)—of OWFs 
in a Belgian marine protected area and 
may thus be considered promising for 
also addressing fisheries-related aspects.

Monitoring and Survey 
Data Collection
A key barrier to achieving coexis-
tence between fisheries and OWFs is 
the lack of regionally integrated fisher-
ies science monitoring and research pro-
grams to address fisheries interactions 
across the various scales of impacts 
and management activities (Methratta 
and Dardick, 2019). Formal monitor-
ing of the environmental impacts of 
each offshore energy development is a 

requirement under many national leg-
islative and/or regulatory frameworks 
(e.g.,  European Directives and the 
Australian Environment Protection and 
Biodiversity Conservation Act of 1999). 
As OWF developments increase, their 
cumulative effects on fish resources and/
or fisheries must be considered. 

Recent environmental legislation and 
associated monitoring requirements are 
now shifting from a species-centric toward 
an ecosystem-based focus (e.g.,  the 
Marine Strategy Framework Directive in 
Europe). Furthermore, integrated assess-
ments should be framed in societally 
meaningful terms, such as articulating 
whether seafood resource species in the 
area of an OWF will be ecologically sus-
tainable over time (Wilding et al., 2017). 
Fisheries ecosystem services operate at 
varying scales, including transbound-
ary. These scales are the same as fisher-
ies scientific assessment and management 
scales currently practiced. Hence, under-
standing effects at the right scales under-
pins determination of impacts resulting 
from the interactions between OWFs and 
fisheries and therefore is essential for sus-
tainable coexistence.

While the science highlights the 
need to consider ecosystem and trans-
boundary scales, policies and consenting 
requirements in various national jurisdic-
tions result in an uneven ability to effec-
tively monitor and conduct fundamental 
research to understand fisheries and off-
shore wind interactions at the appropriate 

scales. In the United States, some but not 
all states have enacted fisheries research 
and monitoring policies that may be spe-
cific to state-level concerns and focused 
on individual projects despite the trans-
boundary nature of fisheries and marine 
resources; the federal government only 
recommends guidelines for conducting 
fisheries monitoring activities (Methratta 
et al., 2020, in this issue). Europe exhib-
its a similar patchwork of monitoring and 
research requirements among nations. 
As stated, there are examples of science 
frameworks established to avoid the chal-
lenges described in Wilding et al. (2017), 
such as Belgium’s environmental moni-
toring program, WinMon.BE (Degraer 
et al., 2019). However, examples of appli-
cation of consistent and integrated mon-
itoring programs across jurisdictions do 
not currently exist, and in some cases, 
fisheries monitoring of individual wind 
farm projects occurs where the federal 
government only recommends guide-
lines for conducting fisheries monitor-
ing activities (e.g., USA; Methratta et al., 
2020, in this issue).

Typically, the objectives of fisheries 
management include maintaining stocks 
in order to provide optimum benefits and 
maximum sustainable yield. Fisheries 
science draws on the relatively well- 
understood aspects of species productiv-
ity (recruitment) and estimation of fish-
ing mortality to achieve management 
objectives (Large et  al., 2013). In some 
cases, decades of fisheries- dependent 
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FIGURE 1. Schematic presentation of the stepwise approach toward linking societal concerns to society informed monitoring and research programs. 
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and -independent data provide long-
term trends in various fisheries stocks 
(in relation to fishing intensity and envi-
ronmental variables). In addition, many 
fish stocks are statutorily monitored 
and afforded protection. For example, 
the Common Fisheries Policy in Europe 
and the Magnuson- Stevens Fishery 
Conservation and Management Act in 
the United States explicitly highlight 
spatial boundary delineation for fishery 
management. When assessing fishery- 
effort changes that may be attributable to 
OWFs, it is important to interpret those 
changes in the context of the existing 
long-term trends and spatial boundaries 
(e.g., Addison et al., 2015). 

To date, there are no policies or proce-
dures in place that address the interactions 
between OWFs and existing fisheries, in 
particular, none related to resource sur-
veys and the management advice they 
support. For example, in the US Atlantic, 
current fisheries survey designs and sam-
pling methods designed to support stock 
assessments that inform fisheries man-
agement will not be sustainable within 
wind energy areas due to operational 
safety considerations and the incompati-
bility of survey methods. Understanding 
the changes to fishery distribution, abun-
dance, and biological rates will be critical 
to adaptation of fisheries assessments, and 
any reduction in the accuracy and preci-
sion of appropriately scaled survey data 
will lead to increased uncertainty in fish-
eries stock assessments and quota advice. 
The adaptation and development of fish-
eries surveys used for stock management 
and advice will require the right level of 
resourcing and will also need to ensure 
data can be scaled. Upscaling from local 
to large marine ecosystem levels of orga-
nization is needed to understand inter-
actions of OWFs with managed fish 
stocks, including changes in biological 
rates, species distribution, abundance, 
and food web dynamics. As OWFs occupy 
larger proportions of the world’s available 
habitats for managed species, fisheries 
surveys need to both link with historical 
time series and evaluate current resources 

within and outside of managed areas.
Recognition of the need for region-

ally integrated offshore wind and fisher-
ies science monitoring and research has 
inspired establishment of cross-border 
and cross-discipline collaborative groups 
that include representation from wind 
developer, fishing industry, government, 
and nongovernment stakeholders. The 
International Council on the Exploration 
of the Sea (ICES) is advancing trans-
boundary, collaborative offshore wind 
and marine research through working 
groups that consider marine renewable 
energy, benthic interactions with offshore 
renewable energy, and, most recently, 
fisheries and offshore wind.

Regulation
At present, research and monitoring aimed 
at understanding the effects of OWFs on 
environmental receptors (including fish-
eries) require more consistent application 
to address legal, regulatory, and scientific 
issues (Wilding et  al., 2017). Going for-
ward, integrated and standardized frame-
works for maritime governance of inter-
connected marine environments that may 
cross national borders will play a key role 
in supporting a sustainable ocean energy 
industry that implicitly involves OWF 
and fisheries considerations (Wright et al., 
2016). Marine spatial planning, for exam-
ple, is a framework in which the alloca-
tion of space for fisheries, wind develop-
ment, and other marine sectors can be 
evaluated and operating rules (includ-
ing coexistence) negotiated (Gill et  al., 
2018). However, permitting and licensing 
requirements, often involving different 
regulatory or advisory agencies within the 
same country, can result in bureaucratic 
complications that are exacerbated by a 
lack of dialogue among public institutions 
(Wright et  al., 2016). For example, near-
shore fishery and tourism activities and 
marine protected areas may be governed 
locally, whereas on a larger scale, ship-
ping trade and tourist maritime routes 
are likely to occur in the vicinity of fishing 
and/or OWFs governed by state or fed-
eral regulations. In addition, without clear 

and effective communication regarding 
societal consequences, the development 
of maritime activities that change a land 
or seascape may not be socially accept-
able. Consideration of how best to syner-
gize laws, regulations, and policies across 
sectors and establish interindustry coop-
eration and consensus on codes and stan-
dards is recommended (Stuiver et  al., 
2016). It is also necessary to coordinate 
across nations and states when determin-
ing transboundary environmental effects, 
as well as across governance levels to 
account for the variable spatial and tem-
poral scales over which changes to fish-
eries resources resulting from interaction 
with OWFs will occur (Gill et al., 2018).

Fisheries Scientific 
Investment Needs
Part of the costs associated with OWF 
development relates to the licensing 
requirements and potential mitigation 
and/or compensation required. Altered 
access or transit routes to fishery sites 
may lead to potential loss of revenue and 
increased costs to other maritime activi-
ties. Added to this, the cost of environmen-
tal monitoring to satisfy licensing require-
ments in a highly dynamic environment 
with a poor knowledge base highlights 
the need to allocate and disperse moni-
toring and research toward more strate-
gic approaches to knowledge enhance-
ment (Wilding et  al., 2017). To date, the 
focus of monitoring investments has been 
on a site-by-site basis. Unfortunately, this 
approach is flawed in concept when try-
ing to apply the outputs to understanding 
the effects of OWFs on fisheries resource 
species as it does not properly account 
for cumulative and in-combination 
effects (Judd et al., 2015) at spatial scales 
directed toward addressing the “so what” 
question of meaningful change (Wilding 
et  al., 2017). Hence, the finances for site 
monitoring could be allocated, in part, 
toward targeted data collection (sensu 
Figure 1) across jurisdictional boundaries 
as necessary to properly understand the 
implications of OWF interactions with 
the fisheries sector.
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CONCLUSIONS
Given current global offshore wind 
targets of 1.4 TW installed capacity 
by 2050 (GWEC, 2020), interactions 
between OWFs and fisheries are certain 
to increase. Promoting coexistence and 
addressing potential problems early on 
and at the right spatial scale requires that 
each of the topics covered here is appro-
priately considered and then addressed 
together. This will require the devel-
opment of more holistic (social and 
ecosystem-level) approaches to man-
agement of interconnected marine envi-
ronments that cross jurisdictions and 
national borders. To reduce uncertainty 
in the integrated approach also requires 
the delivery of accurate and precise sci-
entific advice from fisheries and envi-
ronmental monitoring systems adapted 
to OWFs and set at the right spatial and 
temporal scales. 
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